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An acetate-requiring mutant of Methanococcus maripaludis allowed efficient labeling of riboses following
growth in minimal medium supplemented with [2-13C]acetate. Nuclear magnetic resonance and mass spec-
troscopic analysis of purified cytidine and uridine demonstrated that the C-1* of the ribose was about 67%
enriched for 13C. This value was inconsistent with the formation of erythrose 4-phosphate (E4P) exclusively by
the carboxylation of a triose. Instead, these results suggest that either (i) E4P is formed by both the nonoxi-
dative pentose phosphate and triose carboxylation pathways or (ii) E4P is formed exclusively by the nonoxi-
dative pentose phosphate pathway and is not a precursor of aromatic amino acids.

The pentose phosphate pathway provides pentoses for
nucleosides and erythrose 4-phosphate (E4P) for aromatic
amino acids (AroAAs) (8, 21). In most methanogens, pentoses
are formed by the oxidative pentose phosphate pathway by
oxidative decarboxylation of hexoses (2, 4–6). Because extracts
of Methanococcus maripaludis contained high activities for
transketolase and transaldolase and lacked detectable glucose-
6-phosphate and 6-phosphogluconate dehydrogenase activi-
ties, Yu et al. proposed that this organism formed pentoses by
a nonoxidative pentose phosphate (NOPP) pathway (Fig. 1a)
(22). Subsequent labeling studies with Methanococcus voltae
and Methanococcus jannaschii confirmed some aspects of this
proposed pathway (2). However, in the methanococci as well
as in Methanobacterium thermoautotrophicum, Methanosphaera
stadtmaniae, Methanobrevibacter smithii, and Methanospirillum
hungatei, phenylalanine and tyrosine were preferentially en-
riched at the C-7 atom (and not at both the C-7 and C-8 atoms)
following labeling with [1-13C]pyruvate (2, 5). This pattern was
not consistent with the formation of these amino acids by E4P
formed by the NOPP. Thus, it was proposed that E4P was
formed by carboxylation of a 3-carbon sugar and not by the
NOPP pathway (Fig. 1b) (2, 5). However, there is an alterna-
tive explanation for these results. E4P may not be a precursor
of AroAA biosynthesis in methanogens. This alternative can
be examined in methanococci, where the enrichment of ribose
is expected to be affected by the removal of E4P for AroAA
biosynthesis. Thus, the labeling patterns of ribose were deter-
mined in cells of M. maripaludis grown on [2-13C]acetate.

MATERIALS AND METHODS

Strain and growth conditions. For the labeling experiment, all glassware was
washed overnight in 10% H2SO4 and rinsed in deionized and distilled water. M.
maripaludis JJ12, an acetate-requiring mutant of strain JJ1 (12), was grown in
mineral medium supplemented with 1.36 g of CH3COONa z 3H2O per liter.
Cultures (5 ml) were inoculated with fewer than 2.5 3 107 cells to avoid selection
for revertants and were grown under 276-kPa H2:CO2 (80:20, vol/vol) at 37°C as
described previously (19), except that the vitamin solution was omitted. Follow-
ing overnight growth, these cultures were inoculated into 100 ml of medium
containing 0.73 g of 13CH3COONa per liter. Cultures (100 ml) were incubated in

1-liter Wheaton (Millville, N.J.) bottles under 138-kPa H2:CO2 with the
NaHCO3 concentration reduced to 2 g per liter. When the culture absorbance at
600 nm was approximately 1, cells from four bottles were harvested by centrif-
ugation at 4,000 3 g for 15 min at 4°C and were stored at 220°C.

Isolation of [13C]acetate-labeled nucleosides. Cells were fractionated by a
modification of the procedure of Roberts et al. (15) as described previously (18).
The cell pellet was resuspended in 4 ml of ice-cold 5% trichloroacetic acid and
incubated on ice for 30 min. The pellet was collected by centrifugation (at
8,000 3 g for 20 min at 20°C), resuspended in 4 ml of 75% ethanol, and incubated
at 45°C for 15 min. The pellet was collected as above, resuspended in 4 ml of
ether-ethanol-water (4:3:1), and incubated at 45°C for 15 min. Following cen-
trifugation, the pellet was resuspended in 4 ml of ice-cold 5% trichloroacetic acid
and heated in a boiling-water bath for 30 min. After centrifugation and removal
of the pellet, the pH of the supernatant was adjusted to 5.0 to 5.5 with 1 M
(NH4)2CO3, pH 9.9, and 1.75 M acetic acid. P1 nuclease (350 U/ml; Sigma
Chemical Co., St. Louis, Mo.) at 25 ml per ml of reaction mixture was added, and
the solution was incubated for 6 h at 37°C. After adjusting the pH to 9 with 1 M
(NH4)2CO3, pH 9.9, and adding 1 mM (each) ZnCl2 and MgCl2, alkaline phos-
phatase (Type VII-L bovine intestinal, in 3 M NaCl; Sigma) was added to a final
concentration of 53 U/ml, and the solution was incubated for 15 h at 37°C. The
resulting solution of nucleosides was acidified to pH 4 with glacial acetic acid and
passed through a column of DEAE Sephadex A-25 (6 by 270 mm; Pharmacia,
Uppsala, Sweden) equilibrated with water. Fractions (5 ml) containing a detect-
able absorbance at 260 nm were lyophilized. Nucleosides were separated by
high-performance liquid chromatography at 0.5 ml/min and 30°C) on an Econo-
sphere C18 reversed-phase column (250 mm by 4.6 mm [inside diameter]; 5 mm;
Alltech Associates, Inc., Deerfield, Ill.) in 0.1 M trimethylammonium acetate
buffer with 1% acetonitrile, pH 7.1 (10). Fractions (0.2 ml) containing cytidine
(retention time, 9.9 min) and uridine (retention time, 12.8 min) were collected
and lyophilized. Approximately 0.37 mg of cytidine and 0.42 mg of uridine were
obtained.

NMR. 1H nuclear magnetic resonance (NMR) data were acquired in solutions
of D2O at 20°C on a Bruker AMX400 spectrometer (400.13 MHz). The sup-
pression of HDO signal was achieved by a presaturation method with a low-
power pulse of 1 s. All data were obtained with a spectral width of 4.5 kHz, a
relaxation delay time of 10 s, and an acquisition time of 1 s. For cytidine and
uridine, 128 and 256 scans, respectively, were performed. Chemical shifts were
referenced to 2,2-dimethyl-2-silapentane-5-sulfonate via the HDO resonance
frequency at 4.81 ppm at 20°C. 13C NMR data were acquired under the same
conditions at 100.61 MHz except that the spectral width was 9.5 kHz, the relax-
ation delay time was 20 s, the acquisition time was 500 ms, and 2,048 scans were
performed. 13C chemical shifts were externally referenced to tetramethylsilane
via the CHCl3 resonance frequency at 77.0 ppm at 20°C.

Mass spectroscopy. Electrospray mass spectra were acquired by using a Mi-
cromass Quattro II (Beverly, Mass.) triple quadrupole mass spectrometer
equipped with an electrospray source. The source temperature was set to 80°C,
and the ion source capillary and cone voltages were optimized to 2,650 and 13 V,
respectively. All mass spectra were recorded in multichannel analysis mode, and
each represented the summation of 10 individual scans. Nucleoside samples were
diluted in 10 mM ammonium acetate-methanol (95:5, vol/vol) to a final concen-
tration of approximately 30 pmol ml21 and were delivered via a syringe infusion
pump (model 200; KD Scientific, Boston Mass.) at a flow rate of 10 ml min21 into
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FIG. 1. The NOPP pathway in methanococci. Large arrows indicate multiple steps. DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde 3-phosphate; F6P,
fructose-6-phosphate; Xu5P, xylulose 5-phosphate; Ru5P, ribulose 5-phosphate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate. Carbon labels: F, C-2 of
acetate; Œ, C-1 of acetate; ., CO2. (a) The pathway and the expected labeling patterns in M. maripaludis (22). Consumption of E4P for biosynthesis would increase
the amount of ribose 5-phosphate formed via xylulose 5-phosphate. (b) Modification of the pathway as proposed by Choquet et al. (2). E4P is formed by carboxylation
of a triose such as dihydroxyacetone phosphate, and the fructose-6-phosphate-dependent transketolase reaction is absent. Although the labeling pattern of E4P is
unchanged, 50% of the ribose 5-phosphate is now formed via xylulose 5-phosphate, and the labeling pattern of ribose is not affected by the consumption of E4P for
AroAA biosynthesis.
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the ion source through a six-valve Rheodyne injector (Cotati, Calif.) using a
100-ml sample loop.

RESULTS AND DISCUSSION

An acetate auxotroph of M. maripaludis, strain JJ12, allowed
efficient incorporation of 13C-labeled acetate. In preliminary
experiments, wild-type M. maripaludis, strain JJ1, was grown in
mineral medium with [2-13C]acetate. NMR analysis of the iso-
lated alanine revealed only a 27% enrichment in the b carbon,
indicating that most of the carbon was derived from autotro-
phic CO2 fixation (data not shown). In contrast, the acetate
auxotroph M. maripaludis JJ12 incorporated acetate much
more efficiently. Following growth with [2-13C]acetate, the en-
richment at the C-5 of cytidine, which is derived entirely from
the C-2 of acetate, was 95.8% (Fig. 2a). Although the com-
plexity of the spectrum made quantitation difficult, the C-59 of
cytidine was also highly enriched (data not shown).

The extent of labeling at the C-19 of cytidine and uridine in
M. maripaludis was not consistent with the proposal that E4P
was formed entirely by carboxylation of a 3-carbon intermedi-
ate of gluconeogenesis (2). In this scenario, 50% of label at the
C-19 should be derived from the C-2 of acetate (Fig. 1b).
Instead, the enrichment observed was 63.8% (Fig. 2a). After
correcting for a maximum enrichment of 95.8%, the amount of
carbon obtained from the C-2 of acetate was 66.6%. In addi-
tion, no label was detected in the C-29, C-39, C-49, and C-6
carbons (data not shown), indicating that scrambling of the
isotope did not occur (20). Although the spectra of the C-5 and
C-19 H atoms of uridine overlapped, it was possible to estimate
the enrichment by assuming that both H atoms contributed
equally to the sum of the integrals of the observed peaks (Fig.
2b). After correcting for the maximal enrichment of 94.8%
obtained from the C-5 position, a similar enrichment value for
the C-19, 66.3%, was obtained (Fig. 2b). 13C NMR confirmed
this value, and the enrichment of the C-19 of uridine observed
by this method was 65.3% (data not shown). Lastly, the isoto-
pically enriched uridine was examined by electrospray mass
spectroscopy. The intensities of the observed peaks, in arbi-
trary units, at molecular masses of 245, 246, 247, and 248 Da
were 0 (not detected), 4.29, 11.7, and 18.7, respectively. After
correction for the natural abundance of 13C, 17O, and 15N, the
relative abundances of the unenriched, 11-mass-unit, 12-
mass-units, and 13-mass-units uridine were calculated to be 0,
13.1, 34.1, and 52.9%, respectively. This pattern was consistent
with the enrichment determined by NMR. For instance, if the
maximum enrichment by [2-13C]acetate in any position was
95% and the specific enrichment of the C-19 position was 67%,
the expected abundances at 12 and 13 mass units were 39 and
57%, respectively, which were close to the measured values. In
contrast, if the specific enrichment of the C-19 position was
50%, the expected abundances of the same peaks would be 52
and 43%, respectively, very different from the measured val-
ues.

Furthermore, the proposed carboxylation pathway is un-
likely because it requires that the cells possess a transketolase
which exclusively catalyzes the sedoheptulose 7-phosphate-de-
pendent transketolase reaction and not the fructose-6-phos-
phate-dependent transketolase reaction. In fact, all transketo-
lases so far described catalyze both reactions (16, 21, 23).
Additionally, both transketolase activities have been identified
in the archaea Haloarcula vallismortis and Haloferax mediter-
ranei (14).

The NOPP pathway predicts that 66.7% or more of the
carbon at the ribose C-1 will come from the C-2 of acetate (Fig.
1a). If E4P is not diverted from the pathway, exactly 2/3 of the
carbon at the C-1 position will come from the C-2 of acetate.
This fraction will increase if E4P is removed from the pathway
for AroAA biosynthesis. For example, the molar ratio of
AroAA to ribose in bacterial cells is about 1:2 (13). If E4P for
this amount of AroAA biosynthesis is obtained from the NOPP
pathway, then 83% of the C-1 of ribose will be obtained from
the C-2 of acetate. In contrast, if E4P is formed by a carbox-
ylation reaction, utilization of E4P for AroAA biosynthesis
does not affect the labeling of ribose (Fig. 1b).

Two possibilities might explain the observed nucleoside la-
beling. One is that E4P is formed by both the NOPP pathway
and carboxylation of a triose. The other is that only the NOPP
pathway is used for E4P biosynthesis, and E4P is not utilized
for AroAA biosynthesis. The second possibility is more plau-
sible. First, if both pathways of E4P production were present,
the predicted amount of label in the C-19 of cytidine and
uridine from [2-13C]acetate would be anywhere from 50% to
about 83%. Only the second possibility predicts an enrichment

FIG. 2. Proton NMR spectra for the H atoms at C-19 and C-5 of cytidine and
uridine from M. maripaludis JJ12 following growth on [2-13C]acetate. The inte-
grals of the peaks are given below the spectra. (a) Cytidine. The JH-C coupling
constants for the C-19 and C-5 H atoms were 168 and 172 Hz, respectively. For
calculation of the enrichment of cytidine, see Results. (b) Uridine. The JH-C
coupling constants for the C-19 and C-5 H atoms were 170 and 176 Hz, respec-
tively. The arrow indicates one of the 12C peaks for C-5, while the other 12C peak
overlaps the 12C peaks for C-19. For calculation of the 13C enrichment, it was
assumed that the total signal (99.997 1 49.715 1 3.234 1 97.252 5 250.198)
could be divided equally between C-19 and C-5. The 13C enrichment of C-5 was
calculated as 125.099 2 (3.234 3 2)/125.099. The 13C enrichment of C-19,
uncorrected for the maximal enrichment, was calculated as 125.099 2 49.715 1
3.234/125.099.
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of exactly 66.7%, or close to the actual values found. Second,
the first enzyme of the common pathway of AroAA biosynthe-
sis, 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP)
synthase, catalyzes the condensation of E4P and phosphoenol-
pyruvate (reviewed in reference 9). This activity was not de-
tected in cell extracts of Methanohalophilus mahii, whereas
shikimate dehydrogenase (step 4) was identified (7). Third, the
genes for DAHP synthase and 3-dehydroquinate synthase, the
second enzyme in the common AroAA pathway, were also not
identified in the genome of Methanococcus jannaschii (1, 17).
In fact, genes for three enzymes of the common AroAA path-
way were not detectable in the M. jannaschii genome. In con-
trast, all the genes for leucine and tryptophan (from choris-
mate) biosynthesis were identified, and only one gene in each
pathway for histidine and lysine biosynthesis was not detected
(17). These results suggest that the genes for the first two
enzymes of AroAA biosynthesis either are absent or are not
recognizable from the sequence.

Finally, the labeling studies of the AroAAs in the methano-
gens (2, 4–6) are consistent with the well-known common path-
way only if E4P is not formed by the NOPP pathway. If E4P is
formed by the NOPP pathway, an alternative pathway of
AroAA biosynthesis must be present. Speculation on the na-
ture of this pathway is premature, but it could involve conden-
sation of two 3-carbon molecules, followed by carboxylation of
a 6-carbon intermediate. Eucarya possess DAHP synthases
with broad substrate specificity that utilize 2- to 5-carbon sub-
strates in place of E4P (3). Jensen et al. have proposed an
alternative shikimate pathway in plants, the phyto-shikimate
pathway, based on the condensation of two 3-carbon substrates
(11). However, this pathway is not consistent with the labeling
studies of AroAAs in methanogens (2, 4–6).

In conclusion, an expected increase of [2-13C]acetate-de-
rived label in the C-19 of cytidine and uridine due to the
diversion of E4P to AroAA biosynthesis was not observed in
M. maripaludis. This result, combined with the inability to
identify the enzyme activity or the gene for the first step of the
classical AroAA biosynthetic pathway in M. mahii and M. jan-
naschii, indicates that the methanogens, and perhaps other
archaea, may use an alternative first step in AroAA biosynthe-
sis.
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ABSTRACT
A series of integrative and shuttle expression vectors was developed for use in Methanococcus maripaludis.

The integrative expression vectors contained the Methanococcus voltae histone promoter and multiple
cloning sites designed for efficient cloning of DNA. Upon transformation, they can be used to overexpress
specific homologous genes in M. maripaludis. When tested with ilvBN, which encodes the large and small
subunits of acetohydroxyacid synthase, transformants possessed specific activity 13-fold higher than that
of the wild type. An expression shuttle vector, based on the cryptic plasmid pURB500 and the components
of the integrative vector, was also developed for the expression of heterologous genes in M. maripaludis.
The b-galactosidase gene from Escherichia coli was expressed to z1% of the total cellular protein using
this vector. During this work, the genes for the acetohydroxyacid synthase (ilvBN) and phosphoenolpyruvate
synthase (ppsA) were sequenced from a M. maripaludis genomic library.

METHANOGENS are important catalysts in the coccus species (Gernhardt et al. 1990; Cohen-Kup-
iec et al. 1997; Tumbula et al. 1997). These vectors areglobal carbon cycle. These strictly anaerobic

archaea are the source of most of the earth’s atmo- efficiently transformed into M. maripaludis by a polyeth-
ylene glycol-based method (Tumbula et al. 1994). Likespheric methane, a potent greenhouse gas, and they

are responsible for processing 1–2% of the carbon fixed other methanogens, M. maripaludis contains many oxy-
every year during photosynthesis (Reeburgh et al. gen-sensitive enzymes with complex prosthetic groups.
1993). Given the enormity of this biogeochemical pro- These enzymes are not frequently expressed in an active
cess, it is not surprising that methanogens are found in form in Escherichia coli. Thus, a genetic system in M.
many different types of environments, ranging from maripaludis might be suitable for the expression of genes
psychrophilic to hyperthermophilic conditions (for a encoding these types of enzymes. We report here the
review see Boone et al. 1993). In this regard, they are development of expression shuttle and integrative vec-
the most cosmopolitan archaea; they are abundant in tors for M. maripaludis that use the M. voltae histone
extreme environments, such as deep-sea hydrothermal promoter (PhmvA).
vents, as well as temperate environments, such as the
gastrointestinal tracts of man and animals.

Methanococcus maripaludis strain JJ is typical of other MATERIALS AND METHODS
hydrogenotrophic methanococci. It was isolated from

Bacterial strains, media, and growth conditions: M. maripa-the sediment of a salt water marsh and grows by the ludis J J was obtained from W. J. Jones. The plasmids used in
conversion of carbon dioxide and hydrogen gas or for- this study are listed in Table 1. M. maripaludis was grown at
mate into methane (Jones et al. 1983a). Amino acids 378 on 275 kPa of H2:CO2 (80:20) in McN (mineral medium),

McC (complex medium minus the vitamin solution), or McNAand acetate are assimilated, but they are not significantly
(McN plus 10 mm sodium acetate; Whitman et al. 1986). Themetabolized, indicating that methanogenesis is the sole
sodium bicarbonate in the medium was reduced from 5 gor major energy source (Whitman et al. 1987). An im-
liter21 to 2 g liter21 during growth at 100 kPa in 1-liter Wheaton

portant characteristic of M. maripaludis is its relatively bottles. Transformation of M. maripaludis with plasmid DNA
rapid doubling time of 2.3 hr at the optimal tempera- was described previously (Tumbula et al. 1994). For selection

of puromycin-resistant methanococci, a stock solution of 500tures of 35–398 (Jones et al. 1983a). Thus, it is one of
mg ml21 puromycin dihydrochloride (Sigma, St. Louis) inthe fastest growing mesophilic methanogens.
distilled water was filter sterilized and added to the mediumM. maripaludis has also proven amenable to genetic
at a final concentration of 2.5 mg ml21. Strictly anaerobicanalysis (Tumbula and Whitman 1999). Integrative techniques were used for medium preparation and cultivation.

and shuttle vectors have been developed for Methano- The E. coli strains were grown at 378 on low-salt Luria-Bertani
(LB) medium with the NaCl at 50% of the regular concentra-
tion (Maniatis et al. 1982). Antibiotic concentrations were
60 mg ml21 for ampicillin and 50 mg ml21 for kanamycin inCorresponding author: William B. Whitman, Department of Microbiol-
both liquid and solid LB medium. b-Galactosidase was usedogy, University of Georgia, Athens, GA 30602-2605.

E-mail: whitman@arches.uga.edu as a blue/white screen on LB agar plates with isopropylthio-

Genetics 152: 1439–1447 (August 1999)
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TABLE 1

Plasmids used in this studya

Plasmids Properties Reference

Mipuid Contains M. voltae histone promoter with uidA, ampicillin Beneke et al. (1995)
resistance (ampr)

pBK-CMV Ampr Stratagene
pGEM-T Ampr Promega
pGEM-T 1 lacZ lacZ with flanking NsiI and BglII sites, ampr This work
pMEB.2 pUC derivative that contains puromycin resistance cas- Gernhardt et al. (1990)

sette (pac) for methanococci (purr)
pTer7 Contains E. coli wild-type lacZ, ampr Elliot Altman
pTLB30 Contains M. aeolicus acetohydroxyacid synthase genes Bowen et al. (1997)

(ilvBN), ampr

pUC18 Ampr

pURB500 Cryptic plasmid of M. maripaludis C5 Tumbula et al. (1997)
pWLG1 Contains M. maripaludis ilvBN and ppsA, kanamycin resis- This work

tance (kanr)
pWLG2 3.8-kbp deletion of pWLG1, kanr This work
pWLG3 pUC18 plus 3.8-kbp insert from pWLG1, ampr This work
pWLG11 pMEB.2 derivative with multiple cloning site, ampr, purr This work
pWLG12A pWLG11 plus M. voltae histone promoter (PhmvA) with uidA, This work

ampr, purr

pWLG13 Integrative expression vector with NdeI site downstream This work
of PhmvA, ampr, purr

pWLG13 1 59-ilvB Contains M. maripaludis ilvB fragment This work
pWLG14 Integrative expression vector with NsiI site downstream This work

of PhmvA, ampr, purr

pWLG18 pWLG14 with lacZ for blue/white screen This work
pWLG30 Expression shuttle vector for M. maripaludis, ampr, purr- This work
pWLG30 1 lacZ Contains lacZ for E. coli blue/white screen This work
pZeRO-2 Requires E. coli Top 10, kanr Invitrogen

a Ampicillin (amp) and kanamycin (kan) are for selection in E. coli. Puromycin (pur) is for selection in M.
maripaludis.

b-d-galactoside (IPTG) and 5-bromo-4-chloro-3-indolyl-b-d- which time the cells lysed. The cell extract was then transferred
to a Corex tube, and 5 ml of 50% phenol saturated with 0.15 mgalactopyranoside (X-gal) according to the method of Sam-

brook et al. (1989). Plasmids were transformed into E. coli NaCl/0.1 m EDTA (pH 8.0) and 50% chloroform:isoamyl alco-
hol (24:1 v/v) were added. The solution was gently mixed bystrains by electroporation with a Gene Pulser (Bio-Rad, Rich-

mond, CA) using the settings of 200 V, 2.5 kV, and 25 mF inversion before centrifugation at 8200 3 g for 10 min. The
red aqueous phase was extracted with another 5 ml of phenol/with cuvettes (0.2 cm gap width).

Growth rates of E. coli and M. maripaludis were measured chloroform/isoamyl alcohol. Two volumes of cold 100% etha-
nol were then added to the aqueous phase, and the suspensionat 600 nm with a spectrophotometer (Spectronic 20).

Plasmid purification from M. maripaludis and E. coli: Plas- was gently inverted before centrifugation at 48 for 15 min at
8200 3 g. The supernatant was decanted, and the pellet wasmid isolation from M. maripaludis was begun by centrifuging

a 5-ml culture at 16,000 3 g at 48 followed by resuspension dried at room temperature. The pellet was resuspended in
100 ml of 15 mm NaCl/1.5 mm trisodium citrate (SSC) andof the cells in 100 ml of methanococcal medium. After resus-

pension, the Wizard miniprep kit (Promega, Madison, WI) stored at 48. Additional SSC was added every 24 hr until the
DNA was resuspended.minus the resuspension step was used for preparation of the

plasmid DNA for transformation into E. coli. pURB500 was To make a genomic library for M. maripaludis, the genomic
DNA (12 mg in 100 ml) was partially digested with 0.01 unitsisolated from M. maripaludis C5 as described previously (Tum-

bula et al. 1994). Plasmids from E. coli, grown with selective of Sau3AI at 378 for 5 min. The reaction was terminated by
the addition of phenol/chloroform/isoamyl alcohol, pH 8.0conditions, were isolated with the Wizard miniprep kit.

Construction of M. maripaludis genomic library: M. maripa- (Ameresco). The resulting linear DNA fragments ranged from
1 to 6 kbp, as measured by gel electrophoresis. The DNA wasludis genomic DNA was isolated using a modified procedure

from Saito and Miura (1963). M. maripaludis was grown in precipitated upon the addition of one-half volume of 7.5 m
ammonium acetate and two volumes of cold 100% ethanol150 ml of McN to A600 5 0.8. The cells were harvested by

centrifugation at 7700 3 g at 48 for 15 min in a JA-21 rotor followed by centrifugation. After the supernatant was de-
canted, the pellet was resuspended in 10 ml of distilled water.(Beckman, Fullerton, CA) and washed once in 28 ml of sterile

0.4 m NaCl. The cell pellet was then resuspended in 3 ml of Five micrograms of digested DNA (5 ml) was ligated with 2
ml of Zap Express (Stratagene, La Jolla, CA) that was predi-0.15 m NaCl/0.1 m EDTA (pH 8.0). The cell suspension was

frozen by plunging the centrifuge tube into an ethanol/dry gested with BamHI in a 10-ml reaction. After the ligation, the
mixture was packaged and amplified once in E. coli XLOLRice bath. The frozen suspension was slowly thawed at 188, at
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(Stratagene) before storage at 2808 according to the com- To replace the NdeI site near the histone promoter of
pWLG13 with a NsiI site, the promoter was PCR amplifiedpany’s directions.

Isolation and sequencing of the M. maripaludis ilvBN: The using the primers 59-ATCTGCGAATTCAGCTGATCGAT
CAAAATATAACATAAATAACATAGGTTTAA-39 (PhmvANsiI1)M. maripaludis genomic library was screened with a polymerase

chain reaction (PCR) product of the acetohydroxyacid syn- and 59-GAAGATCTTCAGCGCTAAACATGCATTTCACCTA
TTAGTTATCTATAAAATTATA-39 (PhmvANsiI2). The first 12thase (AHAS) large subunit gene (ilvB) from M. aeolicus using

pTLB30 as the template. The PCR contained the primers 59- nucleotides of PhmvANsiI1 contained an EcoRI site and 59 exten-
sion for EcoRI digestion. Restriction sites for PvuII and ClaIGAACGGAGCAGAGGC-39 and 59-ACCAACCATACCAAGG

GC-39, 5 units Taq DNA polymerase, 1 mm dATP, 1 mm dGTP, were also added immediately upstream of the M. voltae histone
1 mm dCTP, 0.65 mm dTTP, and 0.35 mm digoxigenin-deoxy- promoter. PhmvANsiI2 possessed a BglII site plus a two-nucleotide
uridine-59-triphosphate (DIG-dUTP) from Boehringer Mann- extension that allowed endonuclease digestion. The PCR an-
heim (Indianapolis, IN). The annealing temperature was 488, nealing temperature was 438, and the extension time was 1 min
and the extension time was 2 min at 728. This DIG-dUTP- at 728. The PCR product was digested with EcoRI and BglII
labeled PCR product was used to screen plaque lifts from the for directed ligation into pWLG11, which had been digested
library according to Boehringer Mannheim protocols. The with the same enzymes and treated with CIAP. The product,
hybridization temperature was 638. The isolated phagemid pWLG14, contained the NsiI site as part of the start codon
was then converted to the plasmid form (pWLG1). SacI was downstream of the histone promoter.
used to subclone a 3.8-kbp fragment of pWLG1. This fragment The E. coli lacZ gene was engineered by PCR for ligation
was ligated into a SacI-digested pUC18, yielding pWLG3. The into pWLG14. The PCR contained pTer7 as the template and
remaining portion of pWLG1 was religated together to form the primers 59-CCAATGCATGACCATGATTACGGATTCA
pWLG2. These three plasmids were sequenced by primer walk- CTGG-39 and 59-GAAGATCTTTCCTTACGCGAAATACGGG
ing utilizing API sequencers at the Molecular Genetics Facility, CAG-39 to introduce flanking NsiI and BglII sites. It was per-
University of Georgia. All oligonucleotides were made by Inte- formed with 2.5 units of Taq DNA polymerase and an anneal-
grated DNA Technologies (Coralville, IA). Sequence analysis ing temperature of 52.38 and an extension time of 3.75 min
was performed with the GCG software package (Genetics Com- at 728. The lacZ product was cloned into pGEM-T, yielding
puter Group, Madison, WI). FRAMES was used to identify pGEM-T1lacZ. This vector was digested with NsiI and BglII to
open reading frames (ORFs) using ATG, GTG, or TTG as release the lacZ fragment. After treatment of pWLG14 with
the start codons. GAP was used to calculate the percentage NsiI and BglII followed by CIAP, the lacZ fragment was ligated
identities between the methanococcal proteins. PILEUP was in to yield pWLG18. Upon electroporation into E. coli XL1-
used to identify the truncated regions for the phosphoenopy- Blue MRF9 (Stratagene), pWLG18 was identified by b-galactos-
ruvate synthase gene (ppsA) and the AHAS small subunit gene idase production on plates that contained X-gal and IPTG.
(ilvN). pWLG30, the expression shuttle vector, was constructed by

Plasmid construction: The integrative vectors developed in ligation of a partial EcoRI digestion of pURB500 with a com-
this study were based on pMEB.2 (Figure 1). To remove the plete EcoRI digestion of pWLG14 (Figure 2). The ligation
a-complementation fragment of lacZ, pMEB.2 was digested mixture was then transformed into M. maripaludis. The trans-
with NdeI and SacI, followed by mung bean nuclease treatment formants were then inoculated into McC/puromycin broth
and blunt-end ligation (Figure 1). This deletion allowed a to select for plasmids that contained both a methanococcal
unique NdeI site to be introduced into the multiple cloning origin of replication from pURB500 and the pac cassette from
site (MCS). The MCS was added after digestion of the plasmid pWLG14. Plasmids were then prepared from the broth culture
with EcoRV and EcoRI and dephosphorylation with CIAP (calf of the transformants and electroporated into E. coli XL1-Blue
intestine alkaline phosphatase). The phosphorylated oligonu- MRF9. The location and orientation of pWLG14 within
cleotides, 59-AATTCAAGCATCATATGAAGCATACGCGTCT pURB500 was determined by digestion with SacII andTAAGAGATCTCATGAT-39 and 59-ATCATGAGATCTCTTAA EcoO109I and was confirmed by sequencing. To form pWLG30GACGCGTATGCTTCATATGATGCTTG-39, were annealed

1 lacZ, pWLG30 was digested with NsiI, BglII, and XbaI. BglIIand ligated into the vector forming pWLG11. The EcoRI frag- lowered the background of the plasmids that were digestedment of Mipuid, which contained the M. voltae histone pro-
by only NsiI or XbaI. pWLG18 was digested with NsiI and XbaI,moter (PhmvA) and ribosome binding site and the E. coli b-gluc-
and the NsiI-XbaI fragment containing lacZ was gel purified.uronidase (uidA), was then cloned into the EcoRI site of
After ligation and transformation into E. coli XL1-Blue MRF9,pWLG11. Removal of uidA by NdeI digestion formed the M.
pWLG30 1 lacZ was found by screening for blue coloniesmaripaludis integrative expression vector pWLG13. To form
on LB 1 ampicillin 1 X-gal plates. The sequencing primerspWLG13159-ilvB, the first 641 bp of the M. maripaludis ilvB
designed for confirming cloned DNA in pWLG30 or pWLG30were cloned into pWLG13. First, the 59 end of ilvB was ampli-
1 lacZ were 59-ACTCTCCAGAATACATAAAA-39 (pWLG30fied by PCR using the primers 59-AAAAAAACATATGAAAG
seq1) and pMEB.2seq2.GAGCAGAGGCTATGATG-39 and 59-AAAAAAAGATCTCCG

Assays of AHAS activity: The wild-type strain JJ1 or a strainCCTGCAATAATAACAGGTCTT-39. These primers contained
transformed with pWLG13 1 59-ilvB was grown in 100 ml ofNdeI and BglII sites at the 59 and 39 ends, respectively. The
McNA in modified Wheaton bottles at 100 kPa of H2:CO2 toPCR contained 2.5 units of Pfu DNA polymerase (Stratagene),
A600 5 0.60–0.75. The cells were harvested by centrifugationand it was performed at an annealing temperature of 558 for
under anaerobic conditions (Shieh et al. 1988). The pellets1 min and an extension time of 2 min at 728. The PCR product
were resuspended in 100 ml of dilution solution per 100 mlwas drop dialyzed against distilled water with VSWP mem-
of medium. The dilution solution, which was sparged with N2branes (Millipore, Bedford, MA) before digestion with NdeI
for 1 hr, contained 1 mm cysteine hydrochloride, 1 mm dl-and BglII for 4 hr. The enzymes in the reactions were removed
dithiothreitol, 1 mg bovine pancreatic DNase I (Boehringerusing the Wizard clean-up kit (Promega).
Mannheim), 7.5 ml NaCl solution (293 g liter21), 50 ml dis-After the digestion of pWLG13 with NdeI and BglII, the
tilled water, and 50 ml general salts solution (Whitman et al.PCR product was ligated in to form pWLG13159-ilvB. The
1986). The cells were placed in an aluminum seal vial on icesequence of the PCR product was confirmed by sequencing
and flushed with hydrogen gas for 2 min before freezing atwith the primers that flanked the insertion site, pMEB.2seq1,
2208 for 2 hr. Upon thawing, the cells had lysed, and the cell59-AGGCACCCCAGGCTTTACAC-39 (59 end), and pMEB.2-

seq2, 59-GCGTTTTTTATTACCTACTA-39 (39 end). extract was dialyzed in 12,000–14,000 molecular weight cut
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Figure 2.—Construction of methanococcal expression shuttle vectors pWLG30 and pWLG30 1 lacZ. pWLG30 was constructed
by ligation of a partial EcoRI digestion of the cryptic methanococcal plasmid pURB500 into the EcoRI site of pWLG14. lacZ from
pWLG18 (Figure 1) was then added between the unique NsiI and BglII sites of pWLG30. The low level of lacZ expression of
pWLG30 1 lacZ forms a blue/white screen for clones in E. coli. The unique ClaI site in pWLG14 and pWLG30 allows the PhmvA

to be replaced with other promoters in future studies.

off (MWCO) tubing overnight at 48. The dialysis buffer was protein assay (Pierce Chemical, Rockford, IL), the dialyzed
extract was first diluted 1:50 in 0.1 m sodium hydroxide, boiledthe basic purification buffer that had been sparged with N2

and autoclaved (Xing and Whitman 1994). The AHAS assays for 10 min, and cooled on ice.
Assays of b-galactosidase activity: The b-galactosidase assaywere performed at 378 as described previously (Park et al.

1995). For protein quantification by the bicinchoninic acid was performed with 2-nitrophenyl-b-d-galactopyranoside

Figure 1.—Construction of the integrative vectors pWLG13, pWLG14, and pWLG18. Only the unique or otherwise useful
restriction sites are shown. pMEB.2 was digested with NdeI and SacI to remove lacZ 9 before a MCS was added to form pWLG11.
pWLG14 was constructed by the addition of PhmvA between the EcoRI and BglII sites of pWLG11. lacZ, modified by PCR to contain
NsiI and BglII restriction sites, was ligated into pWLG14 to form pWLG18. pWLG12A was developed from pWLG11 by the
addition of PhmvA and uidA from Mipuid. The uidA was released from pWLG12A by a NdeI digestion to form pWLG13. The MCS
was designed so that multiple restriction enzymes can be utilized in a single buffer. Using either NdeI or NsiI plus a second
restriction enzyme allows directed cloning into the vectors. Addition of a third endonuclease with a site between the first
endonuclease sites can lower the background associated with the religation of a single digestion. PhmvA can also be replaced using
EcoRI (or ClaI in pWLG14) and NsiI or NdeI.
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quence of the large subunit (IlvB), which contained
587 amino acids, had 68.1, 72.9, and 31.4% sequence
identity to the M. aeolicus, M. jannaschii (MJ0227), and
M. jannaschii (MJ0663) IlvB homologs, respectively. The
low amino acid sequence similarity to MJ0663 was consis-
tent with the assignment of this ORF to another function
(Bowen et al. 1997). Fourteen nucleotides separated
ilvB from ilvN. Upon comparison to the M. aeolicus gene,
ilvN appeared to be truncated at the 39 end to form a
deletion equivalent to eight amino acids. This conclu-
sion was supported by the presence of a Sau3A I site
and the beginning of the pBK-CMV vector before a stop
codon in the ilvN sequence. The deduced amino acid
sequence of the small subunit (IlvN) from M. maripa-
ludis was 71 and 73% identical to the M. aeolicus and
M. jannaschii IlvN homologs, respectively. The ilvBN
genes from M. aeolicus, which were separated by 172 bp,
and M. maripaludis were linked (Bowen et al. 1997). In
contrast, the M. jannaschii AHAS genes were unlinkedFigure 3.—(A) Sequenced region of pWLG1 containing
(Bult et al. 1996).the M. maripaludis genes encoding AHAS (ilvBN) and phos-

Enzyme activity corresponding to a phosphoenolpy-phoenolpyruvate synthase (ppsA). The junction between ppsA
and ilvB indicating the position of the Sau3AI site likely to ruvate synthase (E.C. 2.7.9.2; pyruvate, water dikinase)
be involved in formation of a chimera is shown. The arrow has been described in the cellular extracts of M. maripa-
corresponds to the position of the putative intein splice junc- ludis (Shieh and Whitman 1987), and ppsA appearedtion in the M. jannaschii ppsA. (B) Deduced amino acid se-

immediately upstream of ilvB. When compared to thequence of PpsA from M. maripaludis and M. jannaschii near
M. jannaschii, Pyrococcus furiosus, and Staphylothermus mar-the intein splice junction. Arrow represents putative intein

splice junction. inus homologs, the M. maripaludis PpsA was between 29
and 38 amino acids shorter at the N terminus. In addi-
tion, an initiation codon was not observed at the 59(ONPG) at a temperature of 378 (Miller 1992). E. coli XL1-
end of the cloned ORF, but a Sau3AI site was present,Blue MRF9 containing pWLG301lacZ was grown overnight in

low salt LB broth medium/ampicillin without IPTG. These suggesting that the cloned ppsA had been truncated and
cells were inoculated into fresh LB broth/ampicillin with and that the cloned DNA in pWLG1 was chimeric (Figure
without 1 mm IPTG and grown to OD600 5 0.64–0.70 before 3A). Alternatively, it is also possible that the ppsA cloned
being assayed. M. maripaludis was grown on McC medium/

was a pseudogene naturally present in the genome. Inpuromycin unless stated otherwise. M. maripaludis assays used
contrast, ilvB did not appear to be truncated becausethe same conditions as E. coli.

SDS-PAGE: This procedure was performed according to the the 59 end of the gene encoded an amino acid sequence
method of Laemmli (1970) for a 10% polyacrylamide gel. nearly identical to the N-terminal sequence of the M.

Nucleotide sequence accession numbers: The GenBank ac- aeolicus AHAS (Xing and Whitman 1994). At the amino
cession nos. for the M. maripaludis AHAS gene (ilvBN) and

acid level the M. maripaludis PpsA was 72% identical toppsA are AF118061 and AF118060, respectively. The accession
the M. jannaschii PpsA (MJ0542). The M. jannaschii ppsAnos. for pWLG11, pWLG13, pWLG14, and pWLG30 are

AF134196, AF134197, AF134198, and AF134199, respectively. contained an internal insertion that translated into a
putative intein of 412 amino acids (Bult et al. 1996). At
the intein/extein junction, a mechanistically important

RESULTS AND DISCUSSION
cysteinyl residue was found in the first position of the
second extein (Bult et al. 1996; Chong et al. 1996;Cloning of the ilvBN genes of M. maripaludis: The

two subunits of AHAS, which catalyze an early step in Figure 3B). The deduced amino acid sequence of the M.
maripaludis PpsA was nearly identical to the M. jannaschiibranched-chain amino acid biosynthesis, are encoded

by the ilvBN genes in M. aeolicus (Bowen et al. 1997). homolog near the intein/extein junction, and the
mechanistically important cystienyl residue was con-Screening of the M. maripaludis genomic library identi-

fied one plaque that hybridized with the M. aeolicus ilvB served. The putative intein, however, was absent.
Overexpression of ilvBN in M. maripaludis: AHAS isprobe. Upon conversion of the phagemid to the plasmid

form, the plasmid pWLG1 was found to contain z7 kbp normally expressed at the low levels typical of biosyn-
thetic genes within the methanococci (Xing and Whit-of M. maripaludis genomic DNA. A total of 4838 bp was

sequenced, and three ORFs with homology to known man 1987). Because this enzyme is both unstable and
O2 labile, it would be much easier to characterize bio-genes were identified (Figure 3A). Two ORFs encoded

the large and small AHAS subunits (E.C. 4.1.3.18), ilvB chemically if it could be overexpressed. To overexpress
this gene, pWLG13159-ilvB was constructed. In this plas-and ilvN, respectively. The deduced amino acid se-
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TABLE 3TABLE 2

Overexpression of the acetohydroxyacid synthase in Expression of b-galactosidase in M. maripaludis
by the shuttle vectorM. maripaludis transformed with pWLG13 1 59ilvB

Vector Specific activitya Vector Specific activitya

pWLG30 ,0.02bNone 0.011
pWLG13 1 59 ilvB 0.150 pWLG30 1 lacZ 4.5

Cells were grown to an absorbance of 0.45–0.48 in McCCells were grown to an absorbance of 0.7–0.9 in McNA.
a Micromoles of acetolactate formed per minute per milli- medium/puromycin.

a Micromoles per minute per milligram of protein. Averageigram of protein. Average of triplicate assays.
of duplicates.

b No activity was detected.

mid, the start codon of ilvB overlapped with the NdeI
site 4 bp downstream of the ribosome-binding site and same site near the PhmvA. Therefore, pWLG14 was chosen
promoter (PhmvA) for the M. voltae histone (Figure 1). because it contained an NsiI site downstream of PhmvA.
This plasmid also contained 641 bp of the 59 end of The expression vector was then constructed by ligation
ilvB to allow for efficient homologous recombination of a partial EcoRI digestion of pURB500 into pWLG14
into the genomic copy of ilvB. After transformation into and transformation of M. maripaludis to select for the
M. maripaludis, integration of the pWLG13159-ilvB into methanococcal origin of replication and puromycin re-
the genome would place a truncated ilvB gene under sistance. Plasmids isolated from two independent trans-
control of the native promoter and place the intact formants contained the same SacII and EcoO109I endo-
ilvBN operon under the control of PhmvA. To test this restriction maps, indicating that pWLG14 was inserted
hypothesis, the specific activity of AHAS in extracts of in the same EcoRI site of pURB500, as utilized in pDLT44
a pWLG13159-ilvB transformant was determined (Table (Figure 2, Tumbula et al. 1997). The expression shuttle
2). Compared to extracts of wild-type cells, AHAS spe- vector pWLG30 was then further modified by adding
cific activity was 13-fold higher in the transformant. The lacZ to allow for blue/white screening in E. coli (Fig-
anticipated specific activity was calculated from the ex- ure 2).
pression of the Methanothermus fervidus histone. In this E. coli XL1-Blue MRF9 containing pWLG30 1 lacZ pro-
organism, the number of histone molecules was 1–2 3 duced blue colonies in the presence of X-gal. The pro-
104 molecules per genome, and the genome possessed duction of b-galactosidase was independent of the addi-
two genes (Stroup and Reeve 1992). The level of expres- tion of IPTG, indicating that expression was not from
sion per gene would then be expected to be z0.5–1 3 the lac promoter. Enzymatic assays of E. coli in LB broth
104 molecules. On the basis of the specific activity and plus ampicillin detected b-galactosidase activity slightly
molecular weight of the M. aeolicus AHAS (Xing and above background levels. Weak expression with PhmvA in
Whitman 1994), the same level of expression of the M. E. coli was also observed by Beneke et al. (1995) using
maripaludis ilvBN operon would yield a specific activity Mipuid. Like pDLT44, pWLG30 transformed M. maripa-
of 0.08–0.17 units (mg of protein)21 or very close to the ludis with a high efficiency even though the plasmid
observed value. This result also demonstrated that the yields were low from E. coli. pWLG30, isolated from
M. voltae promoter was active in M. maripaludis. M. maripaludis, was checked for rearrangements after

To facilitate cloning into the integration vectors, transformation back into E. coli. No rearrangements
pWLG18 was constructed with lacZ downstream of the were observed.
PhmvA to provide an opportunity for blue/white screening Expression of lacZ in M. maripaludis and E. coli: The
of clones in E. coli (Figure 1). Because lacZ contains an expression shuttle vector pWLG30 was tested for in vivo
NdeI site, pWLG18 was constructed with an NsiI site expression of the b-galactosidase gene (lacZ) from E.
immediately downstream of the PhmvA, overlapping the coli. M. maripaludis does not contain b-galactosidase, and
start codon. The availability of a vector with an NsiI site activity was not detectable in wild-type cells (Cohen-
also provides an alternative method for cloning genes Kupiec et al. 1997). However, b-galactosidase was readily
that possess NdeI sites near their 59 end and that would detectable in cell-free extracts of a transformant bearing
not be suitable for cloning in pWLG13. pWLG30 1 lacZ (Table 3). A protein band correspond-

Construction of the expression shuttle vector: To ex- ing to the expected size of b-galactosidase was found
press heterologous genes in M. maripaludis, an expres- by SDS-PAGE in the transformants of pWLG30 1 lacZ,
sion shuttle vector was constructed from pWLG14 and but not in cells transformed with pWLG30 alone (Fig-
pURB500 (Figure 2). pURB500 is a cryptic plasmid from ure 4).
M. maripaludis C5 and contains a methanococcal origin The specific activity of b-galactosidase varied with the
of replication, an NdeI site, and three EcoRI sites (Tum- growth phase of the culture. During growth on H2:CO2,

exponential growth was usually observed only at low cellbula et al. 1997). The NdeI site precluded use of this
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Figure 4.—Overexpression of b-galactosidase in M. maripa-
ludis by the expression shuttle vector pWLG30. SDS-PAGE of
total protein from M. maripaludis stained with Coomassie blue.
Bio-Rad low-molecular-weight standards (lane A): rabbit mus-
cle phosphorylase b (97.4 kD), bovine serum albumin (66.2
kD), hen egg white ovalbumin (45.0 kD), and bovine carbonic
anhydrase (31.0 kD). The transformants were grown in McC
medium/puromycin to an absorbance of 0.5, and the wild
type was grown to an absorbance of 0.8 in McC medium. Lane
B, wild-type cells; lane C, cells transformed with pWLG30; lane
D, cells transformed with pWLG301lacZ; arrow is a protein
with the expected Mr of b-galactosidase (116.3 kD).

densities, i.e., A600 , 0.4 (Jones et al. 1983b). At higher
cell densities, the rate of H2 transfer from the gas to
liquid phases probably limited growth, and arithmetic Figure 5.—Expression of b-galactosidase in a transformant

of pWLG30 1 lacZ. Specific activity was in micromoles ofgrowth was observed (Figure 5A). In cultures of the
X-gal transformed min21 (mg of protein)21. (A) Effect oftransformant, the specific activity of b-galactosidase in-
growth phase on the specific activity. Cells, 4% v/v, were inocu-creased threefold from exponential to stationary phase.
lated into McC/puromycin medium. (B) Stability of pWLG30

During the stationary phase, where absorbance (600 1 lacZ in M. maripaludis upon serial transfers of the culture.
nm) 5 1, the b-galactosidase specific activity was 7.5 M. maripaludis was grown to an absorbance (600 nm) of 0.62–

0.85 in McN (j), 0.40–0.58 in McC (m), and 0.44–0.66 inmmol min21 (mg of protein)21. Purified b-galactosidase
McC/puromycin (d). The inoculum was 4%. Every 24 hr, thehas a specific activity of 600 mmol min21 (mg of pro-
culture was transferred to fresh medium, and the specifictein)21 (Boehringer Mannheim). Thus, the b-galactosi- activity was determined after 14 hr of growth. The average

dase appeared to represent z1% of the cellular protein number of generations in the three media after transfers 1,
of the transformant. Whether or not the increase in 2, 3, and 4 were 5, 10, 14.5, and 23, respectively. Data points

were the average of duplicate assays. For McN, McC, andspecific activity resulted from changes in the level of
McC/puromycin media, correlation coefficients of the specificexpression from PhmvA or in the copy number of the
activity with the number of transfers were 0.99, 0.98, and 0.74,plasmid was not determined. respectively. Critical values for significance at P 5 0.05 and

The stability of pWLG30 in methanococci is impor- 0.01 were 0.88 and 0.96, respectively.
tant for the production of large amounts of recombi-
nant protein. In one experiment, pWLG30 1 lacZ was
transferred every 3 wk in McC1puromycin medium for 5B). In both mineral (McN) and rich (McC) media, the
3 mon. Upon electroporation into E. coli, all the .500 levels of b-galactosidase activity rapidly dropped after
colonies examined on LB-amp 1 X-gal-containing me- four serial transfers in media without puromycin. Al-
dium were blue, indicating that the lacZ had been main- though the initial specific activity in mineral medium
tained. Restriction endonuclease mapping of the plas- was lower than in complex medium, the relative rate at
mid from one of the clones failed to detect any which activity was lost was z20–25% per transfer in
differences with the original plasmid. To further address both media. If the loss in b-galactosidase activity was an
this issue, the levels of b-galactosidase were tested after indication of loss of the plasmid, the availability of the

amino acids and other components of the rich mediummultiple transfers in media without puromycin (Figure



1447Methanococcal Expression Vectors

Protein splicing involving the Saccharomyces cerevisiae VMA intein.appeared to have little affect on this process. In contrast,
J. Biol. Chem. 271: 22159–22168.

in the presence of puromycin, the level of b-galactosi- Cohen-Kupiec, R., C. Blank and J. A. Leigh, 1997 Transcriptional
regulation in Archaea: in vivo demonstration of a repressor bind-dase activity was maintained for at least four transfers,
ing site in a methanogen. Proc. Natl. Acad. Sci. USA 94: 1316–and the apparent decline was not statistically significant
1320.

(Figure 5B). Gernhardt, P., O. Possot, M. Foglino, L. Sibold and A. Klein,
1990 Construction of an integration vector for use in the archae-Summary: To our knowledge, this report is the first
bacterium Methanococcus voltae and expression of a eubacterialdescription of an expression shuttle vector for the meth-
resistance gene. Mol. Gen. Genet. 221: 273–279.

anogenic archaea. Because these strict anaerobes con- Jones, W. J., M. J. B. Paynter and R. Gupta, 1983a Characterization
of Methanococcus maripaludis sp. nov., a new methanogen isolatedtain many oxygen-sensitive enzymes and unusual coen-
from salt marsh sediment. Arch. Microbiol. 135: 91–97.zymes, they are good candidates for an expression

Jones, J. W., W. B. Whitman, R. D. Fields and R. S. Wolfe, 1983b
system for enzymes that are not expressed in an active Growth and plating efficiency of methanococci on agar media.
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ing: A Laboratory Manual. Cold Spring Harbor Laboratory Press,reduces the hazards and expense of cultivation with
Cold Spring Harbor, NY.
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ABSTRACT
To learn more about autotrophic growth of methanococci, we isolated nine conditional mutants of

Methanococcus maripaludis after transformation of the wild type with a random library in pMEB.2, a suicide
plasmid bearing the puromycin-resistance cassette pac. These mutants grew poorly in mineral medium
and required acetate or complex organic supplements such as yeast extract for normal growth. One
mutant, J J104, was a leaky acetate auxotroph. A plasmid, pWDK104, was recovered from this mutant by
electroporation of a plasmid preparation into Escherichia coli. Transformation of wild-type M. maripaludis
with pWDK104 produced JJ104-1, a mutant with the same phenotype as J J104, thus establishing that
insertion of pWDK104 into the genome was responsible for the phenotype. pWDK104 contained portions
of the methanococcal genes encoding an ABC transporter closely related to MJ1367-MJ1368 of M. jannaschii.
Because high levels of molybdate, tungstate, and selenite restored growth to wild-type levels, this transporter
may be specific for these oxyanions. A second acetate auxotroph, J J117, had an absolute growth requirement
for either acetate or cobalamin, and wild-type growth was observed only in the presence of both. Cobin-
amide, 59,69-dimethylbenzimidazole, and 2-aminopropanol did not replace cobalamin. This phenotype
was correlated with tandem insertions in the genome but not single insertions and appeared to have
resulted from an indirect effect on cobamide metabolism. Plasmids rescued from other mutants contained
portions of ORFs denoted in M. jannaschii as endoglucanase (MJ0555), transketolase (MJ0681), thiamine
biosynthetic protein thiI (MJ0931), and several hypothetical proteins (MJ1031, MJ0835, and MJ0835.1).

M ETHANOCOCCUS maripaludis is a marine, meth- the properties of the enzyme in the homoacetogenic
clostridia and aceticlastic methanogens.anogenic archaeon that utilizes H2 1 CO2 or

formate as sole carbon and energy sources (Jones et al. To identify additional factors important for autotro-
phy in M. maripaludis, random insertional mutagenesis1983). During autotrophic growth, CO2 is assimilated
was performed to isolate mutants unable to grow auto-by a modified Ljungdahl-Wood pathway of acetyl-CoA
trophically. In this approach, cells were transformedbiosynthesis (Whitman 1994). In this pathway, methyl-
with a genomic library in pMEB.2, a pUC derivativetetrahydromethanopterin produced during methano-
bearing the puromycin-resistance cassette pac (Gern-genesis donates a methyl group to the corrinoid Fe/S
hardt et al. 1990). This plasmid is unable to replicateprotein of the acetyl-CoA decarbonylase/synthase com-
in methanococci, and puromycin resistance can be ac-plex (ACDS, also called CO dehydrogenase). This com-
quired only by homologous recombination into the ge-plex reduces CO2 to the oxidation level of CO and
nome at the site of the cloned genomic DNA (Sandbeckcombines it with HS-CoA and the methyl group to form
and Leigh 1991). If the cloned fragment is internal toacetyl-CoA. In M. maripaludis, the biosynthetic activity
a gene or operon, integration will disrupt expressionas well as a number of diagnostic partial activities of the
of the gene and/or downstream genes. While similarACDS complex have been detected in cell-free extracts
techniques have been utilized to inactivate specific(Shieh and Whitman 1988). In addition, acetate auxo-
genes in the methanococci (e.g., Berghofer and Kleintrophs isolated following ethyl methanesulfonate muta-
1995; Jarrell et al. 1996), this is the first report of itsgenesis had low levels of ACDS activity, and spontaneous
application to random mutagenesis.revertants recovered wild-type levels of ACDS activity

(Ladapo and Whitman 1990). While this evidence is
indicative of a role for the ACDS complex, the complex MATERIALS AND METHODS
has never been isolated from an autotrophic methano-

Strains: The wild-type strain of M. maripaludis, strain JJ, wasgen, and its role in autotrophy is largely inferred from
obtained from W. J. Jones ( Jones et al. 1983). Escherichia coli
SURE was obtained from Stratagene (La Jolla, CA).

Media and culture conditions: M. maripaludis was grown in
mineral medium (McN) at 378 with H2 1 CO2 as the carbonCorresponding author: William B. Whitman, Department of Microbiol-
and energy source as described previously (Whitman et al.ogy, University of Georgia, Athens, GA 30602-2605.

E-mail: whitman@arches.uga.edu 1986). Unless specified otherwise, 5-ml cultures were grown

Genetics 152: 1429–1437 (August 1999)
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in 28-ml stoppered tubes using strictly anaerobic procedures ized water, was diluted with 60 ml of TE buffer in a microfuge
tube. The plasmid preparation was then transferred to the(Balch et al. 1979). The initial gas pressure was 240 kPa, and

tubes were repressurized two or three times a day. McA was anaerobic chamber and incubated for 1 day to allow O2 to
diffuse from the solution. Upon transformation of a 5-ml cul-composed of McN plus 10 mm sodium acetate. McC was com-

posed of McN plus 0.2% (w/v) yeast extract. McAC was com- ture of M. maripaludis, the transformants were inoculated into
20 ml of McAC1 containing 2.5 mg puromycin ml21 in a 160-posed of McA plus 0.2% yeast extract. McAC1 was composed

of McAC plus 0.2% (w/v) Casamino acids, 1% (v/v) vitamin ml serum bottle and incubated for 2 days under H2 1 CO2 at
378 to allow for growth. The culture was then dispensed intosolution (Whitman et al. 1986), 0.15% (w/v) each of valine,

isoleucine, and leucine, and 0.01 mm pantoyllactone. Growth four sterile culture tubes and centrifuged at 2000 3 g for 20
min at room temperature, and the cells were resuspended inon agar plates was performed as described previously (Tum-

bula et al. 1995a). Solid medium had the same composition a one-fifth volume of McC 1 25% glycerol (Tumbula et al.
1995b). One-milliliter portions of the glycerol-containing cellas broth except that the NaHCO3 concentration was reduced

to 2 g liter21 and 1% (w/v) Noble agar (Difco, Detroit) was suspensions were stored at 2708.
Transformation, plasmid purification, electrophoresis: M.added. Replica plating was performed with sterile toothpicks

that had been incubated in the anaerobic chamber for 1 day. maripaludis was transformed by the polyethylene glycol
method of Tumbula et al. (1994). E. coli was transformed byGrowth of 200-ml cultures was performed in 1-liter bottles and

McAC medium as described previously (Balch et al. 1979). electroporation with a Bio-Rad (Hercules, CA) gene pulser
set at 25 mF and 2.46 kV (Sambrook et al. 1989). PlasmidsFor cleaning, culture tubes, stoppers, and flasks were auto-

claved in 0.2 n NaOH for 20 min. After cooling, the glassware were purified from E. coli and M. maripaludis using the Wizard
Plus Miniprep DNA purification system (Promega) followingand stoppers were rinsed in tap water followed by deionized

water. the manufacturer’s instructions. DNA was electrophoresed on
0.8% agarose gels as described by Sambrook et al. (1989).Construction of library: A 200-ml culture of M. maripaludis

was grown overnight and harvested by centrifugation for 15 Base analog selection and isolation of mutants: Auxotrophic
mutants of M. maripaludis were enriched by a modification ofmin at 7300 3 g at 48. The cell pellet was washed in 30 ml of

0.4 m NaCl and resuspended in 3 ml of 0.15 m NaCl 1 0.1 m the nucleobase selection of Ladapo and Whitman (1990).
Enrichment medium was prepared by adding 50 mg of 8-aza-sodium EDTA, pH 8.0. To lyse the cells, the cell suspension

was placed in a 2708 freezer. The suspension was then thawed hypoxanthine and 10 mg of 6-azauracil to sterile culture tubes.
The culture tubes were incubated for 1 day in the anaerobicin a water bath at room temperature, and 5 ml of phenol-

chloroform-isoamyl alcohol extraction solution was added chamber before 5 ml of sterile McN medium was added. After
stoppering, the gas atmosphere was exchanged with H2 1(Saito and Miura 1963). After gently mixing, the solution

was centrifuged for 10 min at 8200 3 g at 48. The aqueous CO2. The frozen stock culture of the transformants (0.2 ml)
was inoculated into 5 ml of McAC1 medium and incubatedphase was then recentrifuged for 20 min at 8200 3 g at 48 to

remove precipitated sulfide and protein. Finally, the DNA overnight at 378. When the A600 was 0.7, 0.2 ml was inoculated
into the enrichment medium. After incubation for 2 days atwas collected by ethanol precipitation and washed with 70%

ethanol (Sambrook et al. 1989). After drying, the pellet was 378, the enrichment culture was centrifuged at 2000 3 g for
20 min at room temperature, and the cell pellet was resus-resuspended in a minimum volume of TE buffer (10 mm Tris

chloride, pH 8.0, and 1 mm sodium EDTA, pH 8.0) at 48. pended in 5 ml of McN medium. The cells were washed one
additional time and resuspended in McAC1 medium. TheTo remove RNA, the DNA was treated with 1 ml of DNase-

free RNase (Sambrook et al. 1989) for 1 day at 48. To prepare culture was then incubated at 378 until the A600 was .0.5,
and 0.2 ml was inoculated into enrichment medium. AfterDNA fragments, 10 ml of DNA (3 mg ml21) was diluted into

90 ml of 0.13 SSC, where SSC was 0.15 m NaCl and 15 mm incubation for 2 days, the cells were washed in McN medium
and resuspended in McC1 medium as described above. Cul-sodium citrate, pH 7.0. The solution was then sonicated at 08

for 12 min in intervals of 0.5 min. For partial repair, 11 ml of ture (0.2 ml) was then plated on McC1 plus 2.5 mg ml21 of
puromycin. Plates were incubated for 7 days, and isolatedthe DNA solution was treated with 10 units of Klenow fragment

(10 units ml21, Promega, Madison, WI) and 8 ml of 0.5 mm colonies were replica plated on McN, McA, McC, and McAC1

media.deoxynucleotide triphosphates. After 15 min at 308, 3 ml of
0.5 m sodium EDTA (pH 8.0) was added to terminate the Southern hybridizations: Genomic DNA was purified by the

miniprep procedure of Wilson (1994). Genomic DNA (14reaction. The vector pMEB.2 (Gernhardt et al. 1990) was
digested with EcoRV and dephosphorylated with calf intestinal mg) was treated with 72 units of EcoRI for 48 hr. After electro-

phoresis of 6 mg, the DNA was transferred to positively chargedalkaline phosphatase (Sambrook et al. 1989). For ligation, 75
ng of the dephosphorylated vector and 23 ng of the partially nylon membranes (Boehringer Mannheim, Indianapolis) fol-

lowing the manufacturer’s protocol. The probe, pWDK117,repaired genomic DNA were combined with 200 units of T4
DNA ligase (Promega) and buffer in a total volume of 20 ml was labeled with Dig-dUTP according to the protocol of the

Genius labeling kit (Boehringer Mannheim). Prehybridiza-and incubated overnight at room temperature. After ligation,
the DNA solution was diluted with four parts of water, and 1 tion and hybridization were performed at 658 for 12 and 24

hr, respectively. Hybridization was visualized with CSPD Ready-ml was electroporated into E. coli SURE. The electroporation
was repeated 10 times. The transformants were pooled, diluted to-Use Chemiluminescent Substrate (Boehringer Mannheim).

Isolation and sequencing of plasmids from transformants:to 50 ml in Luria-Bertani (LB) broth plus ampicillin (120 mg
ml21), and incubated for 8 hr at 378. After growth, the cell To obtain the plasmids from the M. maripaludis mutants, a

5-ml culture in McC1 plus 2.5 mg ml21 puromycin was har-suspension was diluted with 50 ml of LB broth 1 30% (v/v)
glycerol, and 1-ml portions were stored at 2708. The total vested by centrifugation at 2000 3 g for 20 min at room

temperature. The cells were resuspended in 200 ml of a solu-number of transformants obtained was 3 3 105, 75% of which
contained cloned DNA. tion containing 50 mm Tris chloride, pH 7.5, 10 mm sodium

EDTA, and 100 mg ml21 DNase-free RNase A. The suspensionTo transform M. maripaludis, 0.1 ml of the frozen cell suspen-
sion was inoculated into 10 ml of LB broth 1 ampicillin (50 was then treated using the Wizard Plus Miniprep DNA Purifi-

cation System (Promega) according to the manufacturer’smg ml21). After growth overnight at 378, the plasmids were
purified from 1.5 ml of culture with Wizard Plus Miniprep instructions. A portion of the purified DNA (15 ml in deionized

water) was dialyzed for 2 hr at room temperature. Dialysis wassystems (Promega). Purified plasmid, 3 mg in 40 ml of deion-
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performed by placing a drop of the suspension on the surface TABLE 1
of a 0.025-mm filter disk (2.5 cm diameter, Type VS; Millipore,

Mutants of M. maripaludis isolated by randomBedford, MA), and the filter disk was floated on the surface
insertional mutagenesisof 20 ml of deionized water in a petri dish. After dialysis, E.

coli SURE cells were electroporated with 1–5 ml of the DNA
suspension. Growth characteristicsa

The plasmids were then isolated from the E. coli trans-
Mutant McN McA McC McAC1 Plasmid isolatedbformants as described above. The genomic inserts were then

sequenced using the primers 59-AGGCACCCCAGGCTTTA
JJ101 6 6 6 1 pWDK101CAC and 59-GCGTTTTTTATTACCTACTA, which were com-
JJ102 6 6 6 1 pWDK102plementary to the flanking regions of pMEB.2. Sequencing
JJ103 6 6 6 1 pWDK103was performed on an Applied Biosystems (Foster City, CA)
JJ104 6 1 1 1 pWDK104model 373 automated sequencer at the Molecular Genetics
J J105 6 6 6 1 pWDK105Instrumentation facility at the University of Georgia. Se-
J J106 6 6 6 1 pWDK106quences were analyzed with the FASTA and BLAST programs
JJ107 6 6 6 6 pWDK107available through GCG (University of Wisconsin) and at the
JJ108 6 6 1 1 NonecTIGR website (http://www.tigr.org).
J J117 2 1 1 1 PWDK117Construction of pWDK117-11 and pWDK117-P: An internal

fragment of pWDK117 was subcloned. For pWDK117-11,
a Growth of mutants on replica plates containing mineralpWDK117 was digested with BamHI and BglII, and the 682

(autotrophic) medium (McN), mineral medium 1 acetateinternal fragment was gel purified and ligated into the BglII
(McA), mineral medium 1 yeast extract (McC), and rich,site of pWGL11 (Gardner and Whitman 1999). In the re-
complex medium (McAC1). 2, no growth; 6, poor growth,sulting plasmid, the direction of transcription of the gene
1, good growth.fragment was in the opposite direction of the pac cassette. For

b Plasmid isolate from the mutant by electroporation intopWDK117-P, pWDK117 was digested with BglII, and the 316-
E. coli.bp product containing the 59-end of the open reading frame

c No plasmid was isolated.(ORF) was gel purified and ligated into the BglII site of pIJA02.
This plasmid was similar to pWLG14 and contained the M.
voltae histone promoter PhmvA immediately upstream of the
BglII site (Gardner and Whitman 1999; I. J. Anderson and age size of operons in methanococci is not known, in
W. B. Whitman, unpublished data). M. jannaschii about 50% of the ORFs are .600 bp. If

Accession numbers: The GenBank accession numbers for the average transcriptional unit is only two ORFs, only
the M. maripaludis DNA cloned in pWDK101, pWDK103,

a small percentage of the clones in the library wouldpWDK104, pWDK106, pWDK107, and pWDK117 were
be internal. This problem may have been exacerbatedAF147208, AF146562, AF146563, AF146564, AF146565, and

AF146566, respectively. by amplification in M. maripaludis, which would enrich
for transformants from large clones that have a higher
recombination frequency. In addition, auxotrophs that

RESULTS
grew poorly in the complex medium may have been
lost during the amplification in M. maripaludis. Last, theLibrary construction: A plasmid library for random

mutagenesis of M. maripaludis was constructed by blunt amplification of the library in E. coli could have further
reduced its variability. In any case, the reason for theend ligation of sonicated genomic DNA into the EcoRV

site of pMEB.2. The initial library was electroporated low number of conditional mutants in the library was
not explored further.into E. coli, where 3 3 104 transformants were found.

However, of 28 transformants screened, only 21 pos- Isolation and characterization of JJ104 and other
auxotrophs: Because of the low frequency of conditionalsessed cloned genomic DNA. Thus, the number of

clones in the library was estimated as 2.3 3 104. The mutants, auxotrophs were enriched by base analog se-
lection. In the first experiment, eight potential auxo-size distribution of 20 of these clones was as fol-

lows: ,0.5 kb, 4; 0.5–1.0 kb, 4; 1.0–1.5 kb, 9; 1.5–2.0 trophs were identified among 100 transformants (Table
1). These auxotrophs, JJ101–JJ108, all grew poorly inkb, 2; .2.0 kb, 1. Upon transformation of M. maripa-

ludis, 3.3 3 104 transformants were found. Assuming a mineral medium. For one of them, JJ104, good growth
was restored by the addition of acetate. JJ108 requiredgenome size of 2000 kb and average clone size of 1

kb, a library of 9200 transformants would have a 99% yeast extract for good growth. Five of the remaining six
auxotrophs required McAC1, a highly enriched me-probability of containing any gene of interest. By this

criterion, the library was large enough to provide inser- dium containing acetate as well as amino acids and
vitamins, for good growth; the sixth auxotroph, JJ107,tions throughout the genome. However, replica plating

of 700 transformants of M. maripaludis failed to identify grew poorly even in rich medium.
If the phenotypes were caused by integration of plas-conditional mutants that grew poorly in minimal me-

dium (McN). The failure to identify large numbers of mids by homologous recombination, then revertants
should occur at a low frequency due to recombinationconditional mutants could have resulted from a number

of effects. If the cloned DNA were too large, it would of the plasmids out of the genome. Because the plasmids
lack a methanococcal origin of replication, they wouldnot be internal to an operon and integration of the

plasmid would not disrupt function. Although the aver- normally be lost from the culture. Even though their



1432 W. Kim and W. B. Whitman

abundance was expected to be low, it was possible to nase in both M. jannaschii and M. thermoautotrophicum.
The small ORF was homologous to the transketolase ofisolate these plasmids by electroporation of plasmid

preparations from the M. maripaludis auxotrophs into M. jannaschii. M. thermoautotrophicum does not possess
this enzyme, and no homolog was observed (Smith etE. coli. For seven of the eight mutants, plasmids were

isolated in this fashion (Table 1). In all cases examined al. 1997).
Because the methanococcal genome is AT rich, it isby restriction endonuclease digestions, the plasmids iso-

lated from one mutant either contained genomic inserts difficult to recognize transcriptional start sites on the
basis of sequence information alone. Nevertheless, onof the same size or a genomic insert was absent and the

digestion pattern was the same as that of the parent the basis of the organization of the ORFs, pWDK103,
pWDK104, and pWDK106 may well have encoded re-pMEB.2. These latter plasmids were discarded. Sequenc-

ing of the ends of the inserts indicated that pWDK101, gions internal to an operon, as expected from the
method of mutagenesis. However, pWDK107, which en-pWDK102, and pWDK105 were identical. Presumably,

the strains JJ101, JJ102, and JJ105 that yielded these coded two divergently translated ORFs, was likely to
overlap the transcriptional units, and a simple insertionplasmids represented multiple isolations of the same

mutant during the enrichment and were not formed of the vector would not have been expected to inactivate
these genes. In this case, the phenotype could haveby independent mutations. Nevertheless, this result

demonstrated that the same plasmid could be recovered resulted from more complex insertional events.
Southern hybridizations of the genomic DNA of thesefrom multiple clones of a mutant. Even after several

attempts, it was not possible to isolate a plasmid from mutants with pMEB.2 as the probe indicated that these
plasmids had integrated as tandem repeats (data notJJ108.

Sequencing of the genomic inserts in the plasmids shown). However, it was not determined whether the
repeats represented the initial product of the recombi-identified open reading frames homologous to ORFs

in the genomic sequences of M. jannaschii and Methano- nation or were subsequently formed during the enrich-
ment and subculturing of the mutants. In other experi-bacterium thermoautotrophicum (Figure 1; Bult et al. 1996;

Smith et al. 1997). pWDK104 encoded components ho- ments (see below), tandem repeats appeared to
represent about 10% of the products formed by recom-mologous to ABC transporters, including the 39-end of

an integral membrane protein and the 59-end of an ATP- bination of similar plasmids into the genome. Presum-
ably, the high proportion of tandem repeats obtainedbinding subunit. The partial sequence of the integral

membrane protein component had high similarity to in these experiments could have resulted from the initial
selection of the methanococcal library in puromycin-the M. jannaschii ORF annotated as a sulfate/thiosulfate

transporter and contained the conserved EAA loop re- containing medium.
Phenotype of JJ104: In the initial screening by replicagion. The second partial ORF had high similarity to the

M. jannaschii ORF annotated as a sulfate permease and plating, growth of JJ104 was stimulated by acetate. Simi-
larly, growth was also stimulated by yeast extract, whichcontained the Walker motif A (Boos and Lucht 1996).

pWDK101 contained three small ORFs of 75–110 amino contains acetate in addition to amino acids and other
potential nutrients. To confirm that the phenotype wasacid residues. None of these ORFs displayed significant

sequence similarity to ORFs in M. jannaschii or M. thermo- due to insertion of pWDK104, the wild-type strain JJ1
was transformed with pWDK104 to form JJ104-1. Likeautotrophicum. Because of their small size and the ab-

sence of homologs, it was not clear that these ORFs the original mutant, growth of JJ104-1 was stimulated
by acetate (Figure 2), confirming that the insertion ofwere in fact expressed. pWDK103 contained an ORF

homologous to the 39- end of a hypothetical membrane- pWDK104 was sufficient to produce the original muta-
tion. In addition, growth of JJ104-1 was stimulated byspanning protein common to M. jannaschii and M. ther-

moautotrophicum, an ORF with no known homologs, as 0.2% (w/v) Casamino acids (data not shown). The abil-
ity of Casamino acids to substitute for acetate suggestedwell as an ORF homologous to the thiamine biosynthetic

protein thiI. However, when compared to the M. jan- that the growth stimulation was due to a general sparing
of stress by organic carbon sources and not a specificnaschii thiI, the M. maripaludis ORF was missing 101

amino acid residues from the N terminus. Examination requirement for acetate (Ladapo and Whitman 1990).
Sulfide is abundant in the habitats of methanococciof other reading frames did not produce evidence for

a frame shift in the sequence. Therefore, this gene ap- and can serve as a sole sulfur source, and most meso-
philic methanococci do not have a nutritional require-peared to be truncated or possibly split in M. maripa-

ludis. pWDK106 contained a pair of ORFs with homol- ment for sulfate and other sulfur oxyanions (Whitman
1989). Thus, even though some methanococci can as-ogy to the hypothetical proteins in M. jannaschii MJ0835

and MJ0835.1. This plasmid and pWDK104 were the similate sulfur oxyanions like thiosulfate (Daniels et al.
1986), a mutation in a sulfur oxyanion transporteronly cases in which the gene order in M. jannaschii was

conserved in M. maripaludis. Last, pWDK107 contained would not be expected to have a phenotype in sulfide-
containing medium. Therefore, in spite of its assign-two divergently translated ORFs. The large ORF had

homology to an ORF annotated as an endo-1,4-b-gluca- ment, the ABC transporter homolog encoded by
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Figure 1.—Sequences of M.
maripaludis genomic DNA
cloned on plasmids isolated
from the transformants. The
cloned DNA was inserted at the
EcoRV site adjacent to the pac
cassette on pMEB.2. In the ori-
entation shown, the pac cas-
sette would be on the right.
The direction of translation of
the ORFs is indicated by
arrows. Homologs in the geno-
mic sequences of M. jannaschii
(MJ) and Methanobacterium ther-
moautotrophicum (MTH) are in-
dicated immediately above the
ORFs, and the percentage se-
quence identity is indicated in
parentheses. The 59- and 39-
ends of the putative genes are
indicated by vertical lines from
the arrow. The alignment to
the M. jannaschii homolog was
used to choose between alter-
native start codons suggested
by the sequence analysis. When
no homolog was found, the
ends of the putative genes were
taken to be the putative transla-
tional start (ATG, GTG, or
TTG codons) and termination
sites.

pWDK104 was probably involved in uptake of some nu- mutant was performed by a nonspecific transporter and
high levels of tungstate inhibited uptake of the othertrient other than sulfur oxyanions. In support of this

hypothesis, growth of JJ104-1 was stimulated by the addi- essential oxyanions.
Isolation of JJ117: In a second round of enrichmenttion of a mixture of molybdate, tungstate, and selenite

(Figure 2). For the wild-type JJ1, a nutritional require- with base analogs, four additional auxotrophs were iden-
tified. One of these, JJ117, had an absolute requirementment for these oxyanions was apparent only after the

second transfer in medium without added oxyanions of acetate for good growth and was characterized further
(Table 1). Upon electroporation of a plasmid prepara-(data not shown). Presumably, oxyanions contaminat-

ing the medium supported the nutritional requirements tion from JJ117 into E. coli, two transformants were
found. Upon EcoRI digestion, the plasmids in both trans-of the wild type during the first transfer. Thus, both

the wild type and JJ104-1 required these oxyanions for formants appeared identical. The cloned genomic DNA
of one, pWDK117, was sequenced, and a large ORF wasgrowth, but JJ104-1 appeared to require higher concen-

trations. The addition of selenite (10 mm) by itself was identified (Figure 1). This ORF was homologous to two
M. jannaschii ORFs, MJ0010 and MJ1612 (Bult et al.also stimulatory, although it was not as effective as the

mixture of three oxyanions (data not shown). The addi- 1996). The M. maripaludis ORF also appeared to be
truncated and missing the 27 and 6 C-terminal aminotion of tungstate (10 mm) by itself was inhibitory. This

result would be expected if uptake of oxyanions in the acids of MJ0010 and MJ1612, respectively. Moreover,



1434 W. Kim and W. B. Whitman

Figure 3.—Stimulation of growth of the acetate auxotrophFigure 2.—Stimulation of growth of the acetate auxotroph
JJ117 by acetate and vitamins. (s) Growth of J J117 in McNJJ104-1 by acetate and the oxyanions molybdate, tungstate,
medium; (d) growth in McN plus 10 mm acetate; (n) growthand selenite. Growth of J J104-1 in McN medium (s), in McN
in McN plus a mixture of water-soluble vitamins; and (m)plus 10 mm acetate (d), and in McN plus 10 mm each of
growth in McN plus both acetate and vitamins; (h) growthsodium molybdate, sodium tungstate, and sodium selenite
of the wild type in McN medium. The inoculum was 6 3 103(n). Growth of the wild-type JJ1 in McN medium without
cells that had been grown in McAC1 medium.additions (h). Growth of the wild type in the presence of

acetate or the oxyanions was identical to growth in McN me-
dium without additions (data not shown). The inoculum was
8 3 106 cells or 4% (v/v) that had been grown in McAC1 and support growth, suggesting that the nutritional require-
washed twice in McN medium. ment for acetate was specific and not due to a general

sparing of energy metabolism by organic carbon
sources. Surprisingly, a mixture of water soluble vita-

the amino acid similarity was only 40 and 27% with mins also supported growth (Figure 3). Of the vitamins,
MJ0010 and MJ1612, respectively, or much lower than only cobalamin (1 mg liter21) supported growth, and
observed for likely orthologs between M. jannaschii and thiamine (50 mg liter21), biotin (20 mg liter21), para-
M. maripaludis. Although MJ0010 and MJ1612 were both aminobenzoic acid (50 mg liter21), folic acid (20 mg
homologs of a Streptomyces gene (Bult et al. 1996), liter21), riboflavin (50 mg liter21), nicotinic acid (50 mg
the functional assignment of this gene has been called liter21), pyridoxine HCl (100 mg liter21), and dl-calcium
into question. It was originally believed to encode phos- pantothenate (50 mg liter21) had no effect (data not
phonopyruvate decarboxylase (Nakashita et al. 1997). shown). Good growth was also obtained with 80 mg
This enzyme catalyzes the formation of phosphonoace- liter21 or 0.06 mm cobalamin, and no further stimulation
taldehyde from phosphonopyruvate and is a required was observed with concentrations as high as 7.5 mm
early step in antibiotic biosynthesis. However, subse- (data not shown). Structural components of cobamides
quent authors pointed out that the gene lacks a thia- including cobinamide (0.8 mm), 59,69-dimethylbenzimi-
mine pyrophosphate binding motif and is unlikely to dazole (34 mm), 29-hydroxybenzimidazole (34 mm),
be a decarboxylase (Schwartz et al. 1998). The metha- 59-methylbenzimidazole (34 mm), adenine (37 mm), gua-
nococcal ORFs also do not possess thiamine pyrophos- nine (37 mm), and 2-aminopropanol (1% v/v) did not
phate binding motifs, and their functions are not support growth of JJ17 and did not inhibit growth of
known. the wild-type JJ1 (data not shown). In methanococci,

Phenotype of JJ117: In the initial screening, JJ117 the natural cobamide contains 59-hydroxybenzimida-
failed to grow on plates in the absence of acetate. This zole and not 59,69-dimethylbenzimidazole as found in
phenotype was confirmed in broth cultures. Washed cobalamin (Gorris and van der Drift 1994). Because
cells or very high dilutions of cultures failed to grow in 59-hydroxybenzimidazole was not commercially avail-
mineral medium even after 10 days (Figure 3 and data able, a wide range of nucleosides and potential axial
not shown). However, in the presence of acetate, growth ligands were tested on the assumption that at least some
was restored. Moreover, the addition of Casamino acids of them could be assimilated. The failure of the compo-

nents of cobalamin to replace the nutritional require-or a mixture of branched-chain amino acids failed to
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that the phenotype was due to disruption of the large
ORF. This hypothesis was supported by three additional
observations. First, pWDK117 probably contained most
of the ORF, and based upon its alignment with MJ0010
it was missing only 20–80 bp of the 39- end. After homolo-
gous recombination, transformants with a single inser-
tion such as JJ119 would be expected to express a nearly
full-length ORF, which might retain activity and support
normal growth. Second, a portion of the large ORF
representing amino acid residues 81–309 was subcloned
to produce a plasmid pWDK117-11. Transformation
with pWDK117-11 should further truncate the large
ORF from 403 to 309 amino acids. Of 47 transformants
tested, none were auxotrophic. Third, it was also possi-
ble that the large ORF was essential for growth even in
the presence of acetate. In this model, the truncated
ORF would have had partial activity that only allowedFigure 4.—Southern hybridization of pWDK117 to geno-

mic DNA from M. maripaludis strains J J1, J J117, J J118, and for growth in the presence of acetate. Insertions which
JJ119. DNA was treated with EcoRI prior to electrophoresis. completely inactivated the gene would be lethal unless
The DNA was from (a) the wild-type strain JJ1, (b) the original other more complicated genetic events also occurred,auxotroph JJ117, (c) the transformant J J119 with normal

such as tandem insertions of the plasmid. If this weregrowth properties, (d) the transformant J J118 that was auxo-
the case, the transformation efficiency of pWDK117-11trophic, and (e) the plasmid pWDK117. The molecular

weights of the major bands are indicated in the left margin. would be expected to be lower than that observed for
pWDK104, which contains a genomic DNA fragment
of nearly the same size as pWDK117-11. However, the

ment in JJ117 suggested that the mutation in JJ117 did transformation efficiencies of the two plasmids were
not affect biosynthesis of the cobinamide, benzimid- nearly the same, indicating that the large ORF was not
azole, or the aminopropanol linker. Thus, the pheno- essential (data not shown). For these reasons, the phe-
type could result from an inability to assemble these notype of JJ117 did not appear to result from disruption
components or by an indirect effect on cobamide me- of the large ORF.
tabolism. It was also possible that the phenotype of JJ117 could

Genotype of JJ117: To determine whether the pheno- be due to overexpression of the large ORF. In this sce-
type of JJ117 was caused by insertion of pWDK117, the nario, the large ORF might be a cobamide-binding pro-
wild-type JJ1 was transformed with the plasmid. While tein whose overexpression would titrate cobamides out
2 out of 17 transformants were unable to grow in mineral of enzymes in methanogenesis and other essential func-
medium, the remainder grew normally. One of the tions. Acetate might spare this defect if biosynthesis of
auxotrophs, JJ118, was examined by Southern hybridiza- the cobamide Fe/S protein in the acetyl-CoA synthase
tion (Figure 4). In this experiment, the chromosomal complex represented a major pool of intracellular co-
DNA was digested with EcoRI. Hybridization with bamide. To test this hypothesis, the wild-type strain was
pWDK117 to itself produced two bands, representing transformed with an integration expression vector,
the 2.6- and 3.0-kb EcoRI fragments. This plasmid hybrid- pWDK117-P. This plasmid contained the moderately
ized weakly to a 9-kb fragment in the genomic DNA of strong histone promoter from M. voltae, PhmvA, and 316
the wild type. Presumably, this band contained the wild- bp of the 59-end of the large ORF. Upon integration,
type gene that had been cloned on the insert. The it was expected to place the genomic copy of the large
genomic DNA of JJ117 and JJ118 contained 2.6-, 3.0-, ORF under control of PhmvA and to cause overexpression
4.4-, and 7.0-kb fragments that hybridized to pWDK117. of the gene product (Gardner and Whitman 1999).
In addition, a 6-kb fragment was observed in JJ117, Of the five transformants examined, all grew well in
which may have represented an incomplete digestion minimal medium, and none were auxotrophic for ace-
product. This pattern would be expected if pWDK117 tate or cobalamin. In addition, examination of the se-
integrated into the genome as tandem copies. In con- quence of the large ORF failed to identify a cobalamin-
trast, a transformant with normal growth properties, binding motif (Marsh and Holloway 1992; Chen and
JJ119, contained only the 2.6-, 4.4-, and 7.0-kb EcoRI Marsh 1997). Thus, these experiments failed to provide
fragments. This pattern was expected if only a single evidence in support of this model.
copy of the plasmid had integrated. Thus, the auxotro-
phic phenotype appeared to be associated with tandem

DISCUSSIONinsertions of the plasmid.
Because single insertions of the pWDK117 did not Transposon mutagenesis is a valuable technique that

has been applied only sporadically to the archaea (Tum-produce the auxotrophic phenotype, it seemed unlikely
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bula and Whitman 1999). For instance, pMudpur, Leigh 1991). However, transformants of pWDK117 con-
taining a single insert were not auxotrophic. Whenwhich contained the Mu transposon and the pac cassette

for puromycin selection in methanococci, was created transformed with a plasmid pWDK117-11 containing
smaller, internal fragments of the gene, auxotrophsto mutagenize cloned methanococcal nif DNA (Blank

et al. 1995). Upon transformation of the cloned DNA were again not found. These experiments argue strongly
against insertional inactivation causing the phenotype.into M. maripaludis, transposon insertion was achieved

by selecting for puromycin resistance. Even though it was not possible to establish a causal
link between the genotype and phenotype in JJ117,An alternative to transposon mutagenesis is to disrupt

genes by transformation with a nonreplicative plasmid these experiments describe a new genetic locus impor-
tant in acetate and cobamide metabolism in M. maripa-containing randomly cloned fragments of genomic

DNA (Larson and Hersheberger 1990; Law et al. ludis.
1995; Leloup et al. 1997). Campbell-like integration The authors are grateful to Jae Pil Yu, Debra Tumbula, and Warren
events insert the plasmid via homologous recombina- Gardner for helpful discussions and to Warren Gardner for providing

pWLG11. This work was supported by grant DE-FG02-97ER20269 fromtion at sites throughout the genome. The plasmid is
the U.S. Department of Energy Division of Energy Biosciences.inserted between two identical copies of the original

cloned DNA. For this general strategy to be applied to
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Abstract With the exception of the methanogenic archaea
Methanococcus jannaschii and Methanobacterium thermoauto-
trophicum vvH, all organisms surveyed contain orthologs of
Escherichia coli cysteinyl-tRNA synthetase (CysRS). The
characterization of CysRS-encoding (cysS) genes and the
demonstration of their ability to complement an E. coli cysSts

mutant reveal that Methanococcus maripaludis and Methano-
sarcina barkeri, two other methanogenic archaea, possess
canonical CysRS proteins. A molecular phylogeny inferred from
40 CysRS sequences indicates that the CysRS of M. maripaludis
and Methanosarcina spp. are specific relatives of the CysRS of
Pyrococcus spp. and Chlamydia, respectively. This result
suggests that the CysRS gene was acquired by lateral gene
transfer in at least one euryarchaeotic lineage.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Cysteine is the third least-frequently occurring amino acid
in all Methanococcus jannaschii proteins, yet its thiol moiety
has disproportionate importance as a nucleophilic catalyst, a
metal ligand and electron-carrying thiol. Thus, it was surpris-
ing that the ¢rst two known archaeal genome sequences (for
M. jannaschii [1] and Methanobacterium thermoautotrophicum
vH [2]) lacked recognizable genes for enzymes in cysteine
biosynthesis and the canonical cysteinyl-tRNA synthetase.
As both autotrophic archaea grow in minimal media supple-
mented with sul¢de, sul¢te, thiosulfate, elemental sulfur or
mercaptans [3,4], they must have the capacity to synthesize
and incorporate cysteine. The subsequently sequenced arch-
aeal genomes (Archaeoglobus fulgidus, Pyrococcus spp., and
Aeropyrum pernix) encode recognizable CysRS proteins; this
makes this puzzle all the more intriguing.

Cysteinyl-tRNA synthetase is a class I synthetase with the
conserved class-de¢ning HIGH and KMSKS motifs. It is the
last synthetase whose primary structure was determined [5].
All bacteria and eukarya examined to date contain a CysRS
similar to the monomeric 52 kDa enzyme found in Escherichia

coli. Although extensive studies on tRNA-recognition were
done with the E. coli enzyme [6,7], altogether there is much
less known about CysRS than about the other aminoacyl-
tRNA synthetases [8]. However, this should change in the
near future with the expected availability of a crystal structure
[9].

Several alternative mechanisms of Cys-tRNACys synthesis
can be considered for M. jannaschii and M. thermoautotrophi-
cum and possibly other methanogens. If Cys-tRNA were
formed by direct acylation of tRNACys with the cognate ami-
no acid, the reaction may be carried out by a highly diverged
CysRS, as observed for the methanogen seryl-tRNA synthe-
tase [10]. Alternatively, there may be a non-canonical, unrec-
ognized form of CysRS, as is the case for the euryarchaeal
class I lysyl-tRNA synthetase [11]. Otherwise, these organisms
may employ a tRNA-dependent amino acid transformation
pathway [12]. Similar to selenocysteine formation [13], this
route would entail misacylation of tRNACys with serine by
seryl-tRNA synthetase to form Ser-tRNACys which would
be thiolated to Cys-tRNACys. A scenario involving this indi-
rect thiolation pathway is unlikely to operate in M. thermoau-
totrophicum, as puri¢ed SerRS from this organism will not in
vitro charge homologous tRNACys with serine [10]. In addi-
tion, it was recently shown that M. jannaschii cell extracts can
acylate cysteine directly to tRNACys [14].

We therefore investigated the formation of Cys-tRNA in a
variety of organisms either biochemically, or genetically by
complementation of an E. coli cysSts mutant strain and iso-
lation of cysS genes. The results, combined with data from
ongoing genome sequencing projects, allowed us to examine
the evolutionary history of Cys-tRNA formation.

2. Materials and methods

2.1. Methanococcus maripaludis CysRS puri¢cation and assay
CysRS activity was measured at 37³C in a reaction mixture con-

taining 30 mM HEPES-KOH (pH 7.5), 15 mM MgCl2, 25 mM KCl,
5 mM DTT, 20 WM [35S]cysteine, 1 mM ATP and 40 Wg/ml of M.
maripaludis total tRNA prepared by standard methods. After prein-
cubation for 1 min the reaction was initiated by the addition of the
enzyme. Acid-precipitable radioactivity was measured as described
[15]. The CysRS preparation was puri¢ed by anion exchange chroma-
tography from M. maripaludis S-100 extract.

2.2. Complementation of an E. coli cysSts strain
The E. coli strain UQ818 contains a thermolabile CysRS [16] and

therefore cannot grow at the non-permissive temperature of 42³C.
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Competent cells of this strain were transformed with libraries or
clones. Transformants were selected for growth at 42³C. The Meth-
anosarcina barkeri library [17] was kindly provided by D. Jahn (Uni-
versity of Freiburg, Germany). The other cysS genes were inserted
into a pCBS1, a pBR322-derived vector with an E. coli trpS promoter.

2.3. Protein sequence alignment
Amino acid sequences for previously described CysRS proteins

were obtained from the non-redundant protein NCBI database: A.
fulgidus VC-16 (AE001076), Pyrococcus sp. OT3 (AP000003), Pyro-
coccus abyssi (AJ248287), A. pernix (AP000062), Aquifex aeolicus
(AE000721), Bacillus subtilis (L14580), Thermotoga maritima
(AE001743), E. coli (X59293), Synechocystis sp. (D90914), Helico-
bacter pylori (AE000598), Rickettsia prowazekii (AJ235270), Chlamy-
dia trachomatis (AE001350), Mycobacterium tuberculosis (Z92774),
Borrelia burgdorferi (AE001161), Treponema pallidum (AE001193),
Mycoplasma genitalium (U39704), Mycoplasma pneumoniae
(AE000047), Azospirillum brasilense (X99587), Arabidopsis thaliana
(AC006593), Drosophila melanogaster (AF132160), Caenorhabditis el-
egans (AF077541), Saccharomyces cerevisiae (X96722) and Homo sa-
piens (L06845). A second, paralogous gene from M. tuberculosis
(cysS2) (Z97559) was also included in the analysis. Sequence data
from partial genome sequences for Chlorobium tepidum, Deinococcus
radiodurans and Porphyromonas gingivalis were obtained from http://
www.tigr.org, Pyrococcus furiosus from http://www.genome.utah.edu,
Campylobacter jejuni from http://www.sanger.ac.uk, Clostridium ace-
tobutylicum from http://www.genomecorp.com, Pseudomonas aerugi-
nosa from http://www.pseudomonas.com, Neisseria gonorrhoeae from
http://www.genome.ou.edu and Rhodobacter capsulatus from http://
wit.mcs.anl.gov/WIT. Sequences not yet publicly available were
from Thermoplasma acidophilum (courtesy of A. Ruepp, Max-
Planck-Institut fu«r Biochemie, Martinsried, Germany), Halobacterium
salinarum (courtesy of S. Schuster and D. Oesterhelt, Max-Planck-
Institut fu«r Biochemie, Martinsried, Germany), Methanosarcina mazei
Go«1 (courtesy of T. Hartsch, Go«ttingen Genomics Laboratory, Ger-
many), and Pyrobaculum aerophilum (courtesy of S. Fitz-Gibbon,
UCLA). Forty amino acid sequences from CysRS proteins were
aligned using the CLUSTALW (v.1.7.4) program [18].

2.4. Phylogenetic inference
From the alignment, positions corresponding to 404 of the 461

amino acids in the E. coli CysRS sequence were deemed to be con-
¢dently aligned. These were analyzed by protein maximum parsimony
methods using a heuristic search algorithm (PAUP* v4 beta 2, D.
Swo¡ord, Sinauer Associates). The 1000 shortest trees were evaluated
by maximum likelihood (ML) criteria using the PROTML program
(v2.2) in the MOLPHY package [19] with the JTT model for amino
acid substitutions. The TreeCons program (v1.0) [20] standardized
and exponentially weighted the trees using ML scores and the Kishi-
no-Hasegawa test for signi¢cance (P90.01). The CONSENSE pro-
gram (J. Felsenstein, PHYLIP (phylogeny inference package). Version
3.5c. Department of Genetics, U. Washington, Seattle, WA, USA,
1993) constructed a consensus tree from the weightings. The neigh-
bor-joining (NJ) consensus tree was constructed from the same data
set using the PAUP* program to evaluate 1000 bootstrap samples.
Phylogenetic trees were viewed and edited with the TreeView program
(v. 1.5.2) [21].

3. Results and discussion

3.1. Cloning of the M. barkeri cysS gene by heterologous
complementation

To identify functional archaeal cysS genes, we transformed
libraries from M. barkeri, Haloferax volcanii and Methanopy-
rus kandleri into the temperature-sensitive E. coli UQ818
strain (carrying a cysSts allele) and selected for growth at
the non-permissive temperature (42³C). DNA sequencing re-
vealed that colonies obtained from this selection with the M.
barkeri library contained a plasmid encoding a canonical cysS
(GenBank accession number AF164201) (Fig. 1). The lack of
complementation with the other two libraries may be due to
the halophilic or hyperthermophilic nature of the H. volcanii

and M. kandleri proteins, or may re£ect incompatible tRNA
recognition elements between those archaea and E. coli
tRNACys [7]. Alternatively, these organisms might use a novel
CysRS requiring unique cofactors or consisting of multiple
heterologous subunits.

3.2. M. maripaludis charges cysteine directly and contains a
canonical CysRS

M. maripaludis is a mesophilic relative of the hyperthermo-
philic M. jannaschii. Because M. maripaludis can be easily
grown and genetically manipulated [22], we biochemically
tested whether this organism attaches cysteine directly to
tRNA. A partially puri¢ed M. maripaludis CysRS preparation
charged cysteine e¤ciently to unfractionated homologous
tRNA (Fig. 2) to a level of about 68 pmol/A260 unit. This
represents a much more e¤cient charging than that reported
for M. jannaschii [14]. Independently, we identi¢ed a clone
with similarity to the canonical cysS gene from a small insert
library of M. maripaludis genomic DNA (GenBank accession
number AF163997). This cysS ORF encodes a 55 kDa protein
homologous to E. coli CysRS. Thus unlike M. jannaschii, M.
maripaludis has a canonical cysteinyl-tRNA synthetase.

3.3. Are diverse cysS genes active in E. coli?
In order to demonstrate in vivo activity of diverse cysS gene

products, we complemented the E. coli cysSts mutant with
cysS genes from four archaea (A. pernix, P. aerophilum, M.
maripaludis, M. barkeri) and the bacterium R. marinus. While
the cloned cysS genes from M. maripaludis and M. barkeri
gave rise to colonies that grew very well at the non-permissive
temperature, the A. pernix transformants grew very slowly,
possibly due to reasons discussed above for the hyperthermo-
phile M. kandleri. The P. aerophilum and Rhodothermus mar-
inus transformants grew slowly, but only in the presence of
added cysteine; thus, the a¤nity of their CysRS enzymes for
cysteine may be lower, a case also seen in the complementa-
tion of an E. coli lysSts mutant with the M. maripaludis lysS
gene [23]. From these results, we conclude that all of the genes
tested have CysRS activity in vivo. Thus, there is no prima
facie barrier to the lateral transfer and gene displacement of
evolutionarily diverse cysS genes into E. coli.

3.4. Cloning and sequencing the R. marinus cysS gene
R. marinus, a moderately thermophilic, aerobic, marine bac-

terium of interest in Iceland [24], is distantly related to the
Flexibacter/Cytophaga/Bacteroides group [25]. A clone encod-
ing the organism's cysS gene was obtained and sequenced
(GenBank accession number AF162864). The deduced 504
amino acid protein is similar to that of other bacterial cysS
gene products (Fig. 1).

3.5. Evolutionary relationship of CysRS proteins
Amino acid sequences from 40 CysRS enzymes were

aligned and then analyzed by several methods to infer that
protein's phylogeny. The unrooted consensus ML tree (Fig.
3A) supported the presence of multiple ancient lineages, the
branching order of which could not be clearly resolved. The
eukaryal CysRS proteins appeared speci¢cally related to one
another, although the Arabidopsis gene was highly divergent,
and a NJ tree placed it in another group with low bootstrap
support (Fig. 3B). Bacterial CysRS proteins typically grouped
with their closest relatives predicted by the SSU rRNA phy-
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logeny [26]. However, more distant relationships were not
clearly resolved, as indicated by the low relative likelihood
support (RLS) for the deep branches and the lack of congru-
ence between the ML and NJ trees (Fig. 3). Among euryarch-
aeota, CysRS from Pyrococcus spp. appeared closely related
to the enzyme described here from M. maripaludis. This rela-
tionship was robust, i.e. it was strongly supported by high
RLS scores and it was present in both ML and NJ trees. In
contrast, the Methanosarcina spp. CysRS appeared closely
related to the enzyme from C. trachomatis, suggesting that
one of these lineages may have acquired CysRS by lateral
gene transfer. A tentative relationship between the euryarch-
aeal CysRS from H. salinarum and the bacterial protein from
D. radiodurans may be in£uenced by the biased amino acid
composition observed in halophiles. A tentative relationship
was also detected between the T. acidophilum CysRS and the
enzyme from the low G+C Gram-positive lineage of bacteria.
The ML tree also grouped the two crenarchaeal sequences
with CysRS proteins from the hyperthermophilic bacteria A.
aeolicus and T. maritima. Despite a high RLS value for the
Pyrobaculum/Thermotoga group, this relationship was not
strongly supported in the NJ trees and was considered tenta-
tive. If the associations of archaeal enzymes with di¡erent
bacterial lineages were caused by lateral gene transfer(s), these
were not recent events because the mol percentage G+C con-
tents of all genes in this study closely match each organism's
chromosomal composition.

Two of the methanogenic euryarchaeota, M. jannaschii and
M. thermoautotrophicum, are known to lack a canonical
CysRS. Therefore, we did not expect to discover these pro-
teins in the closely related M. maripaludis and Methanosarcina
spp. Although the highly divergent nature of the CysRS se-
quences makes it di¤cult to resolve deep evolutionary rela-
tionships, the M. maripaludis and Methanosarcina CysRS ap-
pear to have very di¡erent histories, suggesting that lateral
transfer occurred in these lineages. To fully reconstruct the

evolutionary history of CysRS in euryarchaea will require
knowledge of the alternative cysteinyl-tRNA charging systems
from M. jannaschii and M. thermoautotrophicum, combined
with better sampling of charging systems from euryarchaeota,
especially other members of the Methanococcales, the Meth-
anomicrobiales and M. kandleri.

Fig. 2. Direct attachment of cysteine to tRNA by partially puri¢ed
M. maripaludis CysRS. Aminoacylation reactions were performed as
described in the presence of 2 Wg of CysRS partially puri¢ed (see
Section 2) in a reaction volume of 120 Wl. Samples (20 Wl) were pe-
riodically removed and analyzed. Reactions were performed in the
presence of 20 WM [35S]cysteine (b), 20 WM [35S]cysteine in the ab-
sence of CysRS (F), 20 WM [35S]cysteine in the absence of tRNA
(E), and 20 WM [35S]cysteine in the presence of 0.8 mM non-radiola-
belled cysteine (R).

Fig. 1. Sequence alignment of the CysRS protein sequences from M. maripaludis, M. barkeri, R. marinus and a consensus sequence of 43
CysRS sequences from eukaryotic (5), archaeal (8) and bacterial (30) origin. At least 50% amino acid identity was required for the consensus.
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3.6. Conclusion
In this study we have identi¢ed CysRS enzymes in the arch-

aea M. maripaludis and M. barkeri. Both protein sequences
are similar to E. coli CysRS and can complement the E. coli
cysSts mutation. The existence of these canonical proteins in
two methanogenic archaea makes their absence from M. jan-
naschii and M. thermoautotrophicum all the more bizarre. As
the pathways for the synthesis of all other aminoacyl-tRNAs
are now clear [27], the discovery of the nature of Cys-tRNA
formation in M. jannaschii and M. thermoautotrophicum will
be the last step in solving the puzzle of aminoacyl-tRNA for-
mation.
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The methanogenic archaea Methanocaldococcus jannaschii and
Methanothermobacter thermautotrophicus contain a dual-speci-
ficity prolyl-tRNA synthetase (ProCysRS) that accurately forms both
prolyl-tRNA (Pro-tRNA) and cysteinyl-tRNA (Cys-tRNA) suitable for
in vivo translation. This intriguing enzyme may even perform its
dual role in organisms that possess a canonical single-specificity
cysteinyl-tRNA synthetase (CysRS), raising the question as to
whether this latter aminoacyl-tRNA synthetase is indeed required
for cell viability. To test the postulate that all synthetase genes are
essential, we disrupted the cysS gene (encoding CysRS) of Meth-
anococcus maripaludis. The knockout strain was viable under
normal growth conditions. Biochemical analysis showed that the
pure M. maripaludis ProCysRS was capable of forming Cys-tRNA,
implying that the dual-specificity enzyme compensates in vivo for
the loss of CysRS. The canonical CysRS has a higher affinity for
cysteine than ProCysRS, a reason why M. maripaludis may have
acquired cysS by a late lateral gene transfer. These data challenge
the notion that all twenty aminoacyl-tRNA synthetases are essen-
tial for the viability of a cell.

Prior to the availability of genomic sequences, aminoacyl-
tRNA synthetases (AARSs) were believed to consist of a

family of twenty highly conserved enzymes found in all organ-
isms (1). They were divided into two classes (I and II) of ten
members each, based on the presence of mutually exclusive
amino acid sequence motifs that reflected structurally distinct
topologies of the active site. These conserved features allow the
facile recognition of AARS genes by sequence similarity
searches of the known organismal genomes. In addition, the two
classes differ in the way they bind their substrates. Whereas the
class I enzymes approach the minor groove side of the tRNA’s
acceptor helix, the class II enzymes bind to the major groove side
(1). Based on these idiosyncrasies, an aminoacyl-tRNA syn-
thetase of particular substrate specificity was always believed to
belong to the same class regardless of its biological source,
reflecting the ancient origin of this enzyme family. The process
of amino acid attachment to tRNA is further refined in some
synthetases by editing mechanisms that enhance amino acid
selection and contribute to the overall quality control during
protein synthesis (2). Because faithful translation is indispens-
able for viability of organisms, all twenty members of the AARS
family were thought to be essential.

Research in the last few years revealed that, whereas trans-
lation certainly requires a full complement of AA-tRNAs, their
synthesis is not always catalyzed by the complete set of twenty
canonical AARS enzymes (3). The most frequent exception is
the formation of Asn-tRNA and Gln-tRNA; their synthesis is
accomplished in most bacteria, in all archaea, and also in some
organelles by an indirect route involving transamidation of
misacylated tRNA in contrast to the direct acylation by aspar-
aginyl-tRNA synthetase or glutaminyl-tRNA synthetase (4, 5).
tRNA-dependent transamidation may also represent in some
organisms the sole route to asparagine synthesis (6, 7). Whole
genome sequence analyses have failed to identify genes encoding
two other AARSs in some organisms. The lack of a recognizable

LysRS in most archaea was explained by the discovery of a novel
class I-type synthetase, which was unrelated to the class II-type
lysyl-tRNA synthetase previously characterized in bacteria and
eukaryotes (8). The absence of a canonical class I cysteinyl-
tRNA synthetase (CysRS) in the genomes of the thermophilic
archaea Methanocaldococcus (Methanococcus) jannaschii (9)
and Methanothermobacter (Methanobacterium) thermautotrophi-
cus (10) was an additional puzzle. Subsequent biochemical
experimentation revealed that CysRS was indeed absent and
instead, cysteinyl-tRNA (Cys-tRNA) was synthesized by a dual-
specificity prolyl-tRNA synthetase (11, 12), termed ProCysRS
(13). The presence of synthetases with relaxed substrate speci-
ficity is assumed to have been a step in AARS evolution (11, 14).
Recently, the dual-specificity ProCysRS was also shown to be
present in Giardia lamblia (15), which represents an ancient
lineage of the eukaryotes, and the extremely thermophilic
bacterium Thermus thermophilus (16). However, both of these
organisms also possess a canonical CysRS. These observations
raised the question of whether the dual-specificity enzyme was
sufficient for Cys-tRNA biosynthesis in organisms with both
enzymes.

Previous studies have suggested that the mesophilic archaeon
Methanococcus maripaludis, which contains a canonical CysRS
(17), also possessed a ProCysRS because a temperature-sensitive
Escherichia coli cysS mutant could be rescued by the methano-
coccal proS gene (11). Because M. maripaludis is a genetically
tractable archaeon (18), we wanted to test whether the ProCysRS
was sufficient for Cys-tRNA synthesis in vivo, as it appears to be
in the hyperthermophile M. jannaschii. If the dual-specificity
enzyme was sufficient, we predicted that the cysS gene, which
encodes the canonical CysRS enzyme, would not be essential for
growth. Here, we document the viability of a mutant of M.
maripaludis where the cysS gene has been disrupted, and propose
that the presence of a functional proS gene is the minimum
requirement for Cys-tRNA synthesis in this archaeon.

Materials and Methods
Construction of the Integration Vectors for M. maripaludis. The
integration vector pIJA03 was based on the E. coli plasmid pUC
and lacks a suitable replication origin for the methanococci. It
contains the pac cassette, which encodes puromycin resistance in
methanococci (19, 20). The pac cassette is f lanked by two
multicloning regions that allow direct cloning of genomic DNA.
For construction of pIJA03-cysS, an internal part of the cysS
gene (507 bp) was PCR amplified from the plasmid pPH21310
(21) containing the M. maripaludis strain JJ1 cysS gene with the
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primers cysSA (GGACGCGTTGCATACAAAACTGAA-
GACG) and cysSB (GCTCTAGACAATCGGGCTTCGG-
TAG), and it was subsequently cloned into the pZERO-2 vector
(Invitrogen). After digestion of the construct with the appro-
priate restriction enzymes (MluI and XbaI), the cysS fragment
was excised, purified, and cloned into the pIJA03 vector by using
the multicloning site MCS1. The orientation of the cysS fragment
was confirmed by DNA sequencing. The plasmid pIJA03-hdrA
was constructed in a similar fashion by using specific primers
(179A: GCAGATCTCTGAATTAGACGGTGTAGCC and
179B: GGTCTAGAGTCATCTGTCGGGAAAGT) and plas-
mid pPH41717f containing the gene encoding heterodisulfide
reductase as template. The PCR product was cloned in to
pZERO-2 vector after digestion with the restriction enzymes
BglII and XbaI. Finally, the plasmid pIJA03-fmdB was con-
structed as above (primers: 132A, GGAGATCTTATCGTCT-
GTCCAGTATGC; and 132B, GGTCTAGAGGAAATACTC-
CATATCTTGAC) by using the plasmid pPH22314r containing
the gene encoding the molybdenum-dependent formyl meth-
anofuran dehydrogenase. The PCR product was cloned into the
pZERO-2 vector previously digested with BglII and XbaI re-
striction enzymes. Both pIJA03-hdrA and pIJA03-fmdB plasmids
were used as control vectors to check transformation efficiencies
in M. maripaludis after replacement of an essential and a
nonessential gene, respectively.

Replacement of the cysS Gene in M. maripaludis. The pBD1 vector
for the cysS gene replacement was constructed by using the
plasmid pPH21310 (containing the complete cysS gene of M.
maripaludis strain JJ1 as well as part of the upstream ORF). The
plasmid was digested with the blunt end restriction endonucle-
ases MscI and HpaI to remove a 482-bp internal fragment of cysS,
and it was replaced with a 1351-bp EcoRV�Eco47III fragment
from pIJA03 containing the pac cassette. After screening, a
plasmid pBD1 was found that contained the pac cassette in the
same orientation as the remaining portions of the cysS gene.
Before transformation of M. maripaludis cells by using the
polyethylene glycol (PEG) method (22), pBD1 was linearized by
digestion with HindIII and PvuII restriction enzymes. To verify
the insertion of the pac cassette into the cysS gene, total M.
maripaludis DNA was isolated and PCR analyzed with the
primers cysSF (ACTTACAACAACACTCGGGG) and cysSR
(CCTTCTTTTTGGGTTGTCCTC).

Cloning, Overexpression, and Purification of M. maripaludis Prolyl-
tRNA Synthetase (ProCysRS) and CysRS. The sequences of M.
maripaludis proS (accession no. AAG28517) and cysS gene
(accession no. AF163997) were used to design specific primers
for amplification of both genes from M. maripaludis genomic
DNA (wild-type strain JJ1). The primers in both cases contained
NdeI and BamHI restriction sites for subsequent cloning in to the
pET 15b expression vector (Novagen). The PCR product was
first cloned into the pCR2.1-TOPO vector (Invitrogen) and
sequenced. On digestion with NdeI and BamHI, the genes were
ligated into pET15b for expression of N-terminal His6-tagged
proteins in the E. coli BL21-Codon Plus(DE3)-RIL strain.
Cultures were grown at 37°C in LB medium, supplemented with
100 �g�ml ampicillin and 34 �g�ml chloramphenicol. Expres-
sion of the His6-tagged protein was induced for 4–6 h with the
addition of 1 mM isopropyl-�-D-thiogalactoside before harvest-
ing the cells. The enzyme was purified by Ni-nitrilotriacetic
acid-agarose chromatography (Qiagen, Chatsworth, CA) as pre-
viously described (23). The M. maripaludis His6-ProRS and
His6-CysRS were �99% pure, as judged by Coomassie Brilliant
Blue staining after SDS�PAGE. Active fractions were pooled
and dialyzed against aminoacylation buffer (see below) contain-
ing 40% glycerol and stored at �20°C.

Detection of ProCysRS and CysRS by Immunoblot Analysis. Both
recombinant proteins were used to raise polyclonal rabbit anti-
bodies (four injections, �250 �g each) at the Yale Immunization
Service (Yale University, New Haven, CT). The polyclonal
antibodies were purified before use by Sepharose-protein A
affinity chromatography. Different dilutions of S100 extracts
from both the wild-type and the mutant strain (varying from
1:10–1:100) were analyzed on 10% polyacrylamide�SDS gels. As
positive controls for the detection of the corresponding proteins
in the cell extracts, we included purified His6-tagged enzymes.
The proteins were transferred onto nitrocellulose membranes
(Nitropure, Micron Separations) by using a Bio-Rad semidry
blotter. For the immunoblot analysis, the colorimetric Opti-4CN
substrate and detection kit (Bio-Rad) was used (horseradish
peroxidase conjugate). The membranes were incubated with
different dilutions of the polyclonal antibodies (1:100–1:1000)
for optimal detection.

Aminoacylation and ATP-PPi Exchange Assays. Cys-tRNA or prolyl-
tRNA formation was assayed in aminoacylation buffer [50 mM
Hepes-KOH, pH 7.0�50 mM KCl�10 mM ATP�15 mM MgCl2�5
mM DTT�0.05 mM [35S]cysteine (1,075 Ci�mmol) or [3H]pro-
line (104 Ci�mmol)] at 37°C as previously described (23) in the
presence of 50–250 nM of either M. maripaludis ProCysRS or
CysRS, by using unfractionated tRNA from M. maripaludis (40
�M, 1 mg�ml) as a substrate (prepared with standard methods
and purified by DEAE-cellulose chromatography). Aliquots (20
�l) from the reaction mixture were removed periodically, spotted
on Whatman 3 MM paper filter disks and washed three times in
10% trichloroacetic acid to remove the free amino acid. After
drying, the radioactivity was measured by liquid scintillation
counting. The KM values were determined from the correspond-
ing reciprocal plots in the presence of limiting concentrations of
the variable substrates (0.5–500 �M [35S]cysteine or [3H]proline)
and saturating conditions of the fixed substrates (10–100 � KM).
Values of kcat were determined by using saturating substrate
concentrations and 100–250 nM of either ProCysRS or CysRS.
Pro-AMP and Cys-AMP formation were determined in the
presence or absence of unfractionated M. maripaludis tRNA (40
�M) by using [32P]PPi with a specific activity of 2000 cpm�nmol.
The reaction mixture also contained 50–500 nM ProCysRS, 1
mM ATP, 1 mM KF, and 2 mM proline or 1–10 mM cysteine in
aminoacylation buffer. Aliquots (40 �l) were removed period-
ically, and the reaction was quenched by the addition of 1%
activated carbon in the presence of 0.4 M sodium pyrophosphate
and 15% perchloric acid. After filtration of the mixture through
glass microfiber filter disks (GF�C, Whatman), the amount of
32P-labeled ATP was measured by liquid scintillation counting.

Results
M. maripaludis Cells Are Viable in the Absence of cysS. To determine
whether cysS was indeed essential for cell viability, M. maripalu-
dis cells were transformed with pIJA03-cysS, a ‘‘suicide’’ vector
containing 507 bp of an internal portion of cysS. This vector
contains the pac cassette, which encodes puromycin resistance in
methanococci (19). The transformants were expected to acquire
puromycin resistance after a single homologous recombination
between the cysS fragment on the circular plasmid and the cysS
gene encoded in the genomic DNA of the organism (24). The
resulting merodiploid would then contain two truncated copies
of the cysS gene and would be viable only if cysS was not an
essential gene. Thus, the ability to recover transformants would
be a first test of whether or not cysS was essential. Because the
transformation frequency depends to a great extent on the size
of the fragment used to achieve homologous recombination,
controls included fragments of the same size from essential and
nonessential genes. Moreover, even for an essential gene, a low
transformation frequency was expected because of rearrange-
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ments that might restore a wild-type copy of the gene or
recombination at other sites. The number of transformants
obtained with pIJA03-cysS was comparable to that found with
pIJA03-fmdB, a plasmid that integrated at a nonessential gene
encoding for the molybdenum-dependent formyl methanofuran
dehydrogenase (Table 1). In contrast, the number of transfor-
mants obtained with pIJA03-hdrA, a plasmid that integrated at
an essential gene encoding for the heterodisulfide reductase, was
much lower. Therefore, by this test, cysS did not appear to be an
essential gene in M. maripaludis.

To confirm this result, cells were transformed with the lin-
earized plasmid pBD1 (Fig. 1A). In this plasmid, the pac cassette
was incorporated in the middle of the cysS gene. Puromycin

resistance would then be acquired by homologous recombination
at two sites, so that an internal portion of cysS would be replaced
by the pac cassette (Fig. 1 A). The number of transformants
obtained with pBD1 was comparable to that of other linear
plasmids containing similar size fragments of genomic DNA
(data not shown), supporting the conclusion that integration of
the pac cassette did not require rare rearrangements or other
genetic events. To determine whether the cysS gene was in fact
disrupted, the DNA near the cysS locus and the levels of CysRS
were examined in a representative mutant strain JJ200. Ampli-
fication by PCR of the cysS locus in strain JJ200 indicated an
increase in the size of the DNA from 1.9 kb to 2.8 kb, as expected
if a �500-bp fragment of cysS was replaced with the 1.35-kb pac
cassette (Fig. 1B). Similarly, immunoblot analysis with polyclonal
antibodies raised against either M. maripaludis ProCysRS or
CysRS also verified that CysRS was not present in cell extracts
of the mutant strain (Fig. 1C Lower). On the contrary, both
synthetases were present in cell extracts of the wild type strain
JJ1 (Fig. 1C Upper). The inability to detect CysRS in the mutant
strain confirms that the cysS gene is not functional and that this
gene is not essential for growth.

ProCysRS Is Sufficient for Cys-tRNA Formation in the M. maripaludis
cysS Mutant. To elucidate which enzyme was responsible for
Cys-tRNA formation in the mutant lacking the canonical CysRS,

Table 1. Transformation of M. maripaludis by integration vectors
at essential and nonessential genes*

Plasmid Size of insert, bp† Total number of transformants

pIJA03-cysS 507 840
pIJA03-fmdB 488 470
pIJA03-hrdA 495 4

*Transformations by the PEG method (22) with 1 �g of supercoiled plasmid
DNA.

†Size of the genomic DNA cloned into the insertion plasmid.

Fig. 1. Replacement of the M. maripaludis cysS gene with the pac cassette. (A) Strategy for construction of the gene replacement. pBD1 was constructed by
replacement of the MscI (M)-HpaI (H) fragment of cysS (solid arrow) with the pac cassette (arrow with vertical bars). Before transformation, pBD1 was digested
with PvuII (P) and HindIII (I) to form a linear plasmid. Puromycin resistance can then be acquired through two homologous recombination events leading to the
replacement of the internal portion of cysS with the pac cassette on the genome. Neighboring ORFs are indicated by open and stippled arrows. (B) PCR
amplification of the cysS locus in the mutant and wild type. The amplification was performed with the primers cysSF and cysSR (A). The templates were: 1,
pPH21310, which contained the wild-type cysS gene; 2, pBD1, which contained the pac cassette inserted into the cysS gene; 3, genomic DNA of the wild-type
strain JJ1; 4, genomic DNA of the M. maripaludis mutant strain JJ200 (see Materials and Methods). (C) Immunoblot analysis of M. maripaludis ProCysRS and CysRS
expression in wild-type and mutant strains. (Upper) S100 extracts (wild-type and mutant) and purified recombinant M. maripaludis CysRS and ProCysRS in the
presence of polyclonal anti-ProCysRS antibodies. (Lower) The same as above in the presence of polyclonal anti-CysRS antibodies.
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cell lysates were prepared from both the wild-type strain JJ1 and
the mutant strain JJ200. Thiaproline, which is a specific inhibitor
of the aminoacylation reactions of ProRS, also inhibits the
Cys-tRNA synthetase activity of the ProCysRS from M. jann-
aschii and other organisms (11, 15). For an S100 extract of the
wild-type strain of M. maripaludis, 1 mM of the inhibitor caused
an almost 50% inhibition of the trichloroacetic acid-precipitable
counts (Fig. 2A). The residual activity was attributed to the
canonical CysRS. On the other hand, when S100 extracts from
the mutant strain were tested for Cys-tRNA formation, only
background activity was detected in the presence of 1 mM of the
inhibitor (Fig. 2B). Thus, the only Cys-tRNA synthetase activity
detectable in the mutant was thiaproline sensitive. This result
supports the conclusion that M. maripaludis possesses a Pro-
CysRS capable of forming Cys-tRNA efficiently.

Genes encoding ProCysRS from three methanogenic archaea
have been previously shown to rescue the growth of a temper-
ature-sensitive E. coli cysS strain that also contained a gene
encoding the M. jannaschii tRNACys. To examine the dual
specificity of M. maripaludis ProCysRS in vitro, we cloned and
expressed the corresponding gene in E. coli, and purified the
enzyme by affinity chromatography. When M. maripaludis Pro-
CysRS was tested in the presence of homologous tRNA and

cysteine in the reaction mixture, we observed direct attachment
of cysteine on the tRNA (Fig. 3B). The enzyme was also able to
use proline (like any other ProRS, Fig. 3A). A conserved
property of all currently characterized dual-specificity ProCysRS
enzymes is the tRNA-dependent activation of cysteine (11, 15,
16, 23). This result is also the case with the M. maripaludis
enzyme, because Cys-AMP was formed only in the presence of
unfractionated homologous tRNA (Fig. 3C).

The coexistence of two pathways of Cys-tRNA formation in
M. maripaludis, one employing the canonical CysRS and one
based on ProCysRS, led to the examination of the kinetic
parameters that govern both aminoacylation reactions in vitro.
As determined in the aminoacylation reaction, the KM for
cysteine of the ProCysRS was almost eight times higher than that
of the canonical CysRS (Table 2). However, the kcat values for
the formation of Cys-tRNA by both enzymes were much closer
(2.2 s�1 for CysRS and 0.8 s�1 for ProCysRS). The canonical
activities of both enzymes exhibit almost the same affinities for
cysteine and proline, respectively, and the kcat values are com-
parable. From all of the above, it appears that, although Pro-
CysRS in this organism has a lower affinity for cysteine than the
single-specificity canonical enzyme, its catalytic efficiency as
measured in vitro was sufficient to support Cys-tRNA formation
in vivo in the absence of CysRS.

Growth Phenotype of M. maripaludis cysS Mutant. The growth of the
M. maripaludis cysS deletion mutant strain JJ200 was very similar
to that of the wild-type strain under a variety of conditions. M.
maripaludis is a facultative autotroph (25). Although it is capable
of autotrophic growth in mineral medium, it readily assimilates
acetate and a variety of amino acids, including proline, when they
are present (26, 27). Both the mutant and the wild-type strains
exhibited similar growth rates under autotrophic growth condi-
tions as well as in rich medium containing organic carbon sources
(Fig. 4 A and B, and data not shown). Low concentrations of

Fig. 2. Inhibition of Cys-tRNA formation in M. maripaludis S100 extract in the
presence of 1 mM thiaproline. (A) Wild-type S100 extract in the absence (F) or
presence (E) of thiaproline. The residual activity is attributed to the canonical
CysRS present in the extract. (B) Mutant JJ200 S100 extract under the same
conditions. The level of inhibition (�95%) indicates that only ProCysRS is
responsible for Cys-tRNA formation in this strain. Closed squares represent the
background level.

Fig. 3. Aminoacyl-tRNA and Cys-AMP formation by M. maripaludis ProCysRS. Aminoacylation was performed as described in Materials and Methods in the
presence of 0.05 mM [3H]proline or 0.05 mM [35S]cysteine (A and B; F). No activity was observed in the absence of either enzyme or tRNA (A and B; ■ ). (C)
tRNA-dependent Cys-AMP synthesis as measured in the ATP-PPi exchange reaction (see Materials and Methods). The cysteine concentration used was 1–10 mM.
Formation of radiolabeled ATP was observed only in the presence of 1 mg�ml total M. maripaludis tRNA (F) and not in the absence of tRNA (E). Closed squares
represent the background level (absence of either enzyme or cysteine from the reaction mixture).

Table 2. Kinetic constants of M. maripaludis ProCysRS and CysRS
in tRNA aminoacylation

Enzyme Amino acid KM, �M kcat, s�1 kcat�KM, �M�1�s�1

ProCysRS Proline 4.6 � 1.3 0.9 0.19
Cysteine 74.5 � 4.7 0.8 0.01

CysRS Cysteine 9.7 � 2.3 2.2 0.22
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proline (�0.05 M) had little effect on the growth of the wild-type
or mutant strains (data not shown). Higher concentrations were
inhibitory for both strains, and, finally, no growth was observed
above 0.6 M proline (data not shown). M. maripaludis as a marine
archaeon exhibits optimum growth in medium containing a high
salt concentration (0.4 M NaCl). Both the mutant and wild-type
strains grew similarly throughout a concentration range of 0.05–1.2
M NaCl (data not shown). However, the mutant strain was some-
what less sensitive to a rapid downshift of NaCl concentration than
the wild-type (Fig. 4A). When cultures were shifted from the
optimum NaCl concentration (0.4 M) to 0.1 M, the wild-type strain
underwent a prolonged lag of �10 h (Fig. 4C). In contrast, the lag
for the mutant was only 5 h, and was comparable to the lag observed
in the absence of a change in salt concentrations. This difference
was observed only over a narrow salt concentration range. A shift
to 0.05 M NaCl caused a prolonged lag for both the mutant and
wild-type strains (Fig. 4C). Similarly, when the shift to 0.1 M NaCl
was performed in mineral medium, both strains exhibited pro-
longed lags (data not shown).

Discussion
The growth rate of prokaryotes depends on the complex inter-
action of the rates of small molecule and macromolecule bio-
synthesis and is tightly regulated. Not surprisingly, the growth of
the M. maripaludis mutant that lacks a canonical CysRS was
nearly identical to that of wild type over a range of growth
conditions. Thus, the rate of Cys-tRNA formation was not
growth limiting under the conditions tested even in the absence
of the canonical CysRS. The Cys-tRNA-forming activity of the
ProCysRS is inhibited by high concentrations of proline. There-
fore, the failure of high concentrations of extracellular proline to
inhibit growth was presumably due to an inability of the cells to
accumulate high intracellular concentrations. The major growth
difference between the mutant and wild type was a 2-fold
reduction in the growth lag of the mutant during the shift to low
salt in rich medium. This effect did not appear to be a general
stress response because no difference was observed during the
shift from rich to mineral media. Salt downshifts in prokaryotes
are usually accompanied by rapid efflux of potassium ions and

other small molecules (28), and for some reason the mutant
strain was able to recover more quickly. The very narrow range
of conditions where this effect was observed is consistent with
the hypothesis that Cys-tRNA formation is not growth-limiting
under the described conditions.

The set of twenty different single-specificity aminoacyl-tRNA
synthetases has been regarded to be essential for translation in
every cell. Whereas other pathways exist for the generation of
amide aminoacyl-tRNAs (5), until recently, Cys-tRNA forma-
tion was considered to be carried out only by a canonical CysRS.
Our data clearly show that CysRS is not required for M.
maripaludis to be viable. Instead, a dual-specificity ProCysRS
appears to take over the task of Cys-tRNA synthesis in this
organism. Thus, one wonders how many other single-specificity
AARS enzymes may be dispensable in organisms that contain
the full complement of twenty AARSs. The intriguing discovery
that ProRS from several bacteria (e.g., T. thermophilus; ref. 16)
is able to catalyze in vitro the formation of both prolyl-tRNA and
Cys-tRNA suggests that such a dual-specificity enzyme may exist
even in bacteria. This remains to be tested in the future. Are
there any candidates for other dual-specificity synthetases?
Transposon mutagenesis studies to create a minimal Myco-
plasma genitalium genome suggested that the genes encoding
isoleucyl- (IleRS) and tyrosyl-tRNA synthetase were dispens-
able (29). However, such a procedure could give rise to truncated
versions of AARS enzymes, some of which have been shown to
be active as well as pairs of noncontiguous fragments with
synthetase activity (30). There is also no compelling reason why
an AARS should be required to compensate for the loss of
another synthetase. Possibly, synthetase activity could also be
provided by proteins that have other functions. For instance, a
recent report (31) demonstrated CysRS activity by a M. jann-
aschii ORF (MJ1477) that was assigned a polysaccharide hydro-
lase function (32). Because this M. jannaschii protein has ho-
mologs only in a small number of organisms with known
genomes (Thermotoga maritima and Deinococcus radiodurans),
it is not a general CysRS enzyme that provides Cys-tRNA in
the genomes that lack the canonical cysS gene such as M.
thermautotrophicus.

Aminoacyl-tRNA synthetase evolution may have involved en-
zymes that could specify more than one amino acid in a primitive
protein synthesis machinery (33). Duplication and diversification of
these primitive synthetases would then form the basis for the
evolutionary radiation that gave rise to the contemporary AARSs.
However, the high specificity of the ProCysRS for each of its
substrates is not a property expected of a primitive synthetase.
Therefore, we propose that this enzyme has evolved to function
optimally in certain types of cells. Because of its lower affinity for
cysteine, these cells presumably contain higher cytoplasmic con-
centrations of this amino acid. Whereas further proposals must be
speculative given the limited data on the dual-specificity enzyme’s
distribution, one can imagine that many anaerobes or organisms
that do not make glutathione might possess high cytoplasmic
concentrations of cysteine. The presence of a canonical CysRS in
many of these same organisms is consistent with proposals that this
gene was acquired late in evolution by horizontal gene transfer (34).
Because of the higher affinity of the CysRS for cysteine, the
acquisition of this enzyme could have been selected for because it
enabled the organism to grow with lower cysteine levels in the
cytoplasm.
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Fig. 4. Growth response of the cysS mutant strain JJ200 and wild-type strain
JJ1 of M. maripaludis to a down shift in NaCl concentrations. The inoculum was
grown in rich medium with acetate and casamino acids at 37°C containing 0.4
M NaCl (24). Wild-type cells (F and E) and cysS mutant JJ200 (Œ and ‚). (A) At
zero time, 5 � 107 cells were inoculated into prewarmed medium containing
the same concentration of NaCl (F and Œ) or 0.1 M NaCl (E and ‚). (B) Specific
growth rates after the shift from 0.4 M NaCl into media of lower NaCl
concentrations. (C) Growth lags after the same shift into media of lower NaCl
concentrations.
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Abstract During growth of the methanogenic archaeon
Methanococcus maripaludis on alanine as the sole nitrogen
source under H2/CO2, alanine was incorporated into amino
acids derived from pyruvate including leucine, isoleucine,
and valine. Thus, growth with alanine was an efficient
means of labeling intracellular pools of pyruvate in this
lithotroph. Cells were grown with 18% [U-13C]alanine,
and the distribution of the isotope in the branched-chain
amino acids was determined by 13C-NMR. Carbons derived
from pyruvate contained 14.5% 13C, indicating that most
of the cellular pyruvate was obtained from alanine. In con-
trast, carbons derived from acetyl-CoA contained only 3–
5% 13C, indicating that only small amounts of acetyl-CoA
were formed from pyruvate. Thus, autotrophic acetyl-CoA
biosynthesis continued even in the presence of an organic
carbon source. Moreover, the labeling of acetyl-CoA was
lower than would be predicted if pyruvate was a C-1 donor
for acetyl-CoA biosynthesis. Carbon derived from the C-1
of acetyl-CoA contained less 13C than carbon derived from
the C-2 of acetyl-CoA, and this difference was attributed
to the acetyl-CoA:CO2 exchange activity of acetyl-CoA
synthase. No enrichment was detected for the C-1 of va-
line, which was derived from the C-1 of pyruvate. This re-
sult was attributed to the pyruvate:CO2 exchange activity of
pyruvate oxidoreductase and may have important implica-
tions for isotope tracer studies utilizing pyruvate. Lastly,
these results demonstrate that the breakdown of pyruvate

by methanococci is very limited even under conditions
where it is the sole nitrogen and major carbon source. 
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Abbreviations ACS Acetyl-CoA synthase · 
CH3-H4MPT Methyltetrahydromethanopterin · POR
Pyruvate oxidoreductase

Introduction

Methanococcus maripaludis is a facultatively autotrophic,
methane-producing archaeon that utilizes either CO2 or ac-
etate as the major carbon source. During autotrophic growth,
acetyl-CoA is formed by a modification of the Ljungdahl-
Wood pathway (Whitman 1994). In this pathway, a key
reaction is catalyzed by acetyl-CoA synthase (ACS), which
combines a methyl group from an intermediate in methano-
genesis, methyltetrahydromethanopterin (CH3-H4MPT), CO
formed by CO2 reduction, and HS-CoA (Fig.1A). Pyruvate
oxidoreductase (POR) is then required to form pyruvate
from acetyl-CoA for carbohydrate and amino acid biosyn-
thesis. POR is abundant in cell extracts of methanococci,
where the oxidative or catabolic activity is 50- to 60-fold
higher than the reductive or anabolic activity (Shieh and
Whitman 1988). However, pyruvate is only slowly oxi-
dized by resting cells in the absence of H2, the physiolog-
ical electron donor. During growth with H2/CO2, pyruvate
does not replace the nutritional requirement for acetate by
Methanococcus voltae or acetate auxotrophs of M. mari-
paludis (Yang et al. 1992). Thus, POR appears to function
only in the anabolic direction during growth on H2/CO2.
Moreover, three acetate auxotrophs of M. maripaludis iso-
lated following mutagenesis with ethyl methanesulfonate
contained reduced activities of both ACS and POR (Ladapo
and Whitman 1990). This observation suggested that mu-
tations in the genes for POR might affect acetyl-CoA
biosynthesis. One way in which the POR could play a di-
rect role in autotrophic acetyl-CoA biosynthesis is shown
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in Fig.1B. In this model, pyruvate serves as a C-1 and
electron donor to ACS. Thus, pyruvate and CH3-H4MPT
combine to generate two molecules of acetyl-CoA, which
are then converted to two molecules of pyruvate by POR.
One pyruvate is recycled for further acetyl-CoA biosyn-
thesis, while the second pyruvate is a precursor for amino
acid and pentose biosynthesis.

M. maripaludis is unusual among the methanococci
because it utilizes alanine as a sole N-source (Whitman et
al. 1987). Because alanine dehydrogenase and alanine
aminotransferase activities are abundant in cell extracts,
alanine should be readily converted to pyruvate (Xing and
Whitman 1992; Yu et al. 1994). Thus, growth with alanine
may provide an opportunity to quantitatively label the in-
tracellular pyruvate pool so that the roles of POR in au-
totrophic acetyl-CoA biosynthesis and pyruvate oxidation
can be examined directly. Moreover, the isotope exchange
activities of POR and ACS in vivo may also be evaluated.
These enzymes are known to catalyze in vitro exchange
reactions between the C1 of pyruvate or acetyl-CoA, re-
spectively, and CO2 (Uyeda and Rabinowitz 1971; Rags-
dale and Kumar 1996). In the experiments reported herein,
M. maripaludis was grown with 13C-alanine as the sole 
N-source, and the labeling of the pyruvate and acetyl-CoA
pools was evaluated by examining individual carbons of
the branched-chain amino acids.

Materials and methods

Bacteria and growth conditions

M. maripaludis was grown in modified mineral medium (McN) as
described by Whitman et al. (1987) except that the nitrogen source,
ammonium chloride, was replaced with 2.5 mM alanine. Growth
was measured by the optical density at 600 nm.

Incorporation of 14C-alanine

Cells were grown in 20 ml of Mc medium containing 2.5 mM ala-
nine and 3 µCi [U-14C]alanine (E.I. DuPont, Boston, Mass.) in
160-ml serum bottles at 37°C. After inoculation, bottles were pres-
surized with H2/CO2 (80:20, v/v) to 275 kPa and were not repres-
surized during the incubation. During growth, 1 ml of culture was
collected with a syringe, and the growth was measured. At the end
of growth, 1.4 ml of gas from the head space was also collected
and stored in a nitrogen-flushed 10-ml serum vial.

To determine incorporation of the radiolabel, 0.7 ml of the cul-
ture was harvested by centrifugation at 10,000×g at 4 °C for 2 min.
The cell pellet was then washed two times with 1 ml of medium
and resuspended in 0.7 ml of medium. Portions of 0.2 ml of the
whole culture, washed cell pellets, or culture supernatant were added
to 0.1 ml of 10 mM NaOH and 3 ml of liquid scintillation cocktail
(Fisher Scientific, Pittsburgh, Penn.). Radioactivity was measured
with a Beckman 3801 liquid scintillation counter (Beckman Instru-
ments; Palo Alto, Calif.).

To determine 14CO2, the vials containing the gas sample were
flushed with nitrogen through two vials containing 10 ml of 1 M
NaOH. Gas, e.g. methane, not trapped by NaOH then entered a bi-
ological oxidizer consisting of a copper-oxide furnace with carrier
gases of nitrogen and oxygen (OX-300, R.J. Harvey Instruments;
Hillsdale, N.J.). Temperatures of the combustion chamber and the
catalyst bed were 900 and 700°C, respectively. The combustion
time was 4 min. 14CO2 produced was trapped in a vial containing
20 ml of CO2-trapping liquid scintillation cocktail, which was com-

posed of 500 ml toluene, 400 ml methanol, 100 ml ethanolamine,
and 2 g 2,5,-bis(5′tert-butylbenzoxazoyl-[2′]thiopene. The efficiency
of the oxidizer was determined by measuring the amount of 14CO2
recovered after combustion of [U-14C]leucine. The recovery was
68%, and all values reported herein were corrected by that amount.
CO2 that was trapped in NaOH bottles was released by acidifying
the NaOH traps to pH 2 with 6 N HCl. After purging with air,
14CO2 was recovered in CO2-trapping cocktail.

The cellular proteins of 1 ml of culture were extracted by the
methods described below to determine the incorporation of radio-
label into cellular proteins. Extracted proteins were then degraded
by acid hydrolysis with redistilled 6 N hydrochloric acid at 110°C
for 24 h. After hydrolysis, 0.2 ml of the hydrolysate was taken for
liquid scintillation counting.

The distribution of radiolabel in amino acids was examined by
two-dimensional thin layer chromatography (TLC). Protein hy-
drolysate, 5 µl, was loaded onto a plastic-backed silica TLC plate,
which was developed with chloroform:methanol:17% ammonium
hydroxide (2:2:1, v/v/v) in the first direction and with phenol:wa-
ter (3:1, w/w) in the second direction (Brenner et al. 1969). Amino
acids were detected by ninhydrin reaction followed by fluorogra-
phy (Bonner and Stedman 1978).

Incorporation of 13C-alanine

Cells were grown in six 1-l Wheaton bottles with 100 ml of medium
under 137 kPa H2/CO2 at 37°C. The medium contained 2.5 mM
alanine with [U-13C] alanine or [2-13C]alanine enriched to about
18% (Cambridge Isotope Laboratories; Woburn, Mass.). Cultures
were repressurized with H2/CO2 twice a day during the incubation.
After 24 h the optical density was about 0.5, and cells were har-
vested by centrifugation at 10,000×g for 20 min at 4 °C.

Protein extraction

Proteins from cell pellets were extracted according to a modifica-
tion of the Roberts method (Whitman et al. 1982). Cell pellets
were suspended in 5% (w/v) trichloroacetic acid (1.0 ml/mg wet
weight) and incubated in an ice bath for 30 min. The supernatant
was removed after centrifugation at 10,000×g for 20 min at 4 °C.
Pelleted material was suspended in 70% ethanol and incubated at
45°C for 15 min. The suspension was centrifuged at 10,000×g for
20 min at room temperature. The pelleted material was suspended
in ether-ethanol-water (4:3:1) and incubated at 45°C for 15 min.
The suspension was centrifuged at 10,000×g for 20 min at room
temperature. Pelleted material was suspended in 5% trichloroacetic
acid. The supernatant from the ether-ethanol-water step was com-
bined with the supernatant from the treatment with 70% ethanol.
Then one volume of ether and one volume of water were added.
The aqueous phase was collected and centrifuged at 10,000×g for
20 min at room temperature. Pelleted material was suspended in
5% trichloroacetic acid and combined with the trichloroacetic acid
suspension prepared from the ether-ethanol-water pellets. This sus-
pension was incubated in a boiling water bath for 30 min and cen-
trifuged at 10,000×g for 20 min at room temperature. Pelleted ma-
terial, which contained cellular protein, was suspended in distilled
water and stored at –20°C after lyophilization.

Isolation of leucine, isoleucine, and valine

Cellular proteins were acid hydrolyzed and lyophilized three times
to remove the HCl. Amino acids were separated on a 60-ml Dowex
50X-8–200 column (1.2×56 cm; Sigma, St. Louis, Mo.; Stein and
Moore 1950). The column was prepared by washing with 600 ml
of 10% sulfuric acid (v/v) at a flow rate of 60 ml/h. The excess
acid was removed by washing the column with 3 l of distilled wa-
ter at the same flow rate. To test for residual sulfate, one part of a
10% (w/v) barium chloride solution was added to one part of the
water rinse from the column. The absence of a cloudy white pre-
cipitate (BaSO4) indicated that the column was equilibrated. After
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sample loading, amino acids were eluted with two bed volumes of
1.5 N HCl, seven bed volumes of 2.5 N HCl, and nine bed volumes
of 4 N HCl. Chromatography was carried out at a flow rate of 
60 ml/h, and the size of the collected fractions was 3 ml. Amino
acids were detected by the ninhydrin reaction on a plastic-backed
silica TLC plate. To identify leucine and valine, fractions with a
positive ninhydrin response were concentrated ten-fold in a Speed-
Vac, and 2 µl was chromatographed by TLC with 1-butanol: acetic
acid: water (4:1:1, v/v/v). The fractions containing leucine or valine
were pooled separately and trice lyophilized from water to remove
HCl. The leucine pool was further purified with a second chro-
matography on Dowex 50X-8–200 as described above. To remove
multivalent cations that could distort the NMR spectrum, amino
acid pools were further purified by passage through an iminodi-
acetic acid column (Sigma). The column was equilibrated with 
15 bed volumes of distilled water, and the amino acids were eluted
with distilled water at a flow rate of 10 ml/h. Fractions that con-
tained amino acids were pooled and dried by lyophilization.

NMR spectroscopy

Amino acid samples were resuspended in 0.5 ml of D2O to a final
concentration of 10–100 mM. 13C-NMR spectra were recorded at
27°C with a Bruker A500 spectrometer operating at 125.77 MHz.
For quantitative work, an inverse gated pulse sequence was used
with a recycling delay of 8 s and a short excitation pulse of 3 µs.
Proton decoupling was applied only during the acquisition period
to minimize the nuclear Overhauser effect. The spectral width was
200 ppm using 32 K of memory, and typically 10,000 scans were
accumulated. Chemical shifts were referenced to internal acetone,
set at 33 ppm relative to DSS (2,2-dimethyl-2-silapentane-5-sul-
fonate, sodium salt). Spectra were assigned by comparison with au-
thentic samples and standard literature values (Kalinowski et al.
1988).

Results

Growth of M. maripaludis with alanine 
as the sole nitrogen source

M. maripaludis grew in minimal medium in which am-
monium chloride was replaced with L-alanine (Whitman
et al. 1987). Upon the first transfer to alanine-containing
medium, growth exhibited a long lag phase of 3 days. How-
ever, the lag phase decreased after three transfers to less
than 8 h, which was the same as observed upon transfer in
ammonium-chloride-containing medium. Below 10 mM, the
growth yield was alanine-dependent, and the alanine con-
centration required for the half maximal yield was 2.1 mM
(data not shown). With 9 mM alanine, the cell yield was
about 75 mg cell dry weight (mmol alanine-N)–1, which
was comparable to the value obtained for growth of Me-
thanococcus voltae on ammonium, 95 mg cell dry weight
(mmol NH4

+)–1 (Whitman et al. 1987). Thus, alanine was
incorporated efficiently, presumably by a specific trans-
port system.

Incorporation of 14C-alanine into cellular amino acids

After 45 h of growth with [U-14C]alanine, 46% of the ra-
diolabel was recovered from the cell pellet. Of this radio-
label, 56% was recovered from the protein hydrolysate.
By TLC and fluorography, leucine and several other ra-

diolabeled amino acids were detected (data not shown).
Thus, the alanine was metabolized, and the carbon was in-
corporated into other amino acids and other cellular com-
ponents via pyruvate. Of the total radiolabel, 17% and
37% were also recovered from the culture supernatant and
headspace, respectively. Of the gas in the headspace,
97.3% and 0.7% were recovered as methane and CO2, re-
spectively. This result was consistent with the formation
of methane from the reduction of radiolabeled CO2 de-
rived from an exchange reaction between the C-1 carbon
of pyruvate and CO2 (see below).

Incorporation of [2-13C]and [U-13C]alanine into leucine
and isoleucine

To determine whether acetyl-CoA was derived from pyru-
vate in vivo, the labeling of leucine and isoleucine was ex-
amined following growth in medium containing an 18%
enrichment of [2-13C]alanine (Fig.2A). Assuming that the
signals at positions derived from the C-3 of pyruvate, the
Cδ and Cδ′ of leucine and Cγ′ and Cδ of isoleucine, were
obtained from the natural abundance of 1.1% of 13C; the
carbons derived from the C-2 of pyruvate, the Cβ and Cγ
of leucine and isoleucine, contained 11%, 12%, 14%, and
14% of 13C, respectively. This labeling pattern was con-
sistent with the deamination of alanine and further incor-
poration into leucine and isoleucine via established path-
ways (Xing and Whitman 1991, 1992). Moreover, after
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Fig.1A, B Pathways of autotrophic carbon assimilation. A CO2 as-
similation by the modified Ljungdahl-Wood pathway of autotrophic
acetyl-CoA biosynthesis. The reaction catalyzed by the acetyl-CoA
synthase (ACS) utilizes methyltetrahydromethanopterin (CH3-
H4MPT) as the methyl donor. This enzyme also catalyzes an ex-
change reaction between the C-1 of acetyl-CoA and CO2. The re-
actions catalyzed by the pyruvate oxidoreductase (POR) include
pyruvate synthesis from acetyl-CoA and an exchange reaction be-
tween the C-1 of pyruvate and CO2. B Possible pathway of acetyl-
CoA biosynthesis in which pyruvate serves as a C-1 and electron
donor to the ACS



correcting for the natural abundance, the average enrich-
ment of the carbons derived from the C-2 of pyruvate was
11.7% of 13C and less than the medium enrichment. There-
fore, autotrophic CO2 fixation and pyruvate biosynthesis
must have continued under these conditions.

To determine whether acetyl-CoA was formed from
pyruvate, the carboxy C of leucine and isoleucine, which
were derived from the C-1 of acetyl-CoA, were examined.
If acetyl-CoA was formed from pyruvate, this carbon
would be derived from the C-2 of pyruvate (Fig.1). Based
upon the comparison of peak heights to that of Cα, which
contained the natural abundance of isotope, these carbons

contained 2.4% 13C (Fig.2A). After correcting for the nat-
ural abundance of 13C, the enrichments suggested that
1.3/11.7 or 11% of the acetyl-CoA pool was formed from
pyruvate. However, this value would be an underestimate
if there was an isotope exchange of the C-1 of acetyl-CoA
catalyzed by the ACS in vivo.

To further investigate the conversion of pyruvate into
acetyl-CoA, the labeling of leucine by [U-13C]alanine was
examined (Fig.2B, C). Consistent with their incorporation
from the C-2 and C-3 of one molecule of pyruvate, the
spectra of Cγ and Cδ were doublets. Similarly, the spectra
of Cβ and Cδ′ were dominated by singlets, which was con-
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Fig.2A–C Labeling of cellu-
lar leucine and isoleucine by
13C-alanine. A 13C-NMR spec-
trum of leucine and isoleucine
prepared from cells of Methan-
ococcus maripaludis follow-
ing growth with [2-13C]alanine
enriched to 18%. Signals de-
rived from isoleucine are indi-
cated with an i. The remaining
signals are from leucine, ex-
cept for the large unlabeled
signal between the α carbons
of leucine and isoleucine which
was derived from the α carbon
of methionine. B 13C-NMR
spectrum of leucine prepared
from cells of M. maripaludis
following growth with 18%
[U-13C]alanine. C The NMR
spectrum in B expanded to
show the fine structure of the
peaks derived from the leucine
carbons



sistent with their origin from a second molecule of pyru-
vate and migration of the methyl group of pyruvate by the
normal biosynthetic pathway. Because the splitting at the
Cδ′ of leucine was caused by the 13C at the Cγ, the 13C
content at Cγ could be calculated from the relative inten-
sities of the doublets and the singlet of Cδ′ (Fig.2, Table 1).
Thus, the 13C content at Cγ was estimated to be 17/(100+17)
or about 14.5% (Table 1). Given that 1.1% of this 13C was
derived from the natural abundance, the 13C enrichment
from alanine was about 13.4%. In contrast, the carboxy C
and Cα, which were derived from acetyl-CoA, contained
only 3.6% and 5.6% of 13C, respectively. This labeling
pattern was consistent with conversion of a small amount
of pyruvate to acetyl-CoA. The doublets for these carbons
represented molecules of acetyl-CoA derived intact from
pyruvate and had an average content of 3.0% 13C. The in-
creased 13C in the Cα singlet over the carboxy C singlet
was about 1.0% and represented molecules of acetyl-CoA
in which the carboxy C had been removed by an isotope
exchange reaction. Thus, about 1.0/(3.0+1.0) or about one
in four molecules of acetyl-CoA underwent this exchange
reaction. Moreover, the fraction of the acetyl-CoA derived
from pyruvate was about (4.0/13.4) or 30%.

Incorporation of [U-13C]alanine into valine

The exchange between the C-1 of pyruvate and CO2 was
further confirmed by 13C-NMR spectroscopy of the va-
line formed during growth on the 18% enrichment of 
[U-13C]alanine (data not shown). While carbons derived
from the C-2 and C-3 carbons of pyruvate exhibited 13C
enrichments of 8.1–13.2%, the enrichment at the carboxy
C of valine, which was derived from the C-1 pyruvate, was
not detected. This result confirmed the presence of high
activity for the exchange reaction between the C-1 of pyru-
vate and CO2 in vivo (Uyeda and Rabinowitz 1971). In
addition, the labeling pattern of valine was consistent with
its proposed biosynthesis pathway.

Discussion

During growth on H2/CO2 with alanine as the sole nitrogen
source, M. maripaludis obtained 11–30% of its acetyl-
CoA from pyruvate in the two experiments described
here. Similarly, during growth of Methanothermobacter
thermautotrophicus at high concentrations of exogenous
pyruvate and low pH, small amounts of exogenous pyru-
vate were incorporated into cells (Fuchs and Stupperich
1980; Hüster and Thauer 1983). Under these conditions,
the labeling of the acetyl-CoA-derived carbon was <6–14%
of the pyruvate-derived carbon. These results suggest that
in both organisms only a small amount of the acetyl-CoA
pool is formed from pyruvate during growth with H2/CO2.

For M. maripaludis it is possible to estimate the amount
of acetyl-CoA and pyruvate formed from the autotrophic
pathways and alanine based upon the relative enrichments
and the demand for these intermediates. From the cellular
composition and known biosynthetic pathways, the biosyn-
thesis of 1 g dry weight of cells requires about 10.7 mmol
of pyruvate and an additional 3.9 mmol of acetyl-CoA (W.
Lin, Department of Microbiology, University of Georgia,
personal communication). During growth with 18% 13C
alanine, the 13C enrichments of pyruvate-derived and
acetyl-CoA-derived carbon were 13.4% and 4.0%, respec-
tively. Therefore, it was estimated that about 3.5 mmol of
pyruvate per g of cells were made from acetyl-CoA and
about 5.2 mmol of acetyl-CoA per g of cells were made
by autotrophic CO2 fixation. At the same time, 9.4 mmol
of pyruvate and 2.2 mmol of acetyl-CoA per g of cells
were derived from alanine. Based upon a nitrogen content
for methanococcal cells of 14% (Whitman et al. 1987),
the expected amount of alanine oxidation to pyruvate when
alanine was the sole nitrogen source was 10 mmol per g
dry weight of cells. This value was close to 9.4 mmol, the
value actually found. Therefore, cells would not be ex-
pected to release significant amounts of free ammonia
during alanine uptake. These results demonstrate that au-
totrophic CO2 assimilation continues to be a significant
process in methanococci even when a large fraction of the
cellular carbon is derived from an organic carbon source.

Although pyruvate oxidation has been previously de-
scribed in resting cells of M. maripaludis and in mutants
of Methanosarcina barkeri, it had only been observed in
the absence of the physiological substrates for methano-
genesis (Yang et al. 1992; Bock et al. 1994; Rajagopal and
LeGall 1994). While our present findings provide the first
evidence that pyruvate is converted to acetyl-CoA by grow-
ing cells of methanococci, the mechanism of acetyl-CoA
labeling is not certain. Even given the caveat that alanine-
dependent growth is a special condition for methanococci,
these results do not support the hypothesis that pyruvate is
an obligate C-1 donor for acetyl-CoA biosynthesis (Fig.1B).
Because label from the C-1 of alanine was lost by an ex-
change reaction, it was not possible to look directly at la-
bel incorporation into the C-1 of acetyl-CoA. Neverthe-
less, this hypothesis also predicts that 50% of the acetyl-
CoA should have been derived from the C-2 and C-3 of
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Table 1 Enrichment of leucine by 18% [U-13C]alanine

Position Source of Relative peak heightb 13C (%)c

in leucine carbona

d1 s d2 Singlet Doublets

COOH ace-1 8 8 10 1.1 2.5
α ace-2 12 15 13 2.1 3.5
β pyr-2 8 93 10 13.0 2.5
γ pyr-2 41 12 51 1.7 12.8
δ pyr-3 58 14 43 2.0 14.1
δ′ pyr-3 9 (100) 8 13.9 2.4

aCarbons derived from acetyl-CoA (ace) or pyruvate (pyr)
bRelative heights of the central singlet (s) and the flanking doublets
(d1 and d2) peaks. The singlet of the Cδ′ was arbitrarily set as 100
cBased upon an estimate of 14.5% 13C in the Cγ of leucine as de-
scribed in the text



pyruvate, which was not observed. Because some label
was incorporated into acetyl-CoA, it is still possible that
pyruvate could be the C-1 donor for acetyl-CoA biosyn-
thesis under some growth conditions or during part of the
growth phase in batch culture.

However, alternative possibilities need to be consid-
ered as well. The appearance of label in acetyl-CoA could
be due to an exchange reaction catalyzed by the POR and
may not represent net pyruvate oxidation. While this reac-
tion has not been described, the fully reversible nature of
the enzyme certainly indicates that it is possible (for a re-
view, see Adams and Kletzin 1996). A number of physio-
logical mechanisms are also possible. During autotrophic
growth, pyruvate oxidation could create a futile cycle of
simultaneous pyruvate biosynthesis and oxidation. This
series of reactions could be utilized to dispose of excess
reductant and ATP presumably under conditions of excess
substrate (Russell and Cook 1995). Because of its low
midpoint potential, pyruvate might also be used to store
low potential electrons. Under environmental conditions
with H2 partial pressures of <10–4 atm, the midpoint po-
tential is >–296 mV (Zinder 1993). Therefore, the supply
of low potential electrons for biosynthetic reactions, NADH
biosynthesis, and activation of key enzymes such as the
coenzyme M methylreductase, could be limiting. Small
amounts of reductant might be stored by glycogen biosyn-
thesis, which could then be converted to pyruvate during
growth at low partial pressures of H2. This model is con-
sistent with the observations that methanococci contain
relatively small amounts of glycogen and that its biosyn-
thesis is not strongly affected by nitrogen limitation or the
onset of stationary phase (Yu et al. 1994). So even though
the amount of glycogen is too small to serve as a signifi-
cant energy source, it could still play a role in facilitating
key reactions. Further experimental evidence will be nec-
essary to distinguish among these possibilities.

Even though the physiological mechanism that pro-
duced the labeling patterns observed here is not certain,
the affects of these patterns on the interpretation of iso-
topic tracer experiments can be profound. Because of the
robust CO2:pyruvate exchange activity of POR, label from
the C-1 position of alanine was not incorporated into car-
bons derived from the C-1 of pyruvate. Isotope tracer stud-
ies with pyruvate must therefore be interpreted with cau-
tion. For instance, this high exchange activity could explain
the labeling pattern of phenylalanine from [1-13C]pyruvate
in Methanococcus voltae (Choquet et al. 1994). In this
study, the enrichment of the C-7 of phenylalanine with 
[1-13C]pyruvate was reported to be about 4%. However,
based upon the reported growth conditions, an enrichment
of 3.5% could have been achieved if the C-1 of pyruvate
was in equilibrium with the carbonate in the medium and
13CO2 was actually incorporated.
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Abstract In autotrophic methanogens, pyruvate oxidore-
ductase (POR) plays a key role in the assimilation of CO2
and the biosynthesis of organic carbon. This enzyme has
been purified to homogeneity, and the genes from Methano-
coccus maripaludis were sequenced. The purified POR
contained five polypeptides with molecular masses of 47,
33, 25, 21.5 and 13 kDa. The N-terminal sequences of four
of the polypeptides had high similarity to the subunits
commonly associated with this enzyme from other ar-
chaea. However, the 21.5-kDa polypeptide had not been
previously observed in PORs. Nucleotide sequencing of
the gene cluster encoding the POR revealed six open read-
ing frames (porABCDEF). The genes porABCD corre-
sponded to the subunits previously identified in PORs. On
the basis of the N-terminal amino acid sequence, porE en-
coded the 21.5-kDa polypeptide and contained a high cys-
teinyl residue content and a motif indicative of a [Fe–S]
cluster. porF also had a high sequence similarity to porE,
a high cysteinyl residue content, and two [Fe–S] cluster
motifs. Homologs to porE were also present in the ge-
nomic sequences of the autotrophic methanogens Methano-
caldococcus jannaschii and Methanothermobacter thermau-
totrophicus. Based upon these results, it is proposed that
PorE and PorF are components of a specialized system re-
quired to transfer low-potential electrons for pyruvate
biosynthesis. Some biochemical properties of the purified
methanococcal POR were also determined. This unstable
enzyme was very sensitive to O2 and demonstrated high
activity with pyruvate, oxaloacetate, and α-ketobutyrate.
Methyl viologen, rubredoxin, FMN, and FAD were read-
ily reduced. Activity was also observed with spinach and

clostridial ferredoxins and cytochrome c. Coenzyme F420
was not an electron acceptor for the purified enzyme.

Keywords Methanococcus maripaludis · Pyruvate 
oxidoreductase · Methanogen · Archaea

Abbreviations CODH/ACS Carbon monoxide 
dehydrogenase/acetyl-CoA synthase · PBE Polybuffer
exchange · POR Pyruvate oxidoreductase

Introduction

Methanogenic bacteria are a major physiological group of
archaea that obtain energy for growth by producing methane.
Many typical hydrogenotrophic methanogens, such as
Methanococcus maripaludis, are unable to oxidize com-
plex organic substrates. The major methanogenic substrates
are H2+CO2 or formate (Whitman 2001) and the major car-
bon sources are either CO2 or acetate. During autotrophic
CO2 fixation, acetyl-CoA is formed by the modified Ljung-
dahl-Wood pathway (Ladapo and Whitman 1990; Shieh
and Whitman 1988). When acetate is present, acetyl-CoA
is formed by acetate thiokinase (Shieh and Whitman 1987).
From acetyl-CoA, carbon enters the major biosynthetic
pathways by reductive carboxylation, which is catalyzed
by pyruvate oxidoreductase (POR) (Shieh and Whitman
1987). Therefore, this reaction is important for both au-
totrophic growth and heterotrophic growth on acetate.

POR activity has been detected in a wide range of mi-
croorganisms, including the archaea, bacteria, anaerobic
protists, and fungi. The enzyme catalyzes a reversible re-
action that has different physiological roles in these mi-
croorganisms (for reviews, see Adams and Kletzin 1996
and Charon et al. 1999). For many heterotrophic bacteria,
pyruvate oxidation by POR provides electrons for nitro-
gen fixation and anaerobic respiration (Bosgusz et al. 1981).
Pyruvate is also oxidized during acetate fermentation of
sugars in homoacetogenic bacteria (Furdui and Ragsdale
2000). In autotrophic bacteria or bacteria that utilize ac-
etate as a carbon source, POR biosynthesizes pyruvate.
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Because the reverse, biosynthetic reaction requires a strong
reductant, it has been more difficult to demonstrate. The
biosynthetic activity of the enzyme from the hydrogeno-
trophic bacterium Hydrogenobacter thermophilus was dem-
onstrated with dithionite-reduced ferredoxin (Yoon et al.
1997). Similarly, in the presence of ferredoxin, carbon
monoxide dehydrogenase and CO, POR from Clostridium
[Moorella] thermoaceticum readily biosynthesizes pyru-
vate (Furdui and Ragsdale 2000). Lastly, low-potential
ferredoxins reduced by the light-driven reactions of spinach
chloroplasts or Chlorobium reaction centers drive pyru-
vate biosynthesis by Chlorobium tepidum POR (Yoon et
al. 1999, 2001). However, with the exception of the light-
driven reductions, these reactions are nonphysiological,
and the mechanisms by which hydrogen-consuming litho-
trophs generate low-potential electron donors for POR are
not clearly understood.

In our previous studies on whole cells of methano-
cocci, the oxidative activity of POR could not be demon-
strated in vivo under normal growth conditions with H2
(Yang et al. 1992). For instance, in an acetate auxotroph
of M. maripaludis, the nutritional requirement for acetate
could not be replaced by pyruvate. Similarly, the close rel-
ative Methanococcus voltae requires acetate for growth,
and pyruvate will not substitute (Whitman et al. 1982).
However, methanogenesis from pyruvate was detected in
resting cells of both M. maripaludis and M. voltae in the
absence of the physiological electron donors H2 and for-
mate (Yang et al. 1992). Thus, pyruvate was taken up and
oxidized under at least some conditions. Pyruvate was
also used as the sole energy and carbon source by mutants
of Methanosarcina barkeri (Bock et al.1994; Rajagopal
and LeGall 1994). These results suggest that the direction
of catalysis by POR is strictly regulated in whole cells of
methanogens. In methanococci, the oxidative activity of
POR is readily demonstrated in cell-free extracts, but the
biosynthetic activity is extremely labile. Incubation of ex-
tracts under N2 gas for 1 h reduces the activity by 60%
(Shieh and Whitman 1988). In addition, the physiological
electron carrier is not certain. A ferredoxin purified from
the closely related Methanothermococcus thermolithotro-
phicus was not reduced by POR (Hatchikian et al. 1989).
However, the genomic sequence of M. maripaludis con-
tains 18 ORFs annotated as ferredoxin or ferredoxin-re-
lated proteins (J. Leigh, University of Washington, per-
sonal communication), so it is possible that another ferre-
doxin may be coupled to this enzyme. In order to further
characterize POR in methanococci, the enzyme was puri-
fied to homogeneity and the nucleotide sequence of its
genes was determined.

Material and methods

Bacterial strains

M. maripaludis strain JJ (DSMZ 2067) was obtained from W.J.
Jones (Jones et al. 1983). Escherichia coli strain Top 10 was ob-
tained from Invitrogen (Carlsbad, Calif, USA).

Media, culture conditions, and preparation of cell extracts

M. maripaludis was grown with 275 kPa of H2:CO2 (80:20) at 37 °C
in McN (mineral medium) or McC (complex medium minus vita-
min solution) as described by Whitman et al. (1986). Large-scale
cultures for enzyme purification were grown in a 400-l fermentor
with mineral media (McN) and 0.5% sodium formate at 37 °C
(Xing and Whitman 1992). Cells were harvested at the mid-sta-
tionary growth phase and resuspended in 10 ml of 25 mM potas-
sium PIPES buffer, pH 6.8, with 0.5 mg DNase I per 10 g cellular
wet weight. The suspension was frozen at –20 °C for 30 min to lyse
the cells. Upon thawing in a water bath at room temperature, the
supernatant was collected by centrifugation at 30,000×g at 4 °C for
30 min (Shieh and Whitman 1987). In some cases, the cell suspen-
sion was stored at –20 °C prior to the centrifugation.

E. coli strain Top 10 was grown at 37 °C on low-salt Luria-
Bertaini medium as described by Invitrogen. For growth of cul-
tures containing the plasmid pZErO-2 on liquid and solid medium,
kanamycin (50 µg ml–1) was added. Plasmids were transformed
into E. coli strain Top 10 with a Gene Pulser (BioRad, Richmond,
Calif., USA) at 200 W, 2.5 kV, and 25 mF with 0.2-mm-gap cu-
vettes.

Growth of both M. maripaludis and E. coli was monitored at
600 nm with a spectrophotometer (Spectronic 20, Bausch and Lomb).

Enzyme assays

The POR activities of chromatography fractions were determined
anaerobically as pyruvate- and CoA-dependent methyl viologen
reduction (Meinecke et al. 1989; Zeikus et al. 1977). The assay
buffer contained 100 mM potassium Tricine, pH 8.6, with 20 mM
pyruvate, 100 µM CoA, 10 mM methyl viologen, 5 mM MgCl2,
and 1 mM thiamine pyrophosphate. To monitor the effect of pH on
POR, the following buffers were used: MES (100 mM, pH 5.5–
6.5), HEPES (100 mM pH 7.0–7.5), Tricine (100 mM, pH 7.5–8.5),
CHES (100 mM, pH 9.0–10.0), and CAPS (100 mM, pH 10.0–10.5).
After flushing with N2, a trace amount of dithionite was added un-
til the buffer turned light blue. Assays were carried out at 37 °C un-
der N2 atmosphere. The increase of the absorbance at 578 nm was
measured; the extinction coefficient for methyl viologen was 
9.7 mM–1 cm–1 (Zeikus et al. 1977). For other electron acceptors,
the activities were determined by the following extinction coeffi-
cients (mM–1 cm–1): coenzyme F420, ε420=45.5 (Jones and Stadtman
1980); rubredoxin, ε491=8.85 (Lovenberg and Walker 1978); ferre-
doxin, ε420=17.3 (Uyeda and Rabinowitz 1971); FAD and FMN,
ε450=11 (Reeves et al. 1977); NAD+ and NADP+, ε340=6.22
(Reeves et al. 1977); horse heart cytochrome c, ε550=29.5 (Sigma);
and vitamin K1, ε326=18.9 (Dunphy and Brodie 1971). To charac-
terize the catalytic properties of the enzyme, activity was assayed
as described above except that the assay buffer was 100 mM
HEPES (N-[2-hydroxyethyl] piperazine-N′-[2-ethanesulfonic acid]),
pH 7.5, at room temperature. Similar assays were used to deter-
mine the activities of formate dehydrogenase, hydrogenase, and
CO dehydrogenase, except that pyruvate was replaced with 13 mM
sodium formate, 100% of H2 in the headspace, or 100% of CO in
the head space, respectively. One unit of enzyme activity was de-
fined as 1 µmol of methyl viologen reduced min–1.

Protein concentration and molecular mass determinations

Protein concentrations were determined from the UV absorbance
(Groves et al. 1968). As noted below, the Bio-Rad Protein Assay
Reagent (Melville, N.Y., USA), based on Bradford’s method using
bovine serum albumin as the standard, was also used. The native
molecular mass of POR was determined by both gradient native
polyacrylamide gel electrophoresis (PAGE) as described below
and gel filtration chromatography on Superose 6 (Pharmacia,
LKB; Piscataway, N.J., USA) and Sephacryl S 150 (Sigma; St.
Louis, Mo., USA). Molecular masses of subunits were determined
by SDS-PAGE using the mini PROTEIN II system (Bio-Rad).
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Specific activity of POR during growth

Cells were grown in a 10-l fermentor with McN or McN plus 10 mM
acetate under 134 kPa H2/CO2 (80:20, v/v). When the culture
OD660 reached 0.4, 0.6, 0.8, and 0.9, 200 ml of culture was col-
lected in a nitrogen-flushed 1-l bottle. Cells were harvested by cen-
trifugation in rubber-sealed centrifuge bottles at 10,000×g for 
20 min at 4 °C. The centrifuge bottles had been previously equili-
brated in an anaerobic chamber for 1 day prior to their use. POR
activities and protein concentrations in the cell-free extracts were
determined as described above.

Purification of POR

Unless specified differently, all procedures were carried out in a
Coy anaerobic chamber at 2 °C using strictly anaerobic techniques.
The basic buffer contained 20 mM potassium Tricine, pH 8.6 (at 
25 °C), 5 mM MgCl2, 0.1 mM TPP, 0.5 mM dithiothreitol, and 10%
(v/v) glycerol. Unless specified otherwise, columns were washed
with 1.5 bed volumes of buffer after loading the sample and eluted
with gradients consisting of five bed volumes. Chromatography
was done with an FPLC system (Pharmacia Biotech; Piscataway,
New Jersey). Samples were centrifuged at 4 °C in rubber-sealed
centrifuge tubes that had been allowed to stand in the anaerobic
chamber for 1 day.

Streptomycin sulfate treatment

Cell extract was centrifuged again at 48,000×g for 30 min at 4 °C.
The supernatant was diluted to a protein concentration of 15 mg/ml
with basic buffer. A 5% (w/v) streptomycin sulfate solution in ba-
sic buffer (0.3 volumes) was added to the diluted protein solution.
The supernatant was collected after centrifugation at 37,000×g for
10 min at 4 °C (Lehman 1989).

Ammonium sulfate treatment

A solution of saturated ammonium sulfate was slowly added to the
supernatant until 45% saturation was obtained. The well-mixed so-
lution was incubated at 2 °C for 20 min. The supernatant was col-
lected by centrifugation at 30,000×g for 20 min at 4 °C.

Phenyl Sepharose CL-4B chromatography

The phenyl Sepharose CL-4B column (2.6×34 cm; Pharmacia Bio-
tech) was equilibrated with 1 M ammonium sulfate in basic buffer.
After loading the ammonium sulfate supernatant, the column was
washed with equilibrating buffer, and protein was eluted with a de-
creasing gradient of 1–0 M ammonium sulfate at a flow rate of 
19 cm/h. The column was then washed with basic buffer followed
by an increasing gradient of ethylene glycol from 0 to 50% (v/v) in
basic buffer. The low molecular weight and the high molecular
weigh forms of POR eluted at 0.06 M and 0.16 M ammonium sul-
fate, respectively.

Q Sepharose fast-flow chromatography

Active fractions from the previous column were pooled, diluted
with three volumes of basic buffer, and loaded onto a Q Sepharose
fast-flow column (2.6×34 cm; Pharmacia Biotech) equilibrated with
basic buffer at a flow rate of 60 cm/h. The column was washed
with 0.2 M NaCl in the basic buffer. POR was then eluted with a
gradient of 0.2–0.7 M NaCl in the basic buffer. The low molecular
weight and the high molecular weight forms of POR eluted at 
0.41 M and 0.45 M NaCl, respectively. Active fractions were pooled
and dialyzed overnight against 2 l of basic buffer.

Blue agarose chromatography

The dialyzed pool was applied to a blue agarose column (1.6×
12.5 cm; Cibacron Blue 3GA, Sigma) that had been equilibrated
with basic buffer at a flow rate of 18 cm/h. Chromatography was
carried out with a linearly increasing gradient starting with basic
buffer and ending with 1 M NaCl in basic buffer. The low molecu-
lar weight and the high molecular weight forms of POR both
eluted at 0.22 M NaCl. The active pool was dialyzed overnight
against 2 l of basic buffer.

PBE-94 chromatography

The dialyzed pool was loaded onto a polybuffer exchange (PBE)
column (1.0×15 cm; Pharmacia Biotech) equilibrated with basic
buffer at a flow rate of 15 cm/ml. POR was eluted with an increas-
ing gradient of NaCl in basic buffer and 1 M NaCl in basic buffer.
The low molecular weight and high molecular weight forms of
POR eluted at 0.45 M and 0.50 M NaCl, respectively. The active
fractions were pooled and concentrated to 0.2 ml by centrifugal ul-
trafiltration at 3,000×g (Microsep, molecular mass cut-off 10 kDa;
Filtron; Northborough, Mass., USA).

Superose 6 chromatography

For some purifications, PBE-94 chromatography was followed by
Superose 6 chromatography. A Superose 6 column (1.6×30 cm;
Pharmacia Biotech) was equilibrated with basic buffer containing
1 M NaCl, 20 µM FAD, and 10% ethylene glycol. The concen-
trated PBE pool was loaded onto the column and eluted with the
equilibrating buffer. The low molecular weight and the high 
molecular weight forms of POR eluted at Mr of 222,000 and
2,075,000, respectively. The active fractions were pooled and stored
anaerobically at –20 °C.

Gel electrophoresis

Electrophoresis was carried out on the Mini-PROTEAN II (Bio-
Rad). The protein solution was dialyzed against distilled water at 
4 °C overnight and concentrated on a Speed Vac to 10µl. Both 8%
native and SDS-(14%) polyacrylamide gels were run in Tris-
glycine buffer, pH 8.3, at 150 V. For the 4–25% gradient native
gel, electrophoresis was done in Tris-borate-EDTA buffer at 160 V
for at least 16 h at 4 °C. Gels were stained with 0.25% Coomassie
brilliant blue in 25% isopropanol and 10% acetic acid and pho-
tographed. To quantify the staining intensity of the bands, the im-
age from the negative was scanned and analyzed with ImageQuant
v.1.2 for Macintosh software (Molecular Dynamics, Sunnyvale,
Calif., USA). For 2-dimensional PAGE, a 4–25% gradient native
gel was run for the first dimension. After electrophoresis, the pro-
tein bands were visualized by staining with Coomassie brilliant
blue. The stained band was cut from the gel and incubated with
SDS-PAGE sample buffer for 15 min. The gel slice was loaded
onto the top of an SDS-polyacrylamide gel for electrophoresis in
the second dimension. Proteins in the gel were detected by silver
staining (Garfin 1990).

N-terminal amino acid sequencing

POR subunits were separated by SDS-PAGE, and the polypeptides
were transferred to the polyvinylidene difluoride (PVDF) mem-
brane by electroblotting in a mini Trans-Blot cell (Bio-Rad). The
blotting buffer was 25 mM Tris-base, 192 mM glycine, 10% (v/v)
methanol, pH 8.3, and the blotting time was 45 min at 90 V. The
polypeptides were sequenced on a 477A Protein Sequencer (Ap-
plied Biosystems) at the Molecular Genetics Facility, University of
Georgia.
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UV-visible spectrum

Purified enzyme, 150 µg in 1 ml, was dialyzed against basic buffer
containing 0.5 M NaCl overnight at 4 °C. Dialysis buffer was used
as the blank for the spectrum. The UV-visible spectrum was mea-
sured on a Shimadzu UV 2101-PC UV-VIS scanning spectropho-
tometer at room temperature.

Purification of coenzyme F420

All purification steps were carried out in the dark following the
general protocol of Eirich et al. (1978). About 50 g wet weight of
M. maripaludis cells were suspended in 100 ml of H2O. The sus-
pension was heated at 90 °C for 15 min. After centrifugation at
6,000×g for 10 min at room temperature, the supernatant was
loaded on to a DEAE cellulose column (1.6×35 cm, Sigma). Coen-
zyme F420 was eluted with a linear gradient of five bed volumes of
ammonium bicarbonate (0–0.6 M). The fractions with a high ab-
sorbance at 420 nm were pooled and concentrated in a flash evap-
orator at 80 °C. The concentrated pool was loaded onto a Sephadex
G 10–120 column (1.5×76 cm, Sigma) at a flow rate of 5 cm/ml.
Coenzyme F420 was eluted with 0.1 M ammonium bicarbonate.
Coenzyme F420-containing fractions were then loaded onto a
DEAE Sephadex A 25 column (1.6×10 cm; Pharmacia Biotech)
and eluted with a gradient of five bed volumes of ammonium bi-
carbonate (0–1.3 M) at a flow rate of 10 cm/h. Coenzyme F420 was
highly purified; the A245/A420 ratio was 1.5. The ratio of the pure
coenzyme was 1.0 (Eirich et al. 1978).

Probe construction, Southern hybridization and screening 
of clones

A probe, MJPOR, containing a portion of the Methanococcus 
jannaschii genes for POR was constructed from the plasmid
AMJHM83 (American Type Culture Collection, Md). The cloned
DNA was excised from the plasmid using SacI and XbaI and radio-
labelled using a modified random nucleotide-primed synthesis
method (Lehman 1989). M. maripaludis genomic DNA was iso-
lated by a modification of the procedure of Saito and Miura (1963)
as described previously (Gardner and Whitman 1999). Prior to
Southern hybridization, the M. maripaludis genomic DNA was di-
gested with HindIII, EcoRI or both enzymes at the same time. For
Southern hybridization, the digested DNA fragments (15 µg) were
electrophoresed, transferred to a Magnacharge nylon membrane
(MSI, Mass., USA). Prehybridization and hybridization with probe
MJPOR were done at 28 °C for 4 and 10 h, respectively, in 2×SSC.
The membrane was washed twice for 15 min at 38 °C in 0.5×SSC.
Following a 10-h exposure to the phosphor screen, hybridization
was visualized using the Phosphorimager:SI (Molecular Dynam-
ics, Sunnyvale, Calif., USA) and quantified using the ImageQuant
v. 1.2 software. The hybridization revealed a 1.4-kb HindIII frag-
ment, a 6.1-kb EcoRI fragment, and a 1.4-kb fragment from the
double digest.

Because of the low stringency of the hybridization of the MJPOR
probe to the M. maripaludis DNA, the HindIII fragment was iso-
lated first and used as a probe for the 6.1-kb EcoRI fragment. First,
the genomic DNA was digested with HindIII and electrophoresed,
and the 1.4-kb region of the gel was excised. The DNA was puri-
fied with the Wizard Plus Miniprep system (Promega, Wis., USA)
and ligated into HindIII-digested pZErO cloning vector (Invitro-
gen). The ligation mixture was then transformed into E. coli Top
10 cells (Invitrogen). Plasmid DNA purified from kanamycin-resis-
tant isolates were screened by Southern hybridization with probe
MJPOR using the same conditions as described above. The radio-
labelled probe MmPORαβ was then constructed from the plasmid
containing the HindIII fragment by PCR using primers PorMj83-5′
(5′-AGTCATCCTCTGCCTTTTCA) and PorMj83-3; (5′GATTA-
CAAGACCTTCAGGG). The amplification solution consisted of
50 pg DNA template, 25 pmol of each primer, 200 mM cNTP (dTTP,
dCTP, dGTP), 20 nM of [α-32P]dATP (3,000 Ci/nmol), and 1.5 U
of Taq polymerase (Promega) along with the reaction buffer sup-

plied with the enzyme. After denaturation of the DNA at 95 °C for
5 min, PCR was carried out as follows: 25 cycles of 94 °C, 1 min;
50 °C, 1 min; and 72 °C, 1 min. The final PCR amplicon was puri-
fied from unincorporated nucleotides with a NucTrap Probe (Strat-
agene, LaJolla, Calif., USA) purification column. The 6.1-kb
EcoRI fragment was then isolated from a partial library of EcoRI-
digested genomic DNA in the same manner as the HindIII frag-
ment except that the MmPORαβ probe was used.

Sequencing and analyses

Plasmids from E.coli Top 10 isolates hybridizing to the probes were
obtained from a 5-ml culture of LB broth containing kanamycin
and purified (Qiagen spin miniprep, Calif.). The genomic inserts
were sequenced with M13 reverse primer (5′-CAGGAAACAGC-
TATGAC) and the M13 forward primer (5′-GTAAAACGACGG-
CCAG), which were complementary to flanking regions of pZErO-2
(Invitrogen). Through primer walking, the DNA was sequenced on
both strands. Sequencing was done on an Applied Biosystems au-
tomated sequencer (PE Applied Biosystems, Calif., USA) at the
Molecular Genetics Facility at the University of Georgia. The se-
quences were assembled using the program Sequencher (Gene
Codes, Mich., USA).

For the phylogenetic analyses, nucleic acid sequences were ob-
tained from the GenBank-EMBL database and translated into
polypeptide sequences. Similarity searches were carried out using
the BLAST and FASTA programs from GCG (Genetics Computer
Group, Madison, Wis., USA) and the TIGR website. Sequences of
homologs from other euryarchaeotes of about the same size were
chosen for further analysis. Unaltered sequences, subsets of se-
quences, and conserved regions within the sequences were used
for multiple alignments using PILEUP and BOXSHADE programs
of GCG. Phylogenetic analyses were done using PHYLIP v. 3.57
(Felsenstein 1989). Evolutionary distances were determined with
PROTDIST, and the neighbor-joining and Fitch-Margoliash den-
drograms were generated with NEIGHBOR and FITCH, respec-
tively. Parsimony analyses were done with PROTPARS. The 
SEQBOOT program was used to calculate bootstrap values based
upon 100 replicate trees. The Genbank accession number for the
M. maripaludis 6.1-kbp EcoRI fragment containing the POR genes
is AF230199.

Results

POR activity in cell-free extracts

In order to purify the enzyme, the stability of the methano-
coccal POR in cell extracts was determined. Activity was
rapidly inactivated by O2. Following incubation in air at 
2 °C for 40 min, about 60% of enzyme activity was lost.
However, no loss of activity of the partially purified en-
zyme was detected after 3 weeks of storage under anaero-
bic conditions at –20 °C (data not shown). Following dial-
ysis, methanococcal POR activity was very unstable in the
absence of glycerol or ethylene glycol (data not shown).
TPP and MgCl2 also helped maintain activity. No activity
was lost after dialysis of extract in a basic buffer containing
20 mM potassium Tricine, pH 8.6, 5 mM MgCl2, 0.5 mM
dithiothreitol, 0.1 mM TPP, and 10% glycerol, and anaer-
obic storage for two weeks at 2 °C. The POR specific ac-
tivity of cell extracts was unaffected by the growth phase.
Following growth in mineral medium to optical densities
of 0.4–0.9, the specific activities were 2.2–2.4 U (mg of
protein)–1. Under these growth conditions, cultures are in
the exponential growth phase at optical densities below
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0.4. From optical densities of 0.4–0.8, cultures are in the
linear phase during which growth appears to depend upon
the rate of transfer of H2 gas to the medium. At an optical
density of 0.9, cultures are in early stationary phase. In a
similar experiment, the addition of 10 mM sodium acetate
to the culture medium did not affect the specific activity
(data not shown).

Purification and stability of POR

In a typical purification, POR was purified 60-fold with
an 8% yield (Table 1). Further purification by chromatog-
raphy on Superose 6 was required to obtain electrophoret-

ically homogeneous enzyme (Fig. 1, lane 1). Integration
of the Coomassie-stained SDS-polyacrylamide gel indi-
cated a purity of about 97% for these preparations (Fig. 1,
lane 3). However, the yield at the Superose 6 step was
variable and depended critically on the concentration of
NaCl. In a systematic study of the affect of buffer upon the
recovery of the partially purified enzyme after Superose 6
chromatography, yields of greater than 30% were only ob-
tained with 0.4 M or greater concentrations of NaCl plus
FAD. The recovery at this step was further improved to
about 45% with buffer containing 1 M NaCl, 20 µM FAD,
and 10% ethylene glycol (data not shown). The low total
recovery was due in part to the extreme lability of this en-
zyme, and specific activities of the purified enzyme var-
ied from 36–155 U (mg of protein)–1. Purifications which
were done in a shorter amount of time yielded product
with a higher specific activity, and the variable recovery
was not correlated with the subunit composition. After
purification, activity was further lost in a matter of days
upon storage at 4 °C even under anaerobic conditions. In
general, activity was lost when both the protein and salt
concentrations were low. Similarly, the PORs from many
organisms are unstable upon purification, and the PORs
from Clostridium acetobutylicum as well as other methano-
gens are also sensitive to dilution (Bock et al. 1996; Mein-
ecke et al. 1989; Tersteegen et al. 1997).

In one purification, a second, overlapping peak of POR
activity was observed during the phenyl-Sepharose chro-
matography in addition to the activity purified above. Be-
cause of the low yields of the purification, it was impor-
tant to determine whether this second activity was another
enzyme or a form of the original POR. To this end, the
second activity was purified (data not shown). After chro-
matography on PBE-94, the specific activity and yield of
the new form were 68 U (mg of protein)–1 and 6%, re-
spectively, which were comparable to the values obtained
for the original form during this purification. By gradient
native PAGE, the second form also appeared to be nearly
homogeneous and possessed the same molecular weight
as the first form purified (Fig. 1, lane 2).

Molecular weight and composition of POR

Although the molecular mass of both forms were near 
180 kDa by gradient native PAGE, the native molecular
masses of the new (high molecular weight) and original (low
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Table 1 Purification of the
methanococcal POR. The start-
ing material was 100 g wet
weight of cells

Purification step Total Total Specific activity Recovery 
activity (U) protein (mg) (U mg–1) (%)

Cell extract 4880 3610 1.3 (100)
Streptomycin supernatant 4510 3010 1.5 93
(NH4)2SO2 precipitation 3670 1100 3.3 75
Phenyl Sepharose 860 100 8.4 18
Q Sepharose 610 43 14 13
Blue agarose 480 12 38 10
Poly buffer exchange-94 400 5.0 79 8

Fig. 1 Native and SDS-PAGE of the purified low molecular weight
pyruvate oxidoreductase (POR) and high molecular weight PORs
following Superose 6 chromatography in basic Tricine buffer con-
taining 1.0 M NaCl, 20 µM FAD, and 10% ethylene glycol. Lanes
1 and 2: 4–30% gradient PAGE of the undenatured low molecular
weight POR (lane 1) and the high molecular weight POR (lane 2)
stained with Coomassie blue. Molecular mass markers of 669 kDa,
440 kDa, 232 kDa, 158 kDa and 67 kDa are indicated by bars on
the left. Lanes 3–6: SDS-PAGE of the POR. The molecular masses
of 97.4 kDa, 66.2 kDa, 45 kDa, 31 kDa, 21.5 kDa, and 14.4 kDa are
indicated by the bars on the right. The low molecular weight POR
(lane 3) and high molecular weight POR (lane 4) were stained
with Coomassie blue. Lanes 5 and 6: After gradient PAGE, the
low molecular weight POR (lane 5) and the high molecular weight
POR (lane 6) were excised and run on SDS-PAGE. These lanes
were silver stained



molecular weight) forms were 2,100 kDa and 200 kDa, re-
spectively, by Superose 6 chromatography. In addition,
the native molecular weight of the low molecular weight
form was determined by chromatography on Sephacryl
S150 as 185,000. Presumably, the high molecular weight
form dissociated during electrophoresis on native gels, re-
sulting in the lower molecular weight by that method. At
this point, it was not possible to determine which form
was physiologically important. For instance, the low mo-
lecular weight form could have formed by dissociation of
a high molecular weight form during the purification. Al-
ternatively, the high molecular weight form could be formed
by aggregation of the low molecular weight form.

In initial studies of the low molecular weight enzyme,
four polypeptides were observed following SDS-PAGE
(Fig. 1, lane 3). These polypeptides corresponded to the
subunits commonly found in the multisubunit PORs: α
(47 kDa), β (33 kDa), γ (25 kDa) and δ (13 kDa). The sub-
unit stoichiometry determined by integration of the Coo-
massie-stained gel was 1:1.08:0.90:1.32 for the α:β:γ:δ
subunits, or close to the expected values of 1:1:1:1. In ad-
dition to the four subunits observed in the low molecular
weight POR, the high molecular weight POR contained a
fifth polypeptide (21.5 kDa) that migrated as a diffuse band
(Fig. 1, lane 4). On the basis of integration of the Coo-
massie-stained gel, the stoichiometry of this polypeptide
was comparable with that of the other subunits, i.e. 0.98
relative to the α subunit. This band was present in all
SDS-polyacrylamide gels of this preparation. Moreover,
careful examination of gels of the low molecular weight
POR also revealed small amounts of this polypeptide,
with a stoichiometry of about 0.10 compared to the α sub-
unit. Although some high molecular weight material at
the top and near 68 kDa was also present on some gels
(Fig. 1, lanes 4–6), this material was only observed spo-
radically and appeared to have resulted from incomplete
denaturation of the enzyme.

These results suggested that the composition of the
high molecular weight POR differed from that of the low
molecular weight POR by the presence of an additional
polypeptide. However, this conclusion proved not to be
true. To confirm the subunit compositions of the PORs, the
high and low molecular weight enzymes were first elec-
trophoresed by native gradient PAGE. After staining, the
gel band was excised, treated with SDS sample buffer,
and separated by SDS-PAGE. Following this second elec-
trophoresis, the fifth polypeptide (21.5 kDa) was observed
in both forms of the POR (Fig. 1, lanes 5, 6). In an attempt
to explain the different results for the low molecular weight
POR, the two protocols were examined in detail. A major
difference was that the samples were not heated in prepa-
ration for SDS-PAGE during the second procedure.
Therefore, the low molecular weight POR was prepared
for SDS-PAGE without heating, and the 21.5 kDa poly-
peptide was also visible (data not shown). Therefore, both
the low and high molecular weight forms of POR ap-
peared to contain five polypeptides. For whatever reason,
the fifth polypeptide in the low molecular weight form ap-
peared to be heat labile. Possibly, the low molecular

weight form was contaminated by small amounts of heat-
activated protease.

To confirm the identities of the POR subunits, the N-ter-
minal amino acid sequences of the polypeptides were
determined. For the low molecular weight POR, the se-
quences were: 47-kDa polypeptide: L-E-V-K-V-I-T-G-T-
L-A-A-L-E-A-A-K-L-A-D-V-L-X-I-A-A-Y; 33-kDa poly-
peptide: L-G-S-Q-F-P-R-E-L-G-F-A-P-G-H; 25-kDa poly-
peptide: M-K-E-V-R-F-H-G-R-G-G-Q-G-A-V-T-A-A-Q-
I-L-A-K-A-A-F-Y-D; and 13-kDa polypeptide: V-N-T-G-
T-I-I-Y-E-P-G-S. These sequences showed similarity to
the N-terminal sequences of the POR subunits from other
methanogens (Tersteegen et al. 1997) and confirmed the
homology of the methanococcal enzyme. For the high
molecular weight POR, the sequences for the 47-kDa and
25-kDa subunits were found to be identical with those of
the low molecular weight POR. Therefore, these prepara-
tions were forms of the same enzyme. In addition, the 
N-terminal sequence of the 21.5-kDa polypeptide of the
high molecular weight form was M-K-K-V-M-M-V-N-E-
A-X-D-N-X-G-D-X-V-K-S.

The UV-visible spectrum of the purified enzyme under
anaerobic conditions was determined. The enzyme possessed
a broad absorbance between 350 and 500 nm, which was
consistent with the presence of nonheme Fe. Assuming a mo-
lecular weight of 190,000, the extinction coefficient of meth-
anococcal POR at 280 nm and 390 nm was 2.8×105 M–1

cm–1 and 7.4×104 M–1 cm–1, respectively, when the protein
concentration was determined by Bradford’s method with
bovine serum albumin as the standard.

Catalytic properties

Because the physiological electron donor for the methano-
coccal POR was not identified (see below), the catalytic
properties of the nonphysiological, oxidative reaction
were determined using artificial electron acceptors. These
properties are expected to be somewhat different from those
of the biosynthetic reaction determined with the physio-
logical electron carrier. Nevertheless, they are of interest
for comparative purposes. The specific activity of the pu-
rified enzyme was affected by the reaction temperature
and pH. At 37 °C, maximal activity was obtained at pH 7.3
(data not shown). Comparable activities were obtained in
both HEPES and Tricine buffers at this pH. At pH 7.3, the
temperature optimum was 60 °C, and the activity detected
at 60 °C was five times the activity detected at 37 °C (data not
shown). The Arrhenius plot was also biphasic. Over the
25–40 °C range, the activation energy was 84.3 kJ/mol.
Over the 40–60 °C range, the activation energy was 
45.5 kJ/mol. This latter value was close to that found for
the POR from Methanosarcina barkeri (Bock et al. 1996).

The purified enzyme had a broad substrate specificity.
In the presence of CoA, it oxidized pyruvate, oxaloac-
etate, α-ketobutyrate, and indol-3 pyruvate with specific
activities of 7.4, 6.5, 3.6, and 0.3 U mg–1, respectively. These
values were lower than those obtained with freshly iso-
lated enzyme because of the rapid loss in activity upon
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storage. In contrast, the oxidation of α-ketoglutarate, α-keto-
isovalerate, α-ketoisocaproate, and phenyl pyruvate were
less than 0.05 U mg–1, which was the limit of detection for
this assay. The apparent Kms for pyruvate, oxaloacetate,
and α-ketobutyrate were 115, 264, and 205 µM, respec-
tively. The apparent Vmaxs were 7.7, 5.0, and 3.6 U (mg of
protein)–1, respectively. Assuming a molecular weight of
190,000, the kcat values were 27, 18, and 13 s–1, respec-
tively. With 20 mM pyruvate, at 37 °C, pH 7.3, the appar-
ent Km and Vmax for CoA were 5.8 µM and 8.1 U (mg of
protein)–1, respectively. Substrate inhibition by CoA is
common and has been observed with POR from a number
of sources (Inui et al. 1989; Kerscher and Oesterhelt
1981; Meinecke et al. 1989; Uyeda and Rabinowitz 1971;
Williams et al. 1987). However, it was not observed with
the methanococcal enzyme with CoA concentrations up to
100 µM.

The methanococcal POR reduced clostridial rubredoxin,
clostridial and spinach ferredoxin, cytochrome c, FMN,
and FAD (Table 2). No activity was detected with NAD+,
NADP+, and vitamin K1. The low activities with the
ferredoxins were consistent with the inability of a ferre-
doxin purified from Methanothermococcus thermolitho-
trophicus to couple to POR from that organism (Hatchi-
kian et al. 1989). Because the M. maripaludis genome
contains 18 ORFs, annotated as ferredoxin or ferredoxin-
related proteins (J. Leigh, University of Washington, per-
sonal communication), it is possible that another ferre-
doxin may couple to POR. Rubredoxin was also an elec-
tron acceptor for the enzyme from Chlorobium tepidum
(Yoon et al. 1999). However, given its electropositive
midpoint potential, it was unlikely to be a physiological
electron carrier of the methanococcal POR.

Because flavins were readily reduced, it seemed possi-
ble that FMN or FAD could be the physiological electron
carrier. Moreover, FAD stabilized the enzyme during chro-
matography and inhibited the reduction of methyl viologen
(see below), suggesting that the POR contained a flavin
binding site. However, the apparent Kms, Vmaxs, and kcats
for FMN and FAD were 4.6 and 5.0 µM, 2.5 and 2.1 U

(mg of protein)–1, and 8.7 and 7.4 s–1, respectively. These
Km values were somewhat higher than is common for
many flavoproteins but is within the range found for en-
zymes that use free flavins as substrates (Filisetti et al.
2003). However, the catalytic efficiencies or kcat/Km val-
ues were calculated to be 2.4–3.2×104 min–1 M–1, which
were about two orders of magnitude lower than observed
for the likely physiological electron carriers of other PORs
(Furdui and Ragsdale 2000, Yoon et al. 2001). Therefore,
it is unlikely that flavins were the physiological electron
carrier of the methanococcal POR. However, it still is
possible that flavins play an important regulatory or struc-
tural role in the enzyme.

Although coenzyme F420 was reduced in the dialyzed
cell extract with pyruvate and CoA and has been proposed
to be the physiological electron donor (Zeikus et al. 1977),
it was not utilized as an electron acceptor by purified POR
(Table 3). No decrease of the absorbance at 420 nm was
observed after 30 min of incubation of reaction mixtures
at 37 °C in the dark. To test the possibility that a flavin
was required that had been removed during purification,
the enzyme was preincubated with 10 µM FAD or FMN at
37 °C for 5 min prior to the assay. However, this preincu-
bation inhibited subsequent methyl viologen reduction
and did not activate coenzyme F420 reduction. As a control
for the quality of the coenzyme, the preparation of coen-
zyme F420 was reduced by the formate dehydrogenase ac-
tivity in cell extracts, and the ratio of activities with F420/
methyl viologen, 0.26, was in the normal range, 0.01–
0.42 (Table 3). Thus, failure of the methanococcal POR to
use coenzyme F420 as an electron donor was not due to
modification of the coenzyme that may have occurred in
purification (Baron and Ferry 1989; Muth et al. 1987;
Nelson et al. 1984; Schauer and Ferry 1983). In conclusion,
like the enzyme from Methanosarcina (Bock et al. 1996),
the methanococcal POR is not coenzyme F420-dependent.

Inhibitors

The activity of the purified enzyme was inhibited by O2
and dithionite, but only slightly or not at all by glyoxylate,
nitrite, CO or potential physiological effectors. Compared
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Table 2 Electron acceptors for the M. maripaludis POR. The low
molecular weight form of POR was used after the PBE column.
The activities with the electron donors were determined by the ex-
tinction coefficients as described in Materials and methods

Electron acceptor Concentration Specific activity 
(U mg–1)

Methyl viologen 5 mM 9.05
Coenzyme F420 26 µM <0.004
Clostridial rubredoxin 20 µM 4.02
Clostridial ferredoxin 2.5 µM 0.22
Spinach ferredoxin 8.3 µM 0.22
FAD 0.5 mM 1.27
FMN 0.5 mM 3.17
NAD+ 5 mM <0.15
NADP+ 5 mM <0.15
Cytochrome c 0.1 mM 0.48
Vitamin K1 1.1 µM <0.10

Table 3 Activity of the purified POR and cell extracts with coen-
zyme F420. Activities were determined in 100 mM HEPES buffer,
pH 7.5, at 37 °C. FDH Formate dehydrogenase, MV methyl violo-
gen, –, not determined

POR specific activity FDHb specific activity 
(U/mg of protein) (U/mg of protein)

MV coenzyme F420 MV coenzyme F420

Cell extract 1.43 0.61 184 48
Dialyzed cell extract 1.92 0.45 178 73
Purified enzymea 4.95 <0.0004 – –
+ FAD 0.16 <0.007 – –

aThe POR was the low molecular weight form after the PBE col-
umn



with the enzyme in the cell extract, the purified enzyme
was more sensitive to O2. The half-life was 5.2 min when
the purified enzyme was exposed to air in an ice bath. In
contrast, about 40% of the activity in the cell extract re-
mained after 40 min in air at 2 °C. After inactivation of the
purified enzyme by oxygen, activity was not restored by
replacing the oxygen with nitrogen and adding 10 µM
dithionite, a quantity sufficient to produce a light blue color
in the assay solution containing methyl viologen. In addi-
tion to oxygen, the purified enzyme was also inactivated
by sodium dithionite, which is sometimes added to purifi-
cations to protect O2-sensitive enzymes. Enzyme activity
was lost during incubation in buffer containing dithionite,
and the loss of activity was dithionite-dependent. With 
5 mM dithionite, the half-life was 7 h at 2 °C, with about
90% of the original activity being lost after 24 h. The en-
zyme was also weakly inhibited by high concentrations of
glyoxylate and nitrite. In the presence of 20 mM glyoxy-
late, about 40% of the original activity was lost. However,
2 mM glyoxylate inhibited only 6%. Thus, the glyoxylate
inhibition was not as potent as found for the enzyme from
other sources. In cell-free extracts of Clostridium kluyveri,
the Ki of the glyoxylate was 61 µM (Thauer et al. 1970).
In cell-free extracts of M. thermautotrophicus, 2 mM gly-
oxylate was required for the 67% inhibition (Zeikus et al.
1977). With 20 mM sodium nitrite, about 29% of the orig-
inal activity was lost. In contrast, the Ki for nitrite by the
Pyrococcus furiosus enzyme was 11 mM (Blamey and
Adams 1993). Unlike the pyrococcal enzyme, the methano-
coccal POR was not inhibited by CO. Potential affectors
such as ATP, ADP, AMP, cAMP, GTP, GDP, GMP, NAD+,
NADH, and glyceraldehyde 3-phosphate, at concentra-
tions of 2 mM, did not affect the activity of purified POR.

Identification of the M. maripaludis por cluster

The M. jannaschii genomic sequence possessed two clus-
ters of ORFs, annotated as ferredoxin-dependent oxidore-
ductases (Bult et al. 1996). One of these was identified as
POR based upon similarity to the N-terminal sequences
from the M. maripaludis polypeptides. A probe for the

M. maripaludis genes, MJPOR, was then constructed from
the plasmid AMJHM83 (Fig. 2). This plasmid contained a
1.7-kb insert that included porC in its entirety and por-
tions of porB and porD from M. jannaschii. Southern hy-
bridization identified 6.1-kb and 1.4-kb fragments from
EcoR1- and HindIII-digested M. maripaludis genomic DNA,
respectively. Double digestion of genomic DNA confirmed
that the HindIII fragment was internal to the EcoRI frag-
ment. A partial library was created using HindIII-digested
M. maripaludis genomic DNA and screened by hybridiza-
tion to MJPOR. Upon sequencing, the clone containing
the 1.4-kb HindIII insert DNA was found to include se-
quences homologous to a region within porC from the M.
jannaschii por gene cluster. The HindIII fragment from
M. maripaludis was then used as a probe to isolate a clone
possessing the 6.1-kb EcoRI fragment.

Analysis of the nucleotide sequence of the 6.1-kb
EcoRI fragment revealed nine complete and one partial
ORFs, four of which (porABCD) had sequence similarity
to POR genes identified from P. furiosus and M. janna-
schii (Fig. 2) (Adams and Kletzin 1996; Bult et al. 1996).
The homologous genes from M. thermautotrophicus ap-
peared to contain a fusion of porA and porB from these
other organisms. The percent similarity of the amino acid
sequences of the genes in the M. maripaludis por gene
cluster to P. furiosus, M. jannaschii, and M. thermautotro-
phicus genes was in the range of 48–79% (Fig. 2). porA,
porB, porC, and porD were 527, 254, 1160, and 890 bp,
respectively, and encoded for polypeptides of approxi-
mately 19.6, 9.4, 42.1, and 33.2 kDa, respectively. These
estimated molecular masses corresponded favorably to
the Mrs of the polypeptides from the purified enzyme. Ad-
ditionally, the deduced N-terminal sequences of porABCD
corresponded to the N-terminal sequences of the M. mari-
paludis POR α, β, γ, and δ subunits. Further analysis of
the porABCD sequences revealed potential ribosomal bind-
ing sites for all four ORFs, motifs characteristic of con-
served [4Fe–4S] clusters in both porA and porB, and mo-
tifs suggestive of a characteristic [4Fe–4S] cluster and
TPP-binding site in porD. These motifs were very similar
to those found in the P. furiosus and M. jannaschii genes.
Moreover, all the motifs required for coenzyme and
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Fig. 2 Sequence of the 6.1-kb
EcoRI fragment containing the
por genes from M. maripaludis
genomic DNA. MJPOR repre-
sents the location of the M. jan-
naschii clone that was used to
isolate the original M. maripa-
ludis HindIII fragment Mm-
PORαβ. Hybridization to the
HindIII fragment was used to
isolate this EcoRI fragment en-
coding the entire gene cluster



[Fe–S] cluster binding that were identified in the crystal
structure of the Desulfovibrio africanus POR were found
(Chabrière et al. 1999).

Analysis of porEF

Immediately downstream of porD were two ORFs, referred
to here as porE and porF. These ORFs were expected to
encode polypeptides of 167 and 138 amino acids, 18 and
17 of which were cysteinyl residues, respectively (Fig. 3).
They were named PorE and PorF to avoid confusion with
the previously named subunits of the catabolic PORs. One
motif indicative of [4Fe–4S] clusters was present in porE,
while two motifs were present in porF, suggesting a pos-
sible function in electron transfer. Moreover, these pro-
teins have sequence similarity to the DmsB subunit of the
dimethylsulfoxide reductase, which has four [4Fe–4S]
clusters (Rothery and Weiner 1991). The estimated mo-
lecular mass of PorE was 18.5 kDa, which was similar to
the actual molecular mass of the 21.5-kDa polypeptide
that copurified with the POR. In addition, the N-terminal
sequence of this polypepetide was identical to that of the
translation product of porE.

Homologs with high similarity to PorE and PorF were
also present immediately downstream of the por gene clus-

ters in the genomic sequences of the autotrophic methano-
gens M. jannaschii (MJ0265 and MJ0264, respectively)
and M. thermautotrophicus (MTH1737 and MTH1736,
respectively) but not in the gene clusters encoding PORs
from other archaea such as Archaeoglobus fulgidus and
P. furiosus. Other homologous cysteine-rich ORFs were
also found immediately downstream to the CODH/ACS
gene cluster in M. maripaludis, M. jannaschii, and M. ther-
mautotrophicus. In phylogenetic analyses, the homologs
associated with porE, porF and CODH/ACS gene clusters
grouped together (Fig. 4). For instance, the porF homo-
logs clustered together with high bootstrap support when
analyzed by neighbor-joining, Fitch-Margoliash, and par-
simony methods in both an alignment of the nearly com-
plete sequences and an alignment of only the most conserved
regions. Although the bootstrap support was somewhat
lower, the CODH/ACS gene cluster was also found by all
three algorithms (Fig. 4). While the porE homologs formed
a cluster with low bootstrap support in the neighbor-join-
ing and Fitch-Margoliash analyses (Fig. 4), MTH1737
formed a deep branch associated with the homologs from
the CODH/ACS gene cluster in the most parsimonious
trees. The somewhat different placement by different al-
gorithms was not surprising given the small sizes of these
sequences and the small number of informative positions.
Together, the phylogenetic similarities and locations on
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Fig. 3 Structural features of
the PorE and PorF homologs
from Methanococcus mari-
paludis (MM), Methanocaldo-
coccus jannaschii (MJ), and
Methanothermobacter ther-
mautotrophicus (Mth). Con-
served cysteinyl residues are
indicated by �. Dotted lines
denote the location of the con-
sensus sequence for the bind-
ing sites of [4Fe–4S] clusters



the genomes suggested that these genes have similar func-
tions in the different hydrogenotrophic methanogens and
that they were conserved within these organisms.

Other homologs with high sequence similarity formed
separate clades. M. jannaschii had two additional homo-
logs that were much larger in size (data not shown).
MJ1193 was greater than twice the size of porE and was a
subunit of the methyl viologen-reducing hydrogenase. It
was also homologous to the M. thermautotrophicus ORF
MTH1133. Similarly, the homolog MJ1303 contained
greater than 300 amino acid residues more than porE. The
M. thermautotrophicus genome sequence contained one
additional homolog, MTH0105, that appeared to represent
a fusion to a subunit of glutamate synthase. A. fulgidus
possessed four homologs (AF1202, AF0076, AF0950,
AF2385) of about the same size as porE, but they were
not linked to the gene clusters encoding the POR or CODH/
ACS and did not group with the methanococcal ORFs in
phylogenetic analyses (Fig. 4). AF1202 was found in the
genome near a subunit of formate dehydrogenase and was
similar to a homolog in Pyrococcus abyssii PAB1390

(Fig. 4), but there was no evidence for the function of the
other ORFs. In addition, A. fulgidus contained AF0175, a
homolog that was larger than porE and near a DMSO re-
ductase subunit in the genome (data not shown). Lastly,
additional homologs were found in the P. abyssii and
P. horikoshi genomic sequences. The ORFs PAB2084and
PH0893 (in P. horikoshi) were very similar and appeared
next to a subunit of formaldehyde dehydrogenase. In the
neighbor-joining and the Fitch-Margoliash analyses, these
ORFs clustered with porF with low bootstrap support
(Fig. 4). However, in the parsimony analyses, they clus-
tered with the Archaeoglobus ORFs AF0076 and AF0950
(data not shown). In addition to these homologs with high
similarity, there were a large number of homologs of low
similarity from a variety of archaea and bacteria. These
ORFs were typically annotated as formate hydrogenlyase
subunit 2 (HycB), a subunit of dimethylsulfoxide reduc-
tase DmsB, homologs of YsaA and HydN, glutamate syn-
thase, or ferredoxin.

Discussion

For hydrogenotrophic methanogens, the biosynthesis of
pyruvate is bioenergetically unfavorable under the condi-
tions of methanogenesis in the environment. For instance,
at 10–4 atm of H2, which is typical for many habitats of
methanogens, the E′ of the H2/H+ couple is only –296 mV
(Zinder 1993), or far less than the midpoint potential of
the acetyl-CoA/pyruvate couple of about –500 mV (calcu-
lated from Thauer et al. 1977). Thus, the �G for the re-
duction of acetyl-CoA + CO2 under these conditions would
be about +39 kJ/mol. This change in free energy is so pos-
itive that the reaction would be expected to remain unfa-
vorable in the presence of any physiologically likely con-
centration of substrates. For instance, the pool sizes of
HS-CoA and acetyl-CoA in Methanothermobacter mar-
burgensis (formerly M. thermautotrophicus strain Mar-
burg) are 40 µM and 52 µM, respectively (Rühlemann et
al. 1985). Given CO2 and H2 concentrations of 10–1 atm
and 10–4 atm, respectively, the cellular concentration of
pyruvate at equilibrium would be about 20 nM. This con-
centration is far below the physiological concentration and
implies that an additional energy source is necessary for
pyruvate biosynthesis by the hydrogenotrophic methano-
gens.

At the beginning of these studies, two types of energy
sources for pyruvate biosynthesis seemed possible. The
first type consisted of sources intrinsic to the pyruvate ox-
idoreductase reaction. Thus, pyruvate biosynthesis might
require hydrolysis of a high-energy substrate such as ATP
to drive the reaction. However, the catalytic properties of
the purified POR from M. maripaludis are similar to those
of the catabolic enzyme from Pyrococcus and other
sources (for a review, see Adams and Kletzin 1996). If
ATP or some other substrate was required for reduction of
acetyl-CoA + CO2, then the hydrolysis product would be
expected to be required for the oxidation of pyruvate. No
evidence was obtained for additional substrates in the ox-
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Fig. 4 Phylogenetic relationships of the PorE homologs associated
with the POR and CODH/ACS gene clusters of the hydro-
genotrophic methanogens M. maripaludis (MMJJ for strain JJ and
MMS2 for strain S2), M. thermautotrophicus (MTH) and M. jan-
naschii (MJ). For comparison, additional homologous ORFs of
about the same size and high sequence similarity were included
from the euryarchaeotes Archaeoglobus fulgidus (AF) and Pyro-
coccus abyssii (PAB). The dendrogram was based upon an align-
ment of conserved positions and was generated by the Fitch-Mar-
goliash algorithm. With the exceptions discussed in the text, it was
largely congruent with the dendrograms generated by neighbor-
joining and parsimony (not shown). Bootstrap values for all three
dendrograms were also nearly identical and indicated by the sym-
bols on the branch-points: values >88% are indicated by (�), val-
ues >70% are indicated by (�). Scale bar 0.2 expected amino acid
substitutions per site



idative reaction. Therefore, this possibility is unlikely.
Similarly, the enzyme from the hydrogenotrophic M. ther-
mautotrophicus also appears to be a typical POR (Terstee-
gen et al. 1997). Another intrinsic mechanism might be
coupling pyruvate biosynthesis directly to the proton-mo-
tive force. In this case, the POR would be expected to be
membrane-associated. Although this possibility can not
be easily eliminated, the POR from M. maripaludis ap-
peared in the soluble fraction and was not an intrinsic
membrane protein.

In the absence of clear evidence for an intrinsic cou-
pling to an energy source, extrinsic possibilities need to be
considered. In this type of coupling, cells could utilize an
additional energy source to generate a strong reductant for
the POR so that pyruvate biosynthesis would be favor-
able. As precedents for this model, the catabolic POR of
Clostridium [Moorella] thermoaceticum biosynthesized
pyruvate in vitro when the enzyme was supplied with a
strong reductant by coupling to the carbon monoxide de-
hydrogenase and CO oxidation (Furdui and Ragsdale
2000). Although this reaction is possible in vitro, it is not
plausible physiologically because high concentrations of
CO required are not present. Similarly, the biosynthetic
reaction of the Chlorobium tepidum POR requires special
low-potential ferredoxins (Yoon et al. 2001). Presumably,
these ferredoxins would be reduced by light-driven reac-
tions in this organism. For methanococci, a detailed phys-
iological model for coupling pyruvate biosynthesis to an
energy source is not known. However, an attractive possi-
bility is that the energy in the proton-motive force would
be utilized to drive the unfavorable reduction of a very
electronegative electron acceptor by H2. M. maripaludis
contains two homologs of the membrane-bound ech hy-
drogenase found in M. thermautotrophicus and Methano-
sarcina barkeri (W.B. Whitman, unpublished results, and
J. Leigh, University of Washington, personal communica-
tion; Künkel et al. 1998; Meuer et al. 1999). This enzyme
system contains components homologous to the mitochon-
drial complex I and is believed to couple H2-oxidation to
the proton-motive force (Albracht Hedderich 2000). In
Methanosarcina, mutants in this enzyme complex lose the
ability to biosynthesize pyruvate (Meuer et al. 2002), pro-
viding direct evidence for its role in generating a strong
reductant for POR in that organism.

The discovery of a novel cysteinyl-rich polypeptide in
the anabolic POR of methanococci suggests that this pro-
tein could be a component of a specialized system re-
quired to transfer low-potential electrons for pyruvate
biosynthesis. The evidence in support of this proposal is
five-fold.(1) Because PorE copurified with the POR, it
must be capable of binding to this enzyme. (2) PorE and
its homologs possess the structural features common to
polyferredoxins and other electron carriers, including
[Fe–S] motifs and a high cysteinyl content. Therefore, the
limited structural information that is available is consis-
tent with this function. (3) Although homologs of these
proteins have not been well characterized and their mid-
point potentials have not been determined, they typically
play some role as electron carriers. Annotated as formate

hydrogenlyase subunit 2, a domain of the large subunit of
glutamate synthase, or ferredoxin, they appear to function
over a broad range of midpoint potentials more electro-
negative than quinones (Böck and Sawers 1996; Vanoni
and Curti 1999). In E. coli, the formate hydrogenlyase
subunit 2 is also proposed to couple with the ech hydrog-
enase (Sauter et al. 1992), a function very similar to the
one proposed here for PorE. For the function proposed
here, the midpoint potential of the methanococcal proteins
would have to be near –500 mV. (4) The distribution of
homologs of PorE in other methanococci as well as Meth-
anothermobacter support its presumed role in the ana-
bolic reaction. Its absence from organisms in which the
POR is primarily catabolic, such as Pyrococcus, is consis-
tent with this interpretation. However, the absence of ho-
mologs associated with the Archaeoglobus POR genes and
the M. barkeri enzyme suggest that these proteins may be
a specialized adaptation of the hydrogenotrophic methano-
gens and not necessarily a general mechanism for all ana-
bolic PORs in archaea. (5) The presence of a homolog as-
sociated with the operon encoding the CODH/ACS pro-
vides further support for the proposed function. Like the
POR, this enzyme system is also be expected to require a
low-potential electron donor to generate the carbonyl
group of acetyl-CoA from CO2. Although PorF was not
found associated with the purified POR, it seems likely
that it also would play an important role in this process for
many of the same reasons. Presumably, this polypeptide is
more weakly associated with the enzyme and is removed
during the purification. However, further experiments will
be necessary to test the role of these proteins in the POR
as well as CODH/ACS reactions.
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Abstract The operon of the anabolic pyruvate oxidore-
ductase (POR) of Methanococcus maripaludis encodes two
genes (porEF) whose functions are unknown. Because
these genes possess sequence similarity to polyferredox-
ins, they may be electron carriers to the POR. To elucidate
whether the methanococcal POR requires PorEF for activ-
ity, a deletion mutant, strain JJ150, lacking porEF was con-
structed. Compared to the wild-type strain JJ1, the mutant
grew more slowly in minimal medium and minimal plus
acetate medium, and pyruvate-dependent methanogenesis
was inhibited. In contrast, the methyl-viologen-dependent
pyruvate-oxidation activity of POR, carbon monoxide de-
hydrogenase, and hydrogenase activities of the mutant were
similar to those of the wild-type. Upon genetic comple-
mentation of the mutant with porEF in the methanococcal
shuttle vector pMEV2+porEF, growth in minimal medium
and pyruvate-dependent methanogenesis were restored to
wild-type levels. Complementation with porE alone re-
stored methanogenesis from pyruvate but not growth in
minimal medium. Complementation with porF alone par-
tially restored growth but not methanogenesis from pyru-
vate. Although the specific roles of porE and porF have
not been determined, these results suggest that PorEF play
important roles in the anabolic POR in vivo even though
they are not required for the dye-dependent activity.

Keywords Pyruvate oxidoreductase · Methanococcus ·
Archaea · Methanogenesis · Ferredoxin

Abbreviations CODH/ACS Carbon monoxide
dehydrogenase/acetyl-CoA synthase · POR Pyruvate
oxidoreductase

Introduction

The anabolic pyruvate oxidoreductase (POR) in Methano-
coccus maripaludis catalyzes the energetically unfavor-
able reductive carboxylation of acetyl-CoA to form pyru-
vate. Pyruvate, a key precursor for amino acid and sugar
biosynthesis in Methanococcus, then enters the incom-
plete reductive tricarboxylic acid and gluconeogenic path-
ways (Shieh and Whitman 1987; Yu et al. 1994). Upon
purification, the methanococcal POR contains five poly-
peptides, four of which are similar to the α, β, γ, and δ
subunits of PORs initially characterized in hyperther-
mophiles (Blamey and Adams 1993; Adams and Kletsin
1996; Lin et al. 2003). The fifth polypeptide, PorE, appears
to be present only in hydrogenotrophic methanogens like
M. maripaludis, Methanocaldococcus jannaschii, and
Methanothermobacter thermautotrophicus. Additionally, the
M. maripaludis por operon encodes ORFs (porABCDEF) cor-
responding to the N-terminal sequences of all five polypep-
tides found in the purified enzyme and an additional ORF
(porF) with sequence similarity to porE (Lin et al. 2003).
The predicted amino acid sequences of porE and porF
contain iron–sulfur motifs, thus implying a possible ferre-
doxin-like electron transfer function. A homolog to porE
is also found next to the carbon monoxide dehydroge-
nase/acetyl-CoA synthase (CODH/ACS) gene cluster in
these hydrogenotrophic methanogens. Like POR, the re-
duction catalyzed by CODH/ACS is very endothermic
when H2 is the electron donor. Thus, it was proposed that
PorE and its homologs are specialized, low-potential elec-
tron carriers for the methanococcal POR and other enzymes
catalyzing endothermic anabolic reactions (Lin et al. 2003).
Evidence supporting this hypothesis comes from work 
on Moorella [Clostridium] thermoacetica, Chlorobium
tepidum, and Hydrogenobacter thermophilus PORs, which
require low-potential ferredoxins for pyruvate synthesis
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(Furdui and Ragsdale 2000; Yoon et al. 1996, 1997, 2001).
The studies presented here provide additional evidence
that porEF are involved in pyruvate biosynthesis.

Materials and methods

Bacterial strains, plasmids, media and culture conditions

The sources of the microbial strains and plasmids are listed in
Table 1.

M. maripaludis was grown in 28-ml stoppered tubes with 
275 kPa H2/CO2 gas (80:20, v/v ) at 37 °C in McN mineral medium
as described previously (Jones et al. 1983; Whitman et al. 1986).
Variations of McN medium used were: McNA (mineral medium
plus 10 mM sodium acetate) and McCA (McNA plus 2% casamino
acids, 1%(v/v) vitamin mixture (Whitman et al.1986) and 3 mM 
2-mercaptoethanesulfonic acid), modified McCA+alanine in which
the sole nitrogen source, ammonium chloride, was replaced with
2.5 mM alanine, and McCAP (McCA plus 10 mM pyruvate). In
some cases, either puromycin or neomycin was added to final con-
centrations of 2.5 µg ml–1 or 500 µg ml–1, respectively.

Large-scale cultures for preparation of cell-free extracts were
grown in an 11-l fermentor as described by Shieh and Whitman
(1988) except that McCA was used instead of McC. The fermentor
was prepared as follows: McCA (11 l) with the sodium bicarbonate
reduced to 2 g l–1 was prepared and autoclaved under H2/CO2 gas
for 20 min. Following the autoclave cycle, the fermentor was cooled
to 37 °C with H2/CO2 at 100 kPa and a flow rate of 100–250 ml/min.
Additionally, 5 ml of a 20% (w/v) solution of Na2S.9H2O was
added twice a day during growth. The inoculum was 200 ml of cul-
ture grown on the same medium in bottles. Prior to harvesting, the
cells were examined for the mutant phenotype by monitoring growth
in McCA and McN media in 28-ml stoppered tubes and methane
evolution from pyruvate as described later. The experiments were
carried out to insure that reversion by mutations at a second site
had not occurred. Cells were harvested in the early stationary phase
with a Sharples continuous-flow centrifuge. The harvested cells
were resuspended with 25 mM PIPES-KOH buffer containing 1 mM

dithiolthreitol and 1 mM cysteine-HCl, pH 6.8, with 0.5 mg DNase I
per 10 g wet weight of cells, as described by Shieh and Whitman
(1987). The resuspended cells were aliquoted into 2-ml volumes
and stored at –20°C under H2 gas until further use.

E. coli strain Top 10 was grown at 37 °C on low salt Luria-
Bertaini medium as described by Invitrogen (Carlsbad, Calif., USA).
For liquid and solid media, kanamycin (50 µg ml–1) or ampicillin
(50 µg ml–1) were added to cultures containing the plasmids pZErO-2
or pIJA03, respectively.

Growth of both M. maripaludis and E. coli were monitored at
600 nm with a Spectronic 20 spectrophotometer (Baush and Lomb,
New York, USA).

Transformation and plasmid purification

M. maripaludis was transformed by the polyethylene glycol method
(Tumbula et al. 1994). E. coli Top 10 transformations were done
using a Gene Pulser electroporator (BioRad, Richmond, Calif.,
USA) at 200 W, 2.5 kV, and 25 mF with 0.2-mm-gap cuvettes.
Plasmids were purified using the QIAgen spin miniprep kit (Qiagen,
Germany) according to the manufacturer’s instructions.

Construction of ∆porEF::pac mutants

porEF deletions in the M. maripaludis genome were accomplished
using pIJA03+CR (Fig. 1). The plasmid pIJA03 is an integration
vector that lacks an origin of replication for methanococci and con-
tains a pac cassette (Statholopolous et al. 2001). The pac cassette,
which encodes puromycin resistance, is flanked by two multiple
cloning sites (MCS) to allow either single or double recombina-
tion into the M. maripaludis genome for directed gene deletions 
(Gernhardt et al. 1990; Statholopolos et al. 2001). To construct
pIJA03+CR, a 1049 bp region within porD was amplified by PCR
using the primers 5′Crinact-MCS1 (5′-CCCCCCGCAGATCTGT-
TGTAGGTCTTGGTGGAAGG-3′) and 3′Crinact-MCS1 (5′-CCC-
CCCGCTCTAGAAGACCGTATTCGTCGCATTTC Y-3′). These
primers introduced BglII and XbaI sites (underlined) into the PCR
amplicon. The PCR amplicon was digested with BglII and XbaI
and ligated into the MCS1 upstream of the pac cassette. Similarly,

69

Table 1 Bacterial strains and
plasmids utilized in this study.
POR Pyruvate oxidoreductase

Bacterial strain or
plasmid

Genotype or description Source or reference

M. maripaludis strains
   JJ1 Wild-type Jones et al. (1983)
   JJ150 DporEF::pac This work
   JJ153 D porEF::pac/pMEV2+porEF This work
   JJ154 D porEF::pac/pMEV2+porE This work
   JJ155 D porEF::pac/pMEV2+porF This work
   E. coli Top10 General cloning strain Invitrogen

Plasmids
   pZero +POR Kanr cloning vector plus Methanococcus

maripaludis POR operon
Lin et al. (2003)

   pIJA03 Purr methanogen integration vector Stathopoulos et al.
(2001)

   pIJA03 + CR Contains inserts to allow porEF deletion
in M. maripaludis genome

This work

   pMEV1 purr shuttle vector; derived from pWLG30+lac
in which nonessential regions were deleted

Gardner (2000)

   pBK-CMV Cosmid that contains Neor gene Stratagene
   pMEV2 Derived from pMEV1, neor shuttle vector This work
   pMEV2+porE pMEV2 with porE This work
   pMEV2+porF pMEV2 with porF This work
   pMEV2+porEF pMEV2 with porEF This work



an 800-bp region immediately downstream of porF was amplified
using primers 5′CRinactMCS2 (5′-CCCCCCGCACTAGTCGAG-
GCAGTGAAGTATGTCT-3′) and 3′CRinactMCS2 (5′-CCCCCC-
CGGTACCCGAGGCAGTGAAGTATGTCT-3′), which introduced
SpeI and KpnI sites. This PCR amplicon was digested, gel purified,
and ligated into the MCS2 downstream of the pac cassette in
pIJA03. Both PCR reactions were carried out for 30 cycles at 94 °C
for 1 min, 50 °C for 1 min, 72 °C for 2 min and 30 s. The final ex-
tension time was 5 min at 72 °C. The orientation of each insert was
confirmed by restriction mapping.

Prior to transformation, pIJA03+CR was linearized by diges-
tion with DrdI and FspI. This fragment was gel purified and trans-
formed into wild-type M. maripaludis strain JJ1 cells grown to
early stationary phase. After transformation, the cells were screened
on McCA, McCAP, and modified McCA+alanine plates that con-
tained puromycin.

From the transformation, random puromycin-resistant isolates
were restreaked on the same medium and transferred to stoppered
culture tubes containing 5 ml McCA medium plus puromycin. The
culture tubes containing the isolates were pressurized to 275 kPa
and incubated at 37 °C. After growth, 2 ml were used for determi-
nation of genotype and phenotype, while the remaining 3 ml of the
culture were stored as frozen stocks. To prepare the frozen stocks,
the culture tube was transferred to an anaerobic glove box where the
remaining culture was centrifuged in a microfuge. The supernatant
was discarded and replaced with 1 ml of 30% glycerol+McCA me-
dium (Tumbula et al. 1995). The cells were aliquoted into 0.2-ml
fractions, sealed into airtight cyrogenic tubes (Corning, New York,
USA) and stored at –80 °C. In order to avoid potential second-site
revertants, subsequent growth experiments were conducted after
the first transfer from the frozen stocks. Each experiment included
duplicates for each condition and was repeated at least once.

Methanogenesis from pyruvate

Cells were grown in McCA or McN under H2/CO2 to early sta-
tionary phase or an absorbance at 600 nm of 0.8–0.85. The cultures
were centrifuged at 2,500×g (Beckman centrifuge) for 15 min at
room temperature. Cell pellets were washed once and resuspended
in 5 ml Mc buffer (Yang et al. 1992). Mc buffer was similar in
composition to McN except that the bicarbonate concentration was
reduced from 5 g/l to 2 g/l and the gas phase was 183 kPa of
N2+CO2 (80:20, v/v). After resuspension, the cells were flushed
with N2/CO2 for 15 min, and 1 ml of the cell suspension was trans-
ferred to a 2.6-ml stoppered serum vial containing an atmosphere
of N2/CO2 and sodium pyruvate at a final concentration of 50 mM.
Methane from the headspace of the serum vial was measured with
a gas chromatograph equipped with a flame ionization detector
(FID; Varian, gas chromatograph model 3700, Sugar Land, Tex.,
USA) and a PorapakQ 80/100 column (Alltech, Houston, Tex.,
USA). The temperatures of the detector, injector, and column were
250, 180 and 120 °C, respectively. A standard curve was constructed
with 1% methane in N2 gas.

Preparation of cell-free extracts and enzymatic assays

All cell preparations and assays were done under strictly anoxic con-
ditions. An aliquoted cell suspension (2 ml) was thawed under a
stream of H2. The cells lysed upon thawing, and the suspension was
centrifuged at 30,000×g for 30 min at 4 °C. The supernatant was used
in the subsequent assays. The protein concentration of the supernatant
was measured using the BCA method (Pierce Chemical, Ohio, USA).

POR activity was measured anoxically as pyruvate and HS-CoA-
dependent methyl-viologen (MV) reduction (Shieh and Whitman
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Fig. 1a, b Replacement of
Methanococcus maripaludis
porEF genes with the pac cas-
sette. a Directed replacement
and inactivation of porE and
porF with the pac cassette was
accomplished through double
homologous recombination us-
ing pIJA03+CR. Prior to trans-
formation, pIJA03+CR was di-
gested with DrdI and FspI to
produce the linear plasmid.
b Verification of the genotype
of the mutant was determined
through PCR. Two sets of
primers were used: EF1 and
EF2, Pac1 and Pac2. Lane 1
DNA size standards, lane 2
amplification of mutant strain
JJ 150 with EF primers, lane 3
amplification of strain JJ1
(wild-type) using EF primers,
lane 4 amplification of strain
JJ150 with Pac primers, lane 5,
amplification of strain JJ1 us-
ing Pac primers



1988). Activities of the carbon monoxide dehydrogenase/ acetyl-
CoA synthase (CODH/ACS; Shieh and Whitman1988) and hy-
drogenase (Ragsdale and Ljungdahl 1984) were measured simi-
larly as CO- or H2-dependent reduction of methyl viologen, re-
spectively.

Construction of the methanococcal expression vector pMEV-2

The plasmid pMEV-2 developed in this study was derived from
pMEV1 and the cosmid pBK-CMV (Stratagene, Calif., USA),
which contained a neo/kan cassette for neomycin resistance. The
vector pMEV1 was based upon pWLG30+lacZ (Gardner and
Whitman 1999) except that regions near the ORFLESS 1 and 2
were deleted (Gardner 2000). The region downstream of the pac
promoter (Pmcr) containing the puromycin gene and the terminator
(Tmcr) from pMEV1 were replaced with the neo/kan cassette from
pBK-CMV (Stratagene). To replace the pac cassette in pMEV1,
the neo/kan cassette from pBK-CMV was amplified using the
primers MEV/Neo-Bam (5′-CCCCCCGGATCCGAGGCC TAG-
GCTTTTGCAAA-3′) and MEV/Neo-Eco (5′-CCCCCCAGGGC-
CTAGTAACCT GAGGCTATGGCA-3′) which contained BamHI
and Eco0109 sites, respectively, as underlined. The amplified
neo/kan cassette contained the HSV-TK polyA terminator but not
the SV-40 promoter. PCR amplification was carried out as de-
scribed above, and the amplicon was digested with BamHI and
Eco0109 for directed ligation into pMEV1 to create pMEV2. The
region chosen for the ligation of the neo/kan amplicon placed it
under the control of the Pmcr promoter. The structure of pMEV2
was verified through restriction mapping.

Complement of ∆porEF mutants

porE, porF, and porEF were amplified from the M. maripaludis
genomic DNA. For amplification of porEF, the primers used were
5′POR-E (5′-CCCCCCATGCATGAAAAAAGTAATGATGGT-3′)
and 3′-POR-EF (5′-CCCCCCTCTAGAAGAAAGAAAAATTG-
ATG-3′). For amplification of porE, the primers used were 5′POR-E
and 3′POR-E (5′-CCCCCCTCTAGAACTT CACCAGATAATT-
TTA-3′). For amplication of porF, the primers used were 5′POR-F
(5′-CCCCCCATGCATGAAGGTAATGCCAAATAT-3′) and 3′POR-
EF. The 5′ primers and the 3′ primers contained NsiI and XbaI re-
striction sites, respectively. After amplification, pMEV2 and porE,
porF, and porEF gene fragments were digested with NsiI and XbaI
and ligated to form pMEV2+porE, pMEV2+porF, or pMEV2+
porEF. The plasmids were transformed into E. coli Top 10 for
storage. These plasmids were transformed into M. maripaludis
strain JJ150 by the polyethylene-glycol method (Tumbula et
al.1994). Transformants were screened on McCA plates containing
neomycin.

Results and discussion

Mutagenesis of porEF and complementation

To determine whether porEF is required for POR activity,
deletion mutants were constructed by transformation of the
M. maripaludis wild-type strain JJ1 with pIJA03+CR. This
plasmid contained the pac cassette, encoding puromycin
resistance in methanococci, between the genes flanking
porEF on the M. maripaludis genome. Upon transformation
with the linearized plasmid, the wild-type was expected 
to acquire puromycin resistance through replacement of
porEF with the pac cassette (Fig. 1). Because pyruvate 
is an essential precursor for monomer biosynthesis in
methanococci, the transformants were plated in a variety
of media designed to minimize the pyruvate requirement.

McCA provided amino acids to spare the pyruvate re-
quired for amino acid biosynthesis. McCA+10 mM pyru-
vate was also used, but methanococci take up pyruvate
poorly and higher concentrations are inhibitory (Yang et
al. 1992). Lastly, medium with alanine as the sole nitrogen
source was also used. In this medium, 70% of the cellular
pyruvate demand of wild-type cells is obtained from ala-
nine (Yang et al. 2002). In all those media, the transfor-
mation efficiency was about 3×104 transformants per µg
of DNA, comparable to that of the positive control pBD1
in the same experiments. Transformation with pBD1 deletes
a portion of the gene encoding cysteinyl-tRNA synthetase,
which is cryptic in M. maripaludis (Statholopolous et al.
2001). The high transformation efficiency insured that the
mutants were not derived from rare genetic events or mul-
tiple mutations and that the transformants were capable of
growth on McCA medium without pyruvate or alanine.

The genotype of the mutants was confirmed by PCR
amplification with flanking primers (EF1 and EF2),
which resulted in a 1.8-kb product for the ∆porEF::pac
mutant. This increase from the 1,282-bp amplicon of the
wild-type resulted from replacement of the 790-bp porEF
region with the 1.3-kb pac cassette (Fig. 1). Additionally,
primers internal to the pac cassette produced a PCR prod-
uct of the expected size from the deletion mutant but not
from JJ1 genomic DNA, which did not possess the pac
cassette. All three of the deletion mutants that were iso-
lated, including strain JJ150, contained the correct geno-
type (Fig. 1 and data not shown).

Growth of the ∆porEF::pac mutant

Pyruvate is an essential precursor for monomer biosynthe-
sis in methanogens. Therefore, the ∆porEF::pac mutant
was expected to grow poorly. To test this hypothesis, the
H2/CO2-dependent growth characteristics of mutant strain
JJ150 were monitored with rich (McCA), minimal (McN),
and minimal+acetate (McNA) medium. The effect of pyru-
vate on growth was not determined because a degradation
product of pyruvate forms spontaneously in methanococ-
cal medium and inhibits growth (data not shown). Pre-
sumably, this product is the dimer parapyruvate, and ac-
etate is not detected following incubations of uninoculated
medium with pyruvate (Korff 1969, Yang et al. 1992).
The growth of strain JJ150 was comparable to that of the
wild-type in rich medium, where many of the monomers
required for growth were provided (Fig. 2A). However,
during the exponential phase strain JJ150 grew more slowly
than the wild-type in minimal medium, where higher lev-
els of pyruvate biosynthesis would be required. Because
cultures enter into a linear growth phase at high cell den-
sity due to H2 limitation, exponential growth is only ob-
served at low cell densities, below optical densities of 0.4
in Fig. 2A. Nevertheless, this difference was consistently
observed in six independent experiments. The doubling
times (means±standard deviations of four cultures) of the
wild-type in McN mineral and McCA complex media were
nearly the same, 3.5±0.9 h and 2.8±0.5 h, respectively. In
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contrast, the doubling times of mutant strain JJ150 were
5.1±2.1 h and 3.6±0.6 h, respectively, and the addition of
acetate caused even poorer growth (Fig. 2A). This pheno-
type is understandable if growth in the ∆porEF::pac mu-
tant was dependent on the porE homolog associated with
the CODH/ACS operon. In this case, exogenous acetate
would be expected to lower expression of this gene and
inhibit pyruvate biosynthesis.

The mutant was also grown on ammonia-free medium
with alanine as the nitrogen source. Under these condi-
tions, alanine is a major source of intracellular pyruvate
(Yang et al. 2002). Both the mutant and the wild-type grew
extremely slowly under these conditions in mineral+ac-
etate as well as in complex medium. In addition, upon re-
peated transfers of strain JJ150 in minimal medium (with
ammonia as the N-source), the growth properties became
indistinguishable from those of wild-type, indicating that
selection occurred for second-site mutations that compen-
sated for the original mutation.

To confirm that the observed phenotype was a result of
the ∆porEF::pac mutation, strain JJ153 was constructed
in which the deletion was complemented with porEF
cloned into the methanococcal expression vector pMEV2.
The growth in minimal medium was restored to wild-type
levels in strain JJ153 (Fig. 2B). Additionally, strains JJ154
and JJ155, which contained either porE or porF cloned
into pMEV2, respectively, provided partial complementa-
tion. By itself, porE had only a small effect, while growth
with porF alone was nearly sufficient to restore a wild-type

pattern of growth (Fig. 2B). Nevertheless, the requirement
for both porE and porF for full complementation suggests
that the two genes play important yet somewhat different
roles.

POR activity in the ∆porEF::pac mutant

The enzymatic activity of the POR in cell extracts of mu-
tant strain JJ150 and the wild-type JJ1 was determined. Due
to the oxygen-labile nature of POR, the activity of two
other oxygen-labile enzymes, the hydrogenase and the
CODH/ACS, were determined as controls. With methyl
viologen as the electron acceptor, activities in strain JJ150
and wild-type JJ1 grown in complex medium were similar
for all three enzymes (Table 2). Likewise, the specific ac-
tivities for these three enzymes in the wild-type and strain
JJ150 cells grown in miminal medium were also similar to
each other (data not shown). These results indicate that
the deletion did not have a large affect on the levels of
POR and its dye-dependent activity.

Pyruvate-dependent methanogenesis 
of the ∆porEF::pac mutant

Pyruvate serves as an electron donor for methanogenesis
in resting cells of methanococci in the absence of the phys-
iological electron donors H2 and formate (Yang et al. 1992).
If PorE and/or PorF are involved in electron transfer to the
POR, the deletion of porEF would be expected to inhibit
the in vivo oxidation of pyruvate and pyruvate-dependent
methanogenesis. In fact, pyruvate-dependent methano-
genesis was severely inhibited in the porEF::pac mutant,
where the activity was comparable to that found with en-
dogenous substrates (Table 3). In contrast, methanogenesis
with H2 as the electron donor was not affected. Pyruvate-
dependent methanogenesis was fully restored in strains
JJ153 and JJ154, which were the deletion mutants comple-
mented with porEF and porE, respectively (Table 3). In
contrast, the phenotype of strain JJ155, in which the
porEF::pac deletion was complemented by only porF, was
indistinguishable from that of the original mutant. These
results provided further evidence that porE and porF pos-
sess different functions.
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Table 2 Methyl-viologen-dependent oxidation activities of POR,
carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/
ACS), and hydrogenase in extracts of M. maripaludis strains JJ1
and JJ150. Means and standard deviations are based upon four as-
says of extracts from two independent cultures grown in complex
medium. Activities between the two strains were not significantly
different at P=0.05

Strain Specific activity (µmol min–1 mg protein–1) of:

POR CODH/ACS Hydrogenase

JJ1 (wild-type) 0.59±0.12 0.20±0.06 420±340
JJ150 0.83±0.25 0.10±0.05 380±170

Fig 2a, b Growth of ∆porEF::pac mutant strain JJ150 and com-
plementation by pMEV2+porEF. a The effect of ∆porEF::pac
deletion on growth at 37 °C on H2/CO2. Growth of strain JJ1 (wild-
type) in McCA (V), McN (◊), and McNA(T). Growth of porEF mu-
tant strain JJ150 in McCA (K), McN (S), and McNA (E). b Com-
plementation of porEF. All strains were grown in McN at 37 °C
under H2/CO2: strain JJ1 (wild-type, ◊), strain JJ150 (porEF, S),
strain JJ154 ( porEF+porE, N), strain JJ155 ( porEF+porF, �),
strain JJ153 ( porEF+porEF, E)



Summary

Lin et al. (2003) previously demonstrated that porE and
porF contained motifs indicative of Fe–S clusters and
proposed that PorE and PorF were electron carriers to the
anabolic POR. While we have not elucidated the specific
functions of PorE and PorF, we have shown here that
porE and porF are important components of the anabolic
POR in hydrogenotrophic methanogens. The deletion of
porE and porF affected growth and oxidation of pyruvate.
Complementation of porEF restored both of these func-
tions. Furthermore, PorE and PorF complemented these
POR functions differently, indicating that they play differ-
ent roles. Implicit in these results, PorE, which copurified
with the POR enzyme (Lin et al.2003), may be tightly
bound to the POR and may serve to coordinate electrons
for the POR in both the oxidative and reductive direction
of the reaction. PorF did not seem to be important in the
oxidative direction because it failed to affect pyruvate-de-
pendent methanogenesis. However, PorF did partially re-
store the growth phenotype. Based upon these results, PorF
may function as an electron donor to the POR. While more
research is necessary to elucidate the specific function of
PorE and PorF, these proteins may represent a novel adap-
tation of the POR by the hydrogenotrophic methanogens
for pyruvate biosynthesis.
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Strain Genotype Plasmid Activity [nmol CH4 (min)–1(mg cells dry wt)–1] with substrate added

Pyruvate None H2

JJ1 Wild-type – 1.13±0.35 0.18±0.02 360
JJ150 ∆porEF::pac – 0.27±0.09 0.21±0.03 355
JJ154 ∆porEF::pac pMEV2+porE 1.32±0.50 0.18±0.03 ND
JJ155 ∆porEF::pac pMEV2+porF 0.21±0.04 0.21±0.01 ND
JJ153 ∆porEF::pac pMEV2+porEF 1.58±0.21 0.20±0.01 ND

Table 3 Methanogenesis from pyruvate by resting cells of the
∆porEF::pac mutant of M. maripaludis.Cells were incubated un-
der N2 /CO2 with 50 mM pyruvate or H2/CO2. Activity was deter-
mined after 9 h, except for H2, which was determined after 4 h.

ND Not determined. Means and standard deviations are based
upon four determinations. Activities with H2 were based upon two
determinations, thus standard deviations are not given
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ABSTRACT
Summary: RED-T is a Java application for phylogenetic
analysis based on a unique method, RED, that utilizes the
ratios of evolutionary distances (Ed) to distinguish between
alternative evolutionary histories. RED-T allows the user to
examine if any given experimental gene shares the same evol-
utionary history as the designated control gene(s). Moreover,
the tool detects any differences in evolutionary history and
allows the user to examine comparisons of Ed for a likely
explanation. Lateral gene transfer, which may have a signi-
ficant influence in organismal evolution is one mechanism that
could explain the findings of these RED-T analyses.
Availability: The application is available online at http://www.
arches.uga.edu/~whitman/RED.
Contact: whitman@arches.uga.edu

Deciphering organismal evolution and detecting phylogenetic
events have captured biologists’ attention for generations.
With the growth of genomic data and development of
advanced methods of analysis, evolutionary biology has taken
a great leap forward in understanding the evolutionary history
of prokaryotes. An important discovery has been the realiza-
tion that lateral gene transfer (LGT) occurs at high rates and
that LGT may have made major contributions to the forma-
tion of the modern lineages of prokaryotes (Lawrence and
Ochman, 2002; Snelet al., 2002).

Methods to detect LGT depend upon searching for incon-
gruities in phylogenetic trees or differences in the DNA
composition of LGT genes (Lawrence and Ochman, 2002).
We sought to develop an alternative strategy to detect LGTs.
The RED method relies on a matrix of evolutionary distance
(Ed) that is imported from standard phylogenetic programs.
It assumes that if the rates of evolution are constant and
the evolutionary history of two genes are the same, then
plots of theEd for one gene against another gene should be
linear. In addition to LGT, any perturbation of the evolution-
ary clock, such as changes in gene function or evolutionary
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rate, could in theory be detected. Therefore, it is possible to use
empirical tests rather than tree building to identify non-vertical
evolution. For the application of this method, an interactive
research tool entitled RED-T—Ratios of Evolutionary Dis-
tances for determination of alternaTive phylogeneTic evenTs
was developed. RED-T is a Java application capable of
generating scatter plots from distance matrixes to analyze
evolutionary relationships among various levels of taxa. In
addition, it is fully capable of importing new gene data for
comparison with the control set we developed (RED control)
or allowing the user to develop a new control.

With the assistance of the application wizard, the user can
import Phylip formatted distance matrices (Felsenstein, 1989)
or columnar formats (see RED help files). RED-T allows the
user to rename and map each sequence ID that is imported
to the appropriate organism and taxonomy provided by the
tools’ catalog. This resource is in accordance with EMBL
classifications (Stoesseret al., 2002) and fully adjustable by
advanced users. In addition, imported sequence IDs from
the WIT/ERGO database are automatically mapped and can
then be edited by the user (Overbeeket al., 2000). One other
advantage of the mapping step is to allow the user to ana-
lyze multiple paralogous genes of an organism or examine
unknown sequences.

The imported data can be used as the experimental gene for
comparison with the tool’s default control. This control was
developed by examining a large number of genes to find those
which produced linear RED plots for the organisms studied.
For this reason, they are assumed to possess a constant evolu-
tionary history. The user can also develop an original control
based on RED’s protocol, which is simulated by the tool’s
wizard. This allows the analysis of genes with different evol-
utionary histories such as rapid gene evolution in Mycoplasma
or even transposon phylogeny.

RED-T provides the user with extensive analysis tools to
evaluate evolutionary relationships of a gene, ranging from
intra-domain and inter-domain comparisons (e.g. archaeal
domain versus groups of proteobacteria) to specific rela-
tionships of two organisms. In addition, the tool calculates
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Fig. 1. Screen shot of RED-T application. The main window is separated into three resizable partitions: the main partition contains the plot
generator as illustrated here in highlight mode and a bar displaying quantitative variables that reflect values for the selected portion of the
plot. The second partition contains a text box for taking notes of analysis. The last partition contains five tabbed windows to provide different
levels of taxonomic selection. In addition, the floating window displays an imported phylogenetic tree. Illustrated here is the analysis of the
isoleucyl-tRNA synthetase gene, in highlight mode. This mode allows the user to visualize the relationship between the selected comparisons
to the entire data set. In addition, the m-line allows for further interpretation of the mean ofK values. HighK (ratio ofEds of the experimental
and the control) values resulted from comparisons between bacterial clades B1 and B2 (outlined box), suggesting that one of these clades
obtained its gene from another domain. It is clear that the eukaryote and bacterial clade B2 (arrows in plot and tree window) comparisons had
much lowerK values than the eukaryote and bacterial clade B1 comparisons, thus bacterial clade B2 was the likely recipient of the eukaryotic
isoleucyl-tRNA synthetase gene.

quantitative variables for the selected comparisons, provides
highlight mode and zoom settings to evaluate the user’s selec-
tion with other comparisons, and a journal interface for
analysis notes (Fig. 1). Any content of the analyses can be prin-
ted for further study. Also, phylogenetic trees can be imported
for the user to compare and contrast with the RED-T plot.
This import feature also allows the user to import other graph-
ical references, such as tables, graphs or diagrams to be saved
under the same analyses folder.

In order to evaluate the RED method, RED-T was applied
to a data set of ribosomal proteins believed to have been
vertically inherited (Hansmann and Martin, 2000). This data
set was used to standardize the variability in the absence
of LGT (Farahi et al., submitted for publication). Then,

20 aminoacyl-tRNA synthetases were examined for altern-
ative phylogenetic events, such as LGT. Although these
synthetases are members of a functionally conserved family,
LGT has been proposed for the evolution of many members
of this ancient family (Woeseet al., 2000). Although some of
the proposed LGT events were confirmed in these analyses,
many were shown to be better explained by other evolutionary
models (Farahiet al., submitted for publication). These and
other genes are available as samples in the RED-T package,
version 2.1. The advantages of this approach are: the variab-
ility inherent in comparing protein sequences is transparent,
the direction of LGT and the relative rates of evolution are
readily identified, and it is possible to detect other types of
evolutionary events.
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The RED-T application is available as a Java™Archive
(JAR) file. This compression format allows the user to
launch the full application on any operating environment
provided the system has JRE (Java™Runtime Environ-
ment) version 1.4 or above. In addition, the complete
source code and documentation are available for down-
loading by registered users. For additional information
regarding current and upcoming features, please visit:
http://www.arches.uga.edu/~whitman/RED
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Abstract. The availability of large numbers of ge-
nomic sequences has demonstrated the importance of
lateral gene transfer (LGT) in prokaryotic evolution.
However, considerable uncertainty remains concern-
ing the frequency of LGT compared to other evolu-
tionary processes. To examine LGTs in ancient
lineages of prokaryotes a method was developed that
utilizes the ratios of evolutionary distances (RED) to
distinguish between alternative evolutionary histo-
ries. The advantages of this approach are that the
variability inherent in comparing protein sequences is
transparent, the direction of LGT and the relative
rates of evolution are readily identified, and it is
possible to detect other types of evolutionary events.
This method was standardized using 35 genes en-
coding ribosomal proteins that were believed to share
a vertical evolution. Using RED-T, an original
computer program designed to implement the RED
method, the evolution of the genes encoding the 20
aminoacyl-tRNA synthetases was examined. Al-
though LGTs were common in the evolution of the
aminoacyl-tRNA synthetases, they were not sufficient
to obscure the organismal phylogeny. Moreover,
much of the apparent complexity of the gene tree was
consistent with the formation of the paralogs in the
ancestors to the modern lineages followed by more
recent loss of one paralog or the other.

Key words: Lateral gene transfers — Aminoacyl-
tRNA synthetases — Ribosomal proteins — Ratios
of evolutionary distances — RED-T

Introduction

Recent advancements in genomic research and com-
parative genome studies have proposed a prominent
role for lateral gene transfer (LGT) in the evolu-
tionary history of prokaryotes (Ferretti et al. 2001;
Kuroda et al. 2001; Perna et al. 2001). The role of
LGT in prokaryotic evolution has been discussed
since the 1930s (Boucher et al. 2001; Gibbons 1992;
Gray 1992; Margulis 1993; Eisen 2000), and the fre-
quency has been a subject of great interest (Gogarten
et al. 1996; Doolittle 1999a; Jain et al. 1999; Martin
1999; Glansdorff 2000; Lawrence and Ochman 2002).
LGT may have been one of the major evolutionary
mechanisms that led to the formation of the modern
lineages of prokaryotes (Snel et al. 2002). For in-
stance, Lawrence and Ochman (1998) proposed that
17.8% of the Escherichia coli genome may have been
acquired by LGT. Similarly, others found that 25%
of the genome of a hyperthermophilic bacterium,
Thermotoga maritima, has high similarity with the
distantly related archaeon Pyrococcus horikoshii and
not with close relatives, thus suggesting a lateral gene
acquisition across domains (Nelson et al. 1999). With
the growth of genomic data and more advancedCorrespondence to: William B. Whitman; email: whitman@uga.edu

J Mol Evol (2004) 58:615–631
DOI: 10.1007/s00239-004-2582-2



computational tools, even more LGT findings are
likely to be reported, thus providing greater oppor-
tunities to study the importance of this evolutionary
mechanism.

Given the importance of LGT in prokaryotic ev-
olution, we sought to develop an alternative detection
method. For instance, one common method looks for
branching inconsistencies between phylogenetic trees
of various genes that could be explained by LGT
(Smith et al. 1992). However, potential ambiguities of
phylogenetic trees may limit the usefulness of this
approach. Moreover, if LGTs have actually occurred,
it should be possible to discover them by multiple
methods. Therefore, an alternative method may
provide additional confidence in LGTs. With this
spirit, we evaluate the potential of scatter plots to
identify LGTs. While this approach also relies upon
phylogenetic analyses to determine evolutionary dis-
tances (Ed), it uses empirical tests rather than tree
building to identify non-vertical evolution. It assumes
that if the rates of evolution in two genes are constant
and LGTs have not occurred, then plots of the Ed for
one gene against another gene should be linear and
the ratios of the Ed, values, or RED, should be con-
stant.

For instance, in hypothetical gene trees including
bacteria, archaea, and eukaryotes, the evolutionary
relationship among genes in the absence of LGT or
normal vertical evolution are indicated by the solid-
line gene tree in Fig. 1A. The accompanying plot
shows the correlation of the Ed for any pair of genes
with the same evolutionary history (Fig. 1B; �). If a
LGT occurred between the archaea and the bacterial
subgroup B1, as imagined by the dashed line and
arrow in Fig. 1A, the Ed between the bacterial
subgroups B1 and B2 would increase to above the
diagonal (Fig. 1B; �) The distance ‘‘i’’ would reflect
the distance of the modern ancestors of the donating
taxon from bacterial subgroup B2 (Fig. 1B). Simi-
larly, the inter-domain comparisons of genes from
bacterial subgroup B1 with genes from the archaeal
or eukaryotic domains would decrease to below the
diagonal. The Eds will be smallest to the closest
modern relatives of the donor taxon, indicated by
‘‘ii’’ in Fig. 1B. In order to evaluate this approach,
the RED method was first standardized by com-
parisons of the ribosomal proteins, which were be-
lieved to be primarily vertically inherited
(Hansmann and Martin 2000). It was then used to
test for LGT events in the evolution of aminoacyl-
tRNA synthetases. As key components in transla-
tion, these functionally conserved proteins have re-
cently received great attention. On the basis of
phylogenetic tree analyses, LGTs have been pro-
posed for the evolution of many members of this
ancient family (Lamour et al. 1994; Li et al. 1999;
Woese 2000).

Materials and Methods

Data Selection

Gene sequences were extracted from the WIT/ERGO database

(Overbeek et al. 2000). In the initial analysis, groups of homolo-

gous gene sequences or COGs that were well represented in the

genomes were identified using automated ORF-clustering algo-

rithms (Overbeek et al. 2000). Among these genes, 40 ribosomal

proteins and 20 aminoacyl-tRNA synthetases were selected for

further study, and additional homologs were obtained from other

search strategies including screening annotations and BLAST

searches. By the end of this process genes from a total of 44 species

were found.

To screen for errors in the sequences, RED plots were generated

for each gene (see below), and values that were outside of the

diagonal, or outliers, were examined in detail. For the outliers,

sequence length, functional assignment, and alignments were

checked. In some cases, the length of the sequence affected Ed

calculations. For example, many sequences from the eukaryotes

Arabidopsis thaliana and Zea mays as well as the archaeon Sulfol-

obus solfataricus were either much shorter or much longer, re-

spectively, than the prokaryotic sequences. The short sequences

probably resulted from incomplete sequences, and the longer se-

quences probably resulted from frame shift errors during se-

quencing. Because of the poor quality, sequences from these

organisms were removed from subsequent analyses. In some cases,

the genes from some pairs of organisms, such as Mycobacterium

bovis and Mycobacterium tuberculosis, were so closely related that

the Ed values were close to zero for all of the genes analyzed. These

comparisons produced outliers because dividing by values close to

zero caused a high variability, and the sequences from one of each

pair of organisms, Mycobacterium bovis and Mycoplasma caprico-

lum, were removed from further analyses for that reason. As a

result, the maximum number of species for each gene was eventu-

ally reduced from 44 to 39— Actinobacillus actinomycetemcomitans

(AB), Aeropyrum pernix (AP), Aquifex aeolicus (AA), Archaeoglo-

bus fulgidus (AG), Bacillus subtilis (BS), Bordetella pertussis (BP),

Borrelia burgdorferi (BB), Campylobacter jejuni (CJ), Chlamydia

pneumoniae (CQ), Chlamydia trachomatis (CT), Chlorobium tepi-

dum (CL), Clostridium acetobutylicum (CA), Deinococcus radiodu-

rans (DR), Enterococcus faecalis (EF), Escherichia coli (EC),

Haemophilus influenzae (HI), Helicobacter pylori (HP), Methan-

othermobacter thermautotrophicus (TH), Methanocaldococcus

jannaschii (MJ), Mycobacterium tuberculosis (MT), Mycoplasma

genitalium (MG), Mycoplasma pneumoniae (MP), Neisseria gonor-

rhoeae (NG), Neisseria meningitidis (NM), Porphyromonas gingi-

valis (PG), Pseudomonas aeruginosa (PA), Pyrobaculum aerophilum

(PK), Pyrococcus abysii (PO), Pyrococcus horikoshii (PH), Rho-

dobacter capsulatus (RC), Rickettsia prowazekii (RP), Saccharom-

yces cerevisiae (SC), Streptococcus mutans (MN), Streptococcus

pneumoniae (PN), Streptococcus pyogenes (ST), Synechocystis sp.

(CY), Thermotoga maritime (TM), Treponema pallidum (TP), and

Yersinia pestis (YP).

While high organism representation was beneficial, the diversity

within and across the three domains and subdomains was also

important to this study. Within the 39 organisms, 31 bacterial and

seven archaeal species were represented. Further, they represented

10 bacterial and two archaeal phyla. However, due to the lack of

available eukaryotic genomes with reliable ORF assignments at the

time that these studies were performed, only one eukaryote was

used, Saccharomyces.

Analyses Depiction

For the development and analyses of the RED method, an inter-

active research tool entitled RED-T—ratios of evolutionary dis-
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tances for determination of alternative phylogenetic events—was

developed in the Java programming language (Farahi et al. 2003).

RED-T is a graphical user interface (GUI) capable of generating

scatter plots from given distance matrices to analyze evolutionary

relationships among various levels of taxa. In addition to allowing

the user to further analyze any of the 60 genes discussed here, it is

fully capable of importing genes for comparison with our control,

or allowing the user to develop a new control. The latest version of

RED-T, along with all plots for genes reported here, help files,

tutorial, and source code, is available at http://www.arches.

uga.edu/�whitman/RED.

All alignments were generated at the WIT/ERGO site using the

ClustalW program (Thompson et al. 1994). Other tools used in-

cluded ClustalX 1.8 and the PHYLIP package 3.x-3.6 (Felsenstein

1993; Thompson et al. 1997). Evolutionary distances (Ed) were

calculated by the ProtDist program using the PAM-t matrix (Fel-

senstein 1993). Gene trees that were compared with the RED plots

were constructed by using the Fitch–Margoliash or neighbor-

joining method, executed by the PHYLIP’s FITCH or NEIGH-

BOR program, to generate Newick–Standard formatted data

(Fitch and Margoliash 1967; Nei and Saitou 1987). These data were

imported by NJ-Plot and TreeExplorer 2.12 applications to display

and configure each tree (Tamura 1993; Perriere and Gouy 1996).

Quantitative Variables

For each pair of organisms, K was the ratio of Ed of the experi-

mental gene divided by the mean Ed of the control genes. For each

of the 60 experimental genes that were analyzed, the average se-

quence length in number of codons (ls), number of comparisons

(ns), mean of K (m), and standard deviation of K (SD) divided by m

or the relative standard deviation of K (rSD) were calculated for

each intra-domain and inter-domain comparison (supplementary

Tables S1–S4).

In addition to m, the mean of all K values, mA/A, and mB/B were

calculated as the means of all archaeal and bacterial intra-domain

comparisons, respectively. Similarly, mA/E, mB/E, and mA/B were

calculated as the means of all archaea to eukaryote, bacteria to

eukaryote, and archaea to bacteria inter-domain comparisons, re-

spectively. To determine the expectation for m values, they were

compared to the m¢ values (supplementary Tables S1–S4). This was

necessary because direct comparisons of the m values were com-

plicated by differences in the number of comparisons. For instance,

because the intra-domain archaeal mA/A was calculated from a

relatively small number of taxa, it was expected to be more sensitive

to the specific taxa represented and more variable than mB/B . The

value m¢A/A, was calculated for comparison of mA/A to mB/B by

Fig. 1. Parental model used for
interpretation of RED plots. A
Hypothetical gene trees containing
representatives of the three domains:
Archaea (A), Bacteria (subgroups B1 and
B2), and Eukaryote (E). Solid-line gene
tree represents the phylogeny in the
absence of LGT (normal vertical
evolution). The dashed-line gene tree
represents a potential LGT from the
archaea to the B1 subgroup of the
bacteria (T). Numbers represent
evolutionary distances (Ed) in arbitrary
units. B RED plot of the hypothetical
gene tree in A. Both vertical (�) and
lateral (�) gene transfer events are
projected on this plot: the y-axis
represents the Ed for the experimental
gene (dashed-line gene tree in A), and the
x-axis represents the Ed for the control
gene (solid-line gene tree in A). The
control gene is assumed to have
undergone normal vertical evolution; (i)
reflects the Ed of the modern ancestors of
the donating taxon from B2, and (ii)
reflects the Ed of the recipient B1 from
the modern ancestors of the donating
taxon.
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taking 100 random samples of bacteria equivalent in number to the

number of archaea. For each sample, m¢ was calculated. The values
m¢A/A and SD¢A/A were then the mean and standard deviation of

these values. When mA/A was within two SD¢A/A of m¢A/A, mA/Awas

considered not significantly different from mB/B .

Similarly, m¢A/E was calculated to control for the effect of the

small ns for the archaea to the eukaryote comparison. In this case,

the inter-domain comparison between the archaea and the eukar-

yote mA/E was based upon a comparison of a small number of

archaea to one eukaryote. For the calculation of the m¢A/E and

SD¢A/E, the archaeal genes were compared to each of the bacterial

genes. Similarly, for evaluation of the inter-domain comparisons

between bacteria and the eukaryote mB/E, m¢B/E and SD¢B/E were

calculated to control for the comparison of many bacteria to only

one eukaryote. In this case, each archaeon was compared to all of

the bacteria. The m¢A/E and m¢B/E were only calculated when mA/A

and mB/B were not significantly different.

Results

Designation of Control Proteins

Our hypothesis stated that when the evolutionary
distances (Ed) for sets of genes with the same evolu-
tionary history were plotted against one another, a
linear plot would be generated. In order to test this
hypothesis, 32 genes with a wide distribution among
the genomic sequences were initially examined. Six
genes that yielded linear plots with these preliminary
data sets were glutamyl-tRNA synthetase, leucyl-
tRNA synthetase, protein translocase SecY, and ri-
bosomal proteins L2P, L13P, and S13P (data not
shown). However, visual examination of the plots
indicated a high variability and a high relative
standard deviation (rSD) of the value K, which was
the ratio of the Ed values for the pairs of genes. Be-
cause a stochastic error was associated with using
sequence similarity to measure Ed, an attempt was
made to reduce this error by averaging the Ed from
more than one gene. In the first experiment, the Ed

values from glutamyl-tRNA synthetase were chosen
to represent the experimental gene. The control gene
was represented by the average of all possible com-
binations for the other five genes. As shown in
Fig. 2A, the rSD for the glutamyl-tRNA synthetase
decreased from 0.200 to about 0.130 as the number of
control genes increased from one to five. Removal of
ribosomal protein L13P genes to decrease the ribo-
somal representation, removal of all archaeal genes,
replacing the glutamyl-tRNA synthetase with ribo-
somal protein L2P or other experimental genes, or
concatenation of the genes instead of averaging had
little effect on this relationship (Fig. 2A and data not
shown). As the number of genes used to calculate K
increased, the rSD decreased. The largest effect was
seen when the control was based on three or fewer
genes. Therefore, an average of three Ed values was
chosen for subsequent studies as a compromise be-
tween the desire to lower the variability and the desire

to use the lowest number of controls possible to in-
sure that all the controls would be present in any
particular genomic sequence.

The actual three genes chosen for the standard
were L2P, leucyl-tRNA synthetase, and SecY. Of the
six original candidates, these genes were chosen in
part because they represented different functional
groups. Moreover, upon expansion of the data set to
39 genomes, the K values for these genes all possessed
low rSDs. In addition, the topologies of the phylo-
genetic trees for these genes were very similar to each
other as well as to that of the 16S rRNA genes, in-
dicating that these genes all shared a common evo-
lutionary history. Lastly, an alternative method of
combining the Eds for the control genes was explored.
The three sequences for each of the 39 organisms
were concatenated, aligned and Eds calculated (data
not shown). The overall rSDs of K from the concat-
enated control genes were very similar to the values
obtained by averaging.

Fig. 2. Factors important in standardization of RED plots. A
Increasing the number of control genes lowered the relative
standard deviation (rSD) of K. K is the ratio of the Ed of the
experimental gene to that of the control gene(s). Glutamyl-tRNA
synthetase was the experimental protein (4) and all possible
combinations of leucyl-tRNA synthetase, SecY, L2P, L13P, and
S13P were the control genes. Only the mean of the rSD for the
possible combinations is shown. The same analysis was performed
without L13P (�), when all the archaeal genes were removed (�),
and when the ribosomal protein L2P was the experimental gene (n).
B Distribution of rSD. Intra-bacterial comparison values of 35
ribosomal protein standards were observed; the maximum ob-
served rSD of 0.268 (S18P) was used to set a threshold for normal
vertical evolution.
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Calculation of Ed

Initial studies utilized pairwise alignments because
they enabled the easy addition and removal of taxa.
However, for some genes, pairwise alignments gen-
erated Ed values that were significantly different from
those calculated from multiple alignments. In these
cases, the Ed values from the pairwise alignments
yielded higher rSD and were assumed to be incorrect.
Thus, multiple alignments were used in the analyses
shown here.

For most experiments, multiple alignments were
generated with ClustalW, and Ed values were calcu-
lated with the PAM-t matrix. To evaluate other Ed

matrices, BLOSUM, Gonnet, and PAM were used to
generate multiple alignments and Ed values for each
control gene (Dayhoff et al. 1972, 1978; Henikoff and
Henikoff 1992; Benner et al. 1994). For comparisons
with Ed values greater than 1.0, only small differences
were found using any of these methods. When the Ed

was less than 1.0, more variability was observed, but
it was not systematic. Therefore, the method for
generating multiple alignments and calculating Ed

values appeared to have little affect.

Standardization

LGT is believed to be rare in the ribosomal proteins
(Matte-Tailliez et al. 2002). Therefore, these genes
were used to standardize the criteria for recognizing
LGT in other genes. Within the bacteria, 40 genes for
the small and large ribosomal proteins were exam-
ined. One of these, L2P, was used as a control. Four
others, S14P, L31P, L33P, and L36P, have been
previously proposed to have undergone LGT or du-
plication within the genomes examined (Brochier et
al. 2000; Hansman and Martin 2000; Makarova et al.
2001) and were excluded for that reason. The re-
maining 35 ribosomal proteins yielded linear RED
plots, and the effects of number of comparisons (ns)
and sequence length (ls) on m and rSD were analyzed.
The rSD was not significantly correlated with ns, and
ls was not significantly correlated with m (data not
shown). This result suggested that these variables
were independent of each other. The rSD was also
not significantly correlated with ls for inter-domain
comparisons. However, the rSD was correlated with
ls for the intra-bacteria comparisons, decreasing
somewhat for large ORFs. This relationship was de-
scribed by the linear equation: rSD = )0.00026 ns +
0.247 (r = 0.41, n = 35, p < 0.05). Although sig-
nificant, this affect was relatively small and was ne-
glected in subsequent analyses.

In addition, the distribution of the K values was
examined. If the distribution is normal, then the rSD
would be a good predictor. A positive kurtosis was
observed for the distribution of K in most of the

genes, which implied that the distribution was nar-
rower than expected from the normal distribution
(Snedecor and Cochran 1967). Skewness was also
observed in some genes, but no obvious patterns were
noted. While these results indicated that the distri-
bution of K values was not normal, it did not inval-
idate the use of the rSD as a predictor.

Therefore, the maximum observed rSD (0.268 for
S18P) among the 35 ribosomal protein standards was
used as the threshold for normal vertical evolution
(Fig. 2B), with genes whose rSDs were at or below
this value assumed to possess a relatively constant
evolutionary rate, not have formed duplications and
not to have participated in LGT. On the basis of
nonparametric assumptions, we are 95% confident
that fewer than 8% of normally evolving proteins will
possess rSDs exceeding this limit. This is justified
because the maximum of a random sample of size 35
from any continuous distribution has 95% probabil-
ity of exceeding the true 92%-ile of the distribution.
Even then, this value is probably conservative be-
cause it neglects the affect of length on rSD, which
should reduce the expected rSD even further for large
genes such as the tRNA synthetases.

Inter-domain comparison values were also ana-
lyzed. Of the 35 genes examined, 18 possessed ar-
chaeal homologs. These genes possessed rSD values
£ 0.173 for inter-domain comparisons between the
archaea and the bacteria. As a threshold, nonpara-
metric assumptions suggest with 95% confidence
that fewer than 15% of normally evolving proteins
will possess rSDs exceeding this limit. A similar
threshold was not set for the inter-domain compar-
isons between the archaea and the eukaryote or
between the bacteria and the eukaryote because of
the low number of comparisons. For 10 of the 18
genes, the intra-archaeal comparison mA/A was
similar to the intra-bacterial comparisons (supple-

Fig. 3. RED plot of S19P. Intra-domain comparisons within the
archaea (h) and within the bacteria (n); inter-domain comparisons
between the archaea and the eukaryote (4), between the archaea
and the bacteria (�), and between the bacteria and the eukaryote
(�).
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mentary Table S1). This result suggested that the
archaeal and bacterial genes shared similar rates of
evolution.

RED Model I: Absence of LGT–S19P

Many of the genes analyzed appeared to have un-
dergone normal vertical evolution in the absence of
LGT. One example was the small subunit ribosomal
protein S19P (Fig. 3). For this gene, RED plots were
linear, and the m values were not significantly dif-
ferent for the intra-domain and inter-domain com-
parisons. First, the intra-bacterial rSD (0.235) was
below the threshold for nonlinear relationships,
0.268, which suggested that none of the bacterial taxa
represented were recipients of a LGT (supplementary
Table S1). The intra-archaeal comparison had a mA/A

value of 0.571, which was not significantly different
from the values of the intra-bacterial comparisons
and m¢A/A = 0.587 ± 0.047 (supplementary Table
S1). Similarly, the inter-domain comparisons between
archaea and eukaryotes mA/E was 0.607, which was
not significantly different from the m¢A/E of
0.568 ± 0.044. The bacteria-eukaryote inter-domain
comparison mB/E was 0.621, which was also within
the range of expected values, i.e., m¢B/E equaled
0.566 ± 0.048 (supplementary Table S2).

Like the S19P gene, most of the other ribosomal
proteins appeared to have undergone normal vertical
evolution. Exceptions were the S14P, L31P, L33P and
L36P (see above). Among the tRNA synthetases, the
aspartyl-tRNA synthetases and the alpha and beta
chains of the glycyl-tRNA synthetases behaved as
expected for normal vertical evolution (Table 1).

RED Model II: Inter-domain LGT—
Valyl-tRNA Synthetase

Analyses of many other genes indicated that LGT
may have occurred. Two common types of apparent
LGTs were observed among the valyl-tRNA synthe-
tase genes (Fig. 4A). First, for the intra-domain
comparisons, the intra-bacterial rSD value (0.277)
was above the threshold for nonlinear relationships,
suggesting that a bacterial taxon was the recipient of
a LGT (supplementary Table S3). The high K values
resulted from comparisons of the Rickettsia gene with
that of other bacteria, suggesting that a recent an-
cestor of Rickettsia obtained its gene from another
domain. The source of the gene appeared to be the
euryarchaeota because this group had much lower K
values, about 0.54, than comparisons between the
crenarchaeota and Rickettsia (0.64) or between all the
archaea and the other bacteria (0.79). This hypothesis

Table 1. Summary of evolutionary events detected by RED among the tRNA synthetases

aa-tRNA

synthetases

RED

model Evolutionary events detected by RED

Ancient

nonlinearitya

Ala III Bacteria to Saccharomyces yes

Arg IV Archaea to Deinococcus yes

Saccharomyces to bacterial clade B2b

Asn II Archaea to bacterial clade B1b yes

Asp I Normal vertical evolution no

Cys V Rapid expansion of gene family yes

Glu VI Chlamydia spp. and Deinococcus to Pseudomonas no

Gly (a,b) I Normal vertical evolution —d

His III Saccharomyces to Aeropyrum and bacterial clade B1b yes

Ile III Saccharomyces to bacterial clade B2c yes

Met III Saccharomyces to bacterial clade B1 yes

VII Paralogs in clade B1

Phe (a,b) II Archaea to spirochetes yes

Pro IV Archaea to bacterial clade B1c no

Bacterial clade B2c to Saccharomyces

Ser VII Formation of paralogs yes

Thr III Bacteria to Saccharomyces and Aeropyrum

VII TM to BS and CA no

Paralogs in spirochetes and proteobacteria

Trp III Saccharomyces to Pyrococcus spp. and Pyrobaculum no

VII Paralogs in proteobacteria and firmicutes

Tyr VII Formation of paralogs no

Val II Euryarchaeota to Rickettsia yes

a Nonlinearity detected for interdomain comparisons that were consistent with either an ancient LGT or change in the rate of evolution.
b Bacterial clades not identified in the figures are Arg (B2: AB, CQ, CT, CY, EC, EF, HI, MN, NG, NM, PA, PN, ST), Asn (B1: BS, EF,

MN, PN, ST), His (B1: BB, CA, PG, RC), Met (B1: AB, BB, BP, CL, CQ, CT, EC, HI, NG, NM, PA, PG, RC, TP, YP).
c Bacterial clades identified in the figures are Ile in Fig. 5 and Pro in Fig. 6.
d Only bacterial sequences were available for this gene; thus interdomain comparisons were not analyzed.
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was supported by the gene tree where Rickettsia ap-
peared within the euryarchaeotic clade (Fig. 4B) and
was similar to the reports by others (Andersson et al.
1998; Woese et al. 2000). This transfer was an ex-
ample of an apparent LGT from one domain to a
relatively modern lineage in another domain.

A second type of common nonlinearity in RED
plots resulted from comparison between domains. In
this case, the mean of K values for the inter-domain
comparisons were 0.774 and much lower than the
values from the intra-archaeal and intra-bacterial
comparisons, which were 1.20 and 1.19, respectively
(supplementary Table S3). Three general types of
explanations seemed likely. One, the difference could
be an artifact resulting from the method in which the
evolutionary distances were calculated (Benner et al.
1994). Two, the rate of evolution of this gene could

have been slower prior to the formation of the do-
mains. Three, a LGT may have occurred in the lin-
eages ancestral to formation of the modern lineages
in each domain (TA; Fig. 4C).

The first possibility was that the nonlinearity re-
sulted from a systematic error in the calculation of
the Ed values because both moderately and distantly
related genes were compared with the same algo-
rithm. To test this point, three different BLOSUM
matrices were used to generate multiple alignments.
These alignments were then used to generate Ed val-
ues from different PAM or JTT matrices. All com-
binations were calculated, and the distances were
compared. With the exception of closely related taxa,
the differences in Ed values were small and the vari-
ations were not systematic (data not shown). These
analyses did not support the hypothesis that the

Fig. 4. Phylogenetic analysis of the valyl-tRNA synthetase. A
RED plot of valyl-tRNA synthetase. Intra-domain comparisons
within the archaea (h), within the bacteria (except for Rickettsia
prowazekii; RP) (n), and between the bacteria and RP (4); inter-
domain comparisons between the archaea and the bacteria (�),
between the crenarchaeota and RP (�), and between the eur-
yarchaeota an RP (m). BGene tree of valyl-tRNA synthetases. The
tree was calculated by the Fitch–Margoliash algorithm. The scale
bar corresponds to the fraction of substitutions per site. The re-

cipient of a proposed LGT is in bold. C Hypothetical gene tree
illustrating the proposed evolutionary history of valyl-tRNA syn-
thetase. Ae and Ac represent the two archaeal subdomains, eur-
yarchaeota and crenarchaeota, respectively. B represents all
bacteria examined except for RP, E represents the eukaryotic do-
main, T1 represents the acquisition of the euryarchaeotic gene by
RP, and TA represents an ancient nonlinearity that could have
resulted from a change in the rate of evolution or a LGT prior to
formation of the domains.
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nonlinearity resulted from the method of distance
calculations. Because it was not possible to distin-
guish between the other two possibilities, this com-
mon occurrence was regarded as an ancient
nonlinearity.

Although these analyses supported a LGT from
the euryarchaeotes to an ancestor of Rickettsia, it did
not support other LGTs suggested by the phylo-
genetic tree. For instance, as observed previously
Helicobacter and Campylobacter failed to cluster
with the remaining proteobacteria in the gene tree
(Fig. 4B) (Woese et al. 2000). However, comparisons
of these genes to those of other bacteria had
K values of 1.19, which were similar to other intra-
bacterial comparisons mB/B = 1.192 (supplementary
Table S3). Likewise, even thought the mycoplasmas
appeared as a deep branch in the gene tree rather
than within the firmicutes, mycoplasma K values were
similar to those of other bacterial genes. Therefore,
the phylogeny of these genes appear to be misrepre-
sented in the gene trees (see below).

Analyses of other aminoacyl-tRNA synthetases
genes provided further evidence for LGT from one
domain to relatively modern lineages of other do-
mains. The genes for the alpha and beta chains of
phenylalanyl-tRNA synthetase in the spirochetes,
Borrelia and Treponema, appeared to have been re-
ceived from the archaea, specifically a relative of
Pyrococcus spp. A similar conclusion was obtained
by Brown (2001). For the asparaginyl-tRNA syn-
thetases, the genes from firmicutes except for the
mycoplasmas and Clostridium acetobutylicum ap-
peared to be derived from the archaea. In addition,
the ancient nonlinearity was evident for 10 of the 16
tRNA synthetase genes where homologs were iden-
tified in1 both domains (Table 1).

RED Model III: Ancient LGT—
Isoleucyl-tRNA Synthetase

Evidence for ancient LGTs between domains was
also found among the isoleucyl-tRNA synthetase
genes of bacteria. Support for this conclusion in-
cluded nonlinear plots of the isoleucyl-tRNA syn-
thetase genes and deviations from linearity in both
the intra-domain and the inter-domain comparisons
(Fig. 5A). For the intra-domain comparisons, the
intra-bacterial rSD value (0.317) was above the
threshold for nonlinearity (0.268) (supplementary
Table S3). High K values resulted from comparisons
between bacterial clades B1 and B2, suggesting that
one of these clades obtained its gene from another
domain. The rSD value of archaeal-bacterial inter-
domain comparisons was 0.105 or below the thresh-
old for nonlinearity (0.173), suggesting that the
archaea was not the donating domain (supplementary

Table S4). In contrast, the high rSD for inter-domain
comparisons between the bacteria and the eukaryote
implicated the eukaryote Saccharomyces as the do-
nor. Because, Saccharomyces and bacterial clade
B2 K values were 0.438 or much lower than Saccha-
romyces and bacterial clade B1 comparisons of 0.755,
bacterial clade B2 was the likely recipient (T1;
Fig. 5C). The gene tree supported this assignment,
where the eukaryote Saccharomyces appeared within
the bacterial clade B2 (Fig. 5B). In accordance,
Brown et al. (1998) proposed that the mupirocin-
resistant isoleucyl-tRNA synthetase gene of Sta-
phylococcus aureus was acquired from eukaryotes.
Although the S. aureus gene is not included in Fig. 5,
it clustered with the B2 clade in other analyses (data
not shown). Interestingly, representatives of both the
proteobacteria and the firmicutes were found in both
bacterial clades. These results suggest that the LGT
predated the formation of these lineages and that a
common ancestor possessed both the eukaryotic and
the bacterial genes. The current distribution would
then have resulted from the loss of one gene or the
other in the modern lineages.

Analyses of other aminoacyl-tRNA synthetases
also provided evidence for additional ancient LGTs.
A bacterial clade consisting of Borrelia, Clostridium,
Porphyromonas, and Rhodobacter appeared to have
acquired the histidyl-tRNA synthetase gene from a
eukaryote. In a separate event, Aeropyrum of the
crenarchaeota also appeared to be a recipient of a
eukaryotic gene. The latter observation was sup-
ported by the low K values for the inter-domain
comparisons of both Aeropyrum and the bacterial
clade to the yeast gene. Similarly, many proteobac-
teria, spirochetes and representatives of other phyla
received their methionyl-tRNA synthetase gene from
an ancestor of the eukaryote Saccharomyces. Subse-
quent to this transfer, paralogs appeared to have
formed in these lineages (see below).

The bacteria appeared to have donated the alanyl-
tRNA synthetase genes to some eukaryotes prior to
the radiation of the modern lineages. Hence, the
bacterial form was present in the eukaryotes yeast,
human, and Caenorhabditis (data not shown). This
conclusion was based upon the following observa-
tions. The intra-domain values ofmA/A andmB/B were
the same, or about 1.15, indicating that the gene has
evolved at the same rate in the modern prokaryotic
lineages (supplementary Table S3). The rSDs for these
comparisons were also within the range for normal
vertical evolution. However, the value mB/E for com-
parison of the bacteria to the eukaryote was much
lower, 0.47, which suggested that the bacteria were the
donor to this lineage. Similarly, the mA/E for inter-
domain comparison between the archaea and the
eukaryotes was 1.43, or much higher than expected
for normal vertical evolution (supplementary Table
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S4). In contrast to Woese et al. (2000), no evidence for
a specific association of the eukaryotic genes with the
Porphyromonas and Chlorobium clade was observed.
Instead, the bacterial genes appeared equally related
to the eukaryotic genes, which implied that the
transfer occurred prior to the formation of the mod-
ern bacterial lineages. Although not examined here in
detail, the eukaryote Giardia appeared to contain an
ancestral eukaryotic gene (Woese et al. 2000).

Similarly, the threonyl-tRNA synthetase gene ap-
peared to have been donated from the bacteria to
both the crenarchaeote Aeropyrum and the eukaryote
Saccharomyces. The intra-archaeal rSD value was
very high due to comparisons between Aeropyrum
and the euryarchaeotes. Further, comparisons of
Aeropyrum with the bacteria had low K values, which
indicated that the crenarchaeota were recipients of

this gene from the bacterial domain. Also, the low K
values for the inter-domain comparisons between the
bacteria and the eukaryote argued for a second LGT
from the bacteria to the eukaryote. These conclusions
were consistent with the gene tree, which also found a
close evolutionary relationship between the eukary-
otic and the bacterial genes (Woese et al. 2000). In
addition, the K values were high within the firmicutes,
suggesting the presence of paralogs. In fact Bacillus
possesses two copies of the threonyl-tRNA synthe-
tase gene.

The tryptophanyl-tRNA synthetase gene has also
undergone an ancient inter-domain LGT. A LGT
was observed from the eukaryote to an ancestor of
the archaea Pyrococcus spp. and Pyrobaculum. In
addition, the Ed between certain proteobacteria and
firmicutes was greater than expected for normal ver-

Fig. 5. Phylogenetic analysis of the isoleucyl-tRNA synthetase. A
RED plot of isoleucyl-tRNA synthetase. Intra-domain compari-
sons within the archaea (h), within the bacterial clade B1 or B2 (n),
and between bacterial clades B1 and B2 (4); inter-domain com-
parisons between the archaea and the eukaryote ()), between the
archaea and the bacteria (�), between the eukaryote and bacterial

clade B1 (�), and between the eukaryote and bacterial clade B2 (m).
B Gene tree of isoleucyl-tRNA synthetases. For details, see the
legend to Fig. 4. C Hypothetical gene tree illustrating the proposed
evolutionary history of isoleucyl-tRNA synthetase. T1 represents
the acquisition of the eukaryotic gene by bacterial clade B2. Other
details are as in Fig. 4.
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tical evolution. However additional evidence for a
LGT was not found, and more than one copy of the
gene was found in representatives of several phyla.
Therefore, the formation of paralogs appears to ex-
plain these high K values (see below).

RED Model IV: Multiple Inter-domain LGTs—
Prolyl-tRNA Synthetase

Evidence for a complex series of LGT events was
obtained for some genes. The RED plot of the prolyl-
tRNA synthetase genes indicated deviations from
linearity in both the intra-domain and inter-domain
comparisons (Fig. 6A). For the intra-domain com-
parisons, the intra-bacterial rSD value of 0.702 was
well above the threshold for nonlinearity (supple-
mentary Table S3). Also, high K values were observed

for comparisons between the genes of bacterial clade
B1 and B2 (Fig. 6A), suggesting that these clades
obtained their genes from different domains. It was
also interesting that the two spirochete genes, Borrelia
and Treponema, appeared in different clades
(Fig. 6B). Thus, it was likely that a common ancestor
possessed both forms of the gene. Further, the rSD
values of inter-domain comparisons between archaea
and bacteria and between bacteria and eukaryote were
very high, 0.224 and 0.482, respectively (supplemen-
tary Table S4). These results suggested that all three
domains played roles in separate LGT events. First,
the inter-domain comparisons between the eukaryote
and the bacterial clade B2 had much lower K values,
about 0.622, than comparisons between the eukaryote
and the bacterial clade B1 (1.662). This result indi-
cated a LGT between the eukaryote and the bacterial

Fig. 6. Phylogenetic analysis of the prolyl-tRNA synthetase. A
RED plot of prolyl-tRNA synthetase. Intra-domain comparisons
within the archaea ()), within the bacterial clade B1 or B2 (n), and
between bacterial clades B1 and B2 (4); inter-domain comparisons
between the archaea and the eukaryote (h), between the archaea
and bacterial clade B1 (�), between the archaea and bacterial clade
B2 (�), between the eukaryote and bacterial clade B1 (¤), and

between the eukaryote and bacterial clade B2 (m). B Gene tree of
prolyl-tRNA synthetases. For details, see the legend to Fig. 4. C
Hypothetical gene tree illustrating the proposed evolutionary his-
tory of prolyl-tRNA synthetase. T1 represents the acquisition of
bacterial clade B2 gene by the eukaryote, and T2 represents the
acquisition of the archaeal gene by bacterial clade B1. Other details
are as in Fig. 4.
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clade B2 but did not indicate the direction of transfer.
The direction of transfer to yeast was indicated by the
high K values (2.253) for inter-domain comparisons
between the archaea and the eukaryote. These values
greatly exceeded the K values found within each clade
of about 1.1 and were consistent with an ancestor of
yeast obtaining the gene from bacterial clade B2
(T1; Fig. 6C). In addition, yeast contained a second
gene for prolyl-tRNA synthetase (Woese et al. 2000).
This other gene was closely related to the archaeal
genes, suggesting that it was the ancestral eukaryotic
gene (data not shown). Second, the inter-domain
comparisons between the archaea and bacterial clade
B1 had much lower K values, about 0.671, than
comparisons between the archaea and bacterial clade
B2 (1.321). This result suggested a second inter-do-
main LGT event in which an archaeon was the donor
to bacterial clade B1 (T2; Fig. 6C). This hypothesis
was consistent with the gene tree in which the eu-
karyotic gene appears within the bacterial clade B2

and the archaeal genes within the bacterial clade B1
(Fig. 6B). However, the gene tree did not provide
evidence for the directions of transfer.

Similar to the prolyl-tRNA synthetase, analysis of
arginyl-tRNA synthetase genes suggests multiple
LGT events have occurred (data not shown). One
transfer was from the eukaryote Saccharomyces to
many phyla including some members of the firmi-
cutes and proteobacteria (Table 1). Within this clade,
there also seems to have been the formation of
paralogs involving the spirochetes and Porphyro-
monas. The second LGT was to the bacterium Dei-
nococcus from an archaeon.

RED Model V: Rapid Expansion of a Gene
Family—Cysteinyl-tRNA Synthetase

These genes were an example in which phylogenetic
analyses of gene trees had suggested that multiple

Fig. 7. Phylogenetic analysis of the cysteinyl-tRNA synthetase. A
RED plot of cysteinyl-tRNA synthetase. Intra-domain compari-
sons within the archaea (h) and within the bacteria (n); inter-do-
main comparisons between the archaea and the eukaryote (4),
between the archaea and the bacteria (�), and between the eukar-
yote and the bacteria (�). B Gene tree of cysteinyl-tRNA synthe-

tases. For details, see the legend to Fig. 4. C Hypothetical tree
illustrating the proposed evolutionary history of cysteinyl-tRNA
synthetase. TX represents either a modern origin for this gene with
LGT to a number of lineages within a short period of time or a
change in the rate of evolution. Other details are as in Fig. 4.
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LGTs had occurred (Li et al. 1999; Woese et al. 2000).
RED analyses suggested a somewhat different evolu-
tionary scenario (Fig. 7A). Although the gene tree
calculated from the same data as the RED plot sug-
gested the presence of polyphyletic groups, such as the
clade containing the yeast, mycoplasma, and some of
proteobacterial genes (Fig. 7B), the rSDs of the intra-
bacterial comparisons (0.168) were within the thresh-
old for normal vertical evolution. Although the intra-
archaeal rSD value of 0.330 was higher than the
threshold for nonlinearity (supplementary Table S3),
this discrepancy was due to the low Ed of the com-
parisons of the twoPyrococcus genes. Great variability
in K had previously been observed in comparisons of
closely related taxa where the Ed values were close
to zero.When this comparisonwas removed, the intra-
archaeal rSD value was 0.069 and also indicative of
normal vertical evolution. In addition, the mean
K values for the intra-archaeal and intra-bacterial
comparisons were similar, 1.091 and 1.225, respec-

tively (supplementary Table S3). In contrast, the K
values for the inter-domain comparisons (0.849, 0.479,
and 0.479) weremuch lower (supplementaryTable S4).
This result was similar to the ancient nonlinearities
described above but was more accentuated than found
with the other synthetases, suggesting that it was a
more recent event.

Two possibilities seem likely. One, the cysteinyl-
tRNA synthetase was widely introduced by LGT into
multiple lineages within a relatively short period of
time after the radiation of the modern lineages. Two,
the rate of evolution changed early in the gene’s
history (Fig. 7C; TX). If this gene was acquired by
LGT, presumably an enzyme with the same activity
existed prior to its emergence. Circumstantial evi-
dence supports this latter interpretation. Because
some archaea do not contain a recognizable cysteinyl-
tRNA synthetase, there must be at least one other
gene family with this activity (Stathopoulos et al.
2000; Fabrega et al. 2001).

Fig. 8. Phylogenetic analysis of the glutamyl-tRNA synthetase. A
RED plot of glutamyl-tRNA synthetase. Intra-domain compari-
sons within the archaea (h), within the bacteria (n), between the
beta- and gamma-proteobacteria and Pseudomonas aeruginosa
(PA) (�), between PA and Chlamydia pneumoniae (CQ), Chlamydia
trachomatis (CT), and Deinococcus radiodurans (DR) (4), and

between the archaea and the bacteria (�). B Gene tree of glutamyl-
tRNA synthetases. For details, see the legend to Fig. 4. C Hypo-
thetical gene tree illustrating the proposed evolutionary history of
glutamyl-tRNA synthetase. B represents the bacterial domain
(excluding PA, CQ, CT, and DR). T1 represents the acquisition by
PA of the gene from CQ, CT and DR. Other details are as in Fig. 4.
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RED Model VI: Intra-domain LGT—
Glutamyl-tRNA Synthetase

Evidence for an intra-domain LGT within the glut-
amyl-tRNA synthetase genes was also found by this
method. Although the initial analysis with a smaller
number of organisms was linear for this gene (see
above), nonlinear plots were observed with the full
data set in the intra-domain but not in the inter-do-
main comparisons (Fig. 8A). For the intra-domain
comparisons, the intra-bacterial rSD value was 0.225,
which was within the threshold for normal vertical
evolution (supplementary Table S3). However, visual
examination of the RED plots and the high K values
resulting from comparisons of Pseudomonas with
members of the delta- and gamma-proteobacteria
suggested that Pseudomonas obtained its gene by
LGT (Figs. 8A and B). The K values between the

archaea and Pseudomonas genes were within the
range expected, and the rSD value of archaeal-bac-
terial inter-domain comparisons was low, 0.071
(supplementary Table S4). Therefore, the archaea did
not appear to be the donor. In contrast, the intra-
domain comparisons between Pseudomonas and the
Chlamydia had a lower mean of K value (1.074) than
comparisons to other bacteria (1.381). This result
suggested that an ancestor of Chlamydia was the
donor for the Pseudomonas gene and were consistent
with the gene tree (T1; Fig. 8C).

RED Model VII: Ancient Divergence—Tyrosyl-tRNA
Synthetase

In contrast to LGT, this model proposes that the
formation of paralogs and the divergence of multiple
gene copies during the evolution of the tyrosyl-tRNA

Fig. 9. Phylogenetic analysis of the tyrosyl-tRNA synthetase. A
RED plot of tyrosyl-tRNA synthetase. Intra-domain comparisons
within the archaea (h), within the bacterial clade B1 or B2 (n), and
between the bacterial clades B1 and B2 (4); inter-domain com-
parisons between the archaea and the eukaryote ()), between the
archaea and bacterial clade B1 (�), between the archaea and bac-
terial clade B2 (�), between the eukaryote and bacterial clade B1

(¤), and between the eukaryote and the bacterial clade B2 (m). B
Gene tree of tyrosyl-tRNA synthetases. For details, see the legend
to Fig. 4. C Hypothetical gene tree illustrating the proposed evo-
lutionary history of tyrosyl-tRNA synthetase. This model proposes
that the common ancestor possessed multiple copies of the tyrosyl-
tRNA synthetase gene. The copy in B1 diverged rapidly from the
genes in B2, A, and E. Other details are as in Fig. 4.
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synthetase was responsible for the nonlinear RED
plot (Fig. 9A). The intra-bacterial rSD value of 0.540
was outside the threshold for normal vertical evolu-
tion (supplementary Table S3), and high K values
were observed for comparisons between the genes of
bacterial clade B1 and B2 (Fig. 9B). Although these
results could suggest LGT, the inter-domain com-
parisons did not support this conclusion. They had
mean of K values similar to or slightly above that of
the intra-domain comparisons within each bacterial
clade, which excluded the archaea or eukaryotes as
potential donors to one of the bacterial clades.
Without an apparent donor, LGT was unlikely.
These results were more consistent with a model in
which a duplication of the tyrosyl-tRNA synthetase
gene in an ancestor of the modern bacteria resulted in
formation of two lineages of bacterial genes
(Fig. 9C). This conclusion was supported by the ob-
servation that both clades were polyphyletic. For
example, the B2-type was found in some members of
the gamma-proteobacteria— Actinobacillus and
Haemophilus—and beta-proteobacteria— Bordetella.
The B1-type was found in other members of the
gamma-proteobacteria— Escherichia, Pseudomonas,
and Yersinia—and beta-proteobacteria— Neisseria.
Likewise, groups of sister taxa, such as Porphyro-
monas and Chlorobium, also possessed both types. In
fact, both types of the gene were found in both B.
subtilis and C. acetobutylicum, which confirmed that
was it plausible for an ancestor to have both types
(data not shown; Woese et al. 2000).

Further RED analysis suggested that the gene type
possessed by bacterial clade B1 was divergent from
the bacterial clade B2, the archaea and the eukaryote
genes. This difference had been previously proposed
to be due to the loss of non-essential regions of the
sequence (Ibba and Soll 2001). The distinction be-
tween the two gene types was also illustrated by the
mean of K values. The inter-domain comparisons (K)
between bacterial clade B1 and the archaea or the
eukaryote were slightly higher, 1.40, than the com-
parisons between bacterial clade B2, 1.10 (supple-
mentary Table S4).

Formation of paralogs appeared to play an im-
portant role in the evolution of other synthetase
genes. As noted previously, similar deviation of RED
plots from normal vertical evolution is evident for
methionyl-, seryl-, threonyl-, and tryptophanyl-
tRNA synthetases.

Discussion

A major goal of the current work was to develop and
evaluate a novel method for detecting LGTs. Al-
though phylogenetically based, this method does not
rely upon calculation of trees. Instead, it utilizes the

ratios of evolutionary distances to distinguish be-
tween alternative evolutionary histories. In this
fashion, it tests whether or not the experimental gene
shares the same evolutionary history as the control
genes. When the evolutionary histories are different,
LGT is one possible mechanism. However, any
mechanism that causes changes in the evolutionary
clock, such as changes in gene function or evolu-
tionary rate, or gene duplications could in theory be
detected. Compared to phylogenetic trees, the ad-
vantages of this approach are: the variability inherent
in comparing protein sequences is transparent, the
direction of LGT and the relative rates of evolution
are readily identified, and it is possible to detect other
types of evolutionary events.

To compare RED and tree building, Neighbor-
joining (NJ) trees were constructed for the synthetase
genes. The numbers of polyphyletic phyla proposed
by each method within either the bacteria or archaea
were then compared. NJ method proposed polyphy-
letic phyla with bootstrap values greater than 700 of
1000 replicates for 18 of the 19 bacterial genes trees
and 5 of 15 archaeal gene trees. RED concurred with
NJ trees for 13 of the bacterial genes and all of the
archaeal genes. For two of the five cases where RED
failed to detect polyphyletic phyla proposed by the
NJ method, the sole difference was the placement of
the mycoplasma outside of the firmicutes. Mycopl-
asmas possess fast evolutionary clocks (Maniloff
2002; Woese et al. 1980) and frequently appear as
deep branches in gene trees. In the 16 synthetase gene
trees that included mycoplasma, it failed to cluster
with the other firmicutes in 12 cases. With one ex-
ception, RED did not confirm these placements out-
side the firmicutes. Because RED is based upon the
ratio of Ed within the same organism, it controls for
fast clock organisms like mycoplasma. Similarly, the
major difference between NJ tree and RED of glycyl-
tRNA synthetase beta chain gene was the location of
the epsilon proteobacteria outside the other proteo-
bacteria. Presumably, this resulted from either a fast
clock in the epsilon proteobacteria or the fact that the
epsilons are a very deep group within the proteo-
bacteria. In the 12 genes trees which included the
epsilon and other proteobacteria but no evidence for
LGT, the epsilon group was only associated with
high bootstrap values to the remaining proteobacte-
ria in three cases. Thus, the discrepancies between the
NJ trees and RED in these cases were probably due
to the inability of the NJ trees to correctly reconstruct
the phylogeny of genes from some taxa.

In the remaining two cases, RED failed to detect
evolutionary events evident in the NJ trees. Although
the intra-bacterial comparisons for seryl-tRNA syn-
thetase were within the threshold for normal vertical
evolution, the NJ tree indicated the presence of sev-
eral polyphyletic phyla involving the spirochetes and
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the mycobacteria. Careful examination of the RED
analysis indicated that both of these taxa had high K
values to each other as well as other bacteria, in-
cluding their closest relatives. Evidence for a donor
taxa was absent, hence LGT was unlikely. These re-
sults were consistent with the formation of paralogs
in both of these lineages. The small number of taxa
involved and small differences of K values suggested
that the formation of the paralogs were recent and
explains why the threshold was not exceeded. Simi-
larly, both the Fitch-Margoliash trees (Woese et al.
2000) and the NJ trees (this work) for the threonyl-
tRNA synthetase suggested that a number of phyla
were polyphyletic. The spirochetes were in separate
groups, the epsilon-proteobacteria were not clustered
with other proteobacteria, and the Bacillus and Clo-
stridium species were not associated with other fir-
micutes. Although the K values in RED were
consistent with a LGT from Thermotoga to these
firmicutes, the other phyla appeared to be mono-
phyletic. In the absence of evidence for a donor taxon
in RED, the remaining polyphyletic groups probably
resulted from formation of paralogs. Presumably, the
similar evolution of both paralogs and their subse-
quent distribution among distantly related taxa ob-
scured these events in RED. In conclusion, RED and
phylogenetic trees came to similar conclusions for the
phylogeny of many genes. However, each method has
it is own strengths. While RED is not mislead by fast
clock organisms, small events involving only a few
taxa are more easily to detect by tree-building.

Because of its simplicity, the distribution of the
ratios of evolutionary distances can be determined
empirically by examination of sets of proteins be-
lieved to share a common evolutionary history, such
as the ribosomal proteins. It is then possible to set
thresholds for the range of values expected for genes
with a common evolutionary history. The ratios
method also adds an additional criterion for the
recognition of LGT. The genes of the recipient taxa
must be both closer to the genes of the donor taxa
and farther from the genes of their sister taxa. The
application of both of these criteria facilitates the
rejection of many potential LGTs suggested by dis-
crepancies in gene trees. The direction of transfer is
also inherent in these criteria. For instance, two deep
bacterial lineages were observed in the phylogenetic
tree of the prolyl-tRNA synthetase. The bacterial
lineage B1 was associated with the archaeal genes and
SC1, one of the two yeast genes. The other bacterial
lineage B2 was associated with SC2, a second yeast
gene. This tree was consistent with two possible LGT
events. In the first possibility, a LGT occurred from
B2 to the eukaryotes as well as from the archaea to
B1. In this case, SC2 would be the derived gene and
SC1 would be the ancestral eukaryotic gene. In the
second possibility, a LGT occurred from B1 to the

archaea and the eukaryote, and from the eukaryote
to B2. In this example, SC2 would be the ancestral
gene and SC1 would be derived. In contrast to the
phylogenetic tree, the ratios method provided clear
evidence in support of the first possibility. Lastly, the
evolutionary rates are portrayed by the mean of
K values. Therefore, rate of evolution can be readily
compared within and between taxonomic groups.

As early as the mid 1970s, Reanney and Sonea
suggested that all organisms on the planet could be
viewed as a single entity, or a ‘‘global super-organ-
ism,’’ due to the numerous genetic exchange plat-
forms, such as bacteriophages, transposable elements
and plasmids (Sonea and Paniset 1976; Reanney
1978; Hilario and Gogarten 1993). The emergence of
genomic data appeared to support this hypothesis
and led to the suggestion that the evolutionary his-
tory of organisms might be likened to a net or web
due to the high frequency of LGT (Doolittle 1999b).
Thus, the evolutionary history of the individual genes
would vary due to LGT and there would be no
consensus representing the organismal evolution. In
the extreme, LGT could have erased the deep an-
cestral record of organismal evolution and invali-
dated attempts to create a universal tree of life based
upon rRNA sequences (Nesbo et al. 2001; Woese
2002).

Our analyses of the aminoacyl-tRNA synthetases
indicated that LGT occurred at a moderate frequency
and this LGT only partially obscured the organismal
phylogeny. If LGTs had occurred at very high fre-
quencies, then a high correlation of the Ed values with
control genes would not have been observed. Instead,
even when a LGT was apparent, the Ed values within
each clade were highly correlated with the controls.
The incongruencies of the gene trees with organismal
phylogeny were most simply explained by a few
LGTs to produce ancestors with both original and
the imported genes. During subsequent evolution,
one gene or the other was then lost. A similar evo-
lutionary model has been proposed for the ribosomal
proteins (Makarova et al. 2001) and is supported by
the fact that some modern organisms contain para-
logs of the synthetases, one of which is the ancestral
form and one of which was acquired by LGT.

For 10 of the aminoacyl-tRNA synthetases ex-
amined, the inter-domain comparisons possessed a
lower mean K value than the intra-domain compari-
sons. This nonlinearlity was attributed to either an
ancient LGT or an ancient change in the rate of ev-
olution. In either case, this event would have
occurred prior to the radiation of the modern lineages
within the prokaryotic domains. In some models of
early evolution, massive LGT is proposed prior to the
formation of modern lineages (Woese 1998). This
early genomic flexibility occurred at a time when
enzyme efficiency was low. Thus, ancient forms of the
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synthetases were readily replaced by LGT of genes
encoding more efficient enzymes. The ancient LGTs
possibly observed by RED are consistent with this
scenario.

Although the current work utilized the RED
method to study genes involved in translation, a
highly conserved cellular process, this method may be
more generally applicable to less conserved groups of
genes. For instance, the RED-T application could be
used to observe the genetic history within the pro-
teobacteria and the unique and diverse pathways
within methanogens. In these applications, RED
would be useful for identifying orthologs and LGT
events. In addition, RED could be used to study rates
of evolution in specific lineages, such as the mycopl-
asmas which possess a fast-clock (Maniloff 2002;
Woese et al. 1980).
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Methanococcus maripaludis is a strictly anaerobic, methane-producing archaeon. Aromatic amino acids
(AroAAs) are biosynthesized in this autotroph either by the de novo pathway, with chorismate as an interme-
diate, or by the incorporation of exogenous aryl acids via indolepyruvate oxidoreductase (IOR). In order to
evaluate the roles of these pathways, the gene that encodes the third step in the de novo pathway, 3-dehydro-
quinate dehydratase (DHQ), was deleted. This mutant required all three AroAAs for growth, and no DHQ
activity was detectible in cell extracts, compared to 6.0 � 0.2 mU mg�1 in the wild-type extract. The growth
requirement for the AroAAs could be fulfilled by the corresponding aryl acids phenylacetate, indoleacetate, and
p-hydroxyphenylacetate. The specific incorporation of phenylacetate into phenylalanine by the IOR pathway
was demonstrated in vivo by labeling with [1-13C]phenylacetate. M. maripaludis has two IOR homologs. A
deletion mutant for one of these homologs contained 76, 74, and 42% lower activity for phenylpyruvate,
p-hydoxyphenylpyruvate, and indolepyruvate oxidation, respectively, than the wild type. Growth of this mutant
in minimal medium was inhibited by the aryl acids, but the AroAAs partially restored growth. Genetic
complementation of the IOR mutant also restored much of the wild-type phenotype. Thus, aryl acids appear
to regulate the expression or activity of the de novo pathway. The aryl acids did not significantly inhibit the
activity of the biosynthetic enzymes chorismate mutase, prephenate dehydratase, and prephenate dehydroge-
nase in cell extracts, so the inhibition of growth was probably not due to an effect on these enzymes.

Methanococcus maripaludis is a strictly anaerobic, methane-
producing archaeon. It is a mesophile that utilizes CO2 as the
sole carbon source during autotrophic growth in minimal me-
dium but assimilates acetate and some amino acids as carbon
sources when they are present (28, 46, 47, 66). Regardless of
the carbon source, the reduction of carbon dioxide to methane
by H2 or formate is a required energy source for the growth of
these obligate lithotrophs.

Several lines of evidence suggest that the aromatic amino
acids (AroAAs) can be biosynthesized by the de novo pathway
in methanogens and other archaea (for a review, see reference
67). The de novo pathway starts from the common pathway
leading to chorismate and then splits to biosynthesize trypto-
phan, tyrosine, or phenylalanine (Fig. 1). This pathway is suf-
ficient to explain the pattern of isotope incorporation in the
AroAAs in many methanogens (11, 12, 53). Bioinformatic
analyses of genomic sequences further demonstrate homologs
for the genes for the de novo pathway in many archaea (44, 52,
67). However, homologs have not been found for the first two
steps in the methanogens, which may utilize different precur-
sors (60). A few enzymes in the pathway have also been bio-
chemically characterized. In the common pathway, only shiki-
mate kinase from Methanocaldococcus jannaschii has been
characterized in archaea (9). From chorismate to tyrosine and
phenylalanine, chorismate mutase (CM) from M. jannaschii,
prephenate dehydratase (PDT) from Halobacterium vallismor-
tis, and aromatic aminotransferases (AroAT) from Methano-
coccus aeolicus and Pyrococcus furiosus have been character-

ized (27, 34, 62, 69). Most of the enzymes for the biosynthesis
of tryptophan from chorismate have been characterized in
archaea, including some Methanococcus species (14, 24, 29, 38,
48, 55, 61).

In addition to the de novo pathway, Methanothermobacter
marburgensis has been proposed to form the AroAAs from the
corresponding aryl acids (56). In this pathway, the aryl acids
are activated to the coenzyme A (CoA) thioesters indoleacetyl-
CoA, phenylacetyl-CoA, and p-hydroxyphenylacetyl-CoA, which
are then reductively carboxylated by indolepyruvate oxidoreduc-
tase (IOR) to indolepyruvate, phenylpyruvate or p-hydroxy-
phenylpyruvate, respectively (Fig. 1). These compounds are
substrates for the AroAA aminotransferases (69). The pres-
ence of this pathway in M. marburgensis is supported by char-
acterization of the key enzyme IOR and incorporation of ra-
diolabeled phenylacetate into phenylalanine (56). In contrast,
a similar pathway in the hyperthermophilic peptide-fermenting
archaeon P. furiosus is involved in AroAA degradation to aryl
acids (36). Thus, the presence of the enzymes of this pathway
is not proof of its physiological function.

The present work provides genetic and biochemical evi-
dence for both of these pathways for AroAA biosynthesis in
M. maripaludis.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. The bacterial
strains and plasmids used in this work are listed in Table 1. Escherichia coli was
grown in Luria-Bertani medium with ampicillin (100 �g/ml) when needed. M.
maripaludis was grown with 276 kPa of H2-CO2 gas (80:20 [vol/vol]) at 37°C in
the mineral medium McN, McNA (McN plus 10 mM sodium acetate), or McC
(McNA plus 0.2% [wt/vol] Casamino Acids and 0.2% [wt/vol] yeast extract) as
described previously (65). Puromycin (2.5 �g/ml) or neomycin (500 �g/ml) was
added when needed. Under these growth conditions, logarithmic growth is ob-
served only at low cell densities because the rate of transfer of H2 gas to the
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liquid medium limits the rate of growth at even moderate cell densities. For this
reason, only linear growth curves are presented. For preparation of the cell
extracts, M. maripaludis was grown in bottles with 100 ml of McNA medium and
138 kPa of H2-CO2 gas (80:20 [vol/vol]) at 37°C. The cells were harvested, and
the cell extract was prepared as previously described (33, 47).

Construction of mutants. The �aroD::pac and �iorA2::pac mutants were made
by transformation with suicide vectors based upon pIJA03. Upon transformation
and selection, these vectors exchange the internal portion of the aroD or iorA2
gene with the pac cassette, which encodes puromycin resistance in methanococci
(15, 54). In pIJA03, the pac cassette is flanked by two multicloning regions that
allow directed cloning of genomic DNA. The upstream and downstream regions
of the aroD gene were PCR amplified from genomic DNA using the primers
U1-U2 and D1-D2, respectively. pIJA03-aroD was constructed in E. coli DH5�
(19) by cloning the U1-U2 PCR products into the BglII-XbaI sites and the
D1-D2 products into the KpnI and NheI sites of pIJA03. Similarly, the plasmid
pIJA03-iorA2 was constructed using the primers U3-U4 and D3-D4. Upon
insertion into the genome, this plasmid would be expected to delete the 3� end
of iorA2, as well as the first codon of iorB2. The pIJA03-aroD or pIJA03-iorA2
plasmid was transformed into M. maripaludis S2 by the polyethylene glycol
method (59). After transformation, cultures were plated on McC medium plus
puromycin, random puromycin-resistant colonies were restreaked, and represen-
tative isolates were picked into tubes containing broth of the same composition.
After growth, 2.5 ml of the 5-ml culture was used for determination of the
genotype and phenotype. The remaining culture was used for preparation of
frozen stocks. First, the culture tube was transferred to an anaerobic glove box,
and the remaining culture was centrifuged and resuspended in 0.4 ml of 30%
glycerol plus McC medium (58). The suspension was distributed into 0.2-ml
fractions, sealed in airtight cryogenic vials (Corning), and stored at �70°C.

The plasmid pMEV2-iorAB2 for complementation of the IOR mutant was
constructed by cloning the iorAB2 genes into the NsiI and XbaI sites of the
methanococcal expression vector pMEV2 (32). The iorAB2 genes were PCR
amplified from genomic DNA using the primers E1 and E2. The plasmid
pMEV2-iorAB2 was constructed in E. coli DH5� (19) and transformed into M.
maripaludis S122 (59). Transformants were screened on McC plates containing
neomycin. Isolated colonies were restreaked and stored as described above. All
subcultures of this strain also contained neomycin.

The sequences of the primers used in this work will be provided upon request.
Southern hybridization. Southern hybridizations were performed using the

DIG High Prime DNA Labeling and Detection Starter Kit I (Roche, Mannheim,
Germany). The probe for aroD was made by PCR amplification with primers U1

and U2. The probe for the iorA2 gene was made by PCR amplification using
primers U3 and U4.

Enzymatic assays. The activity of 3-dehydroquinate dehydratase (DHQ) was
assayed by monitoring the formation of 3-dehydroshikimate at 234 nm (ε � 12 �
103 M�1 cm�1) at 37°C. The standard assay mixture (1 ml) contained potassium-
PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid)] buffer (50 mM; pH 7.0) and
10 mM 3-dehydroquinate (6). Dehydroquinate was prepared by the oxidation of
quinic acid (Sigma, St. Louis, Mo.) with nitric acid and separation of the products
by ion-exchange chromatography on Dowex 1 (Sigma) resin (17). The fractions
that contained dehydroquinate were collected, and the dehydroquinate was pre-
cipitated as previously described (22).

Pyruvate oxidoreductase (POR) activity was assayed anaerobically as pyru-
vate- and CoA-dependent methyl viologen reduction, as previously reported
(33). IOR activity was assayed similarly, except that pyruvate was replaced with
phenylpyruvate (1 mM), indolepyruvate (0.5 mM), or p-hydroxyphenylpyruvate
(1 mM) as the substrate of the reaction. Stock solutions of the last two substrates
were prepared in ethanol. An ethanol-only control had no activity.

CM activity was assayed by measuring the transformation of chorismate to
prephenate after the chemical conversion of prephenate to phenylpyruvate in
acid (1). Unless otherwise stated, the concentration of chorismate was 1 mM.
PDT was assayed by measuring the conversion of prephenate to phenylpyruvate
as previously described (16), except that the enzymatic reaction was performed
for 10 min with 0.5 mM prephenate. For the kinetics experiments for PDT, the
concentrations of KCl, phenylalanine, and tyrosine were 725, 0.1, and 0.1 mM,
respectively. Prephenate dehydrogenase (PDH) activity was assayed by following
the formation of NADH upon the oxidative decarboxylation of prephenate (10).
The concentration of prephenate was 1 mM.

All specific activities are given in milliunits per milligram (or nanomoles per
minute per milligram of protein). Protein concentrations were determined using
the bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.) after incubation
at 90°C in 0.1 M NaOH for 30 min.

13C labeling and isolation of amino acids from M. maripaludis proteins. The
AroAA auxotroph S87 was grown in 6.5 liters of modified McNA medium in
H2-CO2 gas as previously described (46). In addition to the usual components,
the McNA medium contained 0.1 mM [1-13C]phenylacetate and p-hydroxyphe-
nylacetate and 0.02 mM indoleacetate. The aryl acids were flushed with N2 gas
and sterilized by filtration. The fermentor was inoculated with 400 ml of culture
grown in the same medium with unlabeled phenylacetate. The cells were har-
vested by centrifugation as previously described (46). The proteins from the cell
pellets were extracted as described previously (64), except that the cell paste (8.2
g [wet weight]) was suspended in 326 ml of ice-cold 5% (wt/vol) trichloroacetic
acid and the protein pellet was washed twice with acetone before being dried in
a vacuum desiccator. For acid hydrolysis, the dried proteins were suspended in 6
N HCl (40 �l/mg of dry protein) in an acid-cleaned, anaerobic glass culture tube
(51). The tube was sealed with a butyl rubber stopper and aluminum seal, and the
solution was frozen in an ethanol-dry ice bath. The tube was flushed with N2 gas

TABLE 1. Bacterial strains and plasmids

Bacterial strain
or plasmid Genotype or description Source or

reference

M. maripaludis
S2 Wild type 65
S83 �aroD::pac This work
S87 �aroD::pac This work
S122 �iorA2::pac This work
S151 �iorA2::pac/pMEV2-iorAB2 This work
S153 �iorA2::pac/pMEV2-iorAB2 This work
S155 �iorA2::pac/pMEV2-iorAB2 This work

E. coli DH5� F� (	80dlacZ�M15) recA1 endA1
gyrA96 thi-1 hsdR17 (rK

� mK
�)

supE44 �(lacZYA-argF) U169

19

Plasmids
pIJA03 Purr methanogen integration vector 54
pIJA03-aroD pIJA03 with the upstream and down-

stream regions of the aroD gene
This work

pIJA03-iorA2 pIJA03 with the upstream and down-
stream regions of the iorA2 gene

pMEV2 Neomycin shuttle vector 32
pMEV2-iorAB2 pMEV2 with iorAB2 genes This work

FIG. 1. Pathways for the biosynthesis of AroAAs in M. maripaludis.
The precursors for the de novo pathway in methanogens are not
known, but homologs for genes at all the steps after 3-dehydroquinate
are present in the genomic sequence (see the text). After chorismate,
the pathway splits into three branches, one of which leads to trypto-
phan. At prephenate, the branches leading to phenylalanine and ty-
rosine form. The aryl acid pathway starts from phenylacetate, p-hy-
droxyphenylacetate, and indoleacetate, precursors for phenylalanine,
tyrosine, and tryptophan, respectively. The enzymes shown are DHQ,
CM, PDT, PDH, AroAT, and IOR. Possible transcriptional regulation
of DHQ is indicated by double dashed lines. Inhibition (�) or activa-
tion (�) of the PDT and PDH enzyme activities are indicated by single
dashed lines.
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for 15 min and incubated in a sand bath at 110°C for 20 h. Then, the acid was
diluted with an equal volume of water. Rotary evaporation was used for remov-
ing the acid, and the amino acid mixture was concentrated to 0.5 ml by lyophi-
lization. The concentrated mixture of amino acids was then diluted to 1.5 ml in
water, and multivalent cations were removed during passage through a 3-ml
column of iminodiacetic acid chelating resin (Sigma). The column was treated
with 500 ml of 1 N HCl and 500 ml of water before the sample was loaded. After
the sample was loaded, the column was eluted with distilled water. The amino
acids were detected by spotting drops from the column on filter paper. After the
drops dried, a drop of ninhydrin reagent (100 ml of butanol, 3 ml of acetic acid,
and 0.3 g of ninhydrin) was added and dried. The formation of an orange color
indicated the presence of amino acids. The amino acids eluted within 13 ml and
were taken to dryness by lyophilization.

NMR experiment. 1H-decoupled 13C nuclear magnetic resonance (NMR) data
were acquired at 20°C on a 400-MHz spectrometer (399.8 MHz; 1H), while 1H
detected spectra were recorded on a 500-MHz spectrometer (499.8 MHz; 1H).
1H chemical shifts at 20°C were referenced to 2,2-dimethyl-2-silapentane-5-
sulfonic acid via the HDO resonance frequency at 4.76 ppm, and 13C chemical
shifts were referenced to tetramethylsilane at 0.0 ppm. All 2D phase-sensitive
gradient-enhanced and 1D version 1H-13C HMQC-clean-TOCSY (HMQC, het-
eronuclear multiquantum coherence; TOCSY, total correlation spectroscopy)
(31) experiments were acquired with GARP decoupling (45) during acquisition.
For all 2D experiments, quadrature detection in the indirectly observed dimen-
sions was obtained using the time-proportional phase increment method (37).
The 2D data were acquired with an acquisition time of 100 ms, with four scans
for each of 256 free induction decays. The 1D HMQC-clean-TOCSY data were
recorded with 64 scans.

Phylogenetic analysis. The genes encoding the � subunits of the two IORs
from M. maripaludis were used for a BLASTP search of the National Center for
Biotechnology Information (National Institutes of Health) database. The amino
acid sequences were aligned using Clustal X (57). This alignment was manually
edited prior to construction of the phylogenetic trees with PHYLIP (13). Evo-
lutionary distances were determined with PROTDIST, and the neighbor-joining
and Fitch-Margoliash dendrograms were generated with NEIGHBOR and
FITCH, respectively. Parsimony analysis was performed with PROTPARS. The
SEQBOOT program was used to calculate bootstrap values based upon 100
replicate trees.

RESULTS

Biosynthesis of AroAAs by the de novo pathway. The ge-
nome of M. maripaludis possesses homologs for five of the
seven genes of the de novo pathway of AroAA biosynthesis up
to chorismate (J. Leigh, personal communication). The ORF
MMP1394 is the homolog to aroD, which encodes the third
enzyme in the pathway, DHQ. This is the first step for which a
homolog has been identified. MMP1394 shows 
30% amino
acid identity to the bacterial type I DHQs. Because there is no
direct biochemical evidence for the identity of aroD in the
archaea, a deletion strain of MMP1394 was constructed to
confirm its role in AroAA biosynthesis (Fig. 2A). The geno-
types of the resulting mutants, S83 and S87, were confirmed by
Southern blotting. The replacement of an internal portion of
MMP1394 with the pac cassette resulted in an increase in size
of the BglII fragment from 4.2 kb in the wild type to 5.1 kb in
the mutants (Fig. 2B). The mutants were auxotrophic for all
three AroAAs (Fig. 3A and data not shown). In cell extracts of
the mutant S87, the DHQ activity was below the limit of de-
tection, or �0.5 mU mg�1. In contrast, the specific activity in
the wild-type strain was 6.0 � 0.2 mU mg�1. These results
confirmed the identity of MMP1394 as aroD and its role in the
pathway of AroAA biosynthesis.

Biosynthesis of AroAAs from the aryl acids. The three aryl
acids, phenylacetate, p-hydroxyphenylacetate, and indoleac-
etate, fulfilled the AroAA requirement for growth of the aroD
mutant S87 (Fig. 3A). These results suggested that M. mari-

paludis was also able to biosynthesize the AroAAs from the
aryl acids using the IOR pathway.

Aryl acids are readily available in typical methanogenic en-
vironments, where they are formed from the AroAAs by an-
aerobic heterotrophs (3, 4). In contrast, strains of M. maripalu-
dis poorly assimilate low concentrations of the AroAAs
themselves, as well many other amino acids (66). The rapid
growth of the auxotroph with aryl acids suggested that these
acids might be assimilated at environmentally relevant concen-
trations (Fig. 3A). In fact, replacement of phenylacetate and
p-hydroxyphenylacetate with phenylalanine and tyrosine, re-
spectively, actually inhibited growth, confirming that the aryl
acids were assimilated more readily than the amino acids (Fig.
3B). The aryl acids were assimilated quantitatively. For in-
stance, the concentrations of indoleacetate, phenylacetate, and
p-hydroxyphenylacetate required for growth of S87 were close
to the values expected from the abundance of the AroAAs in
proteins (Fig. 3C). The cellular yields for phenylacetate, p-
hydroxyphenylacetate, and indoleacetate were 3.7, 4.2, and
23 g (dry weight) mmol�1, respectively. From the compositions
of AroAAs in E. coli, the expected yields were very similar: 5.7,
7.6, and 19 g (dry weight) mmol�1 (39). These results demon-
strated that low concentrations of aryl acids could fulfill the
growth requirement for AroAAs.

FIG. 2. Construction of the �aroD::pac mutation. (A) M. maripalu-
dis aroD (MMP1394) gene region. The ORFs MMP1396, MMP1395
and MMP1391 were annotated as aminotransferase, DEAD/DEAH
box helicase and aspartate-semialdehyde dehydrogenase, respectively.
The ORFs MMP1393 and MMP1392 were annotated as hypothetical
proteins (J. Leigh, personal communication). The locations of the
primers U1, U2, D1, and D2 used to clone the upstream and down-
stream regions flanking MMP1394 are shown. (B) Confirmation of the
genotypes of the wild-type S2 and mutants S83 and S87 by Southern
hybridization. The genomic DNA (3.2 �g) was digested with BglII
prior to hybridization with the probe indicated in panel A. Lanes 1, 2,
and 3, genomic DNAs of S2, S83, and S87, respectively, digested with
BglII. Lane 4, pJA03-aroD digested with PvuII and NheI as a positive
control.

4942 PORAT ET AL. J. BACTERIOL.



In bacteria, chorismate is an intermediate in the biosynthesis
of p-aminobenzoate, quinones, and the catechol siderophores
(5). Although methanogens are not known to possess the last
two compounds, p-aminobenzoate is required for methano-
pterin biosynthesis in Methanobrevibacter sp. (63). Although

labeling of p-aminobenzoate was consistent with its formation
from chorismate, this biosynthetic route was not demonstrated
conclusively. Therefore, it was interesting that aryl acids alone
were sufficient to support growth of the �aroD::pac mutant. To
confirm that no other compounds were required for growth,
this mutant was serially transferred five times in minimal me-
dium with acetate and aryl acids, for a total dilution of 
108-
fold. After five transfers, the growth of the mutant closely
resembled that of the wild type in this medium (data not
shown). From this result, methanococci must have an alterna-
tive pathway of p-aminobenzoate biosynthesis during growth
on aryl acids. It is also possible that chorismate is an interme-
diate during growth without these AroAA precursors.

In vivo incorporation of phenylacetate into phenylalanine.
To confirm the incorporation of aryl acids into the AroAAs,
the mutant S87 was cultured with [1-13C]phenylacetate, unla-
beled p-hydroxyphenylacetate, and indoleacetate. After extrac-
tion of the cellular proteins and acid hydrolysis to produce a
mixture of amino acids, only one amino acid carbon was spe-
cifically enriched by the 13C label (Fig. 4A). This carbon was
identified as the C� of phenylalanine based in part upon its 13C
chemical shift in a 1H-decoupled 13C experiment. However,
this criterion alone was not sufficient, and the identification
was confirmed by the 1H� and 1H resonances obtained in
1H-13C HMQC-TOCSY experiments of the mixture and those
of amino acid standards prepared at the same pH. The ob-
served 1H chemical shifts in the mixture were 4.29 ppm for the
1H� proton and 3.34 and 3.20 ppm for the 1H protons (Fig.
4B). These matched the resonances of the phenylalanine stan-
dard observed at 4.25 ppm for the 1H� proton and 3.33 and
3.18 ppm for the 1H protons. In contrast, the 1H chemical
shifts of other candidate standards had significant deviations
from that observed for the mixture. For example, tryptophan
had the closest chemical shifts and resonances for the 1H�

proton at 4.24 ppm and the 1H protons at 3.49 and 3.37 ppm.
IOR from M. maripaludis. The IORs from M. marburgensis

and Pyrococcus spp. have been purified and found to contain
two subunits (35, 49, 50, 56). Two homologs of the IORs
are present in the genomes of M. maripaludis (J. Leigh, per-
sonal communication), each one encoded by adjacent ORFs:
MMP0316 and MMP0315, and MMP0713 and MMP0714 for
the � and  subunits, respectively. A phylogenetic tree of the
� subunits from the prokaryotes grouped the IOR homologs
into six clades (Fig. 5). While all six clades were observed by
the Fitch-Margoliash, neighbor-joining, and parsimony algo-
rithms, only some were strongly supported by bootstrap anal-
yses. Moreover, it was not possible to confidently assign the
genes from Chlorobium tepidum, Bacteroides thetaiotaomicron,
and homolog 1 of Geobacter metallireducens to a clade or to
determine the deep branching order among the clades (Fig. 5).
Four clades (A to D) contained only archaeal genes, and two
clades (E and F) contained bacterial and archaeal sequences.
The biochemically characterized IORs from Pyrococcus spp.
and M. marburgensis, which is closely related to Methanother-
mobacter thermoautotrophicus (56), were all in clade D, which
included only archaeal genes but not the methanococcal ho-
mologs. Instead the M. maripaludis homologs were found in
clades A and F, along with the homologs from the closely
related mesophile Methanococcus voltae (W. B. Whitman,
R. A. Feldman, and R. Overbeek, unpublished observation).

FIG. 3. Growth requirement of the auxotroph S87 for AroAAs.
The McNA medium contained 1 mM AroAAs or aryl acids, except
when otherwise indicated. (A) Growth in the presence of AroAAs or
aryl acids. The inoculum was 105 cells. Shown are growth of the wild-
type S2 with or without acids ({) and growth of S87 with all three aryl
acids (Œ), with all three AroAAs (�), and without any addition (F).
(B) Assimilation of phenylalanine and tyrosine limit the growth rate of
the mutant S87. The inoculum was 107 cells washed in McNA medium.
Shown are growth of S87 without any addition (F); with all three aryl
acids (Œ); with phenylalanine, indoleacetate, and p-hydroxyphenylac-
etate (■ ); with tyrosine, indoleacetate, and phenylacetate (}); with
indoleacetate and p-hydroxyphenylacetate alone (�); and with in-
doleacetate and phenylacetate alone ({). (C) Growth yield of the
mutant S87 with limiting concentrations of indoleacetate (■ ), p-hy-
droxyphenyacetate (Œ), and phenylacetate (F). The inoculum was 107

cells washed in McNA medium.
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Clade A was composed entirely of archaeal genes. In addition
to the methanococcal homologs, it also included homolog 1 of
Methanosarcina spp. In contrast, the methanococcal homologs
were the only archaeal genes in clade F, which also contained
genes from a variety of facultative and strictly anaerobic bac-
teria. Because of the low similarity of the methanococcal ho-
mologs to the biochemically characterized enzymes and the
broad distribution among different types of prokaryotes, it was
not possible to infer the physiological properties of the IOR
homologs from this phylogeny.

In order to further understand the role of the IORs in
M. maripaludis, the iorA2 (MMP0713) gene was deleted by
replacement with the pac cassette (Fig. 6A). The genotype of
the resulting mutant, S122, was confirmed by Southern blot-

ting. The replacement of the internal portion of MMP0713
with the pac cassette resulted in an increase in size of the
EcoRV fragment from 2.4 kb in the wild type to 3.2 kb in the
mutant S122 (Fig. 6B). The IOR specific activity in the mutant
was greatly reduced, from 162 mU mg�1 in the wild type to 39
mU mg�1 with phenylpyruvate as the substrate (Table 2). The
genes iorAB2 were then cloned next to a strong promoter in the
methanococcal expression vector pMEV2 (32), and the vector
was transformed into the mutant S122 to produce strains S151,
S153, and S155. The complemented strains all possessed ele-
vated levels of IOR activity, confirming that these genes en-
coded IOR (Table 2 and data not shown). Interestingly, the
specific activity for POR in these complemented strains was
reduced, from 390 mU mg�1 in the wild type and strain S122
to 180 to 220 mU mg�1 in the complementation mutants. Pre-
sumably, biosynthesis of elevated levels of IOR depleted the
coenzymes needed for biosynthesis of normal levels of POR.
Although the methanococcal IORs were not purified, the
properties of the mutants suggested that the enzymes had
different specificities for the aryl acids. Compared to the wild
type, extracts of the �iorA2::pac mutant S122 possessed greatly
reduced activity with phenylpyruvate and p-hydroxyphenylpy-
ruvate (Table 2), suggesting that IOR2 preferentially utilized
these substrates. Similarly, complemented strains possessed very
high activities for phenylpyruvate and p-hydroxyphenylpyru-
vate compared to the activity with indolepyruvate (Table 2).
Presumably, the residual activity in the mutant S122, which was
nearly the same for all three substrates, represented IOR1.
Thus, the substrate specificities of IOR1 and IOR2 appeared
to differ.

Regulation of de novo AroAA biosynthesis by aryl acids. The
growth of the �iorA2::pac mutant S122 was indistinguishable
from that of the wild type in medium with (McC) or without
(McNA or McN) amino acids. However, the aryl acids phenyl-
acetate and p-hydroxyphenylacetate, either alone or in combi-
nation, severely inhibited growth of the mutant in minimal
medium (Fig. 7A and data not shown). In some experiments,
growth of the �iorA2::pac mutant resumed after a long lag in
the presence of phenylacetate or p-hydroxyphenylacetate (Fig.
7B). Growth in these cases was best explained by selection for
revertants. Growth was seldom seen when very small inocula
were used, suggesting that growth occurred due to selection for
mutants arising spontaneously. Moreover, the aryl acids no
longer inhibited the growth of these cultures upon subsequent
transfers in the same medium (data not shown). The inhibi-
tion by the individual aryl acids suggested that phenylacetate
and p-hydroxyphenylacetate inhibited the de novo pathway of
AroAA biosynthesis. The inhibition by all three aryl acids
together further indicated that the level of IOR activity re-
maining in the mutant was insufficient to provide AroAAs from
the aryl acids.

In support of these hypotheses, phenylalanine provided par-
tial protection against inhibition by phenylacetate, indicating
that limitation for AroAAs caused at least some of the growth
inhibition (Fig. 7B). However, tyrosine failed to protect against
inhibition by p-hydroxyphenylacetate. Tyrosine was assimilated
poorly by M. maripaludis. For instance, tyrosine supported only
poor growth of the �aroD::pac mutant S87 after a lag of �2
days (Fig. 3B). Therefore, the failure of tyrosine to protect
against aryl acid inhibition probably reflected its poor uptake.

FIG. 4. NMR spectra of the mixture of amino acids produced by
acid hydrolysis of labeled proteins. The amino acids (10 mg) were
isolated by Robert’s method from S87 cells grown in the presence of
0.1 mM [1-13C]phenylacetate. (A) 13C spectrum of the mixture of
amino acids produced by acid hydrolysis of the labeled proteins. (B)
Proton spectrum of the 13C-labeled amino acids demonstrating cou-
pling to 13C.
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In addition, p-hydroxyphenylacetate appeared to be a stronger
inhibitor than phenylacetate (see below), so its effects would be
more difficult to reverse upon the addition of the AroAAs.
Because phenylacetate was less inhibitory, phenylalanine could
provide partial protection, presumably by sparing the choris-
mate requirement for biosynthesis of the other AroAAs. In
contrast, indoleacetate did not inhibit the growth of the
�iorA2::pac mutant (data not shown). Presumably, it was ei-
ther not a strong inhibitor of AroAA biosynthesis or the levels
of IOR activity were sufficient for tryptophan biosynthesis.

In strain S155, where the chromosomal �iorA2::pac muta-

tion was complemented by iorAB2 expression from a plasmid,
the relative growth inhibition by the aryl acids was greatly
reduced. First, p-hydroxyphenylacetate or phenylacetate alone
was still inhibitory, as expected if they inhibited the de novo
pathway. However, phenylacetate and p-hydroxyphenylacetate
together or all three aryl acids together were no longer inhib-
itory, as expected if the IOR activity was now sufficient to
provide AroAAs (Fig. 7C). This result confirmed the hypoth-
esis that the failure of S122 to grow in the presence of the aryl
acids was due to low levels of IOR activity and not due to a
polar effect on other genes at this locus. Compared to the wild

FIG. 5. Phylogeny of the iorA genes that encode the � subunit of IOR. The phylogenetic tree was constructed by using the PHYLIP package
based upon an alignment of conserved positions using the Fitch-Margoliash algorithm. Similar phylogenetic trees were generated by neighbor-
joining and parsimony algorithms (data not shown). The bootstrap values for all three algorithms were very close and are labeled in the tree by
the symbols at the branch points: F, values of �90%; E, values of �60%; unlabeled, values of �60%. The scale bar is 0.5 expected amino acid
substitutions per site. The six clades found are labeled A to F. The accession numbers for protein sequences from the National Center for
Biotechnology Information database (from top to bottom in the tree) are: AAM05134, AAM32330, CAF29872.1, AAR21228, AAL80969,
NP_143041, NP_126757, C90374, BAB65740, BAB59718, CAC12141, Q9UZ57, O58495, AAL80657, BAA20528 [formerly named Pyrococcus sp
KOD1(43)], NP_615972, NP_634117, O28783, AAB86318, ZP_00000830, ZP_00001160, ZP_00080126, NP_106112, BAC48676, CAD15531,
ZP_00056522, ZP_00129724, AAM32484, AAM05385, NP_661020, AAO75537, ZP_00054515, ZP_00015617, ZP_00010808, ZP_00079304,
NP_623747, NP_348620, ZP_00059944, AAR21230, and CAF30269.1.
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type, strain S155 also grew slowly in McNA medium without
the addition of the aryl acids (Fig. 7C). Presumably, this result
reflected the reduced levels of POR activity.

If the aryl acids inhibited de novo AroAA biosynthesis, they
might also inhibit the growth of the wild type. While even low
concentrations of p-hydroxyphenylacetate were inhibitory,
higher concentrations of phenylacetate or indoleacetate were
required (Fig. 8). In contrast to the mutant S122, the aryl acids
were inhibitory only when present individually, and combina-

tions did not inhibit. Presumably, when the three aryl acids
were present together, the AroAAs were formed from the aryl
pathway and the requirement for the de novo pathway was
spared. The absence of inhibition by all three aryl acids
strongly suggested that inhibition by aryl acids was due to an
effect on AroAA biosynthesis. However, because tyrosine was
assimilated poorly, it was not possible to demonstrate protec-
tion by the AroAAs themselves.

Effect of aryl acids on enzymes of the de novo pathway. To
identify the site of action of the aryl acids, the activities for
some of the key steps were examined in cell extracts. In many
prokaryotes and yeasts, the initial reaction, DAHP synthase, is
a key regulatory step (18, 30, 40, 41). However, in methano-
cocci, the initial step of the de novo pathway is not known (67),
and it was not possible to examine that reaction. For the
enzymes of the de novo pathway tested, growth in the presence
of the aryl acids had only small effects on the specific activities
in cell extracts. DHQ is the first enzyme in the pathway that is
known. Its specific activity in wild-type cells grown with the aryl
acids was one-third (2.3 � 0.1 mU mg�1) of the level in cells
grown without additions (6.0 � 0.2 mU mg�1). For PDH, the
specific activity of cells grown with the aryl acids (23 � 1.2 mU
mg�1) was nearly the same as the level in cells grown without
additions (18 � 2.1 mU mg�1). For CM and PDT, the specific
activities were the same (see below). Therefore, the presence
of aryl acids did not have a large affect on the expression of
these enzymes.

The effect of phenylacetate and p-hydroxyphenylacetate on
the activities of the phenylalanine or tyrosine biosynthetic en-
zymes from chorismate were also examined. CM is the first
common enzyme for the biosynthesis of both phenylalanine
and tyrosine (Fig. 1). The CM from M. jannaschii has been
categorized as a monofunctional AroQ (7, 34). The aroQ gene
of many organisms is often fused with either other AroAA
biosynthetic genes or a regulatory domain (7). M. maripaludis
possesses a homolog of the M. jannaschii CM (encoded by
aroQ), MMP0578. In cell extracts, the CM specific activity was
affected very little by the AroAAs, phenylacetate, or p-hy-
droxyphenylacetate, which was expected because a regulatory
domain was not present in the open reading frame (ORF)
(Table 3). Thus, CM was unlikely to be a major site of inhibi-
tion by the aryl acids.

PDT is the first enzyme in the phenylalanine branch (Fig. 1).
Like the PDT from H. vallismortis (27), the activity of PDT
from wild-type M. maripaludis was inhibited 
70% by phenyl-
alanine and activated 
2-fold by tyrosine (Table 3). In one set
of experiments, the Vmax and Km for prephenate were 5.3 mU

FIG. 6. Construction of �iorA2::pac mutation. (A) M. maripaludis
iorA2 (MMP0713) gene region. The ORFs MMP0712, MMP715,
MMP0716, and MMP0717 were annotated as solute-binding protein/
glutamate receptor, coenzyme F390 synthetase II, acetohydroxyacid
synthase small-subunit related, and hypothetical protein, respectively
(J. Leigh, personal communication). The primers U3, U4, D3 and D4
were used to clone the flanking regions for construction of pIJA03-
iorA. The primers E1 and E2 were used for cloning iorA2 and iorB2
during the construction of pMEV2-iorAB2. (B) Confirmation of the
genotype by Southern hybridization with the wild-type S2 and the
iorA2 mutant S122. The genomic DNA (3.3 �g) was digested with
EcoRV prior to hybridization to the probe indicated in panel A. Lanes
1 and 2, S122 and S2 genomic DNAs, respectively; lane 3, pJA03-iorA2
DNA digested with PvuII and NheI as a positive control.

TABLE 2. Indolepyruvate oxidoreductase specific activities of the wild-type S2 and mutant S122 and S155 strainsa

Strain Genotype
Sp act (mU mg�1) with:

Phenylpyruvate p-Hydroxyphenylpyruvate Indole-3-pyruvate

S2 Wild type 162 � 33 101 � 31 43 � 12
S122 �iorA2::pac 39 � 5 26 � 7 25 � 10
S155b �iorA2::pac/pMEV2-iorAB2 519 � 44 381 � 10 88 � 2

a Except as noted, specific activities were determined in triplicate from four independent cultures grown in McNA medium. The concentrations of the substrates
phenylpyruvate and p-hydroxyphenylpyruvate were 1 mM. The concentration of the substrate indolepyruvate was 0.5 mM. Means and one standard deviation are
reported.

b Specific activities were determined in duplicate. The two additional complementation strains S151 and S153 gave results similar to these with S155.
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min�1 and 1.2 mM, respectively. The apparent Vmax and Km

for prephenate in the presence of the inhibitor phenylalanine
at 0.1 mM were 2.8 mU min�1 and 0.96 mM, respectively, and
the Vmax and Km for prephenate in the presence of the activa-
tor tyrosine at 0.1 mM were 6.0 mU min�1 and 0.63 mM,
respectively. Thus, phenylalanine affected mostly the Vmax,
while tyrosine affected mostly the Km for prephenate. Meth-

anococci contain high intracellular concentrations of potas-
sium, which is an activator for some biosynthetic enzymes (70).
However, PDT activity from M. maripaludis was inhibited by
KCl, as was previously found for PDT activity from E. coli (16).
In this series of experiments, the Vmax and Km for prephenate
with physiological concentrations of KCl of 0.725 M (25) were
7.8 mU min�1 and 3.5 mM, respectively. In the absence of KCl,
the Vmax and Km for prephenate were 6.8 mU min�1 and 1.1
mM, respectively, in this experiment. Thus, KCl largely af-
fected the Km for prephenate. Phenylacetate and p-hydroxy-
phenylacetate had no effect on the activity of PDT from M.
maripaludis, even when the assay contained well below the Km

concentration of prephenate (Table 3). Therefore, it is unlikely
that this enzyme was the site of inhibition by the aryl acids.

Finally, PDH, the first committed enzyme of tyrosine bio-
synthesis, was tested. PDH activity from wild-type M. maripalu-
dis was inhibited by 
70% by either tyrosine or p-hydroxyphe-
nylpyruvate and 55% by p-hydroxyphenylacetate (Table 3).
Phenylalanine had a small effect, and phenylacetate had no

FIG. 7. Effects of aryl acids on growth of the �iorA2::pac mutant
S122. The McNA medium contained 1 mM aryl acids or AroAAs as
indicated. The inoculum was 
2 � 105 cells. (A) Inhibition of growth
of strain S122 by phenylacetate or p-hydroxyphenylacetate. {, wild-
type S2 without any addition; F, S122 without any addition; ‚, S122
with phenylacetate alone, p-hydroxyphenylacetate alone, both phenyl-
acetate and p-hydroxyphenylacetate, or all three aryl acids. (B) Res-
toration of growth by AroAAs. Shown are S122 without any addition
(F), with phenylacetate (‚), with phenylacetate and phenylalanine
(Œ), with p-hydroxyphenylacetate (�), and with p-hydroxyphenylace-
tate and tyrosine (■ ). (C) Complementation of the �iorA2::pac mutant
with pMEV2-iorAB2. Shown are growth of wild-type S2 without any
addition ({), the complemented strain S155 without any addition (F),
S155 with phenylacetate (‚), S155 with p-hydroxyphenylacetate (�),
S155 with phenylacetate and p-hydroxyphenylacetate (E), and S155
with the three aryl acids (Œ).

FIG. 8. Effects of aryl acids on growth of wild type S2. The McNA
medium contained 1 mM aryl acids where indicated. The inoculum was

2 � 105 cells. Shown is the S2 strain growing without any addition
({), with phenylacetate alone (F), with indoleacetate alone (■ ), with
p-hydroxyphenylacetate alone (Œ), and with the three aryl acids (‚).
The inset shows the growth lag of strain S2 during growth with increas-
ing concentrations of phenylacetate (F), indoleacetate (■ ), and p-
hydroxyphenylacetate (Œ).

TABLE 3. CM, PDT, and PDH specific activities of the
wild-type strain S2

Additiona
Sp actb (mU mg�1) of:

CM PDT PDH

None 1.2 1.7 17.8
Phenylalanine 1.9 0.5 15.1
Tyrosine 1.5 3.8 4.4
Phenylacetate 1.1 1.6 18.2
p-Hydroxyphenylacetate 1.5 1.7 7.6
p-Hydroxyphenylpyruvate NTc NTc 5.3

a The concentrations of the potential effectors were 5 mM for CM and 0.5 mM
for PDT and PDH.

b Specific activities are the averages of duplicate assays. All duplicates were
within 10% of the mean value.

c NT, not tested.
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effect on the PDH activity. This inhibition pattern was consis-
tent with its role in tyrosine biosynthesis, and it would not
explain the growth inhibition by aryl acids.

DISCUSSION

Evidence has been presented for two pathways of AroAA
biosynthesis in M. maripaludis. The presence of the de novo
pathway from dehydroquinate is supported by construction of
an AroAA auxotroph via deletion of the aroD homolog in the
genome. Moreover, activities of four enzymes in this pathway
were demonstrated directly in cell extracts. Evidence for the
IOR pathway from aryl acids includes growth experiments
where the aryl acids fulfilled the requirement for AroAAs by
the auxotroph and the specific incorporation of the isotopically
labeled aryl acid phenylacetate into phenylalanine. The role of
IOR2 in this pathway is further supported by the apparent
inability of the deletion mutant S122 to incorporate aryl acids.

Anaerobic heterotrophs ferment AroAAs to the aryl acids to
provide energy under starvation conditions (4, 20, 21). Thus,
the aryl acids may be more abundant in anaerobic environ-
ments than the amino acids themselves. Consistent with this
idea is the observation that methanococci utilized the aryl acids
more readily than the amino acids themselves. Moreover, the
aryl acids down regulated the de novo biosynthetic pathway
sufficiently to inhibit growth in the �iorA2::pac mutant. Be-
cause the AroAAs were taken up poorly, it was not possible to
reverse this inhibition completely by the addition of the amino
acids. Thus, it might be that chorismate was a precursor for
additional cellular components in addition to the AroAAs. The
inability to demonstrate an additional nutritional requirement
following extensive subculture of the aroD::pac mutant with
only the aryl acids does not support this hypothesis. In addi-
tion, the individual aryl acids phenylacetate and p-hydroxy-
phenylacetate inhibited the growth of the wild-type S2, the
�iorA2::pac mutant S122, and the iorAB2 complementation
strain S155. However, when the aryl acids were provided to-
gether, only the �iorA2::pac mutant was inhibited. These re-
sults suggested that AroAA biosynthesis, which is the product
of the IOR pathway, was the major site of aryl acid inhibition.
These results further imply that the aryl acids are physiologi-
cally relevant precursors for the AroAAs.

Although it was not possible to identify the major site of
regulation by aryl acids, some regulatory features of the de
novo pathway were elucidated. These features are summarized
in the working model proposed in Fig. 1. Growth in the pres-
ence of the aryl acids lowered the expression of DHQ but not
the levels of CM, PDH, and PDT activity. Thus, regulation of
levels of expression appeared to be a relatively minor factor in
the regulation of this pathway in methanococci. Similarly, the
presence of branched-chain amino acids had only small effects
on the specific activities of their biosynthetic enzymes (W. L.
Gardner and W. B. Whitman, unpublished data).

In contrast, feedback inhibition in the methanococcal en-
zymes closely resembles that found in other prokaryotes. Like
the enzyme from the halophilic archaeon H. vallismortis, the
M. maripaludis PDT activity is inhibited by phenylalanine and
activated by tyrosine (27). Additionally the H. vallismortis
PDT is inhibited by tryptophan and activated by methionine,
leucine, and isoleucine. This type of interpathway regulation

was discovered in Bacillus subtilis and named metabolic inter-
lock (26). Feedback inhibition of PDT by phenylalanine is high-
ly conserved in gram-negative and gram-positive bacteria and
yeast (16, 26, 30). In E. coli, the bifunctional P protein has been
mapped, and the PDT, CM, and regulatory domains have been
clearly identified (72). Two highly conserved motifs in the
regulatory domain that are involved in the binding of phenyl-
alanine are also present in the M. maripaludis PDT sequence
(reference 42 and data not shown). These observations agree
with the proposal for an ancient origin of PDT regulation (27).

The feedback inhibition of PDH by tyrosine is also highly
conserved among gram-positive and gram-negative bacteria (2,
8, 23). The B. subtilis PDH is also inhibited by phenylalanine,
tryptophan, and p-hydroxyphenylpyruvate (8). The M. maripa-
ludis PDH is inhibited by tyrosine, p-hydroxyphenylpyruvate,
and p-hydroxyphenylacetate, connecting it to the aryl acid
pathway. However, the magnitude of the inhibition by p-hy-
droxyphenylacetate is not sufficient to explain the growth inhi-
bition by this aryl acid. Presumably, the aryl acids have other
sites of inhibition in the de novo pathway. In any case, feed-
back inhibition was also observed in the methanococcal aceto-
hydroxyacid synthase, the first enzyme in branched-chain ami-
no acid biosynthesis (68, 71), suggesting that this regulatory
mechanism is widely conserved among the prokaryotes.
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The genome sequence of the genetically tractable, mesophilic, hydrogenotrophic methanogen Methanococcus
maripaludis contains 1,722 protein-coding genes in a single circular chromosome of 1,661,137 bp. Of the
protein-coding genes (open reading frames [ORFs]), 44% were assigned a function, 48% were conserved but
had unknown or uncertain functions, and 7.5% (129 ORFs) were unique to M. maripaludis. Of the unique ORFs,
27 were confirmed to encode proteins by the mass spectrometric identification of unique peptides. Genes for
most known functions and pathways were identified. For example, a full complement of hydrogenases and
methanogenesis enzymes was identified, including eight selenocysteine-containing proteins, with each being
paralogous to a cysteine-containing counterpart. At least 59 proteins were predicted to contain iron-sulfur
centers, including ferredoxins, polyferredoxins, and subunits of enzymes with various redox functions. Unusual
features included the absence of a Cdc6 homolog, implying a variation in replication initiation, and the
presence of a bacterial-like RNase HI as well as an RNase HII typical of the Archaea. The presence of alanine
dehydrogenase and alanine racemase, which are uniquely present among the Archaea, explained the ability of
the organism to use L- and D-alanine as nitrogen sources. Features that contrasted with the related organism
Methanocaldococcus jannaschii included the absence of inteins, even though close homologs of most intein-
containing proteins were encoded. Although two-thirds of the ORFs had their highest Blastp hits in Methano-
caldococcus jannaschii, lateral gene transfer or gene loss has apparently resulted in genes, which are often
clustered, with top Blastp hits in more distantly related groups.

The methanogenic Archaea (methanogens) occupy a unique
metabolic niche, as they produce methane, which is a useful
energy source and a powerful greenhouse gas. These organ-
isms are found in diverse anaerobic habitats, ranging from
aquatic and marine sediments to sewage digesters and the
rumens and large intestines of herbivores and other mammals
(127). In these habitats, the degradation of organic matter
results in the production of H2 and other intermediates by
fermentative organisms. By maintaining an extremely low par-
tial pressure of H2, the methanogens keep fermentative path-
ways energetically favorable. In addition, some methanogens
may occupy niches where hydrogen is produced predominately
by geothermal reactions.

Metabolically, methanogens are divided into those that spe-
cialize in CO2 reduction and those that also use acetate and/or
methyl compounds. The former group, the hydrogenotrophs,
use H2 as an electron donor to reduce CO2 to methane. Many

hydrogenotrophic species can substitute formate or certain
low-molecular-weight alcohols and ketones for H2. Complete
genome sequences have been published for three hydro-
genotrophic methanogens, Methanocaldococcus jannaschii
(13), Methanothermobacter thermautotrophicus (105), and
Methanopyrus kandleri (104), all of which are thermophiles or
hyperthermophiles. Of the methanogens that utilize acetate
and methyl compounds, complete genome sequences have
been published for two species, Methanosarcina acetivorans
(26) and Methanosarcina mazei (19), both of which are meso-
philes. In addition, partial sequences have been published for
two psychrophiles, the hydrogenotroph Methanogenium frigi-
dum and the methylotroph Methanolobus burtonii (97).

Genome sequences of methanogens have answered many
questions, but they have inspired many others. More than half
of the genes in Methanocaldococcus jannaschii lack a predicted
function (13), and this proportion has not declined significantly
as other methanogen sequences have been determined. The
proportions of genes of unknown functions, which are either
homologous to other genes of unknown function or have no
known homologs at all, are 55% for the Methanothermobacter
thermautotrophicus genome (105) and 51% for the Methano-
sarcina acetivorans genome (26).

* Corresponding author. Mailing address: University of Washington,
Microbiology, Box 357242, Seattle, WA 98195-7242. Phone: (206) 685-
1390. Fax: (206) 543-8297. E-mail: leighj@u.washington.edu.

† Supplemental material for this article may be found at http:
//jb.asm.org/.
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These observations demonstrate a pressing need to identify
the functions of genes in the methanogenic Archaea. Many of
the most effective approaches involve genetic manipulation,
determining the phenotypes of mutants, or affinity tagging pro-
teins in vivo to facilitate their purification. Nevertheless, few
genetic tools are available for sequenced species of the metha-
nogenic Archaea. Genetics can be used for Methanosarcina
acetivorans (88) but not for any previously sequenced hydro-
genotrophic methanogenic species. Here we present the ge-
nome sequence of the genetically tractable species Methano-
coccus maripaludis.

M. maripaludis is a mesophilic hydrogenotrophic methano-
gen that was isolated from salt marshes (48). Like all meth-
anogens, M. maripaludis belongs to the kingdom Euryarchaeota
in the domain Archaea. M. maripaludis belongs to the family
Methanococcaceae in the order Methanococcales (12). Al-
though M. maripaludis is related to Methanocaldococcus jann-
aschii, it possesses many novel features, and approximately
one-third of its genes lack orthologs in Methanocaldococcus
jannaschii (see below). Extensive studies of physiology and
regulation have already been performed with M. maripaludis,
and many of them used genetic tools (53, 65, 113). The virtues
of M. maripaludis as a model species are apparent. Dense
liquid cultures are obtained overnight and colonies grow on
agar medium in 2 days (49). Chemostat cultures can now be
established reproducibly (36a). Many important genetic ma-
nipulations are routine, including transformation, complemen-
tation with shuttle vectors, gene deletions, and insertions of
reporters (28). New approaches to genetic manipulation are
being implemented (B. C. Moore and J. A. Leigh, submitted
for publication), and the first comprehensive expression array
and proteomic analyses have been completed (E. L. Hendrick-
son, M. Hackett, and J. A. Leigh, unpublished data).

MATERIALS AND METHODS

Strain. M. maripaludis strain S2 (120) is a wild-type isolate that has also been
designated strain LL.

Genome sequencing. M. maripaludis strain S2 was sequenced by the use of
standard DNA sequencing protocols and data collection tools. Initially, 43,950
small insert shotgun reads and 1,536 fosmid-end sequencing reads were collected
by using Big Dye terminator sequencing chemistries. The sequences were assem-
bled and viewed with phred/phrap/consed software. To facilitate opening and
viewing of the genome assemblies in consed, we created a phd.ball file from each
phd file. The creation of phd.ball files reduced the time to open the genome
assembly in consed to �10 min. The initial assembly provided 8.14� Q20 se-
quence coverage (Q20, error rate of �1% [22]) and provided 99.46% coverage
of the 1.66-Mb genome. The M. maripaludis genome was finished by using the
autofinish tool of consed (30). In all, 770 finishing reads were attempted and four
PCR templates were generated to finish the sequence. The fosmid-end sequence
reads were tiled along the postshotgun sequence assembly with SeqTile software
(W. Gillett, unpublished software tool), which identified two grossly misas-
sembled regions. The misassemblies identified were all due to the presence of
nearly identical ribosomal DNA repeats. Two unique fosmid clones that spanned
the misassembled regions were selected and sequenced to 8� Q20 coverage. A
third fosmid clone spanning difficult-to-finish regions was mutagenized by a
transposon mutagenesis protocol suggested by the manufacturer (Epicenter
Technologies). Random clones from mutagenesis experiments were picked, and
DNAs were prepared and sequenced by using standard Big Dye terminator
chemistry. The backbones from these independently assembled fosmid clones
were imported into the genome assembly to resolve misassemblies and to im-
prove the sequence quality of difficult-to-finish regions.

Sequence validation. The final assembly contained 38,601 reads, including
reads from autofinish and advanced finishing experiments as well as the back-
bones from the three independently sequenced fosmid clones. The final valida-
tion of the sequence assembly was performed by using SeqTile software and

comparing the restriction fingerprint patterns of 417 fosmid clones with the
virtual fingerprint pattern of the finished sequence assembly by using three
enzymes, BglII, EcoRI, and HindIII. The 417 fosmid clones provided 10� clone
coverage and uninterrupted 2� fingerprint coverage for the finished sequence
assembly.

Genome analysis and annotation. The genome sequence was analyzed, and
annotations were entered at the Genome Channel facility at the Oak Ridge
National Laboratories (http://genome.ornl.gov/microbial/mmar/). Automated
annotations were accomplished for all open reading frames (ORFs) by Blastp
comparisons to protein databases, Pfam, InterPro (incorporating Pfam,
TIGRFams, SmartHMM, Prosite, Prints, and ProDom algorithms), and Clusters
of Orthologous Groups (COGs). Most ORFs were also annotated by hand. In
brief, preliminary identifications were first made by Blastp analysis, and high
expectation values covering at least 80% of the ORF were sought. The list of
Blast hits was then scanned for highly homologous proteins whose functions had
been experimentally determined. The other analysis tools mentioned above, as
well as the presence of a gene in an operon with functionally related genes, were
then examined for supporting evidence. ORFs with clear homologies but uncer-
tain functions were designated members of gene families, relatives of genes of
known function, or conserved hypothetical proteins. Putative transporters were
checked against M. Saier’s transport protein classification web site (http://www-
.biology.ucsd.edu/�msaier/transport). Genes were viewed graphically with Arte-
mis (http://www.sanger.ac.uk/Software/Artemis/).

Proteomics. During the course of our work, we analyzed 18 protein samples
from a variety of M. maripaludis cultures. Protein mixtures were digested with
trypsin and separated by multidimensional liquid chromatography as described
previously (117, 118). “Bottom-up” proteomics was performed by tandem mass
spectrometry using a Finnegan LCQ classic quadrupole ion trap mass spectrom-
eter equipped with an electrospray ion source. Peptide sequences derived from
proteolytic fragments were matched to M. maripaludis ORFs by computational
reference to the genome sequence by using Sequest (21), DTASelect (109), and
d2g (118) software and by manual interpretations of individual collision-induced
dissociation mass spectra.

Nucleotide sequence accession number. The M. maripaludis genome sequence
is available at the EMBL/GenBank/DDBJ database under accession number
BX950229 and at the Oak Ridge National Laboratories Genome Channel at
http://genome.ornl.gov/microbial/mmar/.

RESULTS AND DISCUSSION

General features and organization. The genome of M. mari-
paludis consists of a single circular chromosome of 1,661,137
bp (Table 1). Genome modeling predicts 1,722 protein-coding
genes, with 52% carried on the forward strand and 48% carried
on the complementary strand. The genome encodes four 5S
rRNAs, three 23S rRNAs, three 16S rRNAs, 38 tRNAs, and
RNase P. Since no distinct origin of replication can be dis-
cerned (see below), nucleotide numbering was begun at the
end of an rRNA gene cluster. ORFs were numbered consec-
utively along the genome and given the prefix “Mmp.” Func-
tional categories of protein-coding genes (ORFs) are listed in
Table 2 and mapped in Fig. 1. A complete list of ORFs and their
functional annotations is available at http://www.ncbi.nlm.nih.gov
/genomes/altik.cgi?db�G&gi�394. The M. maripaludis sequence

TABLE 1. General features of the M. maripaludis genome

Parameter Value

Total no. of bases 1,661,137
No. of protein-coding genes 1,722
No. of predicted transmembrane proteins 350
Gene density (genes/kb) 1.036
Average gene length (bp) 857
Protein-coding percentage 88.9
No. of tRNAs 38
No. of rRNA operons 3
%GC 33.1
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is included in the National Center for Biotechnology Information
list of completed microbial genomes at http://www.ncbi.nlm.nih
.gov/genomes/MICROBES/Complete.html.

M. maripaludis has a low G�C content, 33.1%, which is
fairly homogeneous across the genome (Fig. 1). The only large
deviations are in the regions of the rRNAs. Compared to the
overall G�C content, the intergenic regions have a lower per-
centage, 25.7% G�C, while the ORFs contain 34% G�C.

Like those of all Bacteria and Archaea, most of the genes of
M. maripaludis appear to be present in polycistronic operons.
While some genes with common functionality are clustered
into operons in M. maripaludis, many are not. Clustered genes
include many of those encoding ribosomal components,
methanogenic enzymes, conserved hypothetical proteins, and
other multicomponent enzymes. However, compared to the
case for the Bacteria, a striking feature of the M. maripaludis
genome is the tendency for some functionally related genes to
be unlinked. Genes for amino acid, purine, or pyrimidine bio-
synthesis are rarely linked, but instead are often present in
operons with genes of unrelated or unknown function. Tryp-
tophan biosynthetic genes, which are clustered in an operon,
are a notable exception.

Although 19 inteins were found in the Methanocaldococcus
jannaschii genome (84), none were found in M. maripaludis.
Nevertheless, M. maripaludis encodes close homologs of all but
two of the intein-containing ORFs.

Lateral gene transfer and gene loss. Among the protein-
coding genes of M. maripaludis, the highest frequency (64% of
ORFs) of high-scoring Blastp hits occurred with genes of Meth-
anocaldococcus jannaschii, the closest relative of M. maripalu-
dis with a known genome sequence (13). The frequencies of
top Blastp hits with other groups were as follows: other meth-
anogens, 12%; Euryarchaeota, 18%; Crenarchaeota, 0.2%; Bac-
teria, 9.6%; and Eukarya, 0.6% (see the supplemental mate-
rial). These figures suggest that lateral gene transfer into the
M. maripaludis lineage from distant lineages has occurred but
that it has not been as frequent as in the mesophilic methyl-

otroph Methanosarcina mazei (19) or Methanosarcina ace-
tivorans (26). The lack of any significant deviations from the
average mol% G�C among the ORFs implies that any lateral
transfers into M. maripaludis occurred long ago, allowing the
G�C content to equilibrate over time, or were from organisms
with similar G�C percentages.

For Fig. 1, the highest-scoring Blastp hits in Methanocaldo-
coccus jannaschii, other methanogens, other Archaea, and Bac-
teria plus Eukarya were color coded around the genome. The
distribution was nonrandom. Top Blastp hits to groups other
than Methanocaldococcus jannaschii were noticeably less fre-
quent in a wide sector centered around base 1,500,000 than in
the opposite sector. Furthermore, discrete clusters of genes
had top hits to predominantly one or more of the more distant
groups at the expense of Methanocaldococcus jannaschii (Ta-
ble 3 and Fig. 1). The most notable of these clusters (Mmp0483
to -0536) contains the genes encoding the molybdenum formyl-
methanofuran dehydrogenase (Fmd; top hits to other meth-
anogens) as well as a gene for molybdopterin biosynthesis and
three ABC transporters, two of which were for molybdate.
Methanocaldococcus jannaschii lacks Fmd (see below), and the
genes for Fmd and molybdenum-related functions could have
been transferred laterally to the M. maripaludis lineage from
outside of the methanococci or could have been present in an
ancestor and lost from Methanocaldococcus jannaschii. The
cluster from Mmp0973 to Mmp0988 contains carbon monoxide
dehydrogenase/acetyl coenzyme A (CoA) synthase (Cdh); in
this case, Methanocaldococcus jannaschii has the enzyme, yet
all seven subunits yielded top hits to Methanothermobacter
thermautotrophicus. The clustered nature of these genes is con-
sistent with the idea that clustering can both facilitate and
result from the lateral transfer of functionally related genes
(61).

Interestingly, a family of putative ATPases known only in
Methanocaldococcus jannaschii (Methanocaldococcus jann-
aschii ORFs MJ0625, MJECL26, MJ1076, and MJ1006, with
more distant relatives in Methanocaldococcus jannaschii and

TABLE 2. Functional categories of proteins encoded by M. maripaludis genome

Functiona No. of ORFs % of ORFs

Amino acid biosynthesis 82 4.8
Biosynthesis of cofactors, prosthetic groups, and carriers 68 3.9
Cell envelope 8 0.56
Cellular processes (cell division, chemotaxis, and motility) 30 1.7
Central intermediary metabolism 112 6.5
DNA metabolism 40 2.3
Energy metabolism (methanogenesis, hydrogen metabolism, and ATPase) 81 4.7
Fatty acid and phospholipid metabolism 6 0.35
Hypothetical proteins 102 5.9
Unique proteins of unknown function 27 1.6
Conserved hypothetical proteins 656 38
Protein fate 22 1.3
Protein synthesis 119 6.9
Purines, pyrimidines, nucleosides, and nucleotides 44 2.6
Regulatory functions 38 2.2
Transcription 22 1.3
Transport and binding proteins 86 5.0
Unclassified and unknown function 179 10.4

Total 1,722 100

a Adapted from The Institute for Genome Research’s functional categories.
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Pyrococcus species) is entirely absent from M. maripaludis.
Also, ribulose biosphosphate carbxylase, which is present in
Methanocaldococcus jannaschii and other methanogens (25), is
not encoded in the M. maripaludis genome.

Proteins of known and unknown function. Of the 1,722
predicted proteins, a function was assigned to 758 (44%) of

them. Another 835 (48%) ORFs were either homologous to
genes of unknown function (conserved hypothetical proteins)
or had uncertain affiliations with genes of known function. The
remaining 129 (7.5%) were unique to M. maripaludis and had
no known homologs.

For the 129 predicted proteins that were unique to M. mari-

FIG. 1. Circular map of M. maripaludis genome. First (outer) double ring, top Blastp hits; second double ring, ORFs unique to M. maripaludis;
third double ring, functional categories; black single ring, deviation from average mol% G�C; inner ring, GC skew. Top Blast hits are coded as
follows: blue, Methanocaldococcus jannaschii; magenta, other methanogens; green, other Archaea; brown, Bacteria and Eukarya. Sectors containing
top Blast hits predominately to groups other than Methanocaldococcus jannaschii are shown, with ORF number intervals. Functional categories
are coded as follows: red, replication and repair; green, energy metabolism; blue, carbohydrate metabolism; cyan, lipid metabolism; magenta,
transcription; yellow, translation; sky blue, cellular processes; orange, amino acid metabolism; pink, metabolism of cofactors; light red, nucleotide
metabolism; gray, conserved hypothetical proteins; white, hypothetical proteins; brown, unassigned proteins; black, other; pale green, RNAs.

TABLE 3. Phylogenetic distributions and functions of clustered non-Methanocaldococcus jannaschii top Blastp hit categories

ORF intervala (Mmp no.) Predominant group(s)b Represented functions

0345–0371 Other Archaea Conserved hypothetical proteins, carbohydrate metabolism
0483–0536 Other methanogens and Bacteria Conserved hypothetical proteins, Fmd, Mo transport, molybdopterin

biosynthesis, metal chelatase, probable cation transport
0709–0734 Bacteria and other methanogens Divalent cation transport, UvrABC
0753–0762 Bacteria Conserved hypothetical proteins
0772–0862 Other methanogens and Bacteria Conserved hypothetical proteins, Vhc
0973–0988 Other methanogens Cdh

a Intervals containing 70% or more top Blastp hits for other methanogens, other Archaea, and Bacteria combined.
b Groups containing the top Blastp hits for at least 20% of the ORFs in the interval.
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paludis, the existence of 27 was confirmed by proteomics. Pep-
tides that belong to these proteins were identified unequivo-
cally in samples from M. maripaludis by mass spectrometry,
and these proteins were therefore designated unique proteins
of unknown function (Table 2; see the supplemental material).
The remaining unique proteins were designated hypothetical
proteins.

Information systems. (i) Replication. Like most Archaea (8,
9), M. maripaludis contains a subset of the eukaryal replication
proteins. However, the M. maripaludis replication apparatus
has some distinctive features. At the replication initiation
stage, both Methanocaldococcus jannaschii (31) and M. mari-
paludis lack a homolog of Cdc6, which forms part of the pre-
replication complex in Eukarya and other Archaea (75). Both
species also lack a discrete transition in GC skew. Since the
location of cdc6 and the GC skew transition typically provide
the major evidence for the origin of replication, there is no
clear indication for the origin in M. maripaludis. In fact, M.
maripaludis has many GC skew transitions distributed around
the chromosome (Fig. 1). Methanocaldococcus jannaschii is
known to maintain 3 to 15 copies of the chromosome during its
life cycle (72), and both species may employ multiple origins to
achieve this end.

Despite the lack of Cdc6, M. maripaludis has four homologs
of the minichromosome maintenance (MCM) proteins
(Mmp0030, Mmp0470, Mmp0748, and Mmp1024) that are re-
cruited to the initiation complex and provide helicase activity
(62). In contrast, Methanothermobacter thermautotrophicus
contains only one MCM protein, which forms a homomultim-
eric ring structure (100). In M. maripaludis, each protein may
act independently to form a helicase, or all four may be re-
quired. Like the case for nearly all DNA processes, topoisom-
erases are also important for replication initiation (116), and a
bacterial-type topoisomerase I (Mmp0956) is encoded in M.
maripaludis, as in many Archaea. As expected, there is no gene
for reverse gyrase, which is known only for hyperthermophiles,
including Methanocaldococcus jannaschii.

M. maripaludis has all of the expected components for po-
lymerization. Like other Euryarchaeota, M. maripaludis en-
codes a single family B DNA polymerase (Mmp0380), but it
also contains an archaeon-specific two-subunit DNA polymer-
ase (Mmp0008 and Mmp0026) (45). Processivity factors
(Mmp1126 and Mmp1711), enabling long-range DNA poly-
merization, and the clamp-loading proteins (Mmp032 and
Mmp0427) that bind the processivity factors are also encoded.
Notable distinctions include the observation that M. maripalu-
dis, like Methanocaldococcus jannaschii and Methanother-
mobacter thermautotrophicus, has only one subunit of the sin-
gle-stranded DNA binding protein, Mmp1032 (56). Other
Euryarchaeota have a protein with three different subunits (56).
Like other Archaea (11), M. maripaludis has a single-subunit
primase, p48 (Mmp0071), in contrast to Eukarya, which re-
quire p58 as well (68). Interestingly, M. maripaludis also has a
homolog of DnaG (Mmp1286), the bacterial primase (86).
Hence, M. maripaludis may have two separate primase systems.

Like other Archaea, M. maripaludis removes the primers
from the lagging strand of DNA replication by using flap en-
donuclease (Fen1/Rad2 and Mmp1313) and RNase HII
(Mmp1374) (58, 89). M. maripaludis is unique among Archaea
in that it also encodes a homolog of RNase HI (Mmp0837), the

main RNase in Bacteria (58). The M. maripaludis homolog is
similar to RNase HI from Clostridium and may have been
acquired by lateral gene transfer. Okazaki fragments are prob-
ably ligated together by a homolog of eukaryal ATP-dependent
DNA ligase I (Mmp0970) (45).

M. maripaludis encodes a homolog of Smc (structural main-
tenance of chromosome; Mmp1397), which is believed by anal-
ogy with those of the Eukarya to play a part in archaeal chro-
mosome segregation and condensation (7). The archaeal type
II topoisomerase (Mmp0989 and Mmp1437), a two-subunit
protein that decatenates chromosomes (7), is encoded, as are
distant homologs of the Escherichia coli proteins XerC and
XerD (Mmp0472 and Mmp0743) (24), suggesting the possibil-
ity of two separate systems for chromosome decatenation. M.
maripaludis also contains two homologs of the plasmid parti-
tioning gene parA (Mmp0704 and Mmp0593) and parB
(Mmp0592) (29).

(ii) Cell division. In bacterial cell division, a ring of proteins
forms at the cell center and constricts as the septum grows
(94). This system is shared by the Euryarchaeota, which often
have multiple ftsZ homologs (8). Two homologs, Mmp1436
and Mmp1500, are found in M. maripaludis. M. maripaludis
also carries a homolog of bacterial minD (Mmp1145), which is
thought to encode an inhibitor of FtsZ ring formation (44). M.
maripaludis lacks homologs of the two E. coli proteins that bind
to the FtsZ ring, FtsA and ZipA (94). Surprisingly, M. mari-
paludis encodes a homolog of Cdc48 (Mmp0176), which in
Saccharomyces cerevisiae plays a role in the membrane fusion
of organelles (60). Since Archaea do not possess organelles, the
role of the Cdc48 homolog is unknown.

(iii) Recombination and repair. The M. maripaludis genome
contains several genes that are predicted to code for recombi-
nation and repair systems. These include the Mre11-Rad50
double-stranded-break repair system (Mmp1340 to -1341), the
archaeal RecA homolog RadA (Mmp1222), the related pro-
tein RadB (Mmp0617), which is thought to amplify RadA
activity, a RecJ homolog (Mmp1682), and the unique archaeal
Holliday junction resolvase, Mmp0336 (57). Several base exci-
sion repair proteins were found, including ExoA (Mmp1012)
and an endonuclease III-related protein (Mmp0586), but no
DNA photolyase was present. M. maripaludis, like Methano-
caldococcus jannaschii, is missing a homolog of the mismatch
repair gene mutS found in other archaeal species. However,
unlike Methanocaldococcus jannaschii, M. maripaludis has an
E. coli-like excinuclease, UvrABC (Mmp0727 to -0729), which
functions as a wide-substrate-range nucleotide excision repair
system (82). Weak homologs are also present for the MutT
nucleotide diphosphate hydrolase (Mmp0339) and the O6-
methylguanine-DNA methyltransferase (Mmp0069), which re-
pair specific damage to nucleotides (101).

(iv) Transcription. M. maripaludis contains a complete set of
genes for the archaeal transcriptional machinery. Single ho-
mologs of the TATA box binding protein (Mmp0257) and
transcription factors B (TFB; Mmp0041) and E (TFE;
Mmp0036) are present (38). Homologs are also found for all
13 subunits of the archaeal RNA polymerase (71).

(v) Transcriptional regulators. Like other sequenced Ar-
chaea, M. maripaludis encodes a few bacterial regulatory family
members, including TetR (the most numerous, with four mem-
bers), ArsR, LysR, and PadR (see supplemental material). M.

6960 HENDRICKSON ET AL. J. BACTERIOL.



maripaludis also encodes regulators that are found only in
Archaea, including the known nitrogen repressor NrpR
(Mmp0607) (65) and a member of an Archaea-specific COG
that is predicted to be a transcriptional regulator (Mmp0907).
Two-component regulators, which are numerous in Methano-
sarcina acetivorans (26) and Methanothermobacter thermau-
totrophicus (105), are absent from Methanocaldococcus jann-
aschii and Methanopyrus kandleri (104). Excluding those
involved in chemotaxis (see below), only one two-component
regulator is encoded by M. maripaludis (Mmp1303 and -1304).
In total, 24 transcriptional regulators are predicted with con-
fidence, which is about the number expected for a genome of
this size (114).

(vi) Translation. The factors governing translation in Ar-
chaea have been determined by homology to eukaryotic and
prokaryotic systems (5, 27). M. maripaludis possesses homologs
of the four archaeal translation elongation factors (Mmp1131,
-1369, -1370, and -1401) and all but one of the archaeal trans-
lation initiation factors (Mmp0061, -0284, -0297, -0457, -0603,
-0952, -1208, -1618, and -1707). While other Archaea, including
Methanocaldococcus jannaschii, encode two subunits of initia-
tion factor 2B (5), M. maripaludis apparently has only subunit
1 (Mmp1618).

Aminoacyl tRNA synthetases were identified for 18 amino
acids. Two genes for the alpha subunit of the two-subunit
phenylalanyl-tRNA synthetase were found (Mmp0688 and
-1496), as is the case for Methanocaldococcus jannaschii and
Methanothermobacter thermautotrophicus. No aminoacyl tRNA
synthetases were found for asparagine or glutamine. Instead,
asparaginyl-tRNA and glutaminyl-tRNA are made by tRNA-
dependent amidotransferases, and all of the subunits for the
enzyme that forms both asparaginyl-tRNA and glutaminyl-
tRNA (GatABC; Mmp1510, -0946, and -0575) and the enzyme
specific for glutaminyl-tRNA synthesis (GatDE; Mmp1266 and
-1265) are encoded (108).

M. maripaludis makes use of selenocysteine, the 21st co-
translationally inserted amino acid. In Bacteria, selenocystei-
nyl-tRNA synthesis begins with the charging of tRNASec with
serine, followed by dehydration and the addition of a selenide
moiety from selenophosphate. A homolog of the Methanocal-
dococcus jannaschii selenophosphate synthetase was identified
(SelD; Mmp0904) which, as in Methanocaldococcus jannaschii,
appears itself to be a selenocysteine-containing protein. No
selenocysteine synthase has been identified with confidence
(93). Selenocysteine incorporation into proteins involves SelB
(Mmp1336) (91).

tRNAs were identified for all 21 amino acids.
(vii) Protein folding. The putative chaperoning systems of

M. maripaludis consist of a chaperonin subunit (Mmp1515) of
the group II, or thermosome, type (54) and two prefoldins
(Mmp1470 and Mmp0245) similar to known archaeal prefold-
in subunits alpha and beta, respectively (63). M. maripaludis
does not have genes encoding the components of the molecu-
lar chaperone machine, namely Hsp70 (DnaK), Hsp40 (DnaJ),
and GrpE, or genes encoding group I chaperonins GroEL and
GroES. In this respect, M. maripaludis resembles many other
Archaea (69), but it contrasts with Methanosarcina species (19,
26).

Metabolism. (i) Methanogenesis. As a hydrogenotrophic
methanogen, M. maripaludis obtains energy and carbon from

H2 and CO2 by the methanogenic pathway (see Fig. 2 for the
major pathways in M. maripaludis). The first step in CO2 re-
duction to methane is catalyzed by formylmethanofuran dehy-
drogenase, which is found in both tungsten (Fwd) (Mmp1244
to -1249 and -1691) and molybdenum (Fmd) (Mmp0200 and
-0508 to -0512) forms in M. maripaludis. In contrast, Methano-
caldococcus jannaschii possesses only the tungsten form (41),
possibly due to its hyperthermophilicity (40). Unlike most
methanogens, fwdB (Mmp1691) in M. maripaludis is not in an
operon with the genes for the other Fwd subunits but is en-
coded adjacent to the Vhu hydrogenase (see below). Even
more unusual, the fmd operon has two adjacent fmdB
(Mmp0511 and -0512) genes, with one encoding a selenocys-
teine version of the protein.

M. maripaludis contains typical genes for the second (formyl-
transferase [Ftr]) (Mmp1609) and third (cyclohydrolase
[Mch]) (Mmp1191) steps in methanogenesis. The fourth step
can be catalyzed by two different methylene tetrahydrometh-
anopterin dehydrogenases, one that is coenzyme F420 depen-
dent (Mtd; Mmp0372) and one that is H2 dependent (Hmd;
Mmp0127). M. maripaludis has genes for both of these en-
zymes. In addition, M. maripaludis has one Hmd paralog of
unknown function, Mmp1716 (1).

A typical gene encoding the enzyme for the fifth step, meth-
ylene tetrahydromethanopterin reductase (Mer; Mmp0058), is
present. The enzyme for the sixth step, methyltetrahydrometh-
anopterin-coenzyme M methyltransferase (Mtr; Mmp1560 to
-1567), is a multisubunit complex. While M. maripaludis con-
tains all of the known Mtr subunits, mtrF (Mmp1565) encodes
what appears to be a fusion between a duplicated N-terminal
region of MtrA and the traditional MtrF protein.

Methanothermobacter thermautotrophicus and Methanocal-
dococcus jannaschii have two sets of enzymes that catalyze the
final step in methanogenesis, namely methyl coenzyme M re-
ductases I (Mcr) and II (Mrt) (31, 90). M. maripaludis encodes
only one methylreductase complex (Mmp1555 to -1559), and
due to the high levels of homology between Mcr and Mrt,
sequence similarity was insufficient to distinguish which com-
plex is present. However, the operon configuration and posi-
tion next to the Mtr operon are characteristic of Mcr (85).

The reduction of methyl-coenzyme M produces a mixed
disulfide from coenzymes M and B (37), and heterodisulfide
reductase (Hdr) reduces this disulfide to the free coenzymes
(18). Like other obligate hydrogenotrophs, M. maripaludis en-
codes an Hdr with three subunits, A, B, and C. Two hdrBC
clusters are present (Mmp0642-Mmp0643 and Mmp1054-
Mmp1053), as are two hdrA genes, one for a selenocysteine-
type (Mmp1697) protein, adjacent to the Vhu hydrogenase
genes, and the other a cysteine-type (Mmp0825) protein, ad-
jacent to the Vhc hydrogenase cluster. In contrast, Methano-
caldococcus jannaschii contains only the selenocysteine-type
enzyme (31).

(ii) Hydrogenases. M. maripaludis contains six nickel-iron
hydrogenases. Like Methanococcus voltae, M. maripaludis con-
tains complete gene clusters for two coenzyme F420-reducing
hydrogenases, one of which is a selenocysteine-containing clus-
ter (Fru) (Mmp1382 to -1385) and the other of which is a
cysteine-containing cluster (Frc) (Mmp0817 to -0820) cluster,
and for two non-F420-reducing hydrogenases, which also con-
tain selenocysteine (Vhu) (Mmp1692 to -1696) and cysteine
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(Vhc) (Mmp0821 to -0824) (6). M. maripaludis also encodes
two separate multisubunit energy-conserving hydrogenases,
Eha (Mmp1448 to -1467) and Ehb (Mmp0400, -0940, -1049,
-1073, -1074, -1153, -1469, and -1621 to -1629), which are
homologous to those first identified in Methanothermobacter
thermautotrophicus (111). These hydrogenases are thought to
couple ion gradients to certain endergonic reduction steps in
methanogenesis and biosynthesis. Some members of these
gene clusters are predicted to encode polyferredoxins and in-
tegral membrane proteins. Like Methanocaldococcus jann-
aschii, M. maripaludis Eha is encoded by one cluster that is
colinear with the cluster found in Methanothermobacter ther-
mautotrophicus. In contrast, while some Ehb subunits are en-
coded by one small cluster, most of the genes appear to be

scattered throughout the genome (31). EhbH and EhbI are
fused into one ORF (Mmp1626).

(iii) Formate dehydrogenases. M. maripaludis contains two
formate dehydrogenases (Fdh) (Mmp0138-Mmp0139 and
Mmp1297-Mmp1298), either one of which enables growth on
formate as an alternative to hydrogen and CO2 (122). A for-
mate transporter (Mmp1301) is encoded upstream of the latter
formate dehydrogenase. Interestingly, while Methanococcus
vannielii has selenium-dependent and -independent formate
dehydrogenases (47), both M. maripaludis � subunits contain
selenocysteine. As a result, M. maripaludis cannot grow on
formate in the absence of selenocysteine incorporation (91).

(iv) Selenocysteine-containing proteins. Nine selenocys-
teine-containing proteins are encoded by the genome. Of

FIG. 2. Map of major metabolic pathways in M. maripaludis. Shown are energy and redox-related pathways (shaded areas), CO2 fixation, the
reductive branch of the TCA cycle, nitrogen assimilation, glycolysis and gluconeogenesis, the nonoxidative pentose phosphate pathway, and amino
acid biosynthesis. Some reactions and minor substrates and products were omitted. Abbreviations: ASA, aspartate semialdehyde; CHR, choris-
mate; (CO), enzyme-bound carbon monoxide; CoA, coenzyme A; CoB, coenzyme B; CoM, coenzyme M; E4P, erythrose-4-phosphate; F6P,
fructose-6-phosphate; FBP, fructose-bis-phosphate; Fdx, ferredoxin; FUM, fumarate; F420, coenzyme F420; GA3P, glyceraldehyde-3-phosphate;
G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; (2H), low-potential hydride on unknown carrier; H� (ext), proton-motive force; H4MPT,
tetrahydromethanopterin; HSE, homoserine; IND, indole-3-glycerol-phosphate; KIV, 2-ketoisovalerate; MAL, malate; mDAP, meso-diamin-
opimelate; MFR, methanofuran; OAA, oxaloacetate; 2OG, 2-oxoglutarate; PEP, phosphoenolpyruvate; 3PG, 3-phosphoglycerate; PP, pyrophos-
phate; PPA, prephenate; PRPP, phosphoribosylpyrophosphate; PYR, pyruvate; R5P, ribose-5-phosphate; SDAP, succinyldiaminopimelate; SKA,
shikimate; SUCC, succinate; S7P, sedoheptulose-7-phosphate; THDP, tetrahydrodipicolinate; X5P, xylulose-5-phosphate; ?, incomplete knowl-
edge of pathway.
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these, eight are subunits of methanogenic enzymes, hydroge-
nases, or formate dehydrogenases. These selenocysteine-con-
taining proteins are the B subunits of the molybdenum
(Mmp0511)- and tungsten (Mmp1691)-containing formyl-
methanofuran dehydrogenases, one of the two Hdr subunit A
proteins (Mmp1697), subunit A of the Fru hydrogenase
(Mmp1382), subunits D (Mmp1696) and U (Mmp1693) of the
Vhu hydrogenase, and the A subunits of both formate dehy-
drogenases (Mmp0138 and -1300). The ninth selenocysteine-
containing protein is selenophosphate synthetase (SelD;
Mmp0904). These observations are in agreement with the ex-
perimental detection of selenocysteine-containing proteins in
M. maripaludis (92).

(v) Acetyl-coenzyme A synthesis. M. maripaludis is capable
of autotrophic growth and uses carbon monoxide dehydroge-
nase/acetyl-coenzyme A synthase (CODH/ACS, or Cdh) to fix
CO2 and form acetyl-CoA. Like many other methanogens (76),
the CODH/ACS genes in M. maripaludis are found in a single
cluster (Mmp0980 to -0985). In addition to genes for CODH/
ACS itself, gene Mmp0979 encodes an iron-sulfur protein that
may be involved in electron transfer to CODH/ACS (67).
Mmp0977, carried in an adjacent operon, is related to the
nickel insertion protein for the Rhodospirillum rubrum carbon
monoxide dehydrogenase and may be involved in biosynthesis
or maturation of the prosthetic group (46).

As an alternative to autotrophy, M. maripaludis can assimi-
late acetate. Acetyl-CoA is then synthesized by acetyl-CoA
synthetase. M. maripaludis has both the ADP-forming enzyme
characteristic of Archaea and Eukarya (Mmp0253) (81) and the
AMP-forming type (Mmp0148) found commonly in Bacteria
and Eukarya. Methanocaldococcus jannaschii has only the
former.

(vi) Reductive branch of TCA cycle. Once acetyl-CoA is
produced, it is converted by the incorporation of another CO2

into pyruvate by a multisubunit pyruvate:ferredoxin oxi-
doreductase (Por; Mmp1502 to -1507) (67) and thence to ox-
aloacetate by pyruvate carboxylase (Pyc; Mmp0340 and -0341)
(80, 102). Oxaloacetate enters the tricarboxylic acid (TCA)
cycle, which proceeds in the reductive direction. All of the
enzymes for the reductive arm of the TCA cycle are present,
leading from oxaloacetate to 2-oxoglutarate. 2-Oxoglutarate
oxidoreductase (Kor; Mmp0003, -1315, -1316, and -1687) be-
longs to a family of multisubunit ferredoxin oxidoreductases
that also includes pyruvate oxidoreductase (67). Unlike the
other family members, the genes for the subunits of 2-oxoglu-
tarate oxidoreductase are not all linked: the beta and gamma
subunit genes are adjacent, but the alpha and delta (ferre-
doxin) subunits are each encoded in a different location. The
oxidative branch of the TCA cycle is absent.

(vii) Glycolysis and gluconeogenesis. As in Methanocaldo-
coccus jannaschii, most of the genes for glycolysis and glucone-
ogenesis are present in M. maripaludis (99). These genes in-
clude those for two noncanonical phosphoglycerate mutases,
Mmp0112 and Mmp1439 (33), an unusual ADP-dependent
enzyme (Mmp1296) with both glucokinase and phosphofruc-
tokinase activities (95), and an archaeal-type fructose bisphos-
phate aldolase (Mmp0686) (103). Genes for glycogen synthesis
and degradation are also present, including glycogen synthase
(Mmp1294).

(viii) Nitrogen metabolism. M. maripaludis can meet its ni-
trogen needs from several sources, including ammonia assim-
ilation, the fixing of diatomic nitrogen, and the assimilation of
alanine, the last of which is unusual for an archaeon (119).
Ammonia is assimilated by a I�-type glutamine synthetase
(Mmp1206) (15). Glutamate synthase provides glutamate. As
in other Archaea, the glutamate synthase large chain is en-
coded in three separate subunits (Mmp0080 to -0082), which
correspond to domains of a single protein in Bacteria. The
glutamate synthase small chain seems to be absent. The pres-
ence of an alanine dehydrogenase (Mmp1513), an alanine
racemase (Mmp1512), and an alanine permease (Mmp1511)
account for the unusual ability of M. maripaludis to use L- and
D-alanine (Moore and Leigh, submitted).

M. maripaludis has a nitrogenase operon (51) that contains
nifH, -D, -K, -E, -N, and -X (Mmp0853 and -0856 to -0860),
encoding the nitrogenase complex and proteins that partici-
pate in the synthesis of the nitrogenase cofactor, as well as nifI1

(Mmp0854) and nifI2 (Mmp0855), encoding proteins that reg-
ulate nitrogenase activity (52, 53). Homocitrate, a component
of the nitrogenase cofactor, is synthesized by NifV in Bacteria.
The NifV homolog in M. maripaludis that is responsible for
homocitrate synthesis is probably AksA (Mmp0153), which is
also involved in the synthesis of 2-oxosuberate, an intermediate
in biotin and coenzyme B synthesis (42).

(ix) Ferredoxins and iron-sulfur proteins. Several steps in
the pathways mentioned above require low-potential electrons.
To transport these electrons, M. maripaludis encodes numer-
ous iron-sulfur proteins. A total of 59 proteins are predicted to
have 4Fe-4S centers, characterized by the motif CXXCXX-
CXXXC. These proteins include ferredoxins whose sole pre-
dicted function is to carry low-potential electrons and subunits
of enzymes that catalyze low-potential redox reactions. Of par-
ticular interest are ferredoxins associated with hydrogenases
and oxidoreductases, since several of these enzymes require
low-potential electrons to drive enzymatic reactions. Among
the hydrogenases, three ferredoxins are found in the Eha clus-
ter, namely Mmp1463 (a polyferredoxin, containing many iron-
sulfur centers), Mmp1464, and Mmp1465. The Ehb cluster
contains two ferredoxins, Mmp1623 and Mm1624 (a polyferre-
doxin). Vhc contains Mmp0824 (a polyferredoxin), Vhu con-
tains Mmp1692 (a polyferredoxin), Fru contains Mmp1384,
and Frc contains Mmp0818. Among the multisubunit oxi-
doreductases, one subunit for each enzyme contains 4Fe-4S
motifs as follows: indolepyruvate oxidoreductases (Ior) 1 and 2
(Mmp0316 and Mmp0713), 2-oxoisovalarate oxidoreductase
(Vor; Mmp1273), 2-oxoglutarate oxidoreductase (Kor;
Mmp1687), and pyruvate oxidoreductase (Por; Mmp1506). In
addition, the fifth and sixth Por subunits, PorE and PorF
(Mmp1503 and Mmp1502) (66) contain iron-sulfur motifs, as
does Mmp0979, a PorE homolog predicted to be the electron
carrier associated with CODH/ACS. The CODH/ACS alpha
subunit (Mmp0985) also contains a 4Fe-4S motif that is pre-
sumably involved in electron transfer from the carrier to the
active site.

Several additional enzymes have subunits containing 4Fe-4S
motifs, which is indicative of electron transfer via unknown
ferredoxins. These include the A and C subunits of the het-
erodisulfide reductases (Mmp0825, Mmp1697, Mmp1154, and
Mmp1054), subunits H, F, and G of the formylmethanofuran
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dehydrogenase (Mmp1244 to -1246), the � subunits of the
formate dehydrogenases (Mmp0139 and Mmp1297), and the
large subunit of glutamate synthase (Mmp0081). Additional
enzymes that include 4Fe-4S motifs are succinate dehydroge-
nase/fumarate reductase (Mmp1067) and one of the two thy-
midylate synthases (Mmp0986). In addition, the functions of
many iron-sulfur proteins found in the genome are not known.

Flagella and chemotaxis. M. maripaludis has the same ar-
rangement of archaeal flagellar genes as that found in Meth-
anococcus voltae (Mmp1666 to -1676) (50). Also present is an
almost complete set of bacterial chemotaxis homologs
(Mmp0925 to -0933). As in the �-Proteobacteria (2), no cheZ
gene is present. Four homologs of sensory methyl-accepting
chemotaxis proteins are present (Mmp0413, -0487, -0788, and
-0929), suggesting the ability to respond to many different
chemoattractants.

Transporters. The M. maripaludis genome encodes 86 pre-
dicted transporter and binding proteins comprising approxi-
mately 48 transporter systems (see the supplemental material).
The majority fall into the ABC transporter class. Iron trans-
porters are highly prevalent, with one ferric iron ABC trans-
porter cluster (Mmp0108 to -0110) and two iron-chelating
ABC transporter clusters (Mmp0196 to -0198 and Mmp1181 to
-1183) as well as a cluster of three ORFs that are predicted to
be iron binding periplasmic proteins (Mmp1176 to -1178; how-
ever, Mmp1176 and -1177 encode separate amino and carboxyl
ends of an iron binding protein and may represent a nonfunc-
tional frame shift). There is also a homolog of a non-ABC
ferrous iron uptake protein (Mmp0630) that is believed to be
powered by ATP or GTP hydrolysis. M. maripaludis employs
both molybdenum and tungsten as metal cofactors, and besides
iron transporters, putative molybdenum transporters make up
the other large group of transporters. There are four clusters of
molybdenum ABC transporters (Mmp0205 to -0207,
Mmp0504 to -0506, Mmp0514 to -0516, and Mmp1650 to
-1652) as well as a separately encoded periplasmic molybde-
num binding protein (Mmp1111). Two ORFs homologous to
ABC sulfate transporter proteins (Mmp1518 to -1519) may
actually comprise a tungsten transporter. M. maripaludis also
has two members (Mmp0711 and -1108) of the CorA family of
aqueous pore transporters, which transport divalent metal
ions.

M. maripaludis can assimilate both ammonia and alanine as
nitrogen sources, and two ammonia transporters (Mmp0065
and Mmp0068) and an alanine-cation symporter (Mmp1511)
are encoded. M. maripaludis strains have been reported to take
up a variety of amino acids (121), and several ORFs may
encode additional amino acid transporters. Scattered around
the genome are homologs of an ABC polar amino acid trans-
porter system. While only one homolog of an ATP binding
protein (Mmp0229) and a permease (Mmp0551) are seen,
there are six putative periplasmic amino acid binding proteins
(Mmp0455, -0550, -0712, -0770, -1224, and -1225). There is
also a proline-Na� symporter (Mmp0221) as well as a member
of the amino acid-polyamine symporter-antiporter family
(Mmp0850). An ABC phosphate transporter system is also
present (Mmp1095 to -1099).

A series of three ORFs (Mmp0165 to -0167) showed homol-
ogy to genes for drug efflux transporters, encoding the two
components of an ABC drug efflux system separated by a

predicted Na�-drug antiporter gene. Finally, a predicted
Na�-H� antiporter (Mmp0587) may allow for the interconver-
sion of a sodium-motive force (produced by the methyltrans-
ferase step of methanogenesis) with a proton-motive force.

S layer. M. maripaludis encodes an S-layer precursor
(Mmp0383) with high sequence similarity to that of Methano-
coccus vannielii (3).

Amino acid synthesis. (i) Glutamate family. As mentioned
above, glutamine and glutamate are synthesized by glutamine
synthetase and an archaeal-type glutamate synthase. Arginine
is synthesized from glutamate via the intermediate ornithine.
Homologs to all of the enzymes of the pathway except the
initial enzyme are present (Mmp0013, -0063, -0073, -0116,
-0553, -0897, -1013, -1101, and -1589). A homolog of the argJ
gene (Mmp0897) is also present, which is characteristic of the
acetyl cycle version of the pathway of ornithine biosynthesis
(73) that is known to occur in Methanococcus vannielii (78).
Like Methanocaldococcus jannaschii, the enzyme that catalyzes
the first step in ornithine biosynthesis is unknown for M. mari-
paludis (73).

Methanocaldococcus jannaschii generates proline by the cy-
clization of ornithine, but the enzyme is evidently not a ho-
molog of any known ornithine cyclodeaminase and has not
been characterized (34). As in Methanocaldococcus jannaschii,
the genes for proline biosynthesis in M. maripaludis are un-
known.

(ii) Pyruvate family. Alanine is produced from pyruvate by a
type I aminotransferase (77). Five type I aminotransferases
(Mmp0096, -1072, -1216, -1396, and -1527; see below) are
encoded, and experiments are needed to determine their spec-
ificities. Unlike other Archaea, M. maripaludis also has the
potential to use the alanine dehydrogenase pathway since this
enzyme is present; however, the gene is required only for
alanine utilization, not alanine synthesis (Moore and Leigh,
submitted).

As in other methanogens (20), isoleucine is synthesized by
the citramalate pathway by use of the enzyme (R)-citramalate
synthase (CimA; Mmp1018), which was first identified in Meth-
anocaldococcus jannaschii (43).

Leucine and valine are synthesized by standard pathways.
Recently, the leuA gene encoding isopropylmalate synthase
(Mmp1063) was distinguished from its paralogs in the citra-
malate and �-ketosuberate pathways by mutagenesis in M.
maripaludis (36a). The presence of 2-oxoisovalerate oxi-
doreductase (Mmp1271 to -1273) suggests the additional abil-
ity to produce the branched-chain amino acids from the cor-
responding branched-chain fatty acids.

(iii) Aspartate family. Aspartate is evidently synthesized by an
aspartate aminotransferase (AspC) orthologous to the one iden-
tified in Methanothermobacter thermautotrophicus (Mmp0391)
(110). Asparagine is synthesized by glutamine-hydrolyzing aspar-
agine synthase (Mmp0918) (59); no homolog of ammonia-utiliz-
ing asparagine synthase is present. Hence, as in certain other
organisms (79), a tRNA-independent pathway for asparagine syn-
thesis appears to exist, despite the lack of an asparaginyl-tRNA
synthetase (see above).

Threonine, methionine, and lysine are synthesized largely by
standard pathways. Threonine and methionine share a common
intermediate, homoserine, whose biosynthesis (Mmp1017, -1391,
and -1702) is distinguished by separate enzymes for aspartate
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kinase (Mmp1017) and homoserine dehydrogenase (Mmp1702),
in contrast to the bifunctional enzymes typical of Bacteria. From
homoserine, threonine is synthesized by standard enzymes
(Mmp0135 and -0295). Like the case for many other archaeal
genomes, only one ORF (MetE; Mmp0401) for the methionine
biosynthesis pathway was found (39). Nevertheless, labeling stud-
ies with Methanocaldococcus jannaschii showed that methionine
was formed from aspartate (107). Lysine is evidently synthesized
by the diaminopimelic acid pathway (Mmp0576, -0917, -0923,
-1200, and -1398) (4), despite the lack of known orthologs for
certain steps (99, 105).

(iv) Serine family. Three steps synthesize serine from
3-phosphoglycerate. Like Methanothermobacter thermautotro-
phicus and Methanocaldococcus jannaschii (99, 105), M. mari-
paludis has SerA (Mmp1588) and SerB (Mmp0541) but is
missing a homolog for SerC. Glycine is normally formed from
serine by glycine hydroxymethyltransferase (GlyA), and while
homologs were found in Methanothermobacter thermautotro-
phicus and Methanocaldococcus jannaschii (99, 105), no ho-
molog is present in the M. maripaludis genome.

As in Methanocaldococcus jannaschii (99) and Methanother-
mobacter thermautotrophicus (105), no genes involved in cys-
teine synthesis were identified.

(v) Aromatic amino acids. Chorismate is the branch point
for phenylalanine, tyrosine, and tryptophan synthesis. Five of
the seven enzymes in the known pathway of chorismate syn-
thesis (Mmp0320, -0936, -1205, -1333, and -1394) were found
in M. maripaludis. Like the case for many Euryarchaeota, ho-
mologs for the initial steps are not apparent (17, 99). Because
erythrose-4-phosphate is not a precursor for chorismate in M.
maripaludis (112), it seems likely that the initial steps in this
pathway are different from those found in Bacteria. Recently,
the presence of a dehydroquinate dehydratase, which catalyzes
the third step in the pathway, was confirmed by the construc-
tion of a deletion mutation of Mmp1394 (87). Phenylalanine
and tyrosine biosynthesis are initiated by chorismate mutase
(Mmp0578), followed by separate prephenate dehydratase
(PheA; Mmp1528) and prephenate dehydrogenase (TyrA;
Mmp1514) enzymes (70). In contrast, in many other organisms
aroQ (encoding chorismate mutase) is fused with other aro-
matic amino acid biosynthetic genes or a regulatory domain
(14). The entire standard pathway for tryptophan synthesis is
also present (Mmp1002 to -1008). In addition to the de novo
pathway, M. maripaludis can synthesize the aromatic amino
acids by reductive carboxylation of the aryl acids phenylace-
tate, p-hydroxyphenylacetate, and indoleacetate (87). Indo-
lepyruvate oxidoreductase catalyzes the key step in this path-
way, and M. maripaludis contains two homologs of this enzyme
system, Mmp0315-Mmp0316 and Mmp0713-Mmp0714.

(vi) Histidine. All of the genes for the biosynthesis of histi-
dine (Mmp0051, -0256, -0280, -0417, -0548, -0947, -0968, -1082,
-1083, -1216, -1690, and -1722) were found except that for
histidinol phosphate phosphatase (HisJ).

Nucleotide synthesis. (i) Purines. Almost all of the genes for
the biosynthesis of purines are present in M. maripaludis, al-
though there are variations from the pathways of Bacteria and
Eukarya. Ribose phosphate is synthesized by the nonoxidative
pentose phosphate pathway, as in Methanocaldococcus jannaschii
(99, 126), and phosphoribosylpyrophosphate is synthesized by
phosphoribosylpyrophosphate synthase (Mmp0410). Like the ge-

nomes of several other Archaea (55), the genome of M. maripalu-
dis is missing the purN homolog for phosphoribosylglycinamide
formyltransferase, but it does have the alternative enzyme purT
(Mmp0123) (74). As with certain other Archaea and Bacteria, M.
maripaludis encodes a two-subunit phosphoribosylformyl glycina-
midine synthase (PurL [Mmp0179] and PurQ [Mmp0178]) (98).
M. maripaludis does not encode PurS even though it is encoded by
Methanocaldococcus jannaschii and is required for phosphoribo-
sylformyl glycinamidine synthase activity in Bacillus subtilis (98).

As in other methanogens, N5-carboxyaminoimidazole ribo-
nucleotide synthetase (PurK) and N5-carboxyaminoimidazole
ribonucleotide mutase (PurE) activities seem to be fused into
a single PurE homolog constituting phosphoribosylaminoimi-
dazole carboxylase (Mmp0282) (106). For the final two steps in
the de novo synthesis of IMP, which are normally catalyzed in
Bacteria and Eukarya by a single bifunctional enzyme, only the
archaeal IMP cyclohydrolase (PurO; Mmp1310) (35) has been
identified; no homolog of PurH is encoded, and the gene for
aminoimidazole carboxamide ribonucleotide transformylase
has yet to be identified. All of the genes necessary for convert-
ing IMP to AMP and GMP are present (PurA, Mmp1432;
PurB, Mmp0971; GuaA, Mmp1445; and GuaB, Mmp0133).

Many of the genes involved in the biosynthesis of ATP,
dATP, GTP, and dGTP from AMP and GMP are present
(AdkA, Mmp1031; Ndk, Mmp0283; and NrdD, Mmp0227).
However, neither bacterial nor archaeal (55) ribonucleotide
diphosphate reductase is present, and M. maripaludis presum-
ably generates any dADP from dATP. No guanylate kinase,
which catalyzes the formation of GDP from GMP, has been
found in any of the Archaea (55).

(ii) Pyrimidines. All of the genes involved in the biosynthesis
of UTP, the precursor of pyrimidines, are found in the genome
of M. maripaludis. Like some other archaeal genomes, the M.
maripaludis genome has two ORFs encoding orotate phospho-
ribosyltransferase (PyrE; Mmp0079 and Mmp1492) (10, 55).
M. maripaludis contains all of the genes required for the con-
version of UTP to CTP (PyrG; Mmp0893) and thence to CDP
(Ndk; Mmp0283). In addition, CTP is converted to dCTP by
ribonucleoside triphosphate reductase (NrdD; Mmp0227).
dTTP is evidently made from dCTP by a pathway that was
recently elucidated in Methanocaldococcus jannaschii that
avoids the production of toxic dUTP as an intermediate (64) as
follows. A bifunctional dCTP deaminase-dUTP diphosphatase
(Mmp1426) converts dCTP to dUMP, which is then converted
to dTMP by thymidylate synthase (ThyA; Mmp0986 and
Mmp1379). dTMP is converted to dTDP by thymidylate kinase
(Tmk; Mmp1034) and thence to dTTP by nucleoside diphos-
phate kinase (Ndk; Mmp0227). dUTP diphosphatase (Dut;
Mmp1075) may be present merely to scavenge dUTP produced
by the spontaneous deamination of dCTP.

For dCDP synthesis, neither the typical ribonucleotide-
diphosphate reductase nor the alternative enzyme found in
some Archaea is present. Thus, as with dADP, any dCDP
presumably comes entirely from the triphosphate.

(iii) Salvage pathways. As in Methanothermobacter thermau-
totrophicus, M. maripaludis has a hypoxanthine phosphoribo-
syltransferase (Hpt; Mmp0145) that may also serve as a gua-
nine phosphoribosyltransferase (96). M. maripaludis also has
homologs of adenine phosphoribosyltransferase (Mmp0660)
and uracil phosphoribosyltransferase (Mmp0680).

VOL. 186, 2004 GENOME SEQUENCE OF METHANOCOCCUS MARIPALUDIS 6965



Coenzymes. Numerous genes for the known biosynthetic
pathways of the conventional coenzymes were identified.
Among the coenzymes of methanogenesis, all of the coenzyme
M biosynthesis genes in Methanocaldococcus jannaschii (32)
were found to have orthologs in M. maripaludis. Several genes
encoding steps in the synthesis of coenzyme F420 have been
identified in Methanocaldococcus jannaschii (32), and or-
thologs were found in M. maripaludis. Unlike Methanocaldo-
coccus jannaschii, M. maripaludis has three homologs of F390

synthetase, encoded by Mmp0160, Mmp0314, and Mmp0715
(115). However, methanococci are not known to produce F390,
which suggests that these genes must have some other purpose.
Only a few genes in methanopterin biosynthesis have been
identified. Although a dihydropteroate synthase (MptH) was
identified in Methanocaldococcus jannaschii (125), no clear
ortholog could be found in M. maripaludis. A series of con-
densation (AksA; Mmp0153), spontaneous hydration, and ox-
idative decarboxylation (AksF; Mmp0880) reactions are in-
volved in the synthesis of 2-oxosuberate, an intermediate in
coenzyme B as well as biotin synthesis (42).

Aminotransferases. M. maripaludis contains 11 ORFs that
have been identified as aminotransferases. In general, amin-
otransferases are divided into four subgroups based on struc-
tural similarity (77). M. maripaludis has five aminotransferases
from subgroup I (Mmp0096, -1072, -1216, -1396, and -1527),
which is generally the most common subgroup, comprising
aspartate, alanine, tyrosine, phenylalanine, and histidinol
phosphate aminotransferases (77). Because the substrate spec-
ificities of the subgroup I aminotransferases are highly vari-
able, it is often difficult to assign a specific function based only
on homology to a characterized enzyme. However, Mmp1216
could be assigned unambiguously as histidinol phosphate ami-
notransferase (HisC) based on its homology to the enzyme
from Halobacterium volcanii (16), in which the function was
demonstrated by genetic complementation of a histidine auxo-
troph.

M. maripaludis has three subgroup II aminotransferases, en-
coded by Mmp0224, -0865, and -1101. Mmp0224 was assigned
as glutamate-1-semialdehyde aminotransferase (HemL) based
on its homology to the enzyme from Sulfolobus solfataricus
(83). One subgroup III aminotransferase (Mmp0132) was
identified whose homology suggests that it could account for
the branched-chain amino acid aminotransferase activity de-
tected in Methanococcus spp. (123, 124). One subgroup IV
aminotransferase, Mmp0391, was assigned as aspartate amino-
transferase (AspC) based on its homology to the enzyme from
Methanothermobacter thermautotrophicus (110). A final amino-
transferase, Mmp1680, does not belong to any of the recog-
nized subgroups and was assigned as glucosamine-fructose-6-
phosphate aminotransferase (GlmS) based on its homology to
the enzyme from Thermus thermophilus (23).

Conclusions. The M. maripaludis genome reveals much
about the organism, with nearly half of the genes having as-
signable functions. Many of these functions will no doubt be
confirmed as experiments continue with this genetically ma-
nipulable species. However, the absence of assignable func-
tions is at least equally striking, with nearly half of the proteins
designated as conserved hypothetical proteins. Genes with un-
assignable functions include 129 predicted proteins with no
homologs in any other species. For these cases, the availability

of genetic tools will also be important. In addition, the small
genome, which is typical of many Archaea, facilitates studies of
global regulation, which should complement genetic analyses.

As expected, the genome size of M. maripaludis is in line
with those of its hydrogenotrophic relatives Methanocaldococ-
cus jannaschii, Methanothermobacter thermautotrophicus, and
Methanopyrus kandleri, and it is much smaller than the genome
sequence of the nutritionally versatile Methanosarcina species.
The M. maripaludis genome provides ample opportunity for
comparisons with its nearest relative with a sequenced genome,
Methanocaldococcus jannaschii. Approximately two-thirds of
the M. maripaludis ORFs had their highest-scoring Blastp hits
in Methanocaldococcus jannaschii, and many pathways and
functions are held in common. The two species also share some
novel features, including an unusual mechanism of replication
initiation implied by the absence of a Cdc6 protein and the lack
of a discrete transition in GC skew. However, the contrasts
between M. maripaludis and Methanocaldococcus jannaschii
are interesting as well. Some differences can be attributed to
the growth temperatures, with M. maripaludis being mesophilic
and Methanocaldococcus jannaschii being hyperthermophilic.
Reverse gyrase, which is present only in Methanocaldococcus
jannaschii, is needed only in hyperthermophiles, and the pres-
ence in M. maripaludis only of a molybdenum formylmethano-
furan dehydrogenase also agrees with the correlation of mo-
lybdenum- and tungsten-containing enzymes with the
temperature (40). A systematic difference in amino acid pref-
erences for homologs between the two species has already
been reported (36). Other differences include the presence of
only one methyl-coenzyme M reductase in M. maripaludis and
the absence of inteins from M. maripaludis. Insights into some
of the contrasts between M. maripaludis and Methanocaldococ-
cus jannaschii came from our analysis of top Blast hit catego-
ries. ORFs with top Blastp hits to groups more distant than
Methanocaldococcus jannaschii are often clustered, possibly
due to the lateral transfer of functionally related genes (61) or
the loss of clustered genes in the Methanocaldococcus jann-
aschii lineage.
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Abstract The operon of the anabolic pyruvate oxidore-
ductase (POR) of Methanococcus maripaludis encodes two
genes (porEF) whose functions are unknown. Because
these genes possess sequence similarity to polyferredox-
ins, they may be electron carriers to the POR. To elucidate
whether the methanococcal POR requires PorEF for activ-
ity, a deletion mutant, strain JJ150, lacking porEF was con-
structed. Compared to the wild-type strain JJ1, the mutant
grew more slowly in minimal medium and minimal plus
acetate medium, and pyruvate-dependent methanogenesis
was inhibited. In contrast, the methyl-viologen-dependent
pyruvate-oxidation activity of POR, carbon monoxide de-
hydrogenase, and hydrogenase activities of the mutant were
similar to those of the wild-type. Upon genetic comple-
mentation of the mutant with porEF in the methanococcal
shuttle vector pMEV2+porEF, growth in minimal medium
and pyruvate-dependent methanogenesis were restored to
wild-type levels. Complementation with porE alone re-
stored methanogenesis from pyruvate but not growth in
minimal medium. Complementation with porF alone par-
tially restored growth but not methanogenesis from pyru-
vate. Although the specific roles of porE and porF have
not been determined, these results suggest that PorEF play
important roles in the anabolic POR in vivo even though
they are not required for the dye-dependent activity.

Keywords Pyruvate oxidoreductase · Methanococcus ·
Archaea · Methanogenesis · Ferredoxin

Abbreviations CODH/ACS Carbon monoxide
dehydrogenase/acetyl-CoA synthase · POR Pyruvate
oxidoreductase

Introduction

The anabolic pyruvate oxidoreductase (POR) in Methano-
coccus maripaludis catalyzes the energetically unfavor-
able reductive carboxylation of acetyl-CoA to form pyru-
vate. Pyruvate, a key precursor for amino acid and sugar
biosynthesis in Methanococcus, then enters the incom-
plete reductive tricarboxylic acid and gluconeogenic path-
ways (Shieh and Whitman 1987; Yu et al. 1994). Upon
purification, the methanococcal POR contains five poly-
peptides, four of which are similar to the α, β, γ, and δ
subunits of PORs initially characterized in hyperther-
mophiles (Blamey and Adams 1993; Adams and Kletsin
1996; Lin et al. 2003). The fifth polypeptide, PorE, appears
to be present only in hydrogenotrophic methanogens like
M. maripaludis, Methanocaldococcus jannaschii, and
Methanothermobacter thermautotrophicus. Additionally, the
M. maripaludis por operon encodes ORFs (porABCDEF) cor-
responding to the N-terminal sequences of all five polypep-
tides found in the purified enzyme and an additional ORF
(porF) with sequence similarity to porE (Lin et al. 2003).
The predicted amino acid sequences of porE and porF
contain iron–sulfur motifs, thus implying a possible ferre-
doxin-like electron transfer function. A homolog to porE
is also found next to the carbon monoxide dehydroge-
nase/acetyl-CoA synthase (CODH/ACS) gene cluster in
these hydrogenotrophic methanogens. Like POR, the re-
duction catalyzed by CODH/ACS is very endothermic
when H2 is the electron donor. Thus, it was proposed that
PorE and its homologs are specialized, low-potential elec-
tron carriers for the methanococcal POR and other enzymes
catalyzing endothermic anabolic reactions (Lin et al. 2003).
Evidence supporting this hypothesis comes from work 
on Moorella [Clostridium] thermoacetica, Chlorobium
tepidum, and Hydrogenobacter thermophilus PORs, which
require low-potential ferredoxins for pyruvate synthesis

Winston Lin · William B. Whitman

The importance of porE and porF in the anabolic pyruvate oxidoreductase
of Methanococcus maripaludis

Arch Microbiol (2004) 181 : 68–73
DOI 10.1007/s00203-003-0629-1

Received: 17 July 2003 / Revised: 6 November 2003 / Accepted: 11 November 2003 / Published online: 4 December 2003

ORIGINAL PAPER

W. Lin · W. B. Whitman (✉)
Department of Microbiology, University of Georgia, 
Athens, GA 30602-2605, USA
Tel.: +1-706-5424219, Fax: +1-706-5422674,
e-mail: whitman@uga.edu

Present address:
W. Lin 
Department of Microbiology, University of Massachusetts,
Amherst, Massachusetts, USA

© Springer-Verlag 2003



(Furdui and Ragsdale 2000; Yoon et al. 1996, 1997, 2001).
The studies presented here provide additional evidence
that porEF are involved in pyruvate biosynthesis.

Materials and methods

Bacterial strains, plasmids, media and culture conditions

The sources of the microbial strains and plasmids are listed in
Table 1.

M. maripaludis was grown in 28-ml stoppered tubes with 
275 kPa H2/CO2 gas (80:20, v/v ) at 37 °C in McN mineral medium
as described previously (Jones et al. 1983; Whitman et al. 1986).
Variations of McN medium used were: McNA (mineral medium
plus 10 mM sodium acetate) and McCA (McNA plus 2% casamino
acids, 1%(v/v) vitamin mixture (Whitman et al.1986) and 3 mM 
2-mercaptoethanesulfonic acid), modified McCA+alanine in which
the sole nitrogen source, ammonium chloride, was replaced with
2.5 mM alanine, and McCAP (McCA plus 10 mM pyruvate). In
some cases, either puromycin or neomycin was added to final con-
centrations of 2.5 µg ml–1 or 500 µg ml–1, respectively.

Large-scale cultures for preparation of cell-free extracts were
grown in an 11-l fermentor as described by Shieh and Whitman
(1988) except that McCA was used instead of McC. The fermentor
was prepared as follows: McCA (11 l) with the sodium bicarbonate
reduced to 2 g l–1 was prepared and autoclaved under H2/CO2 gas
for 20 min. Following the autoclave cycle, the fermentor was cooled
to 37 °C with H2/CO2 at 100 kPa and a flow rate of 100–250 ml/min.
Additionally, 5 ml of a 20% (w/v) solution of Na2S.9H2O was
added twice a day during growth. The inoculum was 200 ml of cul-
ture grown on the same medium in bottles. Prior to harvesting, the
cells were examined for the mutant phenotype by monitoring growth
in McCA and McN media in 28-ml stoppered tubes and methane
evolution from pyruvate as described later. The experiments were
carried out to insure that reversion by mutations at a second site
had not occurred. Cells were harvested in the early stationary phase
with a Sharples continuous-flow centrifuge. The harvested cells
were resuspended with 25 mM PIPES-KOH buffer containing 1 mM

dithiolthreitol and 1 mM cysteine-HCl, pH 6.8, with 0.5 mg DNase I
per 10 g wet weight of cells, as described by Shieh and Whitman
(1987). The resuspended cells were aliquoted into 2-ml volumes
and stored at –20°C under H2 gas until further use.

E. coli strain Top 10 was grown at 37 °C on low salt Luria-
Bertaini medium as described by Invitrogen (Carlsbad, Calif., USA).
For liquid and solid media, kanamycin (50 µg ml–1) or ampicillin
(50 µg ml–1) were added to cultures containing the plasmids pZErO-2
or pIJA03, respectively.

Growth of both M. maripaludis and E. coli were monitored at
600 nm with a Spectronic 20 spectrophotometer (Baush and Lomb,
New York, USA).

Transformation and plasmid purification

M. maripaludis was transformed by the polyethylene glycol method
(Tumbula et al. 1994). E. coli Top 10 transformations were done
using a Gene Pulser electroporator (BioRad, Richmond, Calif.,
USA) at 200 W, 2.5 kV, and 25 mF with 0.2-mm-gap cuvettes.
Plasmids were purified using the QIAgen spin miniprep kit (Qiagen,
Germany) according to the manufacturer’s instructions.

Construction of ∆porEF::pac mutants

porEF deletions in the M. maripaludis genome were accomplished
using pIJA03+CR (Fig. 1). The plasmid pIJA03 is an integration
vector that lacks an origin of replication for methanococci and con-
tains a pac cassette (Statholopolous et al. 2001). The pac cassette,
which encodes puromycin resistance, is flanked by two multiple
cloning sites (MCS) to allow either single or double recombina-
tion into the M. maripaludis genome for directed gene deletions 
(Gernhardt et al. 1990; Statholopolos et al. 2001). To construct
pIJA03+CR, a 1049 bp region within porD was amplified by PCR
using the primers 5′Crinact-MCS1 (5′-CCCCCCGCAGATCTGT-
TGTAGGTCTTGGTGGAAGG-3′) and 3′Crinact-MCS1 (5′-CCC-
CCCGCTCTAGAAGACCGTATTCGTCGCATTTC Y-3′). These
primers introduced BglII and XbaI sites (underlined) into the PCR
amplicon. The PCR amplicon was digested with BglII and XbaI
and ligated into the MCS1 upstream of the pac cassette. Similarly,
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Table 1 Bacterial strains and
plasmids utilized in this study.
POR Pyruvate oxidoreductase

Bacterial strain or
plasmid

Genotype or description Source or reference

M. maripaludis strains
   JJ1 Wild-type Jones et al. (1983)
   JJ150 DporEF::pac This work
   JJ153 D porEF::pac/pMEV2+porEF This work
   JJ154 D porEF::pac/pMEV2+porE This work
   JJ155 D porEF::pac/pMEV2+porF This work
   E. coli Top10 General cloning strain Invitrogen

Plasmids
   pZero +POR Kanr cloning vector plus Methanococcus

maripaludis POR operon
Lin et al. (2003)

   pIJA03 Purr methanogen integration vector Stathopoulos et al.
(2001)

   pIJA03 + CR Contains inserts to allow porEF deletion
in M. maripaludis genome

This work

   pMEV1 purr shuttle vector; derived from pWLG30+lac
in which nonessential regions were deleted

Gardner (2000)

   pBK-CMV Cosmid that contains Neor gene Stratagene
   pMEV2 Derived from pMEV1, neor shuttle vector This work
   pMEV2+porE pMEV2 with porE This work
   pMEV2+porF pMEV2 with porF This work
   pMEV2+porEF pMEV2 with porEF This work



an 800-bp region immediately downstream of porF was amplified
using primers 5′CRinactMCS2 (5′-CCCCCCGCACTAGTCGAG-
GCAGTGAAGTATGTCT-3′) and 3′CRinactMCS2 (5′-CCCCCC-
CGGTACCCGAGGCAGTGAAGTATGTCT-3′), which introduced
SpeI and KpnI sites. This PCR amplicon was digested, gel purified,
and ligated into the MCS2 downstream of the pac cassette in
pIJA03. Both PCR reactions were carried out for 30 cycles at 94 °C
for 1 min, 50 °C for 1 min, 72 °C for 2 min and 30 s. The final ex-
tension time was 5 min at 72 °C. The orientation of each insert was
confirmed by restriction mapping.

Prior to transformation, pIJA03+CR was linearized by diges-
tion with DrdI and FspI. This fragment was gel purified and trans-
formed into wild-type M. maripaludis strain JJ1 cells grown to
early stationary phase. After transformation, the cells were screened
on McCA, McCAP, and modified McCA+alanine plates that con-
tained puromycin.

From the transformation, random puromycin-resistant isolates
were restreaked on the same medium and transferred to stoppered
culture tubes containing 5 ml McCA medium plus puromycin. The
culture tubes containing the isolates were pressurized to 275 kPa
and incubated at 37 °C. After growth, 2 ml were used for determi-
nation of genotype and phenotype, while the remaining 3 ml of the
culture were stored as frozen stocks. To prepare the frozen stocks,
the culture tube was transferred to an anaerobic glove box where the
remaining culture was centrifuged in a microfuge. The supernatant
was discarded and replaced with 1 ml of 30% glycerol+McCA me-
dium (Tumbula et al. 1995). The cells were aliquoted into 0.2-ml
fractions, sealed into airtight cyrogenic tubes (Corning, New York,
USA) and stored at –80 °C. In order to avoid potential second-site
revertants, subsequent growth experiments were conducted after
the first transfer from the frozen stocks. Each experiment included
duplicates for each condition and was repeated at least once.

Methanogenesis from pyruvate

Cells were grown in McCA or McN under H2/CO2 to early sta-
tionary phase or an absorbance at 600 nm of 0.8–0.85. The cultures
were centrifuged at 2,500×g (Beckman centrifuge) for 15 min at
room temperature. Cell pellets were washed once and resuspended
in 5 ml Mc buffer (Yang et al. 1992). Mc buffer was similar in
composition to McN except that the bicarbonate concentration was
reduced from 5 g/l to 2 g/l and the gas phase was 183 kPa of
N2+CO2 (80:20, v/v). After resuspension, the cells were flushed
with N2/CO2 for 15 min, and 1 ml of the cell suspension was trans-
ferred to a 2.6-ml stoppered serum vial containing an atmosphere
of N2/CO2 and sodium pyruvate at a final concentration of 50 mM.
Methane from the headspace of the serum vial was measured with
a gas chromatograph equipped with a flame ionization detector
(FID; Varian, gas chromatograph model 3700, Sugar Land, Tex.,
USA) and a PorapakQ 80/100 column (Alltech, Houston, Tex.,
USA). The temperatures of the detector, injector, and column were
250, 180 and 120 °C, respectively. A standard curve was constructed
with 1% methane in N2 gas.

Preparation of cell-free extracts and enzymatic assays

All cell preparations and assays were done under strictly anoxic con-
ditions. An aliquoted cell suspension (2 ml) was thawed under a
stream of H2. The cells lysed upon thawing, and the suspension was
centrifuged at 30,000×g for 30 min at 4 °C. The supernatant was used
in the subsequent assays. The protein concentration of the supernatant
was measured using the BCA method (Pierce Chemical, Ohio, USA).

POR activity was measured anoxically as pyruvate and HS-CoA-
dependent methyl-viologen (MV) reduction (Shieh and Whitman
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Fig. 1a, b Replacement of
Methanococcus maripaludis
porEF genes with the pac cas-
sette. a Directed replacement
and inactivation of porE and
porF with the pac cassette was
accomplished through double
homologous recombination us-
ing pIJA03+CR. Prior to trans-
formation, pIJA03+CR was di-
gested with DrdI and FspI to
produce the linear plasmid.
b Verification of the genotype
of the mutant was determined
through PCR. Two sets of
primers were used: EF1 and
EF2, Pac1 and Pac2. Lane 1
DNA size standards, lane 2
amplification of mutant strain
JJ 150 with EF primers, lane 3
amplification of strain JJ1
(wild-type) using EF primers,
lane 4 amplification of strain
JJ150 with Pac primers, lane 5,
amplification of strain JJ1 us-
ing Pac primers



1988). Activities of the carbon monoxide dehydrogenase/ acetyl-
CoA synthase (CODH/ACS; Shieh and Whitman1988) and hy-
drogenase (Ragsdale and Ljungdahl 1984) were measured simi-
larly as CO- or H2-dependent reduction of methyl viologen, re-
spectively.

Construction of the methanococcal expression vector pMEV-2

The plasmid pMEV-2 developed in this study was derived from
pMEV1 and the cosmid pBK-CMV (Stratagene, Calif., USA),
which contained a neo/kan cassette for neomycin resistance. The
vector pMEV1 was based upon pWLG30+lacZ (Gardner and
Whitman 1999) except that regions near the ORFLESS 1 and 2
were deleted (Gardner 2000). The region downstream of the pac
promoter (Pmcr) containing the puromycin gene and the terminator
(Tmcr) from pMEV1 were replaced with the neo/kan cassette from
pBK-CMV (Stratagene). To replace the pac cassette in pMEV1,
the neo/kan cassette from pBK-CMV was amplified using the
primers MEV/Neo-Bam (5′-CCCCCCGGATCCGAGGCC TAG-
GCTTTTGCAAA-3′) and MEV/Neo-Eco (5′-CCCCCCAGGGC-
CTAGTAACCT GAGGCTATGGCA-3′) which contained BamHI
and Eco0109 sites, respectively, as underlined. The amplified
neo/kan cassette contained the HSV-TK polyA terminator but not
the SV-40 promoter. PCR amplification was carried out as de-
scribed above, and the amplicon was digested with BamHI and
Eco0109 for directed ligation into pMEV1 to create pMEV2. The
region chosen for the ligation of the neo/kan amplicon placed it
under the control of the Pmcr promoter. The structure of pMEV2
was verified through restriction mapping.

Complement of ∆porEF mutants

porE, porF, and porEF were amplified from the M. maripaludis
genomic DNA. For amplification of porEF, the primers used were
5′POR-E (5′-CCCCCCATGCATGAAAAAAGTAATGATGGT-3′)
and 3′-POR-EF (5′-CCCCCCTCTAGAAGAAAGAAAAATTG-
ATG-3′). For amplification of porE, the primers used were 5′POR-E
and 3′POR-E (5′-CCCCCCTCTAGAACTT CACCAGATAATT-
TTA-3′). For amplication of porF, the primers used were 5′POR-F
(5′-CCCCCCATGCATGAAGGTAATGCCAAATAT-3′) and 3′POR-
EF. The 5′ primers and the 3′ primers contained NsiI and XbaI re-
striction sites, respectively. After amplification, pMEV2 and porE,
porF, and porEF gene fragments were digested with NsiI and XbaI
and ligated to form pMEV2+porE, pMEV2+porF, or pMEV2+
porEF. The plasmids were transformed into E. coli Top 10 for
storage. These plasmids were transformed into M. maripaludis
strain JJ150 by the polyethylene-glycol method (Tumbula et
al.1994). Transformants were screened on McCA plates containing
neomycin.

Results and discussion

Mutagenesis of porEF and complementation

To determine whether porEF is required for POR activity,
deletion mutants were constructed by transformation of the
M. maripaludis wild-type strain JJ1 with pIJA03+CR. This
plasmid contained the pac cassette, encoding puromycin
resistance in methanococci, between the genes flanking
porEF on the M. maripaludis genome. Upon transformation
with the linearized plasmid, the wild-type was expected 
to acquire puromycin resistance through replacement of
porEF with the pac cassette (Fig. 1). Because pyruvate 
is an essential precursor for monomer biosynthesis in
methanococci, the transformants were plated in a variety
of media designed to minimize the pyruvate requirement.

McCA provided amino acids to spare the pyruvate re-
quired for amino acid biosynthesis. McCA+10 mM pyru-
vate was also used, but methanococci take up pyruvate
poorly and higher concentrations are inhibitory (Yang et
al. 1992). Lastly, medium with alanine as the sole nitrogen
source was also used. In this medium, 70% of the cellular
pyruvate demand of wild-type cells is obtained from ala-
nine (Yang et al. 2002). In all those media, the transfor-
mation efficiency was about 3×104 transformants per µg
of DNA, comparable to that of the positive control pBD1
in the same experiments. Transformation with pBD1 deletes
a portion of the gene encoding cysteinyl-tRNA synthetase,
which is cryptic in M. maripaludis (Statholopolous et al.
2001). The high transformation efficiency insured that the
mutants were not derived from rare genetic events or mul-
tiple mutations and that the transformants were capable of
growth on McCA medium without pyruvate or alanine.

The genotype of the mutants was confirmed by PCR
amplification with flanking primers (EF1 and EF2),
which resulted in a 1.8-kb product for the ∆porEF::pac
mutant. This increase from the 1,282-bp amplicon of the
wild-type resulted from replacement of the 790-bp porEF
region with the 1.3-kb pac cassette (Fig. 1). Additionally,
primers internal to the pac cassette produced a PCR prod-
uct of the expected size from the deletion mutant but not
from JJ1 genomic DNA, which did not possess the pac
cassette. All three of the deletion mutants that were iso-
lated, including strain JJ150, contained the correct geno-
type (Fig. 1 and data not shown).

Growth of the ∆porEF::pac mutant

Pyruvate is an essential precursor for monomer biosynthe-
sis in methanogens. Therefore, the ∆porEF::pac mutant
was expected to grow poorly. To test this hypothesis, the
H2/CO2-dependent growth characteristics of mutant strain
JJ150 were monitored with rich (McCA), minimal (McN),
and minimal+acetate (McNA) medium. The effect of pyru-
vate on growth was not determined because a degradation
product of pyruvate forms spontaneously in methanococ-
cal medium and inhibits growth (data not shown). Pre-
sumably, this product is the dimer parapyruvate, and ac-
etate is not detected following incubations of uninoculated
medium with pyruvate (Korff 1969, Yang et al. 1992).
The growth of strain JJ150 was comparable to that of the
wild-type in rich medium, where many of the monomers
required for growth were provided (Fig. 2A). However,
during the exponential phase strain JJ150 grew more slowly
than the wild-type in minimal medium, where higher lev-
els of pyruvate biosynthesis would be required. Because
cultures enter into a linear growth phase at high cell den-
sity due to H2 limitation, exponential growth is only ob-
served at low cell densities, below optical densities of 0.4
in Fig. 2A. Nevertheless, this difference was consistently
observed in six independent experiments. The doubling
times (means±standard deviations of four cultures) of the
wild-type in McN mineral and McCA complex media were
nearly the same, 3.5±0.9 h and 2.8±0.5 h, respectively. In
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contrast, the doubling times of mutant strain JJ150 were
5.1±2.1 h and 3.6±0.6 h, respectively, and the addition of
acetate caused even poorer growth (Fig. 2A). This pheno-
type is understandable if growth in the ∆porEF::pac mu-
tant was dependent on the porE homolog associated with
the CODH/ACS operon. In this case, exogenous acetate
would be expected to lower expression of this gene and
inhibit pyruvate biosynthesis.

The mutant was also grown on ammonia-free medium
with alanine as the nitrogen source. Under these condi-
tions, alanine is a major source of intracellular pyruvate
(Yang et al. 2002). Both the mutant and the wild-type grew
extremely slowly under these conditions in mineral+ac-
etate as well as in complex medium. In addition, upon re-
peated transfers of strain JJ150 in minimal medium (with
ammonia as the N-source), the growth properties became
indistinguishable from those of wild-type, indicating that
selection occurred for second-site mutations that compen-
sated for the original mutation.

To confirm that the observed phenotype was a result of
the ∆porEF::pac mutation, strain JJ153 was constructed
in which the deletion was complemented with porEF
cloned into the methanococcal expression vector pMEV2.
The growth in minimal medium was restored to wild-type
levels in strain JJ153 (Fig. 2B). Additionally, strains JJ154
and JJ155, which contained either porE or porF cloned
into pMEV2, respectively, provided partial complementa-
tion. By itself, porE had only a small effect, while growth
with porF alone was nearly sufficient to restore a wild-type

pattern of growth (Fig. 2B). Nevertheless, the requirement
for both porE and porF for full complementation suggests
that the two genes play important yet somewhat different
roles.

POR activity in the ∆porEF::pac mutant

The enzymatic activity of the POR in cell extracts of mu-
tant strain JJ150 and the wild-type JJ1 was determined. Due
to the oxygen-labile nature of POR, the activity of two
other oxygen-labile enzymes, the hydrogenase and the
CODH/ACS, were determined as controls. With methyl
viologen as the electron acceptor, activities in strain JJ150
and wild-type JJ1 grown in complex medium were similar
for all three enzymes (Table 2). Likewise, the specific ac-
tivities for these three enzymes in the wild-type and strain
JJ150 cells grown in miminal medium were also similar to
each other (data not shown). These results indicate that
the deletion did not have a large affect on the levels of
POR and its dye-dependent activity.

Pyruvate-dependent methanogenesis 
of the ∆porEF::pac mutant

Pyruvate serves as an electron donor for methanogenesis
in resting cells of methanococci in the absence of the phys-
iological electron donors H2 and formate (Yang et al. 1992).
If PorE and/or PorF are involved in electron transfer to the
POR, the deletion of porEF would be expected to inhibit
the in vivo oxidation of pyruvate and pyruvate-dependent
methanogenesis. In fact, pyruvate-dependent methano-
genesis was severely inhibited in the porEF::pac mutant,
where the activity was comparable to that found with en-
dogenous substrates (Table 3). In contrast, methanogenesis
with H2 as the electron donor was not affected. Pyruvate-
dependent methanogenesis was fully restored in strains
JJ153 and JJ154, which were the deletion mutants comple-
mented with porEF and porE, respectively (Table 3). In
contrast, the phenotype of strain JJ155, in which the
porEF::pac deletion was complemented by only porF, was
indistinguishable from that of the original mutant. These
results provided further evidence that porE and porF pos-
sess different functions.
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Table 2 Methyl-viologen-dependent oxidation activities of POR,
carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/
ACS), and hydrogenase in extracts of M. maripaludis strains JJ1
and JJ150. Means and standard deviations are based upon four as-
says of extracts from two independent cultures grown in complex
medium. Activities between the two strains were not significantly
different at P=0.05

Strain Specific activity (µmol min–1 mg protein–1) of:

POR CODH/ACS Hydrogenase

JJ1 (wild-type) 0.59±0.12 0.20±0.06 420±340
JJ150 0.83±0.25 0.10±0.05 380±170

Fig 2a, b Growth of ∆porEF::pac mutant strain JJ150 and com-
plementation by pMEV2+porEF. a The effect of ∆porEF::pac
deletion on growth at 37 °C on H2/CO2. Growth of strain JJ1 (wild-
type) in McCA (V), McN (◊), and McNA(T). Growth of porEF mu-
tant strain JJ150 in McCA (K), McN (S), and McNA (E). b Com-
plementation of porEF. All strains were grown in McN at 37 °C
under H2/CO2: strain JJ1 (wild-type, ◊), strain JJ150 (porEF, S),
strain JJ154 ( porEF+porE, N), strain JJ155 ( porEF+porF, �),
strain JJ153 ( porEF+porEF, E)



Summary

Lin et al. (2003) previously demonstrated that porE and
porF contained motifs indicative of Fe–S clusters and
proposed that PorE and PorF were electron carriers to the
anabolic POR. While we have not elucidated the specific
functions of PorE and PorF, we have shown here that
porE and porF are important components of the anabolic
POR in hydrogenotrophic methanogens. The deletion of
porE and porF affected growth and oxidation of pyruvate.
Complementation of porEF restored both of these func-
tions. Furthermore, PorE and PorF complemented these
POR functions differently, indicating that they play differ-
ent roles. Implicit in these results, PorE, which copurified
with the POR enzyme (Lin et al.2003), may be tightly
bound to the POR and may serve to coordinate electrons
for the POR in both the oxidative and reductive direction
of the reaction. PorF did not seem to be important in the
oxidative direction because it failed to affect pyruvate-de-
pendent methanogenesis. However, PorF did partially re-
store the growth phenotype. Based upon these results, PorF
may function as an electron donor to the POR. While more
research is necessary to elucidate the specific function of
PorE and PorF, these proteins may represent a novel adap-
tation of the POR by the hydrogenotrophic methanogens
for pyruvate biosynthesis.
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Strain Genotype Plasmid Activity [nmol CH4 (min)–1(mg cells dry wt)–1] with substrate added

Pyruvate None H2

JJ1 Wild-type – 1.13±0.35 0.18±0.02 360
JJ150 ∆porEF::pac – 0.27±0.09 0.21±0.03 355
JJ154 ∆porEF::pac pMEV2+porE 1.32±0.50 0.18±0.03 ND
JJ155 ∆porEF::pac pMEV2+porF 0.21±0.04 0.21±0.01 ND
JJ153 ∆porEF::pac pMEV2+porEF 1.58±0.21 0.20±0.01 ND

Table 3 Methanogenesis from pyruvate by resting cells of the
∆porEF::pac mutant of M. maripaludis.Cells were incubated un-
der N2 /CO2 with 50 mM pyruvate or H2/CO2. Activity was deter-
mined after 9 h, except for H2, which was determined after 4 h.

ND Not determined. Means and standard deviations are based
upon four determinations. Activities with H2 were based upon two
determinations, thus standard deviations are not given
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Abstract

The abundance of 4Fe–4S motifs of the form CX2CX2CX3C was analyzed in the open reading frames (ORFs) of 120 prokaryotic

genomes. The abundance of ORFs containing the CX2CX2CX3C motif or isORFs correlated (r = 0.82) with methanogenesis

(p = 0.0001), archaea (p = 0.0173), anaerobiosis (p < 0.0001) and genome size (p < 0.0001). Optimal growth temperature (hyperther-

mophily) did not correlate with the number of isORFs (p = 0.6283). Large numbers of CX2CX2CX3C motifs may be associated with

unique physiologies: methanogenic archaea contained the greatest number of CX2CX2CX3C motifs found among the prokaryotic

groups; however, only about 15% of the motifs were in genes directly involved in methanogenesis. Large numbers of CX2CX2CX3C

motifs may also be associated with generalists such as Desulfitobacterium hafniense, which is an anaerobic bacterium containing mul-

tiple reductases.

� 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Proteins containing Fe–S clusters are ubiquitous

throughout the three domains of life. However, their

abundance in different physiological or phylogenetic

groups is not well documented. In one example, Daniel

and Danson [3] have hypothesized that Fe–S proteins
are especially abundant in hyperthermophiles because

they substitute for heat labile coenzymes such as

NAD/P. In this proposal, the large abundance of Fe–S

proteins reflects a ‘‘primitive’’ state since these proteins

would have predated the modern development of

NAD/P in less thermophilic organisms. In addition,

from a physiological point of view, anaerobes may be
0378-1097/$22.00 � 2004 Federation of European Microbiological Societies
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expected to contain more Fe–S clusters than aerobes be-

cause anaerobic electron transport proteins often con-

tain Fe–S clusters and Fe–S clusters are frequently

oxygen labile. In this paper, 120 sequenced prokaryotic

genomes were analyzed to determine how general phys-

iological characteristics such as optimum growth tem-

perature, oxygen tolerance, and preferred respiratory
pathways correlated with the distribution of

CX2CX2CX3C 4Fe–4S motifs.
2. Materials and methods

2.1. Genome-wide 4Fe–4S motif analyses

Most of the genomic analyses utilized the ERGOdata-

base, which is available through Integrated Genomics,
. Published by Elsevier B.V. All rights reserved.
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Inc. (http://www.integratedgenomics.com). The ‘‘Query

by Uploaded Pattern’’ command was utilized to search

one hundred and fifteen publicly available draft or

published genomes for motifs of the general form

CX2CX2CX3C. Individual searches for each of

the 47 motifs CX0–8CX2CX3C, CX2CX0–17CX3C,
CX2CX2CX0–12C and CX4CX2CX6–12C were performed

on the genomes from Methanococcus maripaludis S2

(also called strain LL; pers. comm., John Leigh), Chloro-

bium tepidumTLS andEscherichia coliK-12. The annota-

tions of 38 representative genomes were searched

for iron–sulfur clusters not of the CX2CX2CX3C motif

using key phrases such as ‘‘Fe–S,’’ ‘‘2Fe–2S,’’ ‘‘Rieske,’’

and ‘‘iron–sulfur’’ using the ‘‘Query by Keywords’’
command.

Additional genome sequences were downloaded from

The Institute for Genomic Research (Methanosarcina

mazei, Sulfolobus solfataricus, and Sulfolobus tokodaii;

http://www.tigr.org), the Center for Genome Research

(Methanosarcina acetivorans; http://www.broad.mit.

edu), and the DOE Joint Genome Institute (Metha-

nococcoides burtonii; http://www.jgi.doe.gov). These five
genomes were manually searched for the CX2CX2CX3C

motif using the Find and Replace function of Microsoft

Word. Using the Wildcard function of the Find com-

mand, where ‘‘?’’ searches for any character, searches

were conducted for C??C, C???C and C????C to account

for all CX2CX2CX3C motifs, including those motifs that

wrapped to two lines. The Replace command was used

to highlight the motifs for subsequent manual confirma-
tion. A list of the analyzed genomes with relevant group-

ings and motif data is located as Supplementary

material.

2.2. Numerical motif comparisons and statistical analyses

For comparisons of the number of Fe–S motifs with-

in genomes from different physiological groups, the
number of motifs was divided by the total number of

open reading frames (ORFs) (·103) to normalize for

genome size. The GLM procedure of SAS was used to

determine how multiple characteristics correlated with

the number of 4Fe–4S motif-containing ORFs (isORFs)

and was the source of the reported p values. ANOVA

analysis was performed to determine whether individual

characteristics were significantly different at the 95%
confidence level.
0
0 2 4 6 8 10 12 14 16 18

Number of bridging amino acids (N)

Fig. 1. Number of motifs found with varying numbers of ‘‘bridging’’

amino acids in Escherichia coli K-12, C. tepidum TLS, and Methano-

coccus maripaludis S2. Symbols: black bars, CNCX2CX3C, where N

ranged from 0–8; open bars, CX2CNCX3C, where N ranged from

0–17; grey right bars, CX2CX2CNC, where N ranged from 0–12.
3. Results and discussion

3.1. Preliminary motif analyses

In preliminary studies, representative genomes (M.

maripaludis S2, C. tepidum TLS and E. coli K-12) were

searched for motifs of the general form CX2CX2CX3C,
CX2CX4CX3 and CX2CX11CX3, which included the

major 4Fe–4S motifs identified in E. coli [5]. Additional

searches for each of the motifs CX0–8CX2CX3C,

CX2CX0–17CX3C and CX2CX2CX0–12C (to include mo-

tifs with varying numbers of X ‘‘bridging’’ amino acids)

were also performed to ascertain whether other motifs
identify 4Fe–4S proteins (Fig. 1). The CX2CX2CX3C

motif was the most prevalent, occurring 139, 49 and

72 times in the M. maripaludis, C. tepidum and E. coli

genomes, respectively. Based solely on the amino acid

composition in the absence of functional considerations,

only 0.1 of each of the remaining motifs would be pre-

dicted per genome. With two exceptions, the means

(and ranges) for the other 38 motifs in the three genomes
were low with 2 (0–7), 2 (0–7) and 2 (0–7) occurrences,

http://www.integratedgenomics.com
http://www.tigr.org
http://www.broad.mit.edu
http://www.broad.mit.edu
http://www.jgi.doe.gov
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Fig. 2. Comparison between prokaryotic genome size and number of

open reading frames containing the Fe–S motif CX2CX2CX3C.

Symbols: s, � bacteria; e photosynthetic bacteria; h, n non-

methanogenic archaea; n, m methanogenic archaea and Archaeoglo-

bus fulgidus. Solid symbols represent hyperthermophiles. Solid line,

linear correlation for bacteria (n = 98), y = 0.0036x + 0.99, r = 0.57;

dashed lines, one standard deviation from best fit; dotted lines, two

standard deviations. Af, Archaeoglobus fulgidus; Cb, Clostridium

botulinum; Cd, Clostridium difficile; Ct, Chlorobium tepidum; Dh,

Desulfitobacterium hafniense; Ec, Escherichia coli K-12; Ma, Methano-

sarcina acetivorans; Mj, Methanocaldococcus jannaschii; Mt, Methan-

othermobacter thermautotrophicus; Ph, Pyrococcus horikoshii; Vc,

Vibrio cholerae El Tor N16961.
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respectively. In E. coli two other motifs were abundant.

The CX2CX4CX3C motif is a 4Fe–4S motif in E. coli

and was found 20 times. The CX2CX2CX7C motif was

found 16 times. It was usually formed by tandem

CX2CX2CX3C motifs, i.e., the fourth amino acid of

X7 was a C. Moreover, while some known Fe–S proteins
were found with the 36 alternative motifs, most of these

motifs were actually composed of tandem

CX2CX2CX3C motifs, suggesting that these other motifs

yielded largely specious identifications. Thus, only the

CX2CX2CX3C motif consistently yielded ORFs that

were annotated as Fe–S proteins.

In addition, many well-characterized Fe–S proteins

contained more than one CX2CX2CX3C motif. A strong
correlation was found between the total number of

CX2CX2CX3C motifs found per genome and the num-

ber of open reading frames containing these motifs (data

not shown). Thus, the CX2CX2CX3C motif appeared to

be a good indicator of the relative abundance of 4Fe–4S

motif-containing ORFs. Therefore, in this study, both

the number of motifs and the number of iron–sulfur mo-

tif containing ORFs are used. For simplicity, ORFs con-
taining the CX2CX2CX3C iron–sulfur motif are

subsequently designated as isORFs.

4Fe–4S clusters are not the only iron–sulfur clusters

found in prokaryotes. Rieske and 2Fe–2S clusters are

also found. The CX4CX2CX10C motif is one 2Fe–2S

motif in E. coli [5]. Searches for CX4CX2CX6–12C motifs

were performed on the E. coli, M. maripaludis, and C.

tepidum genomes to approximate the number of 2Fe–
2S motifs. Unfortunately, few of the known 2Fe–2S

proteins were identified by this method due to the vari-

ability of the 2Fe–2S motif [5]. An alternative identifica-

tion method involved searching for key phrases such as

‘‘Fe–S,’’ ‘‘2Fe–2S,’’ ‘‘Rieske,’’ and ‘‘iron–sulfur’’ on the

annotations of 38 representative genomes. For 28 bacte-

rial genomes with a small or moderate number of ORFs

containing the CX2CX2CX3C motif (see below), the
number of other ORFs annotated as Fe–S proteins

was highly correlated. Thus, the number of other

ORFs = 1.00(number of isORFs) + 3.47, with r = 0.85,

which was significant for n = 28. For genomes with large

numbers of ORFs containing the CX2CX2CX3C motif,

the number of other ORFs annotated as Fe–S proteins

was always fewer. For instance, E. coli K-12, which con-

tains 39 (or a high number of) isORFs, has only 14 other
ORFs annotated as Fe–S proteins (see Fig. 2). The num-

ber of other ORFs also correlates with genome size

where the number of other ORFs = 0.0022(genome

size) + 1.19 (r = 0.735, which is significant at p = 0.01

with n = 38). Because the number of other ORFs and

isORFs correlate with each other and with genome size

(discussed below), the CX2CX2CX3C motif search

approximates the total number of Fe–S clusters, while
providing quantitative information about 4Fe–4S

clusters.
3.2. Correlation between the number of isORFs and

genome size, anaerobiosis, and phylogeny

Genome size correlates with the number of isORFs
for all phylogenetic groups (p < 0.0001). Presumably,

this correlation reflects that prokaryotes with larger gen-

omes tend to be generalists with multiple metabolic

capabilities [9]. The possession of additional functions

is then correlated with a general increase in the number

of enzymes including those possessing 4Fe–4S clusters.

For the bacteria, only a few bacterial genomes are

outside two standard deviations of the best fit line for
the correlation with genome size: Desulfitobacterium

hafniense, Clostridium difficile, C. tepidum, Clostridium

botulinum, and E. coli K-12 (Fig. 2). Presumably, the

large numbers of isORFs in these organisms are due

to adaptations for special physiologies or life styles.

For instance, the presence of 64 isORFs in D. hafniense

far exceeds that found in other bacteria and suggests the

presence of a unique metabolism in this fascinating
halorespirer. To elucidate what these adaptations might

be, the annotations for the isORFs were compared. The

genomes of D. hafniense (annotation by Integrated

Genomics), E. coli K-12 [1], and Vibrio cholerae El

Tor N16961 [7] are all about 4 megabases and

have 64, 39, and 14 isORFs, respectively (Table 1).

D. hafniense, an obligate anaerobe, has a large number

of reductases and functionally uncharacterized ORFs



Table 1

Number of isORFs containing the 4Fe–4S motif CX2CX2CX3C in individual genomes

Functional category Number of isORFs in the genomes of:a

Ma Mt Mj Af Ph Dh Ec Vc

Methanogenesis 11 7 8 13b 0 0 0 0

Hydrogenases/formate dehydrogenases 5 9 9 2 2 7 6 1

Ferredoxin-dependent oxidoreductases 3 4 4 4 4 1 1 2

Ferredoxins/polyferredoxins 9 13 13 10 4 9 7 2

Reductases 3 1 1 10 0 20 7 1

Dehydrogenases 0 1 0 1 0 2 4 2

Other 5 11 3 12 0 10 12 4

Unidentifiedc 38 6 1 15 4 15 2 2

Total isORFs 74 52 39 67 14 64 39 14

a Abbreviations (genome size, ·106 bp, in parentheses): Ma, Methanosarcina acetivorans (5.8); Mt, Methanothermobacter thermautotrophicus (1.8);

Mj, Methanocaldococcus jannaschii (1.7); Af, Archaeoglobus fulgidus (2.2); Ph, Pyrococcus horikoshii (1.7); Dh, Desulfitobacterium hafniense (4.5);

Ec, Escherichia coli K-12 (4.6); Vc, Vibrio cholerae El Tor N16961 (4.0).
b Includes genes in the tetrahydromethanopterin pathway.
c Hypothetical ORFs of no known function.
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with 4Fe–4S motifs, which may reflect the organism�s
physiological ability to use a variety of compounds as

terminal electron acceptors. E. coli also contains many

reductases, which reflects its ability to utilize a variety

of electron acceptors. In contrast, anaerobic respiration

is limited in V. cholerae and the number of isORFs is

fewer. Both D. hafniense and E. coli are capable of pro-

ton reduction and they both possess large numbers of
isORFs associated with hydrogenases and ferredoxins.

V. cholerae has a limited ability to utilize hydrogen

and has few isORFs associated with hydrogen and for-

mate metabolism. Therefore, the possession of certain

proteins involved in anaerobiosis such as hydrogenases,

reductases and ferredoxins is also correlated with an in-

creased number of isORFs.

To further analyze these observations, several physi-
ological traits were examined for correlation with the

number of CX2CX2CX3C motifs. Anaerobiosis is a sig-

nificant determinant of the number of 4Fe–4S motifs

(p < 0.0001), where anaerobes have more motifs than

aerobes or facultative anaerobes. Within the bacteria,

the abundance of 4Fe–4S motifs in the strict anaerobes

is about 7.4 motifs per 1000 ORFs and significantly

higher than in the aerobes (Table 2). However, with
3.7 motifs per 1000 ORFs, the abundance in facultative

anaerobes is not significantly different from the 2.8 mo-

tifs per 1000 ORFs found in aerobes, according to AN-

OVA analysis. Similarly, the abundance of Fe–S motifs

in the photosynthetic bacteria, pathogenic bacteria, and

proteobacteria are not significantly different from that in

other bacteria (Table 2). Because the aerobes are such a

diverse group, it is difficult to attribute with certainty the
low number of isORFs to any specific character. Possi-

bly, the O2-sensitivity of many isORFs and scarcity of

Fe+3 as a nutrient in oxic environments may limit the

utility of 4Fe–4S clusters in aerobes.

The number of CX2CX2CX3C motifs also correlates

with phylogenetic domain (p = 0.0173), where the motifs
are more abundant in archaea than bacteria (Table 2).

Although much of this difference is due to the extraordi-

nary abundance of isORFs in the methanogenic arch-

aea, the higher abundance in archaea was significant

even when methanogens were excluded. Thus, the aver-

age number of Fe–S motifs decreased from about 15

motifs per 1000 ORFs in all archaea to 7.4 for the

non-methanogenic archaea (Table 2). Among non-meth-
anogenic archaea, the aerobes and anaerobes possessed

6.4 and 8.6 motifs per 1000 ORFs, respectively, com-

pared to 2.8 and 7.4 motifs per 1000 ORFs, respectively,

found in the bacteria (Table 2). Therefore, the larger

average number of motifs in archaea was not solely

due to a greater representation of genome sequences

from anaerobic archaea.

Methanogens, which are strict anaerobes, contained
the most CX2CX2CX3C motifs of any physiological

group examined (p = 0.0001). Methanogens contain an

average of 22.2 motifs per 1000 ORFs, compared with

an average of 3.7 for all bacteria or 7.4 for non-methano-

genic archaea (Table 2). Methanogens also contain large

numbers of isORFs for their genome sizes (Fig. 2), so the

large number of motifs was not due to a few isORFs with

multiple motifs such as polyferredoxins. Other anaerobic
archaea and anaerobic bacteria contained 8.6 and 7.4

motifs per 1000 ORFs, respectively, so the abundance

of the motifs in methanogens cannot be ascribed solely

to the anaerobic lifestyle. However, the large number of

isORFs was not entirely due to genes directly associ-

ated with methanogenesis, either. In the genomes of

the mesophilic methylotroph M. acetivorans (Ma),

the thermophilic hydrogenotroph Methanothermobacter

thermautotrophicus (Mt), and the hyperthermophilic

hydrogenotroph Methanocaldococcus jannaschii (Mj),

only about 13–21% of the isORFs were directly involved

in methanogenesis (Table 1). Even including hydrogen-

ases and formate dehydrogenases, whose functions are

well known, the role of only 21–43% of the isORFs are



Table 2

Numbers of the 4Fe–4S iron–sulfur motif CX2CX2CX3C within the genomes of various prokaryotic groups

Physiological and phylogenetic groups No. of genomesa Avg. no. of motifs perf 1000 ORFsa SDa

ARCHAEA, all 22 14.8 8.6

Non-methanogens 11 7.4 2.1

aerobes 6 6.4 2.5

faculatative anaerobes 2 8.6 0.4

anaerobes 3 8.6 0.5

non-methanogens, non-hyperthermophiles 4 6.2 2.9

Methanogens (+Archaeoglobus fulgidusb) 11 22.2 5.5

hydrogenotrophs 6 25.3 3.6

methylotrophs 4 16.4 2.6

HYPERTHERMOPHILES, all 12 12.2 6.7

archaea 10 12.5 7.4

non-methanogenic archaea 7 8.1 1.3

bacteria 2 10.6 1.3

BACTERIA, all 98 3.7 3.1

aerobes 49 2.8 2.1

facultative anaerobes 38 3.7 2.7

anaerobes 11 7.4 5.4

mesophiles 93 3.6 3.0

thermophiles 3 2.6 0.7

photosynthetic 10 4.7 3.5

pathogens 66 3.1 2.6

proteobacteria 50 4.3 2.3

Note: Individual genome data used to compile this table have been included as Supplementary material.
a Abbreviations: No., number; Avg., average; ORFs, open reading frames; SD, standard deviation.
b Archaeoglobus fulgidus is included in the methanogen category because it contains many of the genes of the tetrahydromethanopterin pathway.
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readily explained by the methanogenic lifestyle. The

remaining isORFs are primarily ferredoxins and polyfer-
redoxins and ‘‘other’’ isORFs that are not easily catego-

rized. Presumably, these non-methanogenic isORFs are

also associated with methanogenesis or the strictly anaer-

obic life style typical of these prokaryotes but in a more

complex manner that has yet to be elucidated. For in-

stance, theymay be associated with physiological adapta-

tions necessary for growth of methanogens under

environmental but not laboratory conditions.
Among the methanogens, hydrogenotrophs (organ-

isms that require either H2 or formate to reduce CO2

to methane) have more 4Fe–4S motifs per 1000 ORFs

than the methylotrophic methanogens, which use C1

compounds and/or acetate in addition to H2 as sub-

strates for methanogenesis (Table 2). Part of this differ-

ence is due to the absence in methylotrophs of one of the

two energy conserving hydrogenases found in the hydro-
genotrophic methanogens and many ferredoxins (Table

1; [2,4,6,10]). However, when comparing the absolute

number of isORFs, the methylotrophs possess more be-

cause of their much larger genomes. Also, the methylo-

trophs tend to be ‘‘generalists’’ and are able to utilize a

wide range of substrates. The large number of isORFs

lacking a functional annotation (‘‘unidentified’’ in Table

1) in M. acetivorans may, therefore, be involved in the
utilization of alternative substrates [4]. Similarly,

Archaeoglobus fulgidus, a hyperthermophilic sulfate re-

ducer, contains more isORFs than methanogens of a
similar genome size (Fig. 2). Although this organism is

not capable of methanogenesis, it contains most of the
genes of the tetrahydromethanopterin pathway, many

of which are isORFs (Table 1). In addition, this organ-

ism contains a large number of anaerobic reductases,

which are necessary for sulfate reduction.

Optimal growth temperature and, in particular,

hyperthermophily, was not correlated with the number

of CX2CX2CX3C motifs (p = 0.6283, Table 2). Early life

has been proposed to be both anaerobic and hyperther-
mophilic [11]. Because of the temperature sensitivity of

NAD/P, early organisms are proposed to have utilized

Fe–S clusters for reactions commonly linked to pyridine

nucleotides in modern organisms [3]. While the presence

of ferredoxin-dependent oxidoreductases in some hyper-

thermophiles seems to support this model [8], the abun-

dance of Fe–S motifs is not a feature significantly

correlated with hyperthermophily. Similarly, the num-
ber of isORFs in hyperthermophiles is within the range

found in other prokaryotes with similar genome sizes of

the same physiological or phylogenetic group (Fig. 2).

For instance, the hyperthermophilic methanogen Meth-

anocaldococcus jannaschii actually has fewer isORFs

than the thermophilic methanogen Methanothermo-

bacter thermautotrophicus with the same genome size

(Table 1). Also, aside from a large number of isORFs
associated with the ferredoxin-dependent oxidore-

ductase, the number of isORFs in the heterotrophic

hyperthermophile Pyrococcus horikoshii is similar to
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that in other nonmethanogenic archaea (Table 1, Fig. 2).

Thus, the distribution of isORFs in modern organisms is

better explained by the combination of physiology and

phylogeny.

Although hyperthermophily plays a relatively minor

role in explaining the modern distribution of isORFs, it
could explain the abundance of isORFs in the archaea.

For instance, if the ancestors of the archaea contained

high numbers of isORFs and were hyperthermophiles,

it is possible that large numbers of isORFs were retained

in modern archaea even while hyperthermophily was

lost. In this case, the number of isORFs would correlate

with archaea and not hyperthermophily. Possibly, the ef-

fect of hyperthermophily would be observed with addi-
tional bacterial hyperthermophile genomes. The

current data set contained only two hyperthermophilic

bacteria, which possessed somewhat higher numbers of

Fe–S motifs than mesophilic and thermophilic bacteria

(Fig. 2, Table 2). However, because of the small sample

size, this increase was not significant.
3.3. Concluding remarks

In conclusion, searches using the CX2CX2CX3Cmotif

were used to estimate the number of 4Fe–4Smotifs found

in 120 prokaryotic genome sequences. The number of
ORFs containing these motifs correlates with genome

size, anaerobiosis, phylogenetic domain, and methano-

genesis. Strict anaerobes like methanogenic archaea and

D. hafniense have the largest numbers of 4Fe–4S motifs,

presumably due to specialized physiological pathways. In

addition, the O2-sensitivity of many isORFs and scarcity

of Fe+3 as a nutrient in oxic environments may limit the

utility of isORFs in aerobes. As more genomes are se-
quenced from physiologically and phylogenetically di-

verse organisms, searches for the CX2CX2CX3C motif

will identify new physiological characteristics and meta-

bolic pathways that involve isORFs.
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Abstract

To study global regulation in the methanogenic archaeon Methanococcus maripaludis, we devised a system for steady-state

growth in chemostats. New Brunswick Bioflo 110 bioreactors were equipped with controlled delivery of hydrogen, nitrogen, carbon

dioxide, hydrogen sulfide, and anaerobic medium. We determined conditions and media compositions for growth with three differ-

ent limiting nutrients, hydrogen, phosphate, and leucine. To investigate leucine limitation we constructed and characterized a mu-

tant in the leuA gene for 2-isopropylmalate synthase, demonstrating for the first time the function of this gene in the Archaea. Steady

state specific growth rates in these studies ranged from 0.042 to 0.24 h�1. Plots of culture density vs. growth rate for each condition

showed the behavior predicted by growth modeling. The results show that growth behavior is normal and reproducible and validate

the use of the chemostat system for metabolic and global regulation studies in M. maripaludis.

� 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Laboratory studies with Methanococcus maripaludis

have demonstrated its utility as a model species. Genetic
tools have allowed the construction of numerous mu-

tants [1,2]. Using established systems for anaerobic cul-

ture [3], liquid cultures grow overnight and visible

colonies form on agar medium in two days [4], unusually

fast for mesophilic methanogens. A genome sequence

has been completed [5], and studies of metabolic flux

and global regulation are under way. As a member of

the Euryarchaeota and a representative of the hydro-
genotrophic methanogens, M. maripaludis is a promis-
0378-1097/$22.00 � 2004 Federation of European Microbiological Societie
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ing model for the methanogens and the Archaea in

general.

Here we describe the implementation of a continuous

culture system for M. maripaludis. Conditions were de-
termined for growth limited by hydrogen, phosphate,

and leucine, the latter made possible by the construction

and use of a leuA mutant.
2. Materials and methods

2.1. Bacterial strains, plasmids, media and culture condi-

tions

The strains and plasmids used in this work are listed

in Table 1. E. coli was grown in Luria–Bertani medium

with ampicillin (100 lg/ml) when needed. The wild type

strain of M. maripaludis, S2 [6], also referred to as LL
s. Published by Elsevier B.V. All rights reserved.

mailto:leighj@u.washington.edu 


Table 1

Strains and plasmids

Strain, plasmid, or primer Genotype or description Source or

reference

Strains

M. maripaludis S2 Wild-type [6]

M. maripaludis S52 DleuA::pac This work

E. coli DH5a F�ð/80dlacZDM15Þ; recA1; endA1; gyrA96; thi� 1; hsdR17ðr�k mþ
k ÞsupE44; DðlacZYA-argF Þ U169 [20]

Plasmids

pIJA03 Purr methanogen integration vector. [21]

pIJA03-leuA PIJA03 with the upstream and downstream regions of the leuA gene. This work

Primers This work

U1 5 0-C6AGATCTGTGGCTTGAATTAGCACCTG

U2 5 0-C6TCTAGACTTCTATTGCATCAACACCG

D1 5 0-C6GGTACCTTCCAACTGCAAGCGTTGC

D2 5 0-C6GCTAGCCACGCTTGAAAAGGAAGG

P1 5 0-GACACTACGCTAAGGGATGGAGAACAGACT

P2 5 0-CATCAACAGGCCCTACTCCAAGTTCAGACG
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[7], is deposited at the Deutsche Sammlung von Mikro-
organismen und Zellkulturen as DSM 14266. M. marip-

aludis was grown with 276 kPa H2/CO2 gas (80:20 [vol/

vol]) at 37 �C in McN (mineral medium), in McNA

(McN plus 10 mM sodium acetate), or in McC (complex

medium minus vitamin solution) as described previously

[6]. Puromycin (2.5 lg/ml) was added as needed. For

preparation of the cell free extracts, M. maripaludis

strains were grown in bottles with100 ml McNA medi-
um and 138 kPa H2/CO2 gas (80:20 [vol/vol]) at 37 �C.
The cells were harvested and the cell free extract was

prepared as previously described [8].

2.2. Construction of DleuA::pac mutant

The DleuA::pacmutant was constructed as previously

described [9] using the pIJA03 vector and the primers
U1 and U2 and D1 and D2 to amplify the upstream

and downstream regions of the leuA gene, respectively

(see Table 1 and Fig. 2(a)). The culture of the mutant

was stored at �70 �C as previously described [9].

2.3. Isopropylmalate synthase activity

The isopropylmalate synthase activity was deter-
mined in cell free extracts using a modification of the

previously described fluorometric assay [10,11]. The in-

cubation mixture contained 250 lmol PIPES buffer

(pH 7.0), 250 lmol KCl, 20 lmol a-ketoisovalerate, 20
lmol acetyl phosphate (lithium salt), 0.2 mg coenzyme

A, and 0.01 mg (or 5 units) phosphotransacetylase in a

volume of 1 ml. The reaction was initiated by adding

0.1 ml of extract, and it was stopped after 30 min at
37 �C by adding a drop of concentrated sulfuric acid.

Then 5 ml of ether was added, and the tubes were gently

shaken for 2 min. After incubation on ice for 5 min, the

tubes were centrifuged for 10 min at 4000g at room tem-
perature. A portion of the upper layer, 4 ml, was trans-
ferred to two new tubes (2 ml in each tube). All

subsequent steps were then performed in duplicate.

The ether solution was evaporated to dryness at 60 �C
under a stream of N2. Concentrated H2SO4, 0.4 ml, were

added, and the samples were incubated for 5 min at 60

�C followed by 5 min on ice. Then 0.25 ml of cold

1.82 M resorcinol solution was added, and the 4-isopro-

pylumbelliferone was developed by incubation for 20
min at 60 �C. Then 5 ml of H2O was added, and the so-

lution was diluted 20-fold in borate/carbonate buffer

(0.6 M sodium carbonate/0.15 M borate at pH 10.2).

The fluorescence was measured at 366 nm (excitation)

and 453 nm (emission) using a Shimadzu, model RF-

5301PC fluorometer (Kyoto, Japan). Umbelliferone,

the resorcinol derivative of malate, was the standard

[12]. To prepare umbelliferone, 50 mg resorcinol, 0.4
ml concentrated H2SO4 and the desired amount of ma-

late in 0.021 ml of water were combined. The mixture

was incubated for 30 min in a boiling water bath, and

5 ml H2O was added. The solution was then diluted in

borate/carbonate buffer. Protein concentrations were de-

termined using the BCA protein assay kit (Pierce, Rock-

ford, IL) after incubation at 90 �C in 0.1 M NaOH for

30 min.

2.4. Chemostat vessels

Two Bioflo 110 bioreactors (1.3 l vessel capacity)

were purchased from New Brunswick Scientific Co.

Inc., Edison, NJ. Dual impellers were rotationally posi-

tioned with alternating paddles and vertically positioned

with the lower impeller 1.8 cm and the upper impeller
6.8 cm from the bottom of the shaft. All stainless steel

tubes emerging through headplate ports were connected

to Norprene� tubing (1/16 0 ID, 3/1600 OD, 1/1600 wall,

Cole–Parmer Instrument Company, Vernon Hills, IL),
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which in turn connected through hose connectors to

lines for gas entry, medium entry and exit, and cooling

water. The chemostat and plumbing are diagrammed

in Fig. 1.

2.5. Gas delivery system

H2, N2, and CO2 were each provided from two tanks

through lines plumbed with 1/400 copper tubing. Each

tank, fitted with a two-stage regulator, fed through a

three-way purging valve to a tee that joined the tanks

to a common line for each gas. The double tank-three

way valve arrangement allowed an empty tank to be ex-

changed and the line to be purged of air without disrupt-
ing gas flow. H2S was provided from a single tank of 1%

H2S in N2 through 1/400 stainless steel tubing. The line

for each gas was split by a tee to a separate line for each

chemostat. Each of these lines led to a metering valve-

floating ball-type flow meter assembly (Cole–Parmer).

Flow tube capacities were 220 ml/min for CO2, 500

ml/min for N2, 50 ml/min for H2S/N2, and for H2 either

35 ml/min or 600 ml/min as selected with a three-way
valve. H2, N2, and CO2 were then combined, passed

through a copper furnace (constructed as in [13] and

maintained at 300 �C), and joined with the H2S/N2 line.

From there the final gas mixture flowed through 1/400

stainless steel tubing through a 1/3 psi cracking pressure
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Fig. 1. Schematic of chemostat plumbing. Only one of the two chemostat ve
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Valve symbols: (A) brass three-way ball valves; (B) stainless-steel 4-way ball
check valve (SS-4C-1/3, Seattle Fluid Technologies,

Bellevue WA) and a glass wool filter to a short length

of Norprene� tubing joining to the chemostat sparger

tube. Glass wool filters were constructed from stainless

steel hex long nipples (SS-2-HLN-3.00, Seattle Fluid

Technologies) with tube and Swagelok� adapters. Ex-
haust gas passed through a water-cooled condenser

and a foam trap (stoppered 2 l Erlenmyer flask) to a

fume hood.

2.6. Medium delivery system

Medium for each chemostat was provided from two

10 l glass bottles (16157-282, VWR, West Chester, PA)
agitated by stir bars and stir-plates (33920-232, VWR).

Each bottle was fitted with a butyl rubber stopper pen-

etrated by 1/800 stainless steel tubing for gas sparging, gas

exhaust, and medium pickup. Medium was kept anaer-

obic by a flow of gas mixture (‘‘trimix’’, 5% H2, 5%

CO2, 90% N2), through the sparging tube. This mixture

was provided from two tanks of pre-mixed gas, plumbed

for line-purging after tank replacement similarly to
those for gas delivery to the chemostats (above). The

gas mixture flowed through a copper furnace, metering

valves, and glass wool filters, and connected through

Norprene� tubing to the sparging tube for each bottle.

Medium from each bottle was drawn from the medium
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pickup tube connected through a swagelok union to 1/800

stainless steel tubing that led to a four-way valve (SS-

43YFS2, Seattle Fluid Technologies). This valve selected

one bottle of each pair to supply the chemostat while

medium from the other bottle could be drawn out

(through an additional two-way ball valve) to purge
the line. Hence, an empty medium bottle could be re-

placed and the line purged without interrupting the flow

of medium to the chemostat. From the four-way ball

valve, medium flowed through 1/800 stainless steel tubing

to a peristaltic pump equipped with Viton� tubing (1/800

ID, 1/400 OD, 1/1600 wall, Cole–Parmer Instrument Com-

pany), thence to a 47 mm stainless steel inline filter

(Cole–Parmer) with a 0.45 lm nylon filter, and finally
through a short length of Norprene� tubing to the che-

mostat medium input tube. The medium outlet from

each chemostat was connected through Tygon� tub-

ing (3/1600 ID, 5/1600 OD, 1/1600 wall), to a peristaltic

pump. Swagelok� fittings and connectors were used

throughout.

2.7. Culture medium composition and setup

A defined complex medium (McA) was based on me-

dium 3 [3] with modifications [6,14]. Yeast extract and

Trypticase were omitted, whereas Na-acetate Æ 3H2O

(1.4 g/l) was added. A modified trace mineral solution

was prepared at 1000· concentration and contained:

21 g/l Na3 Citrate Æ 2H2O, (adjust pH to 6.5), 5 g/l

MnSO4 Æ 2H2O, 1 g/l CoCl2 Æ 6H2O, 1 g/l ZnSO4 Æ 7H2O,
0.1 g/l CuSO4 Æ 5H2O, 1 g/l Na2MoO4 Æ 2H2O, 0.25 g/l

NiCl2 Æ 6H2O, 2 g/l Na2SeO3, and 0.033 g/l Na2WO4 Æ 2-
H2O. Folic acid and lipoic acid were omitted from the

vitamin solution. The following ingredients, designated

amino acid stock 1, were pooled in 1.5 M NaOH at

250· concentration and frozen in aliquots: LL-alanine,

LL-arginine Æ HCl, LL-histidineHCl Æ H2O, LL-leucine, LL-i-

soleucine, LL-lysine Æ HCl, LL-methionine, LL-proline, LL-ser-
ine, LL-threonine, LL-glycine, and LL-valine (125 mM; 0.5

mM final concentration in medium); LL-phenylalanine

(50 mM; 0.2 mM final concentration in medium); and

uracil (37 mM; 0.15 mM final concentration in medium).

For leucine-limited growth, leucine was omitted and

added from a separate stock. The following ingredients,

designated amino acid stock 2, were pooled at 417· con-

centration in 2.75 M NaOH, filter sterilized, aliquoted,
made anaerobic by vacuum-boiling in the airlock of

the anaerobic chamber, stoppered in the anaerobic

chamber, and frozen: LL-asparagine Æ H2O, LL-aspar-

tate Æ NaH2O, LL-cysteine Æ HCl Æ H2O, and LL-glutamine

(209 mM; 0.5 mM final concentration in medium); LL-tyr-

osine, p-hydroxyphenylacetic acid, and phenylacetic

acid (83 mM; 0.2 mM final concentration in medium);

adenine Æ HCl and hypoxanthine (63 mM; 0.15 mM final
concentration in medium); LL-glutamic acid monosodium

salt (625 mM; 1.5 mM final concentration in medium);
LL-tryptophan (42 mM; 0.1 mM final concentration in

medium); and indole-3-acetic acid (8.3 mM; 0.02 mM fi-

nal concentration in medium). K2HPO4 (100·, 14 g/l)

was aliquoted, made anaerobic, and autoclaved, as

was a divalent cation mix (20·, 55 g/l MgCl2 Æ 6H2O,
69 g/l MgSO4 Æ 7H2O, and 2.8 g/l CaCl2 Æ 2H2O). LL-cys-

teine Æ HCl Æ H2O (1000·, 500 g/l) was prepared by boil-

ing water under N2CO2 gas, adding cysteine powder,

aliquoting and stoppering in an anaerobic chamber,

and autoclaving.

To prepare medium, all constituents were mixed ex-

cept cysteine, amino acid stock 2, K2HPO4, and divalent

cations. Chemostat vessels containing 1 l of the mixture
were autoclaved for 45 min with Norprene tubing in

place and clamped off, glass wool filter in place, and

one addition port as well as the tygon tubing attached

to the gas outlet from the condenser left open. Medium

reservoir bottles containing 8.5 l of the mixture were

autoclaved for 90 min with stopper assemblies in place

but ajar, Norprene tubing clamped off, and glass wool

filter in place. If necessary, gassing lines were flushed,
copper furnaces warmed up, and gas flow rates adjusted

while autoclaving was taking place. Immediately after

autoclaving, chemostat vessels and medium reservoirs

were put in place, tubing and ports secured, gassing lines

attached, and gas sparging begun. Chemostat vessels

were sparged with the H2S/N2 turned off until after

cooling. Next, agitation of chemostats and stirring of

medium reservoirs were begun. Cysteine was added to
hot medium, and after cooling H2S/N2 was turned on

for the chemostat vessels. Finally, amino acid stock 2,

K2HPO4, and divalent cations were added in order.

2.8. Growth of M. maripaludis in chemostats

Chemostats were inoculated with 5 ml of fresh cul-

ture through Vacutainer needles (22G1 Precisionglide�,
Becton Dickinson and Company, Franklin Lakes, NJ)

that penetrated a headplate plug modified to fit a butyl

rubber stopper. Chemostats were operated at 37 �C.
Cell density was found to increase with agitation rate

up to 1000 rpm and then to level off, hence 1000 rpm

was used routinely. A typical gas mixture flowing

through the spargers consisted of 110 ml/min H2, 40

ml/min CO2, 40 ml/min N2, and 13 ml/min of H2S/N2

mixture (1:99). The culture volume was maintained at

1 l. To obtain culture samples, the gas exhaust tube

was clamped off, and the sampling tube unclamped.

Cultures were considered to have reached steady state

conditions after optical densities varied by less than

10% over the interval in which at least three dilution

volumes flowed through the vessels. Optical densities

were measured at 660 nm against a water blank.
Throughout our experiments, the observed pH of the

culture always remained between 6.9 and 7.2 without

any need for adjustment.
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3. Results and discussion

3.1. Construction of a leucine-auxotrophic mutant

In order to examine growth with leucine as the limit-

ing nutrient, we made a leucine auxotroph. M. maripalu-

dis contains three ORFs with homology to leuA [5]

(Accession No. NC_005791), which encodes 2-iso-

propylmalate synthase (IPMS), the first enzyme in the

biosynthesis of leucine from 2-ketoisovalerate. Two

ORFs, Mmp1018 and Mmp0153, appear to be ortho-

logs of Methanocaldococcus jannaschii MJ1392 and

MJ0503, involved (R)-citramalate and a-ketosuberate
biosynthesis, respectively [15,16]. We made a mutation
in the remaining ORF, Mmp1063, by replacing most

of the gene with the pac (puromycin resistance) cassette

(Fig. 2(a)). The expected genotype of the resulting mu-

tant, designated S52, was confirmed by PCR (Fig.

2(b)). The leuAmutant S52 possessed the expected auxo-

trophic phenotype and required leucine for growth (Fig.
Fig. 2. (a) M. maripaludis leuA (Mmp1063) gene region. The ORFs

Mmp1060 and Mmp1064 were annotated as cysteinyl-tRNA synthe-

tase and RNA-binding region RNP-1, respectively. The ORFs

Mmp1059, Mmp1061, Mmp1062 and Mmp1065 were annotated as

conserved hypothetical proteins [5]. The primers U1, U2, D1 and D2,

were used to clone the upstream and downstream regions in the

pIJA03 plasmid, respectively. The disruption of the leuA gene resulted

in replacement of the region of leuA between U2 and D1 with the pac

cassette. (b) The genotype of the S2 and S52 strains confirmed by PCR.

The primers were P1 and P2 in (a). The templates were the plasmid

pIJA03-leuA (lane 2), genomic DNA of strain S2 (lane 3), and genomic

DNA of strain S52 (lane 4). DNA size standards are shown in lane 1.
3(a)). Moreover, growth was fully restored by low con-

centrations of leucine (Fig. 3(b)). Similarly, IPMS activ-

ity was not detected in cell-free extract of the mutant S52

(<0.08 nmol mg�1 min�1), while the specific activity in

the wild-type strain was 1.6 ± 0.3 nmol mg�1 min�1. Is-

ovalerate also fulfilled the leucine requirement for
growth of S52 (not shown), suggesting that isovalerate

is converted to leucine by volatile fatty acid ferredoxin

oxidoreductase (VOR), as previously proposed for Met-

hanococcus voltae [17]. These results confirm the identity

of ORF Mmp1063 as leuA and its role in leucine biosyn-

thesis. This is the first experimental identification of leuA

in Archaea.

3.2. Steady-state growth behavior of M. maripaludis

under nutrient-limited conditions

With standard levels of all nutrients (see Section 2)

wild type strain S2 maintained optical densities between

1.54 and 1.26 at specific growth rates ranging from 0.086

to 0.213 h�1, corresponding to doubling times from 8.06

to 3.25 h (not shown). A faster dilution rate (0.27 h�1,
equivalent to a 2.57 h doubling time) resulted in wash-

out.

We examined growth under three different nutrient-

limitations, phosphate, leucine, and hydrogen, by sepa-
Fig. 3. Phenotypic characterization of the leucine auxotroph, S52. (a)

Growth of the wild-type S2 with 0.3 mM leucine (closed squares) or

with no addition (closed circles); S52 with 0.3 mM leucine (open

squares) or with no addition (open circles). Results are the means of

duplicate cultures. Ranges at 33 h are shown. Similar ranges were

observed for all data points. (b) Growth yield of S2 (closed circles) and

S52 (closed squares). Results are the means of duplicate cultures, and

ranges are shown.
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rately decreasing each nutrient to a level that resulted

in a markedly decreased cell density. We determined

steady-state cell densities over a range of growth rates

for each of these limiting conditions. To demonstrate

that conditions were limiting, we also determined stea-

dy-state cell densities at a single growth rate when all
three nutrients were supplied at high levels. The results

are shown in Fig. 4. When phosphate was supplied in

the medium at a limiting concentration of 0.15 mM,

OD660 remained between 0.64 and 0.67 as the specific

growth rate was varied between 0.062 and 0.167 h�1

(11.1–4.1 h doubling time). At a slower growth rate

(0.042 h�1, 16.6 h) the OD660 was slightly lower (0.58).

In contrast, when we used the standard phosphate
concentration (0.80 mM), OD660 was 1.48 at 0.125 h�1

(Fig. 4, not limited). Similarly, with medium containing

leucine at a limiting concentration of 0.15 mM, OD660

remained between 0.58 and 0.64 as the specific growth

rate was varied between 0.062 and 0.125 h�1 (11.1–5.5

h doubling time). These values contrasted with the

OD660 at the standard leucine concentration (0.50

mM) of 1.48 at 0.125 h�1 (Fig. 4, not limited). Both sets
of results match the expected growth behavior: a steady-

state continuous culture in which growth is limited by a

nutrient supplied in the growth medium is expected to

maintain a nearly constant cell density as the dilution

rate (and hence growth rate) is varied [18].

We also investigated growth with limiting H2. We

achieved hydrogen-limiting conditions by lowering the

rate of H2 delivery from 110 to 20 ml/min (N2 was in-
creased to maintain a constant total gassing rate).

OD660 decreased hyperbolically from 1.19 to 0.45 as spe-

cific growth rate was increased from 0.058 to 0.24 h�1
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Fig. 4. Steady-state culture densities vs. specific growth rate under

nutrient-limiting conditions. Results with limiting leucine and limiting

phosphate were obtained using the leucine auxotroph S52 (closed

symbols). Results with limiting hydrogen were obtained using the wild

type strain S2 (open symbols). Values represent averages (with

standard deviations) of successive readings from a single chemostat

after steady state had been reached. Some of the error bars are smaller

than the symbols.
(11.9–2.8 h doubling time, Fig. 4). At a faster dilution

rate, 0.27 h�1 (equivalent to a 2.6 h doubling time),

washout occurred. Standard H2 conditions (110 ml/

min H2) at 0.126 h�1 yielded an OD660 of 1.67 (Fig. 4,

not limited). These results are also as expected: when a

gas is the limiting nutrient and is supplied at a constant
rate, the cell density should decrease hyperbolically with

increasing dilution rate [18].

These results show that steady-state growth behavior

has been established over a range of growth rates with

three different nutrient-limiting conditions. In addition,

results were highly reproducible, since an experiment

with the same conditions performed at a different time

or in the other vessel invariably produced steady-state
culture densities within 10% of those previously meas-

ured. Hence, conditions have been defined for reproduc-

ible growth limited by phosphate, leucine, and H2. Our

maximum specific growth rate, as determined by the di-

lution rate interval between the maximum sustainable

growth rate and wash out, was between 0.24 and 0.27

h�1 (equivalent to doubling times of 2.8 and 2.6 h).

These results compare well the maximum growth rate re-
ported for M. maripaludis in batch culture, 0.35 h�1 (2 h

doubling time) [19].
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Several methanogenic archaea lack cysteinyl–transfer RNA (tRNA) synthetase
(CysRS), the essential enzyme that provides Cys-tRNACys for translation in
most organisms. Partial purification of the corresponding activity from
Methanocaldococcus jannaschii indicated that tRNACys becomes acylated
with O-phosphoserine (Sep) but not with cysteine. Further analyses identified
a class II–type O-phosphoseryl-tRNA synthetase (SepRS) and Sep-tRNA:Cys-
tRNA synthase (SepCysS). SepRS specifically forms Sep-tRNACys, which is
then converted to Cys-tRNACys by SepCysS. Comparative genomic analyses
suggest that this pathway, encoded in all organisms lacking CysRS, can also
act as the sole route for cysteine biosynthesis. This was proven for Metha-
nococcus maripaludis, where deletion of the SepRS-encoding gene resulted in
cysteine auxotrophy. As the conversions of Sep-tRNA to Cys-tRNA or to
selenocysteinyl-tRNA are chemically analogous, the catalytic activity of
SepCysS provides a means by which both cysteine and selenocysteine may
have originally been added to the genetic code.

The translation of cysteine codons in mRNA

during protein synthesis requires cysteinyl-

tRNA (Cys-tRNACys). Cys-tRNACys is nor-

mally synthesized from the amino acid cysteine

and the corresponding tRNA isoacceptors

(tRNACys) in an adenosine triphosphate (ATP)–

dependent reaction catalyzed by cysteinyl-

tRNA synthetase (CysRS). Genes encoding

CysRS, cysS, have been detected in hundreds

of organisms encompassing all three living

domains (1). The only exceptions are certain

methanogenic archaea, the completed genome

sequences of which encode no open reading

frames (ORFs) with obvious homology to known

cysS sequences (1). Because of the discovery

that the genomes of a number of methanogenic

archaea either lack cysS (Methanocaldococcus

jannaschii, Methanothermobacter thermautotro-

phicus, and Methanopyrus kandleri) or can

dispense with it (Methanococcus maripaludis),

the formation of Cys-tRNACys in these or-

ganisms has been a much studied and increas-

ingly contentious topic (2, 3). A noncognate

aminoacyl-tRNA synthetase EaaRS (4–6)^
and a previously unassigned ORF (7) were

variously implicated in Cys-tRNACys forma-

tion. Recent studies failed to provide conclu-

sive support for either of these routes, leaving

the mechanism of Cys-tRNACys formation

still in doubt (2).

Previous investigations of archaeal Cys-

tRNACys biosynthesis have been hampered by

the significant levels of noncognate tRNA

routinely cysteinylated and detected by con-

ventional filter binding assays. This problem

was circumvented with a more stringent assay

of Cys-tRNACys formation: gel-electrophoretic

separation of uncharged tRNA from aminoacyl-

tRNA (aa-tRNA) and subsequent detection of

the tRNA moieties by sequence-specific

probing (8). Given that M. jannaschii is a

strict anaerobe, and considering that earlier

aerobic purification erroneously identified

prolyl-tRNA synthetase (4, 5), we used

anaerobic conditions for all procedures unless

otherwise indicated. When these procedures

were used to monitor acylation of total M.

maripaludis tRNA by an undialyzed M.

jannaschii cell-free extract (S-100), tRNACys

was charged with an amino acid that gave rise

to the same mobility shift (9) exhibited by

standard M. maripaludis Cys-tRNACys gener-

ated by M. maripaludis CysRS (1) (Fig. 1A,

lanes 7 and 8). Further optimization of the

reaction at this stage showed that Zn2þ and

ATP were also required for the successful

formation of charged tRNACys. When the S-

Fig. 1. Acid urea gel electrophoresis and Northern
blot analysis of total M. maripaludis tRNA charged
with M. maripaludis SerRS, dialyzed M. jannaschii
S-100, M. maripaludis CysRS, and M. jannaschii
SepRS in the presence of 20 amino acids (20 AA),
phosphoserine, or a M. jannaschii S-100 cell-free
extract filtrate (Y3). Half of each tRNA sample
was deacylated by mild alkaline hydrolysis (–OH).
The blots were probed with 32P-labeled oligonu-
cleotides complementary to M. maripaludis
tRNACys (A) and M. maripaludis tRNASec (B).
Total M. maripaludis tRNA charged with dialyzed
or undialyzed M. maripaludis DcysS S-100 cell-
free extract (20) in the presence of 20 amino
acids and Na2S, or Sep and NasS (C). The blot
was analyzed with 32P-labeled oligonucleotides
complementary to M. maripaludis tRNACys.
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100 fraction was dialyzed, all enzyme activity

was lost and could not be recovered by

addition of a mixture of the 20 canonical

amino acids (Fig. 1A, lanes 3 and 4). These

data established that tRNACys charging took

place in the S-100 extract but not as a result of

direct acylation of cysteine to tRNACys and not

by a Ser-tRNACys–dependent conversion mech-

anism (10). In contrast, the dialyzed S-100

extract supplemented with 20 amino acids

formed Ser-tRNASec (Fig. 1B, lanes 3 and 4),

as did M. maripaludis seryl-tRNA synthetase

(Fig. 1B, lanes 1 and 2). This result is con-

sistent with a tRNA-dependent transformation

of serine to selenocysteine (Sec) as seen in

bacteria (11). On the basis of these results, we

reasoned that the Cys-tRNACys–forming ac-

tivity consisted of one or more enzymes and

some low-molecular-weight substrates that

together participated in a tRNA-dependent

amino acid biosynthesis pathway.

To identify the components of the Cys-

tRNACys biosynthetic pathway, the M. janna-

schii S-100 extract was separated into two

fractions: a low-molecular-mass Bfiltrate[ (Y3)

derived by a membrane filtration step (cutoff at

3 kD) and a protein fraction. Addition of Y3 to

the dialyzed M. jannaschii S-100 restored

activity (Fig. 1A, lanes 5 and 6). Both the

protein and the filtrate fractions were purified

individually by various chromatographic proce-

dures; the activity was assayed by reconstitution

of purified fractions from both sources Esee

supporting online material (SOM)^. Chromato-

graphic analysis of the filtrate initially im-

plicated O-phosphoserine (Sep) as one of the

components in Y3 necessary for formation of

Cys-tRNACys. This was subsequently verified

using the L-enantiomer of this amino acid (see

SOM for details). Significant advancement in

the protein purification strategy was derived

from a proteomic analysis of various partially

purified column chromatographic fractions (12).

Repeated liquid chromatography (LC)–mass

spectrometry (MS) analysis in the pattern LC-

LC-MS-MS identified 20 proteins in the most

active fractions, of which 13 were excluded

because of their predicted functions or in-

consistent phylogenetic distribution. Of the

remaining seven proteins, two of the most

abundant (Mj1660 and Mj1678) were

consistently observed in genomes lacking cysS.

Although Mj1660 is a paralog of the a subunit

of phenylalanyl-tRNA synthetase (PheRS), it is

inactive in Phe-tRNA formation (13). Mj1678

has been annotated as a putative pyridoxal

phosphate–dependent enzyme. On the basis of

its high homology to known class II aaRSs, we

speculated that Cys-tRNACys biosynthesis could

be initiated by Mj1660 with Sep as one of the

substrates. His
6
-Mj1660, produced and purified

heterologously from Escherichia coli, was

found to stably attach Sep to tRNACys in an

efficient aerobic ATP-dependent reaction,

which suggested that it could function as an

aaRS (Fig. 1A, compare lanes 9 and 10 with

lanes 11 and 12, and Fig. 2). However, tRNASec

was not a substrate for Mj1660 (Fig. 1B, lanes 9

to 12). Specificity for Sep was further supported

by the observation that His
6
-Mj1660 and its M.

thermautotrophicus counterpart His
6
-Mth1501

both catalyzed Sep-dependent and tRNA-

independent ATP-E32P^pyrophosphate ex-

change, a reaction characteristic of aaRSs

(Fig. 3A) (14). No pyrophosphate exchange

activity was detected with either His
6
-Mj1660

or His
6
-Mth1501 when Sep was replaced by

phenylalanine. Sep was unable to stimulate

ATP-E32P^pyrophosphate exchange by E. coli

PheRS, which indicated that it is a specific

substrate for Mj1660-type proteins. Analysis of

the position of aminoacylation by using M.

thermautotrophicus total tRNA labeled with

E32P^ in the terminal pA residue showed that

Sep was attached to the 3¶ terminus, the normal

site for aminoacylation by aaRSs (Fig. 3B). A

similar conclusion came from the protection

against periodate oxidation of charged tRNACys

(9). In light of these various enzymatic

activities and their specificities, we propose

that Mj1660-type proteins are classified as

aaRSs and are consequently renamed O-

phosphoseryl-tRNA synthetase (SepRS,

encoded by sepS). Like pyrrolysyl-tRNA

synthetase (PylRS), which acylates a suppres-

sor tRNA with pyrrolysine, SepRS belongs to

an emerging set of synthetases that use

modified amino acids but not their canonical

counterparts (15, 16). Amino acid sequence

similarities indicate that both PylRS and

SepRS are subclass IIc aaRSs most closely

related to the canonical PheRS. The relative

scarcity and narrow phylogenetic distributions

of both PylRS and SepRS make it unclear

whether these enzymes recently diverged from

PheRS or, instead, coevolved with PheRS

from a common ancestor.

Attachment of Sep to tRNACys by SepRS

is a chemically plausible first step in Cys-

tRNACys synthesis, as Sep-tRNA could feasi-

bly be converted to Cys-tRNA in the presence

of a synthase and the appropriate sulfur donor.

Analogous pretranslational amino acid mod-

ifications have been described for the synthesis

of asparaginyl-, formylmethionyl-, glutaminyl-,

and selenocysteinyl-tRNAs (17). To investi-

gate whether such a transformation accounts

for Cys-tRNACys formation, preformed Sep-

tRNACys was incubated with a dialyzed M.

jannaschii S-100 extract in the presence of

Na
2
S. Electrophoretic analysis of the resulting

aa-tRNA indicated formation of a product

whose mobility was consistent with Cys-

tRNACys (Fig. 4A). On the basis of the above

proteomic analysis, we postulated that Mj1678

encoded the enzymatic component responsible

for converting Sep-tRNACys to Cys-tRNACys.

His
6
-Mj1678, produced heterologously in E.

coli, was found to efficiently convert pre-

formed Sep-tRNACys into Cys-tRNACys in an

anaerobic reaction in the presence of pyri-

doxal phosphate (PLP) and Na
2
S (Fig. 4B,
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Fig. 2. Amino acid specificity of M. jannaschii
SepRS. Aminoacylation by the recombinant M.
jannaschii SepRS was tested with the filter
binding assay (as described in SOM). M.
jannaschii unfractionated tRNA charged with
Sep (squares), total M. maripaludis tRNA and M.
jannaschii SepRS incubated with Sep (circles), or
with a 20–amino acid mixture (diamonds).
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Fig. 3. Amino acid activation and aminoacylation by
SepRS. (A) ATP–inorganic pyrophosphate (PPi) exchange
catalyzed by M. jannaschii SepRS and Sep or Phe; M.
thermautotrophicus SepRS and Sep or Phe; and Escherichia
coli PheRS and Sep or Phe. (B) 3¶-Aminoacylation of M.
thermautotrophicus total tRNA with Sep by SepRS (right
panel). [a-32P]A76 total tRNA was aminoacylated with

Sep by using SepRS (0.1 mM) and was subjected to RNase P1 digestion; the products were separated
by thin-layer chromatography (TLC) and then visualized by phosphor imaging. Quantification of
SepÈ[a-32P] indicated that about 3% of the total tRNA can be aminoacylated with Sep. The position
of migration of SepÈpA was independently confirmed using [14C]Sep (left).
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lane 5). The natural sulfur donor of the

reaction remains uncharacterized. On the

basis of the conversion activity, we suggest

that Mj1678 is a Sep-tRNA:Cys-tRNA syn-

thase (SepCysS; encoded by pscS). SepRS

and SepCysS, both of which are encoded in

all archaea lacking cysS, together provide a

facile two-step pathway for the synthesis of

Cys-tRNACys by means of Sep-tRNACys

(Fig. 4C). This route is consistent with the

earlier observation that Sep is a precursor of

cysteine in M. jannaschii (18). As in other

organisms (19), the proposed route of Sep

formation involves D-3-phosphoglycerate de-

hydrogenase (MJ1018) and an as yet uniden-

tified phosphoserine aminotransferase.

From available genome sequences, the or-

ganismal distributions of SepRS and SepCysS

are apparently coupled. To date, sepS and

pscS have only been detected in the genomes

of the methanogenic archaea M. jannaschii,

M. maripaludis, M. thermautotrophicus, M.

kandleri, Methanococcoides burtonii, the

Methanosarcinaceae, and in Archaeoglobus

fulgidus. Although some of these organisms

lack cysS, others, such as M. maripaludis, also

encode a canonical CysRS and thus contain

two potentially functional pathways for Cys-

tRNACys synthesis (20). Comparable redun-

dancy is seen for Asn-tRNAAsn synthesis in

many bacteria, where the tRNA-dependent

route is the sole pathway for asparagine

biosynthesis (21). Present knowledge of the

genes required for archaeal amino acid

biosynthesis suggests that the SepRS/SepCysS

pathway may provide the only means for de

novo production of cysteine in a number of or-

ganisms (e.g., M. jannaschii, M. maripaludis),

whereas other organisms (e.g., Methanosarci-

naceae) have both tRNA-dependent and

tRNA-independent routes to cysteine. In con-

trast, most nonmethanogenic archaea with

known genomes (e.g., Aeropyrum, Sulfolobus,

Pyrococcus, Pyrobaculum, Thermoplasma, Pic-

rophilus, Halobacteria) encode O-acetylserine

sulfhydrylase (22) or cysteine synthase, which

suggests that cysteine biosynthesis is tRNA-

independent in these organisms.

To investigate whether the SepRS/SepCysS

pathway can act as the sole route for cysteine

biosynthesis we used M. maripaludis, which

has a facile genetic system. This organism has

both a dispensable CysRS (20) and the sepS

and pscS genes but no known pathway for

de novo biosynthesis of free cysteine. Bio-

chemical evidence of a functional SepRS/

SepCysS pathway in M. maripaludis extracts

is presented in Fig. 1C. In dialyzed extracts of

a cysS deletion mutant, Cys-tRNACys bio-

synthesis is dependent on the addition of Sep

and Na
2
S (Fig. 1C, lane 2). To test if the

SepRS/SepCysS pathway is necessary for

cysteine biosynthesis, the sepS gene was

deleted from the chromosome of the wild type

of M. maripaludis. The resulting DsepS strain

was a cysteine auxotroph (Fig. 5). Although it

grew at a rate comparable to that of wild type

on complete medium, it was unable to grow in

the absence of exogenous cysteine. These

findings indicate that under certain conditions

the SepRS/SepCysS pathway can provide the

sole source of cysteine for the cell via Cys-

tRNACys. Reliance on such a route clearly

satisfies the requirements for cysteine during

protein synthesis, but how cysteine is made

available for other metabolic processes is less

clear. One possibility is that hydrolysis of Cys-

tRNACys directly provides free cysteine, as

previously proposed for free Asn synthesis via

Asn-tRNAAsn in certain bacteria (21). In

addition, protein turnover in the cell would be

expected to contribute more significantly to the

cellular cysteine pool when CysRS is absent,

as the free amino acid is not itself a substrate

for protein synthesis in such cases. Finally,

most of the organisms harboring the SepRS/

SepCysS pathway are methanogens, which,

even in the absence of glutathione, may not

require a large pool of free cysteine for redox

buffering in the cytoplasm. Methanogens

contain high levels of the essential coenzyme

2-mercaptoethanesulfonate (23), which may

fulfill the redox buffering function of free

cysteine. For thermophilic organisms, replace-

ment of the heat-labile cysteine with the

thermostable 2-mercaptoethanesulfonate may

be an additional benefit.

The discovery of the SepRS/SepCysS

pathway raises the question as to whether this

mechanism predates direct charging by CysRS

and tRNA-independent cysteine biosynthesis.

Similar scenarios have been suggested for Asn-

tRNA and Gln-tRNA biosynthesis, where the

tRNA-dependent pathways have been proposed

as the original routes for synthesis of both the

aa-tRNAs and the corresponding amino acids

(24–26). If SepRS/SepCysS was indeed the

ancestral pathway for cysteine synthesis via

Cys-tRNA, a lack of alternative cysteine bio-

Fig. 4. Conversion of in vitro synthesized Sep-tRNACys to Cys-tRNACys. (A)
Aminoacylation of tRNACys monitored by acid urea gel electrophoresis and
Northern blotting. Lane 1, total M. maripaludis tRNA; lane 2, tRNACys

charged with Sep by recombinant M. jannaschii SepRS; lane 3, Sep-tRNACys

incubated with dialyzed M. jannaschii cell-free S-100 extract in the
presence of dithiothreitol (DTT) and Na2S; lane 4, tRNACys charged with
cysteine by M. maripaludis CysRS. (B) Phosphorimages of TLC separation
of [14C]Sep and [14C]Cys recovered from the aa-tRNAs of the SepCysS

activity assay (see SOM). Cysteine was analyzed in its oxidized form as
cysteic acid (Cya). Lane 1, Ser marker; lane 2, cysteine from Cys-tRNACys

generated with M. maripaludis CysRS; lane 3, Sep from Sep-tRNACys made
with M. jannaschii SepRS; lane 4, Sep-tRNACys incubated with E. coli S-100
cell-free extract in the presence of DTT and Na2S (see SepCysS assay in
SOM); lane 5, Sep-tRNACys converted to Cys-tRNACys with recombinant
MJ1678 protein in the presence of DTT and Na2S (see SepCysS assay in
SOM). (C) Scheme of Cys-tRNACys formation in methanogenic archaea.
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synthetic capacity may explain why certain

organisms have retained this route. This would

be consistent with earlier proposals that CysRS

(27, 28) and cysteine itself (22, 29, 30) were the

last—or very late—canonical additions to the

genetic code. The recent demonstration in

mammalian cells (31) of the Ser-tRNASec to

Sep-tRNASec conversion by a special kinase

Epresent also in archaea (31)^ implicates the Sep

moiety as an intermediate in Sec synthesis. As

the conversions of Sep-tRNA to Cys-tRNA or

Sec-tRNA are chemically analogous (using

suitable sulfur or selenium donors, respec-

tively), the addition of selenocysteine to the

genetic code may have been patterned on an

accepted route for cysteine formation, the

SepRS/SepCysS pathway.

Note added in proof: A recently pub-

lished bioinformatics analysis has suggested

that Mj1660 is a class II CysRS (32).
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Activators of bacterial s54–RNA polymerase holoenzyme are mechanochemical
proteins that use adenosine triphosphate (ATP) hydrolysis to activate
transcription. We have determined by cryogenic electron microscopy (cryo-
EM) a 20 angstrom resolution structure of an activator, phage shock protein F
[PspF(1-275)], which is bound to an ATP transition state analog in complex with
its basal factor, s54. By fitting the crystal structure of PspF(1-275) at 1.75
angstroms into the EM map, we identified two loops involved in binding s54.
Comparing enhancer-binding structures in different nucleotide states and
mutational analysis led us to propose nucleotide-dependent conformational
changes that free the loops for association with s54.

Gene expression is regulated at the level of

RNA polymerase (RNAP) activity. Bacterial

RNAP containing the s54 factor requires spe-

cialized activator proteins, referred to as bac-

terial enhancer-binding proteins (EBPs), that

interact with the basal transcription complex

from remote DNA sites by DNA looping (1–4).

EBPs bind upstream activating sequences via

their C-terminal DNA binding domains and

form higher order oligomers that use adeno-

sine triphosphate (ATP) hydrolysis to activate

transcription (5, 6). The central s54-RNAP–

interacting domain of EBPs is responsible for

adenosine triphosphatase (ATPase) activity and

transcription activation (7–9) and belongs to

the larger AAAþ (ATPase associated with

various cellular activities) family of proteins

(10–12). Well-studied EBPs include phage

shock protein F (PspF), nitrogen-fixation pro-

tein A (NifA), nitrogen-regulation protein C

(NtrC), and C
4
-dicarboxylic acid transport pro-

tein D (DctD) (1–3, 7, 13).

PspF from Escherichia coli forms a stable

oligomeric complex with s54 at the point of

ATP hydrolysis (14). PspF-ADP.AlF
x

(a com-

plex of adenosine diphosphate and aluminum

fluoride, where x is the number of fluorine

atoms equal to 3 or 4) alters the interaction

between s54 and promoter DNA similarly to

PspF hydrolyzing ATP (15) and was thus

deemed a functional hydrolysis intermediate.

Activator nucleotide hydrolysis–dependent

events couple the chemical energy of hydrol-

ysis to transcriptional activation. The highly

conserved and EBP-specific GAFTGA amino

acid motif (fig. S1) (16) is a crucial mechan-

ical determinant for the successful transfer of

energy from ATP hydrolysis in EBPs to the

RNAP holoenzyme via the small N-terminal

EBP-interacting domain of s54 (called region I,

È56 residues and sufficient for PspF interac-

tion) (1, 14, 17–19).

The lack of structural information has

hindered progress toward understanding the

basis of this energy transfer process required

for transcriptional activation. We now present a

structure-function analysis of one such system

using the following: (i) a cryo-EM reconstruc-

tion of PspF_s AAAþ domain Eresidues 1 to

275, PspF
(1-275)

^ in complex with s54 at the

point of ATP hydrolysis (mimicked by in situ–

formed ADP.AlF
x
), (ii) the crystal structure of

nucleotide-free (apo) PspF
(1-275)

at 1.75 )
resolution, and (iii) mutational analysis.

Nanoelectrospray mass spectroscopy of a

PspF
(1-275)

–s54 complex with ADP.AlF
x

estab-

lished that six monomers of PspF
(1-275)

are in

complex with a monomeric s54, consistent

with AAAþ proteins functioning as hexamers

(10, 12). The three-dimensional (3D) recon-
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Materials and Methods 
General 
M. jannaschii (DSM 2661) cells were a gift of Karl Stetter and Michael Thomm, 
Archaeenzentrum, Universität Regensburg, Germany. Cells were grown anaerobically in a 300 L 
fermentor on H2 and CO2 (80:20) at 85°C under a pressurized headspace of 200 kPa as described 
(S1). Cells were harvested at the mid point of exponential growth phase and stored at –80°C. E. 
coli BL21/pQE30 producing His6-tagged E. coli terminal tRNA nucleotidyl transferase was a gift 
from T. Ueda (S1). E. coli BL21-CodonPlus (DE3)-RIL and BL21-RIL strains were from 
Stratagene. Ni-NTA agarose was from Qiagen (Chatsworth, CA) and BD Talon metal affinity 
resin from BD Bioscience. The pET15b and pET11b vectors were from Novagen. 
Oligonucleotide synthesis and DNA sequencing was performed by the Keck Foundation 
Biotechnology Resource Laboratory at Yale University. Uniformly labeled [14C] aa mixture (50 
mCi/mmol), [14C]Asn (228.4 mCi/mmol), [14C]Cys (303 mCi/mmol), [14C]Met (57.9 
mCi/mmol), [14C]Trp (53.8 mCi/mmol) and [14C]Gln (210 mCi/mmol) were from PerkinElmer, 
Boston. [γ-32P]ATP (6,000 Ci/mmol) was from Amersham Biosciences. [14C]Sep (50 mCi/mmol) 
was from American Radiolabeled Chemicals, St. Louis. E. coli phenylalanyl-tRNA synthetase 
and ATP-pyrophosphate exchange were described (S2). 

Preparation of M. jannaschii cell-free extracts 
Cell lysis and all chromatography steps were carried out under anaerobic conditions (90% N2, 
5% CO2, and 5% H2) in a Bactron X chamber (Sheldon Manufacturing Inc.). Solutions were 
saturated with N2 prior to use unless otherwise indicated. Frozen M. jannaschii cells (50 g) were 
resuspended in 3 volumes of buffer A (20 mM Tris-HCl pH 8, 10 mM DTT, 5 mM NaCl, 0.1 
mM ZnCl2). Cells were disrupted by a single passage through a French press at 10.34 MPa. Cell 
debris and the insoluble protein fraction were removed by centrifugation for 60 min at 100,000 x 
g at 4°C. 

Chromatographic enrichment of cysteinyl-tRNA synthesis activity 
M. jannaschii cell-free extract was dialyzed overnight against buffer A and loaded on a DE52 
DEAE-cellulose (Whatman) column (100 ml) previously equilibrated with buffer A. The column 
was washed with 10 column volumes buffer A to remove unbound protein. Bound proteins were 
eluted by gravity flow using a gradient of 0.005 – 0.5 M NaCl in buffer A. Active fractions were 
pooled and loaded on a HiTrap Heparin HP (5 ml) column (Amersham) previously equilibrated 
with buffer B (20 mM Tris-HCl pH 8, 10 mM DTT, 150 mM NaCl, 0.1 mM ZnCl2), and active 
fractions were eluted using a gradient of 0.15–0.7 M NaCl in buffer B. After dialysis against 
buffer C (20 mM Tris-HCl pH 7.5, 10 mM DTT, 10 mM NaCl, 0.1 mM ZnCl2) the active 
fractions were applied to a 1 ml MonoS column (Amersham) equilibrated with buffer C and 
eluted with a linear gradient from 0.01 - 1 M NaCl in buffer C. Alternatively, the active Heparin 
fractions were dialyzed with buffer B and applied on a 1 ml MonoQ column (Amersham) 
equilibrated with buffer B and eluted with a linear gradient of 0.15–0.7 M NaCl in buffer B. 
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Active as well as certain inactive MonoS and MonoQ fractions were analyzed using 
Multidimensional Protein Identification Technology (see below). 

Solid-phase extraction and column chromatography of low-molecular-weight fraction 
All steps were carried out under aerobic conditions. M. jannaschii S-100 was filtered with a YM-
3 centriprep (Millipore) membrane with a molecular weight cut off (MWCO) of 3 kD. Filtrate, 1 
ml, was diluted with 8.8 ml H2O and 0.2 ml 30% ammonium hydroxide and applied to a MAX 6-
cc column (Oasis) previously equilibrated with 5 ml methanol and then with 5 ml H2O. The 
column was washed with 5 ml 100% methanol and the active fraction eluted with 5 ml of 50 mM 
ammonium acetate pH 7, 5% methanol. The active fraction was diluted with 1 volume of 8% 
formic acid and applied to a MCX 6-cc column (Oasis) previously equilibrated with 5 ml 
methanol and then with 5 ml H2O. The active flow-through was neutralized with 30% 
ammonium hydroxide, lyophilized, dissolved in 0.2 ml water and applied to a Superdex Peptide 
10/300 (Amersham) previously equilibrated with 0.1 M ammonium acetate pH 7. Active 
fractions were lyophilized and sent for liquid chromatography and mass spectrometry analyses. 

Assay for CysRS activity 
Cys-tRNACys formation was determined by acid urea gel electrophoresis and Northern blot 
analysis as described (S3, S4). The 75 µl reaction mixture contained 20 mM Tris-HCl pH 8, 50 
mM NaCl, 10 mM DTT, 0.2 mM ZnCl2, 1 mg/ml unfractionated M. maripaludis tRNA, 0.1 
volumes protein fraction and 0.5 volumes of a M. jannaschii low-molecular-weight filtrate 
(MWCO < 3 kD) (see above). The reaction mixture was incubated for 15 min at 55°C, quenched 
with 10 µl 3 M sodium acetate pH 4.5 and extracted with acidic phenol. The aqueous phase was 
applied to a MicroSpin G25 column (Amersham) and the eluted aa-tRNA ethanol precipitated. 
The aa-tRNA was dissolved in 10 mM sodium acetate pH 4.5 to a final concentration of 3 
mg/ml. Half of an RNA aliquot was left untreated and the other half was deacylated by mild 
alkaline hydrolysis with Tris base (0.1 M Tris pH9, 30 min, 37°C). 1µl of tRNA sample was 
mixed with 1.5 µl loading buffer (7 M urea, 0.3 M sodium acetate pH 4.5, 10 mM EDTA, 0.1% 
bromophenol blue, 0.1% xylene cyanol) and loaded on a 9% polyacrylamide gel (50 X 20 cm, 
0.4 mm thick) containing 7 M urea, 0.1 M sodium acetate pH 5, and run at 4°C, 550 V in 0.1 M 
sodium acetate pH 5 for 40 hours. Detection of the tRNAs was performed by Northern blotting. 
The portion of the gel, which contained the tRNAs of interest, was blotted onto a HybondN+ 
membrane (Amersham) using a Hoefer Electroblot apparatus (Amersham) at 20 V for 2 hours 
with 20 mM Tris-acetate pH 7.8, 5 mM sodium acetate pH 7 and 0.2 mM EDTA as transfer 
buffer. The membrane was cross-linked to tRNA by 254 nm irradiation with a UV StratalinkerTM 
2400 (Stratagene). The tRNAs were detected by hybridization with a 5′ 32P-labeled 
oligodeoxyribonucleotide probe. The probes were complementary to nucleotides 1-23 of 
tRNACys, and 1-25 of tRNASec, respectively. 

Cloning of the M. jannaschii sepS gene and purification of SepRS 
M. jannaschii genomic DNA was used as template. The sepS ORF (accession no. NP_248670) 
was amplified by PCR using the primers 5′-GAATTGAAACTGCATATGA- 
AATTAAAACATAAAG-3′ and 5′-CGCGGATCCCTATTTTATCTCAACCTTTG-3′. The 
resulting DNA fragment was digested with NdeI and BamHI and inserted into the pET15b vector 
at the NdeI and BamHI sites for expression of N-terminal His6-tagged proteins in the E. coli 
BL21-CodonPlus (DE3)-RIL strain. Cultures were grown aerobically at 37°C in LB medium 
supplemented with 100 µg/ml ampicillin and 34 µg/ml chloramphenicol. When the cultures 
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reached an A600 of 0.5, expression of His6-tagged protein was induced for 8 hours at 15°C with 
the addition of 0.6 mM isopropyl-β-D- thiogalactoside (IPTG) before harvesting the cells. The 
enzyme was purified under aerobic conditions by Ni-nitrilotriacetic acid-agarose 
chromatography (Qiagen, Chatworth, CA) as suggested by the provider. Active fractions were 
pooled and dialyzed against 20 mM Tris-HCl pH 8, 50 mM NaCl, 5 mM DTT containing 30% 
glycerol and stored at 4°C. 

Cloning of the M. thermautotrophicus sepS gene and purification of SepRS 
M. thermautotrophicus ∆H genomic DNA was used as template. The sepS ORF (accession no. 
NP_276615) was amplified by PCR using the primers 5′-CATATGCATCACCATCA- 
CCATCACAAAAGAAAGGATATAGTGAAG-3′ and 5′-AGATCTTCACCCCCTTAAC- CTG 
-3′. The resulting DNA fragment was digested with NdeI and BglII and inserted into the pET11b 
vector at the NdeI and BamHI sites for expression of N-terminal His6-tagged proteins in the 
BL21-RIL strain. Cultures were grown aerobically at 37°C in LB medium supplemented with 
200 µg/ml ampicillin. When the cultures reached an A600 of 0.2, cells were cultivated for an 
additional 12 hours at room temperature. After harvesting, cells were resuspended in a buffer 
containing 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 5 mM of 2-
mercaptoethanol and Complete EDTA-free protease inhibitor cocktail (Roche) and disrupted by 
sonication. The N-terminal His6-tagged protein was purified by affinity chromatography on a BD 
TALON metal affinity resin (BD Biosciences) according to the procedure provided by the 
manufacturer. Fractions containing the protein were pooled and dialyzed against a buffer 
containing 10 mM potassium phosphate pH 7.0 and 5 mM 2-mercaptoethanol. The protein was 
then loaded onto a CHT5 hydroxyapatite column (Biorad) equilibrated with dialysis buffer. The 
elution was performed with a gradient from 10 to 500 mM potassium phosphate, pH 7. The 
fractions containing the protein were dialyzed against 50 mM Tris-HCl pH 8.0 and 5 mM 2-
mercaptoethanol, and a second time against the same buffer with 50% glycerol. 

SepRS activity assay 
Sep-tRNACys formation was assayed aerobically in aminoacylation buffer (20 mM Tris-HCl 
pH8, 50 mM NaCl, 5 mM DTT, 20 mM MgCl2, 10 mM ATP, 0.2 mM [14C]Sep or [14C] 20 
amino acid mixture) in the presence of 3 µM M. jannaschii His6-SepRS, by using 1 mg/ml 
unfractionated M. maripaludis or unfractionated M. jannaschii tRNA as substrate in a final 
volume of 0.1 ml. Aliquots of 18 µl from the reaction were removed periodically, spotted on 
Whatman 3 MM paper filter disks and washed three times in 10% trichloroacetic acid to remove 
free amino acid. After drying, the radioactivity was measured by liquid scintillation counting. 

Preparation of radiolabeled total tRNA from M. thermautotrophicus 
tRNA-[32P]A76-3′ was prepared using the ATP-PPi exchange reaction catalyzed by E. coli 
tRNA-terminal nucleotidyl transferase (S5), and then purified as follows. The exchange reaction 
media (25 µl) was quenched by addition of 250 µl of phenol/water (1:1) and the mix then 
directly applied to a G25 Sephadex column previously equilibrated with water. The tRNA was 
separated from any remaining ATP by chromatography on a HighTrap Q FF 1 ml column 
(Pharmacia) in a buffer containing 20 mM Tris-HCl pH 7.5 and 0.5 mM EDTA with a gradient 
of 0 to 1 M NaCl. ATP eluted at ~170 mM NaCl, the radiolabeled total tRNA at ~600 mM. The 
radioactive tRNA fractions were pooled and the tRNA precipitated, dried and resuspended in 
water. 
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Aminoacylation reaction analysis by TLC 
Aminoacylation was performed at 37°C in 100 mM Hepes pH 7.2, 30 mM KCl, 2 mM ATP, 1.8 
mg/ml of total tRNA, a trace of tRNA-[32P]A76 (3500 cpm/µl), 66µM Sep and 0.1 µM of His6-
SepRS or without enzyme. At various times, an aliquot was removed and treated with RNase P1 
as described previously (S5). The liberated [α-32P]AMP and Sep-[α-32P]AMP were separated by 
thin-layer chromatography (TLC) on cellulose (Merck) in isobutyric acid/25% ammoniac/water 
(50/1.1/28.9). Samples were quantified using a PhosphorImager (Molecular Dynamics). 

Cloning of the MJ1678 gene and preparation of Sep-tRNACys:Cys-tRNACys synthase (SepCysS) 
M. jannaschii genomic DNA was used as template. The MJ1678 ORF (accession no. 
NP_248688) was amplified by PCR using the primers 5′-AGCCATATTAATGGAAT- 
TAGAGGGGC-3′ and 5′-CGCGGATCCTTATTTACAACTCTCA-3′. The resulting DNA 
fragment was digested with AseI and BamHI and inserted into the pET15b vector at the NdeI and 
BamHI sites for expression of N-terminal His6-tagged proteins in the E. coli BL21-CodonPlus 
(DE3)-RIL strain. Cultures were grown under aerobic conditions at 37°C in LB medium, 
supplemented with 100 µg/ml ampicillin, 34 µg/ml chloramphenicol, and 0.01% pyridoxine. 
When the cultures reached A600 of 0.5, expression of His6-tagged protein was induced for 8 hours 
at 15°C by addition of 0.6 mM IPTG before harvesting the cells. Cells were resuspended in 
buffer D (50 mM Hepes-NaOH pH 8, 50 mM NaCl, 10 mM DTT, 0.1 mM ZnCl2, 10 µM PLP) 
and disrupted by single passage through a French press at 1500 p.s.i. Cell debris and the 
insoluble protein fraction were removed by centrifugation for 60 min at 100,000g at 4°C. The 
supernatant was dialyzed against the same buffer. Dialyzed cell-free extract was applied to a 1 
ml Heparin column (Amersham) and active fractions were eluted with a linear gradient of 0.05-
0.6 M NaCl in buffer D. 

SepCysS activity assay 
M. maripaludis [14C]Sep-tRNACys was prepared by using purified M. jannaschii SepRS as 
described above for the aminoacylation assay. At the end of the reaction, aminoacylated tRNA 
was isolated by phenol extraction and ethanol precipitation and used as substrate for the 
thiolation assay. The thiolation assay, performed for 15 min at 55°C in a volume of 75 µl under 
strict anaerobic conditions, contained 50 mM HEPES-NaOH pH 8, 10 mM DTT, 20 mM MgCl2, 
2 mM Na2S, and 0.2 volumes of recombinant SepCysS (heparin eluate, see above). As control E. 
coli S100 cell-free extract from cells containing the empty plasmid were used instead of 
SepCysS. The reaction was quenched with 10 µl 3 M sodium acetate pH 4.5 and extracted with 
acidic phenol. The aqueous phase was applied to a MicroSpin G25 spin column (Amersham), 
and the eluted tRNA ethanol precipitated. The aminoacyl-tRNA was deacylated in 10 µl 200 mM 
NaOH at room temperature for 10 min. Cysteine was then oxidized to cysteic acid as described 
(S6) by adding 200 µl of ice cold 80% performic acid to the 10 µl deacylation mixture and 
incubating for 4 hours on ice. Oxidation was stopped by adding 30 µl 48% hydrobromic acid. 
After drying and resuspension in water, the samples were separated by TLC on cellulose plates 
(Sigma) in chloroform/methanol/water/ammonium hydoxide (6:6:1:2). The identity of the 
various species was also confirmed using a second solvent, n-propanol: water (7:3). After drying, 
the plate was exposed to a phosphorimaging plate (Fuji), in order to detect the labeled amino 
acids. 

Protein analysis by Multidimensional Protein Identification Technology (MudPIT) 
I. Digestion of M. jannaschii complexes 
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After methanol/chloroform precipitation, protein pellets from selected MonoQ and MonoS 
fractions were resuspended in 50 µL of 100 mM ammonium bicarbonate buffer (pH 8.5). The 
proteins were sequentially denatured with 8 M urea, reduced with 5 mM TCEP at room 
temperature for 30 min, and carboxyamidomethylated using 10 mM IAM in the dark for 30 min. 
Proteins were then digested with endoproteinase Lys-C (1:200) overnight at 37°C. The digests 
were diluted 3-fold to 2 M urea by adding 100 mM NH4HCO3 (pH 8.5). CaCl2 was added to 1 
mM. Finally, porcine trypsin (1:100) was added to each sample, followed by incubation at 37°C 
overnight. After incubation, 90% formic acid was added to 4% final concentration to quench the 
digestion reaction and protonize the peptides. Samples were stored at –20°C until analysis. 

II. Column packing and sample loading 
A loading column was made by packing a fused-silica column (250 µm i.d., 365 µm o.d., 
Agilent) with 3 cm of a strong cation exchange resin (5 µm, 100 Å, Partisphere SCX, Whatman, 
Clifton, CA), followed by 2 cm of Polaris C18 (5 µm, 100 Å, Metachem, Ventura, CA). A 
microfilter (Upchurch) was used as the frit. Then, a fused-silica capillary column (100 µm i.d., 
365 µm o.d., Polytechnique) was pulled with a P-2000 laser puller (Sutter Instrument Co., 
Novato, CA). This fritless capillary column was packed with 9 cm of Polaris C18 as the 
separation column. The digested proteins were then loaded onto the loading column and washed 
with 5% ACN/0.1% formic acid to desalt. Finally, after sample loading and washing, the loading 
column was connected with the C18 separation column through the microfilter and the entire 
assembly used as a three-phase MudPIT column. 

III. Multidimensional Protein Identification Technology 
MudPIT analysis was performed similarly to the method described previously (S7, S8). A 
quarternary HPLC (Agilent 1100) was directly coupled to an LCQ ion trap mass spectrometer 
(Thermofinnigan, San José, CA) equipped with a nano-LC electrospray ionization source. The 3-
phase column was placed ~2 mm from the orifice of the heating capillary. The length of the split 
column was adjusted to a flow rate between 100-300 nL/min. The three buffer solutions used in 
this multidimensional capillary HPLC system were 5% ACN/0.1% formic acid (buffer A), 80% 
ACN/0.1% formic acid (buffer B), and 500 mM ammonium acetate /5% ACN/0.1% formic acid 
(buffer C). Fully automated 6-cycle chromatography runs were carried out on each sample. The 
first cycle was a 0-100% buffer B gradient. Each of the following cycles started with a 3 min 
equilibrium washing with buffer A, a 3-20 min salt wash, followed by a 0-70% buffer B 
gradient. The isocratic salt concentration increased from 10% to 100% of buffer C. The LCQ 
was operated via an Instrument Method of Xcaliber. The electrospray voltage was 2.0 kV. The 
heated capillary was set to 180°C. The capillary voltage was set to 4.5 kV. Each scan was set to 
acquire a full MS scan between 400 and 1400 m/z followed by three MS/MS scans between 400 
and 2000 m/z of the top three intense ions from the preceding MS scan. Relative collision energy 
for collision-induced dissociation was set to 35%. 

IV. Database searching 
To increase the size of the M. jannaschii database, the yeast database containing more than 6000 
ORF entries was combined with the M. jannaschii database from TIGR, which contains 1775 
individual open reading frame (ORF) sequences. A total of 172 contaminant proteins including 
keratins and proteases were also added into the database. First, all MS/MS spectra were extracted 
from raw LC/LC/MS/MS data. Then, the algorithm “2to3” was used to determine charge states, 
delete poor-quality MS/MS spectra, and identify MS/MS spectra whose precursor peak has 
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predominant neutral loss of 98 daltons (-H3PO4) (S9). Third, MS/MS spectra after “2to3” were 
searched using Normalized-SEQUEST (S10) against the combined database. A molecular mass 
of 57 daltons was added to the static search of all cysteines to account for 
carboxyamidomethylation. A molecular mass of 16 daltons was added to differential search of 
methionine to account for oxidation. DTASelect (S11) was used to filter, organize and display 
the searching results. The filter of DTASelect was set at a stringent level to exclude possible 
false positives. All accepted peptides must have a ∆Cn of at least 0.08. All peptides had to be 
fully or half tryptic. The lowest cross correlation value of the peptides was set to 0.3 (+1, +2, +3 
charges). The Sp rank had to be within the top 100 and all proteins had to have at least two 
peptides passing the above filter criteria. Proteins that are subsets of other proteins were 
removed. Manual evaluation of the spectrum was also performed for low sequence coverage 
proteins. 

Construction of the integration Vector pIJA03-sepS for M. maripaludis 
The integration vector pIJA03 was based on the E. coli plasmid pUC and lacks a suitable 
replication origin for the methanococci. It contains the pac cassette, which encodes puromycin 
resistance in methanococci.. The pac cassette is flanked by two multiple cloning regions (MCS1 
and MCS2) that allows directed cloning of genomic DNA. For construction of pIJA03-sepS 
vector, 152 bp of the N-terminal end of the sepS gene together with 867 bp of its upstream 
flanking region were amplified by PCR using M. maripaludis S2 genomic DNA and 5′-
AATTGAAACTGCATATGGTGTCA- TTTACAGGGTGTGT-3′ and 5′-
CGCGGATCCTCCAAGTGTATCAAATAAAT-3′ as primers. The resulting DNA fragment 
was digested with NdeI and BamHI and inserted into the MCS1 of pIJA03 vector at the NdeI and 
BamHI sites leading to pIJA03-N. The C-terminal end of the M. maripaludis S2 sepS gene, 35 
bp, together with 1073 bp of its downstream flanking region were amplified by PCR using 5′-
CTAGCTAGCATTATCA- AAACAAATTACACTGGAG-3′ and 5′-
CGGGGTACCCCAGTCTTTTTAAATGTCGA- AGTAA-3′ as primers. The resulting DNA 
fragment was digested with NheI and KpnI and inserted into the MCS2 of pIJA03-N vector at the 
NheI and KpnI sites leading to pIJA03-sepS. The orientation and integrity of the fragments were 
confirmed by DNA sequencing. 

Media and culture conditions of M. maripaludis 
M. maripaludis strain S2 was grown in 28 ml anaerobic culture tubes (Balch tubes) in variations 
of McN mineral medium as described (S13). Variations included the addition of 10 mM sodium 
acetate and 1% (v/v) vitamin mixture (McAV), 0.2% (w/v) casamino acids (McCAV) and 0.2% 
(w/v) yeast extract (McYCAV). 2-Mercaptoethanesulfonic acid (coenzyme M, 3 mM) 
substituted for cysteine (3 mM) as a reductant, where indicated. An anaerobic 0.5 M stock 
solution of cysteine (in McAV) was used to add 20 mM cysteine into the medium. This solution 
was sterilized by filtration. 

Replacement of sepS gene in Methanococcus maripaludis 
Prior to transformation into M. maripaludis, the pIJA03-sepS plasmid was linearized by 
digestion with PvuI restriction endonuclease. The DNA was transformed into M. maripaludis by 
the polyethylene glycol method (S14). Following transformation, cultures were plated on 
McYCAV medium + 20 mM cysteine + 2.5 µM puromycin. Colonies were restreaked on this 
medium, and well-separated colonies were picked into McYCAV broth +20 mM cysteine + 2.5 
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µM puromycin. Upon growth, early stationary phase cultures were used to prepare frozen stocks. 
A portion of culture, 1 ml, was centrifuged under anaerobic conditions, and the pellet was 
resuspended in 1 ml of McCA + 30% glycerol. Serum bottles, 2 ml, with red rubber stoppers 
were used to store the frozen cultures at –70°C. 

Confirmation of ∆sepS::pac genotype 
Southern hybridizations were performed using the DIG High Prime DNA Labeling and 
Detection Starter Kit I (Roche, Mannheim, Germany). Genomic DNA was isolated using the 
Wizard Genomic DNA kit (Promega, Madison, WI). The probe was made by double digestion of 
the pIJA03+sepS plasmid with XhoI and BglII and isolation of the 1.0 kb fragment, which 
contained the region upstream of the sepS gene. Genomic DNA (3 µg) was digested with EcoRI. 

Growth phenotype of ∆sepS::pac mutant 
Prewarmed McAV tubes containing 20 mM cysteine were inoculated from frozen cultures and 
were incubated at 37°C until the cultures reached an absorbance (600 nm) of approximately 0.4. 
The cultures were diluted 1:50 three times for a total culture dilution of 1:125,000, where at time 
zero the cultures contained approximately 2 × 103 cells and less than 0.16 µM of cysteine in the 
McAV minus cysteine medium. Cultures were grown at 37°C in a reciprocal shaker and were 
repressurized 2-3 times per day with 20%CO2:80% H2 gas. 
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[Figure S1 appears at the end of the document.] 

Fig. S1. Construction of the ∆sepS::pac mutant strain S210. (A) Construction of ∆sepS::pac 
mutation in Methanococcus maripaludis sepS (MMP0688) was performed by transformation of 
the wild type strain S2 with the suicide vector pIJA03-sepS linearized by PvuI. Upon integration 
of the plasmid cassette by two homologous recombination events, MMP0688 was replaced with 
the pac cassette. Other indicated restriction sites were used in Southern hybridization. The EcoRI 
sites prior to the MMP0689 gene are 2057 and 1905 bp upstream of the sepS or the pac cassette 
insertion in the S2 and S210 genomes, respectively. (B) Confirmation of the ∆sepS::pac mutant 
S210 genotype by Southern hybridization. The probe was constructed by random digoxigenin-
11-dUTP labeling of the 1.0 kb region of the pIJA03-sepS plasmid generated by digestion with 
XhoI and BglII. Genomic DNA (3 µg) was digested with EcoRI prior to hybridization. 
Incorporation of the pac cassette eliminates the two EcoRI restriction sites within the sepS gene, 
resulting in a size increase of the 3.4 kb wild type EcoRI fragment to 4.4 kb in S210 genomic 
DNA. Lane 1, S2 genomic DNA; lane 2, S210 genomic DNA. 
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Summary In Methanococcus maripaludis strain JJ, deletion
of the homolog to cbiJ, which encodes the corrin biosynthetic
enzyme precorrin 6-X reductase, yielded an auxotroph that re-
quired either cobamide or acetate for good growth. This pheno-
type closely resembled that of JJ117, a mutant in which tandem
repeats were introduced into the region immediately down-
stream of the homolog of cbiJ. Mutant JJ117 also produced low
quantities of cobamides, about 15 nmol g–1 protein or 1–2% of
the amount found in wild-type cells. These results confirm the
role of the cbiJ homolog in cobamide biosynthesis in the
Archaea and suggest the presence of low amounts of a bypass
activity in these organisms.

Keywords: archaea, cbiJ, vitamin B12 biosynthesis.

Introduction

Methanococcus maripaludis is a facultative, autotrophic
methanogen that produces methane from H2 + CO2 (Jones et
al. 1983). In methanogens, cobamide is a cofactor of the
N5-methyltetrahydromethanopterin: CoM methyltransferase,
which catalyzes an essential step of methane production (Ken-
gen et al. 1992). The coenzyme is also a component of the
acetyl-CoA decarbonylase/synthase complex (ACDS) that is
required for autotrophic acetyl-CoA biosynthesis by the modi-
fied Ljungdahl-Wood pathway (Abbanat and Ferry 1991). Al-
though many methanogens contain cobamide factor III
(Coα-[(5-hydroxybenzimidazoyl)]-cobamide), methanococci
contain pseudo vitamin B12 (Coα-[α-(7-adenyl)]-cobamide)
(Stupperich and Kräutler 1988). Labeling studies and compar-
ative analyses of genomic sequences suggest many similarities
of the cobamide biosynthetic pathway in archaea to that in
bacteria (Eisenreich and Bacher 1991, Selkov et al. 1997).
However, there is direct evidence for only a few of the steps
(Scherer et al. 1984, Blanche et al. 1991, Thomas and Esca-
lante-Semerena 2000, Woodson et al. 2003, Woodson and
Escalante-Semerena 2004).

In previous research, a mutant JJ117 of M. maripaludis was
isolated by random mutagenesis and enrichment for an acetate
auxotroph (Kim and Whitman 1999). Growth of this mutant

depended on either acetate or cobalamin, and best growth was
obtained with both compounds. The mutation was due to tan-
dem insertion of a plasmid into a homolog of phosphopentose
mutase (ppm), a gene that was not known to play a role in
either acetate or cobamide biosynthesis (Kim and Whitman
1999). Thus, it was possible that the auxotrophic phenotype of
the mutant JJ117 was due to an effect on expression of a neigh-
boring gene. In this work, experiments were performed to dis-
cover and characterize the gene directly responsible for the
auxotrophic phenotype of JJ117.

Materials and methods

Strains, media and growth conditions

Methanococcus maripaludis JJ was obtained from W.J. Jones
(Jones et al. 1983a). Escherichia coli strains SURE, XL-1
Blue MRF’ were obtained from Stratagene (La Jolla, CA) and
TOP10 from Invitrogen (Carlsbad, CA). Methanococci were
grown at 37 °C with 275 kPa of H2:CO2 (80:20) gas in the min-
imal medium McN (Whitman et al. 1986). Other media used
were: McNA, McN medium + 10 mM acetate; McNAY,
McNA medium + 2 g l– 1 of yeast extract; McNV, McN me-
dium + 1 µM of cobalamin; McNAV, McNA medium + 1 µM
of cobalamin; McNAYV, McNAY medium + 1 µM of
cobalamin. Plating was performed as described previously
(Jones et al. 1983b). The inocula for the growth experiments
were grown to an absorbance (at 600 nm) of 0.2 to 0.5 in
McNYAV medium. For growth of methanococci with puro-
mycin, a concentration of 2.5 µg ml – 1 was used. Prior to inoc-
ulation, cultures were diluted in McN medium. Glassware for
growth experiments was cleaned in 0.1 M HCl for at least 12 h
at room temperature and autoclaved for 20 min. Stoppers for
culture tubes were autoclaved with 0.2 N NaOH for 20 min.
Glassware and stoppers were rinsed in tap and deionized water
after autoclaving. Solid medium for M. maripaludis was pre-
pared as described in Tumbula et al. (1995).

Molecular biology techniques

Ligation was performed at 4 or 16 °C with 1–3 units (Promega,
Madison, WI) or 400 units (New England Biolabs, Beverly,
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MA) of T4 DNA ligase, respectively, as described by the man-
ufacturer’s instructions. Plasmids from E. coli were purified
with Wizard plus mini prep kits (Promega) or QIAprep spin
miniprep kits (Qiagen, Hilden, Germany). The DNA was
gel-purified with the QIAquick gel extraction kit (Qiagen).
Restriction enzymes, alkaline phosphatase and Klenow frag-
ments were purchased from New England Biolabs or Pro-
mega. The DNA was transformed into E. coli with a Gene
Pulser Electroporator (Bio-Rad, Hercules, CA) set at 25 µF
and 2.50 kV or with the One Shot kit (Invitrogen, Carlsbad,
CA). Esherichia coli was screened on LB agar plates or LB
broth medium with 50 µg ml –1 of ampicillin. Total genomic
DNA of M. maripaludis was purified by a mini-prep method
described previously (Ausubel et al. 1994). Plasmid DNA,
5 ng, or 50 ng of genomic DNA was used as a template for
PCR amplifications. For PCR, 0.1 or 0.2 µM of primers were
added. Unless specified differently, the PCR reactions were
performed with the Ready-To-Go Kit (Amersham Pharmacia
Biotech, Piscataway, NJ) with initial denaturation at 94 °C for
4 min, followed by 30 cycles of denaturation at 94 °C for
1 min, annealing at 55 °C for 1 min, and extension at 72 °C for
2 min. Sequencing was carried out on an Applied Biosystems
Model 373 automated sequencer in the Molecular Genetics In-
strumentation Facility at the University of Georgia. Sequences
were analyzed with the programs of GCG (University of Wis-
consin), TIGR (http://www.tiger.org) and ERGO (http://wit.
integratedgenomics.com/ERGO/).

Methanococcus maripaludis transformation

Polyethyleneglycol transformation procedures for M. mari-
paludis have been described previously (Tumbula et al. 1994).
Transformations for gene replacement were performed with
linear forms of plasmids, which were constructed by digestion

with the specified restriction enzymes and subsequent gel pu-
rification.

Plasmid construction and identification of flanking sequences

Construction of pWDK117-11 was described previously (Ta-
ble 1). JJ117-11, which was isolated from the transformation
of the wild-type strain by pWDK117-11, was cultured in
McNYAV + puromycin (Table 2). Genomic DNA was isolated
and treated with 20 units of EcoRI overnight at 37 °C. The di-
gested DNA was purified with a Wizard DNA clean-up kit
(Promega), and 10 µl of the sample containing 0.14 µg of DNA
was religated with T4 DNA ligase. The ligation mixture was
electroporated into E. coli SURE after drop dialysis against
distilled water on a VSWP filter paper (pore size 0.025 µm,
Millipore, Billerica, MA). Plasmids that were purified from
the E. coli transformants were screened by digestion with
EcoRI and EcoRV. The presence of the flanking genomic
DNA on the plasmid was confirmed by the increase in the size
of digestion product to 2.0 kb. The plasmid containing the
flanking sequence was named pWDK117-12. pWDK120 was
constructed by ligating a 0.35 kb PCR amplification product
from the new sequence (see below) into the NsiI site of
pIJA03. For the PCR, 2.5 units of pfu polymerase (Stratagene)
and the primers, 5′-TAATTTTAACCACCACAACA (posi-
tions +89–103 in Figure 1) and 5′-GGAAGTATCCTCACAA
TCAG (positions +454–469) were employed. The standard
PCR conditions were used except that the annealing tempera-
ture was 51.5 °C. The PCR product was gel-purified and
ligated into the EcoRV site of p-ZErO. After isolation, the
plasmid was digested with NsiI, and the resulting frag-
ment was ligated into pIJA03, completing construction of
pWDK120.

To identify sequences further upstream, pWDK120 was
transformed into the wild type to form JJ120. Total DNA from
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Table 1. Plasmids used in this study.

Plasmids Characteristics Reference

pIJA03 Contains modified pac cassette (purR), developed from pMEB.2 Stathopoulos et al. (2001)
pWLG40 + lacZ Expression shuttle vector for methanococci, contains lacZ Gardner and Whitman (1999)
pWDK200 pIJA03 + S-layer promoter (Psla) This work
pWDK117 pMEB.2 + 1.2 kb of ppm from M. maripaludis JJ Kim and Whitman (1999)
pWDK117-11 pMEB.2 + 0.68 kb BglII-BamHI fragment of ppm Kim and Whitman (1999)
pWDK117-12 pWDK117-11 + 1.0 kb of DNA downstream of ppm This work
pWDK117-13 pWDK120 + 0.70 kb of DNA upstream of cbiJ This work
pWDK117-14 pMEB.2 + 0.55 kb of DNA downstream of ppm in strain JJ117 This work
pWDK120 pIJA03 + 0.38 kb of cbiJ This work
pWDK121a pIJA03 + 0.90 kb of DNA upstream of cbiJ This work
pWDK121 pWDK121a + 1.10 kb of DNA downstream of cbiJ This work
pWDK201 Inserts Psla upstream of ppm upon transformation This work
pWDK202 Inserts Psla upstream of cbiJ upon transformation This work
pWDK220 pWDK40 + plus 0.97 kb ppm This work
pWDK240 Inserts 2.10 kb DNA from ppm into pWDK40 This work
pWDK241 Inserts 1.20 kb DNA from ppm into pWDK40 This work
pWDK242 Inserts 1.10 kb DNA from ppm-cbiJ into pWDK40 This work
pWDK243 Inserts 0.20 kb DNA from ppm into pWDK40 This work



JJ120, 1 µg, was treated with 30 units of HindIII overnight at
37 °C. The digested DNA was religated and electroporated as
described above. The resulting plasmids were screened by re-
striction with XbaI and XhoI. An increase in size of the 0.7 kb
fragment of the vector to 1.0 kb indicated the presence of the
upstream sequences. This plasmid was named pWDK117-13.

To clone the region downstream of the ppm homolog in the
mutant JJ117, a strategy similar to that of Hildebrant and
Nellen (1991) was used. Genomic DNA, 1 µg, was digested
with 5 units of AflIII and 10 units of NruI. These sites were
present in the vector portion of the tandem repeats immedi-
ately upstream of the cloned DNA. Therefore, restriction with
two enzymes prevented ligation of the vector from tandem re-
peats. The only product expected would be formed by ligation

between the AflIII sites in the vector and upstream in the ge-
nome. The resulting plasmid, pWDK117-14, contained an ad-
ditional 0.55 kb of genomic DNA. To examine further the
sequence of this region in JJ117 and JJ, genomic DNA was
purified with the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI). The primers cbiJ_for (5′-GGATA
GTCCTGAAACGTCAAATCAG) and cbiJ_rev (5′-GGCC
ATTGAGATTAGAACACGATG) were used for PCR amplifi-
cation of the region –190 bp upstream of the start of the cbiJ
gene to +900 bp downstream and for DNA sequencing. PCR
reactions were performed using 5 U of Herculase Enhanced
DNA Polymerase (Stratagene) with the following PCR condi-
tions: 92 °C for 2 min, 15 cycles of (92 °C for 30 s; 50 °C for
30 s, which increased 1 °C per cycle; 65 °C for 1 min), 25 cy-
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Figure 1. Map of the genes downstream
of the ppm homolog of Methanococcus
maripaludis strain JJ. Numbering of the
DNA sequence begins with the putative
start codon of cbiJ. The nucleotide se-
quences of the termination regions of
cbiJ and the ppm homolog are shown on
the top. The bold characters in the se-
quences indicate potential termination
codons and stem loop structures. The
HindIII and EcoRI sites were used for
identification of the flanking sequences
of cbiJ. The AflIII site was used in the
construction of pWDK117-14. A. The
region of genomic DNA cloned in
pWDK117-11. B. The region of geno-
mic DNA cloned in pWDK117-12.
C. The region of genomic DNA cloned
in pWDK117-13. D. The region of
genomic DNA from the auxotroph JJ117
cloned in pWDK117-14. E. The region
deleted in JJ121 following gene replace-
ment. F. The region used as a probe for
the Southern blots of JJ121 and JJ122.

Table 2. Strains used in this study.

Strains Characteristics Reference

JJ Wild-type strain of Methanococcus maripaludis Jones et al. (1983)
JJ117 Transformant of pWDK117, contains tandem insertions, cobalamin and acetate auxotroph Kim and Whitman (1999)
JJ117-11 Transformant of pWDK117-11 Kim and Whitman (1999)
JJ117-12 Transformant of pWDK117-12 This work
JJ117-13 Transformant of pWDK117-13 This work
JJ117-14 Transformant of pWDK117-14 This work
JJ120 Transformant of pWDK120, disruption of cbiJ This work
JJ121 Transformant of pWDK121, deletion of cbiJ This work
JJ122 Transformant of pWDK121, deletion of cbiJ This work
JJ201 Transformant of pWDK201, ppm under control of Psla This work
JJ202 Transformant of pWDK202, cbiJ under control of Psla This work
JJ240 Transformant of pWDK240, overexpress ppm and potential cbiJ antisense mRNA This work
JJ241 Transformant of pWDK241, overexpress ppm This work
JJ242 Transformant of pWDK242, overexpress 3′ portion of ppm and potential antisense cbiJ mRNA This work
JJ243 Transformant of pWDK243, overexpress 3′ portion of ppm This work



cles of 92 °C for 30 s, 52 °C for 30 s and 68 °C for 60 s, with an
increase of 10 s per cycle. After electrophoresis, PCR products
were extracted using the QIAquick Gel Extraction Kit
(Qiagen, Valencia, CA). Sequencing was performed with an
ABI Model 3730 sequencer at the University of Michigan
DNA Sequencing Core (Ann Arbor, MI).

pWDK121 was constructed in pIJA03 to make a gene re-
placement of cbiJ. The upstream fragment (0.9 kb) was ob-
tained by digestion of pWDK117-13 with 20 units of NdeI, gel
purification and ligation into the NdeI site of pIJA03. The re-
sulting plasmids were screened to identify pWDK121a, which
possessed the insert in the same transcriptional orientation as
the puromycin transacetylase gene in the pac cassette. The
second fragment was obtained by PCR amplification of the
ppm homolog in pWDK117-12. The primers used were:
5′-CCCCCCGGTACCATCGTGTTCTAATCTCAATGG (po-
sitions +866–886 in Figure 1) and 5′-CCCCCCGCTAGCTT
AGATTTTGACGGACTTTTG (positions +2000–2020 in
Figure 1), where the underlined positions represent KpnI and
NheI restriction sites, respectively. The PCR conditions were
the same as those for the construction of pWDK120 except
that 25 cycles were performed. The product was then digested
with 10 units of KpnI and NheI for 2 h and gel-purified. The
development of pWDK121 was completed by insertion of the
purified product into the KpnI and NheI sites of pWDK121a.

pWDK200 was constructed by ligating the strong S-layer
promoter (Psla) into pIJA03. The promoter was obtained from
pSla-vhcI (Kansy et al. 1994) by 25 cycles of PCR amplifica-
tion with two primers: 5′-TAAAGTGACTAGTCAATTTCG
AAAGTAATAAAAATAAT and 5′-ATTTGCATGCATATGC
ACCTTTTGTTTTTATTTT. The PCR conditions were dena-
turation at 94 °C for 1 min, annealing at 48.8 °C for 5 min, and
extension at 65.0 °C for 2 min. The 0.25 kb product was then
gel-purified and inserted into the EcoRV site of pZErO-2. To
obtain the fragment containing the promoter sequence, the
plasmid was digested with BamHI-NsiI. The digested frag-
ment was then inserted into the BamHI-NsiI sites of pIJA03.
pWDK201 was developed to insert Psla prior to the ppm
homolog after integration of the plasmid into the genome
(Gardner and Whitman 1999). Homologous recombination of
the plasmid into the genome would yield a merodiploid where
a truncated form of ppm is under the control of the native pro-
moter and the full length gene is under the control of Psla. For
the construction, the 5′ end of ppm was cloned next to Psla in
pWDK200. First ppm was PCR amplified with two primers:
5′-GCGGTGGCATGCATGAAAACAATCGT (underline in-
dicates NsiI site, positions +2021–2045 in Figure 1) and
5′-ATTACGGCGGCCTTTTCCACAG (positions +1080–
1101 in Figure1) from genomic DNA. The product was treated
with NsiI and BamHI and cloned into the NsiI-BglII sites of
pIJA200. This treatment was successful because the PCR
product possessed an internal BamHI site at positions +1101–
1105. Similarly, pWDK202 was constructed to insert Psla
prior to the genomic copy of cbiJ following transformation.
Two primers 5′-CCGTAATAGAAGAAATGGATG (positions
+1066–1086 in Figure 1) and 5′-TTGCATGCATAACATA
TGGATTCGTGGCGGA (underline indicates NsiI site, posi-

tions +4–24 in Figure 1) were used to amplify a 1.0 kb portion
of cbiJ-ppm by PCR. Genomic DNA of the wild type was used
as the template. The standard conditions were used for PCR
amplification except that 25 cycles were performed, the an-
nealing temperature was 59.5 °C, and extension was for 2 min
and 30 s. The PCR product was digested with NsiI and ligated
into the NsiI site of pIJA200. In addition to the NsiI site in the
primer, the PCR product possessed another NsiI site in the am-
plified DNA (positions +1063–1068 in Figure 1). The orienta-
tions of the inserted fragments were determined by restriction
of the plasmids with HindIII and BamHI.

pWDK240 and pWDK241 were derivatives of the expres-
sion shuttle vector pWLG40 + lacZ and were used for over-
expression of the ppm and cbiJ antisense mRNA. Because ppm
contained an internal NsiI site (at position +1065–1068 in Fig-
ure 1), pWDK220 was first constructed by ligating the 0.97 kb
ppm fragment from the NsiI-XbaI digestion of pWDK201 into
the NsiI -XbaI sites of pWLG40 + lac. This vector was then di-
gested with BglII and XbaI. Because ppm contained an internal
BglII site at positions +1785–1790, the product could then be
used to clone the 3′-end of ppm without using NsiI. The re-
maining portions of ppm were obtained by PCR amplification.
For pWDK240, the primers were 5′-AAGTTTAGTAGATAG
GGCGG (positions +2042–2061) and 5′-CTAGTCTAGATA
GCAAATACGACTTCGGGGA (underline indicates XbaI
site, positions –93–73 in Figure 1). The PCR was performed
under standard conditions except that the annealing was per-
formed at 60 °C and the extension was performed for 3 min
and 30 s. For pWDK241, the primers were 5′-TTAGAT
TTTGACGGACTTTTG (positions +2000–2019 in Figure 1)
and 5′-CTAGTCTAGAGCTTTATCCATGTAATTTAATATT
AA (underline indicates XbaI site, positions +828–853 in Fig-
ure 1). Standard conditions were used for the PCR except that
only 25 cycles were performed and extension was for 2 min
and 30 s. Both PCR products were digested with BglII and
XbaI, ligated into the BglII-XbaI digested pWDK220. To
make pWDK242 and pWDK243, the PCR products were di-
gested with NsiI and XbaI to yield 0.96- and 0.2-kb gene frag-
ments, respectively, and ligated into pWLG40 + lacZ. Because
of the internal NsiI site at positions +1063–1068 in ppm, these
constructions contained only the 3′ portion of ppm.

PCR confirmation of ∆cbiJ mutation

To confirm the replacement of the genomic cbiJ with the pac
cassette, primer sequences for the PCR were selected from
100 bp upstream and 200 bp downstream of the cbiJ (Fig-
ure 2): p1 (5′-TAGCAAATACGACTTCGGGGA, positions
–93–73 in Figure 1) and p4 (5′-GATGGGCGCGTTTGT
AAATTC, positions +975–995 ). Other primers were comple-
mentary to the pac cassette: p3 (5′-TGCAAGAACTCT
TCCTCACG) and p4 (5′-GTCTCTTTCACCAGCAGCTT).
The reactions contained 50 ng of template DNA in 1 µl, 1 µl of
each primer, 2.5 µl of DMSO (dimethylsulfoxide) and 19.5 µl
of distilled water in the Ready-To-Go PCR tubes (Amersham
Pharmacia Biotech). The standard PCR conditions were used
except that the extension time was 3 min.
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Southern hybridization

Genomic DNA, 2 µg, was digested with AccI (15 units) for
29 h or BamHI (20 units) for 44 h. The restricted DNA was
separated on a 1.0 % (w/v) agarose gel and transferred to a
positively charged nylon membrane (Micro Separations,
Westborough, MA) by the downward capillary method (Sam-
brook and Russell 2001). Prehybridization and hybridization
were performed at 65 °C overnight in a solution of 2× SSC,
0.01% (w/v) SDS, 0.1% (w/v) N-lauroylsarcosine and 1%
blocking reagent (nonfat milk). Membranes were washed
twice in solutions of 2× SSC plus 0.1% SDS for 5 min at room
temperature and 2× SSC plus 1% SDS for 15 min at 65 °C. The
probe was radiolabeled with [α-P32] dATP (ICN, Aurora, OH)
according to a random priming method (Sambrook and Rus-
sell 2001). The template for the random priming reaction was
the 0.96 kb NdeI fragment (Positions –951 to +6 in Figure 1)
from pWDK121. Approximately 2.5 × 107 dpm of labeled
probe was added to the hybridization. Prior to visualization
with ImageQuant 1.1 software, the membranes were exposed
in a Phosphoimager cassette for 36 h. The molecular weight
markers were constructed by digestion of the PCR product of
the wild-type genomic DNA and primers p1–p4 with AccI,
BamHI and AccI plus PvuII.

Measurement of cobamide concentration

Cobamides were extracted from cells as described by Gorris et

al. (1988). In this experiment, 100 ml of mid-exponential
phase cultures (A600 = 0.45–0.55) were harvested by centri-
fugation at 4 °C. After the extraction, the total volume was
25 ml. Of this, 4 ml was concentrated to dryness in a high
speed vac (Uniequip, Martinsried, Germany) and resuspended
in 50 µl of distilled water. The cobamide concentration was es-
timated as described by Maggio-Hall and Escalante-Semerena
(1999) and Thomas and Escalante-Semerena (2000). For this
experiment, Vogel-Bonner medium overlaid by 3 ml of me-
dium containing Salmonella enterica serovar Typhimurium
TR6583 [metE205 ara-9] or JE1299 [metE205 ara-9
btuB7::MudJ] were spotted with 2.5 or 5 µl of various dilu-
tions of the methanococcal extracts. The standards were spots
of cobalamin solutions containing 0.0025 to 20 pmol of co-
balamin in 2.5 or 5 µl, depending on the experiment. The quan-
tity of the cobamide in the methanogens was determined by
comparing the diameters of the confluent growth between the
standard and samples. For the control JE1299, 2.5 or 5 µl of
methionine (0.4 to 3 µmol) solutions was also spotted.

Accession number

The GenBank accession number for the M. maripaludis cbiJ
and surrounding sequence is AF402610.

Results

Identification of the flanking sequence of the ppm homolog

In previous studies, the insertion of tandem repeats of the
plasmid pWDK117 into the M. maripaludis homolog of the
Methanocaldococcus jannaschii gene MJ0010 yielded an ace-
tate and cobamide auxotroph (Kim and Whitman 1999). How-
ever, inactivation of the MJ0010 homolog did not appear to be
responsible for the observed phenotype for the following rea-
sons. First, the insertion was only expected to produce a small
truncation of the ORF, and it seemed unlikely that this would
be sufficient to inactivate the gene product. Second, mutants
bearing a single insertion, which would also truncate the ORF,
were not auxotrophic, and their growth properties were indis-
tinguishable from wild type. Therefore, the phenotype de-
pended on the presence of the tandem repeats. Third, the
MJ0010 homolog possessed sequence similarity to ppm, and it
was difficult to rationalize a role for this gene product in
cobamide or acetate biosynthesis (Kim and Whitman 1999).
Thus, it was hypothesized that inactivation of a downstream
gene might be responsible for the auxotrophic phenotype.

The downstream genes were cloned by transforming
M. maripaludis with pWDK117-11 to yield JJ117-11 (Ta-
ble 1). The plasmid pWDK117-11 contained a 0.68 kb gene
fragment internal to the ppm homolog and was expected to in-
tegrate within this gene by homologous recombination. The
genomic DNA of JJ117-11 was then digested with EcoRI,
ligated and transformed into E. coli. In this fashion,
pWDK117-12 was isolated (Figure 1). Sequencing of
pWDK117-12 revealed that it contained genomic DNA, in-
cluding 0.3 kb of the ppm homolog and 1.0 kb of a downstream
ORF. To obtain additional flanking genes, the original strategy
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Figure 2. Scheme for construction of the cbiJ deletion (∆cbiJ) by
gene replacement in M. maripaludis. A and B indicate locations of the
restriction sites for AccI and BamHI, which were used during the
Southern hybridization. Also, locations of primers p1–p4 for the PCR
are indicated.



was repeated. First, a portion of the downstream ORF was
cloned into the insertion plasmid pIJA03 to form pWDK120.
After transformation of the wild type strain, pWDK117-13
was isolated following HindIII digestion and transformation
into E. coli. The sequencing of this plasmid revealed addi-
tional downstream genes (Figure 1).

Analysis of the sequences of these clones identified the 3′
region of the ppm homolog, which had been missing in previ-
ous clones (Kim and Whitman 1999). Analysis of the ORF im-
mediately downstream of the ppm homolog showed that it
possessed 52% sequence similarity to the cbiJ homolog of
Methanocaldococcus jannaschii (Figure 1). Downstream of
the cbiJ homolog was a hypothetical ORF lacking similarity to
any known gene and the 3′-end of an ORF that was only 180 bp
and too short to identify.

Mutagenesis of cbiJ in M. maripaludis

If the original phenotype of JJ117 was due to an effect on ex-
pression of cbiJ, deletion of cbiJ would be expected to yield a
mutant with the same phenotype. Therefore, the mutants JJ121
and JJ122 were constructed by replacing cbiJ with the pac cas-
sette (Figure 2). The genotypes of these mutants were con-
firmed by PCR amplification and Southern hybridization
(Figure 3 and data not shown). First, PCR amplification of the
genomic DNA was performed to verify the gene replacement
of cbiJ in JJ121 and JJ122. Although the primer pair p1–p4
failed to yield a product with JJ121 (data not shown), the ex-
pected 1.1 kb product was found with the wild type. However,
amplification of JJ121 DNA with primer pair p2–p3 con-
firmed the placement of the pac cassette in the genome, and
amplification with the primer pair p2–p4 confirmed the re-
placement downstream of ppm. Because primer pair p1–p3

also failed to produce a product in either JJ121 genomic DNA
or the plasmid control, it seemed likely that the high GC con-
tent of the puromycin transacetylase gene prevented amplifi-
cation across the 5′ boundary of the cassette (Henke et al.
1997). Thus, it was not possible to demonstrate the 5′-end of
the gene replacement and the absence of tandem insertions by
this method. Southern hybridization was then used to confirm
the gene replacement of cbiJ in the mutants. In the first hybrid-
ization, AccI-digested genomic DNA produced a 2.2 kb band
for wild type and 1.6 kb band for the mutants JJ121 and JJ122
(Figure 3). These were the sizes expected for a replacement of
cbiJ with the pac cassette. Similarly, hybridization of BamHI
digested genomic DNA produced a 1.8 kb band for wild type
and a 2.4 kb band for the mutants (Figure 3). These results con-
firmed the gene replacement of cbiJ by a single copy of the pac
cassette.

Phenotype of the ∆cbiJ mutants

The original mutant JJ117 was an auxotroph that required ei-
ther acetate or cobamide for growth (Kim and Whitman 1999).
In the presence of both compounds, growth was comparable to
that of the wild type. For the ∆cbiJ mutant JJ121, a similar
phenotype was observed. Addition of acetate, cobamide or ac-
etate plus cobamide allowed growth in minimal medium (Fig-
ure 4 and data not shown). To determine if JJ117 and JJ121
required similar concentrations of cobamide for growth, the
cultures were incubated in minimal medium plus 0.05, 0.3
and 1.0 µM of cobamide. Based on a cobamide content of
500 nmol per gram of protein in methanococci (see below), the
concentration necessary to support full growth in minimal me-
dium was expected to be 0.3 µM. Both JJ117 and JJ121 grew in
medium containing 0.3 and 1.0 µM of cobalamin. However, no
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Figure 3. Southern hybridiza-
tions of the wild type and
∆cbiJ mutants, JJ121 and
JJ122, with a probe to the cbiJ
locus. Genomic DNA was re-
stricted by either AccI or
BamHI. The probe was con-
structed by random priming of
a linear portion of pWDK121
corresponding to positions
–951 to +6 (Figure 1). Con-
trols were PCR amplicands of
genomic DNA that had been
digested with the restriction
enzymes.



growth was observed with 0.05 µM of cobalamin. These re-
sults confirmed the similarity of their phenotypes.

In experiments where large inocula were used, JJ121 grew
in minimal medium without acetate or cobalamin after a long
lag. Upon subsequent transfers to minimal medium, a lag was
no longer observed. Therefore, the occasional growth ob-
served in minimal medium appeared to be due to selection for
revertants. Because the revertants remained puromycin-resis-
tant, the mutation presumably occurred at a second site.

Mechanism of cbiJ inactivation in JJ117

Although the original mutant JJ117, with an insertion of tan-
dem repeats, possessed a severe auxotrophic phenotype, other
transformants formed by integration of single copies of other
vectors at the same site were not auxotrophs (Kim and Whit-
man 1999). For this reason, it seemed possible that the cob-
amide auxotrophy of JJ117 may have been due to a second
mutation in cbiJ, possibly caused by the formation of tandem
repeats. To test this hypothesis, the 3′-end of cbiJ was cloned
and sequenced from JJ117 (positions +394–+945 in Figure 1),
but no differences were observed between the sequence of the
gene from the wild type and that from the mutant. The entire
cbiJ gene was then PCR amplified from JJ117 and the wild
type and sequenced. These experiments confirmed the identity
of the entire cbiJ gene in the mutant and wild type. Thus, the
phenotype of JJ117 did not appear to be due to deletions or
other mutations in cbiJ.

An alternative explanation for the phenotype of JJ117 was
that overexpression of ppm from tandem repeats interfered
with the expression of cbiJ. For instance, the production of
cbiJ antisense mRNA might inhibit either translation or the
stability of the mRNA. Therefore, integration and expression

vectors containing different regions of ppm and cbiJ were
transformed into wild-type M. maripaludis to determine if
overexpression of ppm caused cobamide auxotrophy (Fig-
ure 5). The transformation efficiencies of the expression vec-
tors were comparable to controls to insure that the efficiencies
were high. Thus, the transformants were not formed by un-
usual or rare genetic events. In JJ201, the very strong Psla pro-
moter was integrated upstream of the genomic copy of ppm
(Figure 5). This construction was expected to result in a mero-
diploid with very high expression of the copy of ppm adjacent
to cbiJ (Gardner and Whitman 1999). For the characterization
of the transformants, growth experiments were performed in
McN, McNA and McNV broth media after isolating the
transformants from McNAYV agar plates. In these experi-
ments, significantly slower growth of the transformants was
not observed in the McN medium (data not shown). These re-
sults suggested that the transformants were not auxotrophs.
However, because merodiploids are unstable in M. maripalu-
dis, it is possible that JJ201 was overgrown by revertants.
Therefore, other constructions were attempted where ppm was
overexpressed from the shuttle vectors, JJ240–JJ243 (Fig-
ure 5). In these constructions, JJ240 and JJ242 were expected
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Figure 4. Stimulation of growth of the ∆cbiJ mutant JJ121 by acetate
and cobalamin. Growth of wild type in McN (�), McNA (�) and
McNV (�) medium. Growth of the mutant JJ121 in McN (�), McNA
(�) and McNV medium (�). The inoculum was 4.6 × 105 cells that
had been grown in McNAYV medium.

Figure 5. Overexpression of ppm-cbiJ in Methanococcus maripalu-
dis. The lines indicate the DNA fragments cloned into the vectors for
overexpression. JJ201 and JJ202 were transformed by expression vec-
tors designed to integrate into the genome, placing the promoters up-
stream of ppm and cbiJ, respectively. JJ240–JJ243 were transformed
by shuttle vectors containing the indicated cloned DNA. Psla and
PhmvA represent promoter sequences for the S-layer gene and a
histone gene in Methanococcus voltae, respectively. Both promoters
are believed to be highly expressed in M. maripaludis.



to contain high amounts of cbiJ antisense RNA produced from
the expression vector. JJ241 and JJ243 were designed as nega-
tive controls. However, these transformants also failed to show
the auxotrophic phenotype. Lastly, it was possible that the
auxotrophic phenotype in JJ117 resulted from overexpression
of cbiJ. In JJ202, cbiJ was expected to be overexpressed by the
very strong histone promoter Psla (Figure 5). However, it was
also not auxotrophic. Therefore, another model of gene regu-
lation must be required to explain the effect of tandem repeats
on cbiJ expression.

Quantification of cobamide in the wild type and JJ117

To understand the stimulation of growth of JJ117 with acetate
in minimal medium, the cobamide content of the strain was
measured. The stimulation with acetate was unexpected be-
cause acetate is unlikely to be specifically involved in the
biosynthesis of cobamide. Moreover, cobamides are compo-
nents of the N5-methyltetrahydromethanopterin: CoM methyl-
transferase, an essential enzyme in the pathway of methano-
genesis. Therefore, cobamides were expected to be essential
for growth. Thus, it was hypothesized that a small amount of
cobamide was synthesized in JJ117, which was sufficient to al-
low for growth in the presence of acetate. In M. maripaludis,
acetate can be converted into acetyl–CoA (Shieh and Whitman
1987). In the absence of acetate, acetyl-CoA decarbonylase/
synthase (ACDS) is required for growth. This enzyme com-
plex also requires cobamide. Therefore, the addition of acetate
to minimal medium might reduce the total cobamide demand
and allow for growth on reduced concentrations of cobamide.
To verify this hypothesis, the concentrations of cobamides in
extracts of wild type and JJ117 were determined with the indi-
cator strain S. enterica serovar Typhimurium TR6583
(Maggio-Hall and Escalante-Semerena 1999, Thomas and
Escalante-Semerena 2000). Detectible but low amounts of
cobamides were found in extracts of the mutant JJ117 (Fig-
ure 6A). Because S. enterica serovar Typhimurium TR 6583
also responds to methionine, S. enterica serovar Typhimurium
JE1299 was utilized as an indicator for this amino acid. The
concentrations of methionine in the methanococcal extracts

were too low to produce a response in the assay (Figure 6B).
This result indicates that a small amount of the cobamide was
synthesized in the mutant JJ117. From other experiments, the
cobamide concentrations were estimated from the diameter of
confluent growth from strain TR6583. For the wild type, the
concentrations of cobamide were 800–1100 nmol g– 1 protein
following growth in McN and McNA medium. For JJ117, only
15 nmol g– 1 protein was found following growth in McA me-
dium. Following growth of JJ117 in McV medium, which con-
tained cobalamin, the concentrations were 1200 nmol g– 1 pro-
tein or comparable to wild-type cells. The concentrations of
cobamide determined by this bioassay were comparable to the
concentrations of 145–620 nmol g– 1 protein determined in
methanococci by liquid chromatography (Stupperich and
Kräutler 1988, Gorris and van der Drift 1994).

Discussion

In this project, we sought to explain the cobamide and acetate
auxotrophy of the mutant JJ117, which contained tandem re-
peats of an insertion vector and portions of ppm, a homolog of
phosphopentose mutase. The discovery of a homolog of cbiJ
immediately downstream of ppm suggested that inhibition of
expression of this gene was the cause of cobamide auxotrophy.
In bacteria, the gene cbiJ encodes the cobalt-precorrin 6-X
reductase, which catalyzes the reduction of the C18/C19 dou-
ble bond of the tetrapyrrole “D” ring and the formation of
cobalt-precorrin 6-Y during an early step in the anaerobic
pathway of cobamide biosynthesis. In Paracoccus, mutants of
cobK (a homolog of cbiJ that catalyzes the analogous step in
the aerobic pathway) are cobamide auxotrophs (Blanche et al.
1992, Rondon et al. 1997, Shearer et al. 1999). However, the
amino acid sequence of the cbiJ homolog in M. maripaludis
and the other archaea possesses only 24–33% identity to the
Paracoccus and other bacterial genes, so it was necessary to
demonstrate its function in methanococci. Although the enzy-
matic specificity was not demonstrated directly, the cobamide
auxotrophy of the cbiJ deletion mutant JJ121 confirmed the
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Figure 6. Bioassay for cob-
amides in cell extracts of the
wild type and JJ117. All spots
were 2.5 µl, and extracts were
diluted by the indicated amounts
to produce zones of confluent
growth. Salmonella enterica
serovar Typhimurium TR6583 is
dependent upon either cobamide
(cbl) or methionine (Met).
Salmonella enterica serovar
Typhimurium JE1299 requires
methionine for growth and does
not respond to cobamides. For
this control, undiluted methano-
coccal extracts were used, and
the locations of the spots are
indicated by the circles.



requirement of this gene for cobamide synthesis in M. mari-
paludis.

Although good growth of the original mutant JJ117 was
found only in the presence of both acetate and cobamide, some
growth was also observed in the presence of either acetate or
cobamide alone. This phenotype could have resulted from two
independent leaky mutants, one each in the pathways of ace-
tate and cobamide biosynthesis. The isolation of a second
mutant with a similar phenotype and genotype as JJ117 sug-
gested that the phenotype was not due to a rare double muta-
tion (Kim and Whitman 1999). The discovery of acetate
auxotrophy in the ∆cbiJ mutants further eliminated this possi-
bility. Cobamides are required for methyltetrahydromethan-
opterin: CoM methyltransferase as well as the acetyl–CoA
decarbonylase/synthase reactions in methanococci. Because
the first reaction is a required step in methanogens, mutations
in cobamide biosynthesis were expected to be lethal. Growth
of JJ121 on acetate alone suggested that the mutants contained
small amounts of cobamide synthesized by an alternative reac-
tion that bypasses cbiJ. Although the genome sequence of the
related organism Methanococcus maripaludis strain S2 does
not contain a detectable paralog to cbiJ (Hendrickson et al.
2004), the oxidation and reduction of C-C double bonds are
common biosynthetic reactions and low levels of a nonspecific
activity are not unexpected. Moreover, the possibility of non-
specific reductions have also been demonstrated for the con-
version of Co(III) to Co(I) in a later step of cobamide bio-
synthesis (Fonseca and Escalante-Semerena 2001). In this
hypothesis, the amount of the cobamide biosynthesized by the
bypass reaction would be insufficient to maintain normal
growth in minimal medium. However, acetate would spare the
cobamide requirement because it is no longer required by the
acetyl-CoA decarbonylase/synthase, and the small amount of
remaining cobamide would then be sufficient for the methyl-
transferase. This conclusion was supported by showing that
JJ117 in fact contained 1–2% of the cobamide of the wild type.
The characteristics of these mutants suggest that the cells pos-
sess a hierarchy for cobamide utilization. When the amount of
coenzyme is limited, it is used preferentially for essential func-
tions such as methanogenesis.

The cbiJ and the ppm homologs in M. maripaludis are
convergently transcribed. The cbiJ homologs (named cobK)
are also convergently transcribed with other genes in Rho-
dococcus sp., Pseudomonas denitrificans and Paracoccus
denitrificans (De Mot et al. 1994, Shearer et al. 1999). In
M. maripaludis, the cbiJ and ppm homologs were separated by
four bases and potential termination structures of stem loop
and oligo thymidines overlapped in 3′ regions of the messages.
Thus, it seemed possible that mutation in ppm could affect the
expression of cbiJ through interactions of their mRNAs. For
instance, overexpression of ppm could produce a large quan-
tity of antisense cbiJ mRNA that might inhibit translation of
cbiJ. However, overexpression of the ppm homolog in either
cis or trans failed to generate the auxotrophic phenotype in
minimal medium. Therefore, the mechanism of the effect of
the original mutation in JJ117 on cbiJ expression is still not
understood.
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Methanococcus maripaludis is a mesophilic archaeon that reduces CO2 to methane with H2 or formate as an
energy source. It contains two membrane-bound energy-conserving hydrogenases, Eha and Ehb. To determine
the role of Ehb, a deletion in the ehb operon was constructed to yield the mutant, strain S40. Growth of S40
was severely impaired in minimal medium. Both acetate and yeast extract were necessary to restore growth to
nearly wild-type levels, suggesting that Ehb was involved in multiple steps in carbon assimilation. However, no
differences in the total hydrogenase specific activities were found between the wild type and mutant in either
cell extracts or membrane-purified fractions. Methanogenesis by resting cells with pyruvate as the electron
donor was also reduced by 30% in S40, suggesting a defect in pyruvate oxidation. CO dehydrogenase/acetyl
coenzyme A (CoA) synthase and pyruvate oxidoreductase had higher specific activities in the mutant, and genes
encoding these enzymes, as well as AMP-forming acetyl-CoA synthetase, were expressed at increased levels.
These observations support a role for Ehb in anabolic CO2 assimilation in methanococci.

Methanogens are strictly anaerobic archaea that produce
methane as the major product of their energy metabolism.
They play an important role in the global carbon cycle, pro-
cessing 1 to 2% of the carbon fixed per year and producing
most of the earth’s atmospheric methane (10, 21). Methano-
coccus maripaludis is a mesophile that reduces carbon dioxide
to methane with H2 or formate as electron donor (10). In
addition, M. maripaludis assimilates acetate and some amino
acids as carbon sources when they are present (24, 25, 33).
Progress in genetics tools (30), relatively fast growth (11),
suitability for chemostats (7), and a complete genomic se-
quence (9) make M. maripaludis an excellent model for the
physiology of hydrogenotrophic methanogens.

Hydrogenases catalyze the reaction H2 3 2 H� � 2 e�.
These enzymes are indispensable for the growth of hydrog-
enotrophic methanogens, which use H2 as an electron donor.
M. maripaludis contains six nickel-iron hydrogenases, including
two coenzyme F420-reducing hydrogenases and two non-F420-
reducing hydrogenases (9). Of each of these pairs of enzymes,
one contains a selenocysteinyl residue and the other contains a
cysteinyl residue at the active site (3). In addition, M. mari-
paludis contains genes for two separate multisubunit energy-
conserving hydrogenases, Eha and Ehb (9). These open read-

ing frames (ORFs) include subunits that are homologous to
the NADH-ubiquinone oxidoreductase or complex I of mito-
chondria (1). In the methanogens, the energy-converting
[NiFe] hydrogenase (Ech) has been purified and characterized
from Methanosarcina barkeri (12, 16). M. barkeri is only dis-
tantly related to the methanococci. Although it can reduce
CO2 to CH4, it also utilizes acetate and methanol as substrates
for methanogenesis. In this organism, the complex Ech enzyme
contains six subunits, two predicted integral membrane-span-
ning proteins and four subunits expected to extrude in the
cytoplasm. Two of the hydrophilic proteins are homologous to
the large and small subunits of the soluble [NiFe] hydroge-
nases, and a third hydrophilic subunit contains two [4Fe-4S]
cluster binding motifs. A mutant of M. barkeri containing a
deletion of the genes encoding Ech is unable to reduce CO2 to
methane, grow with acetate as a substrate for methanogenesis,
or biosynthesize pyruvate (17). These properties suggest that
Ech catalyzes the reduction of low-potential ferredoxins by H2.
Because this reaction is unfavorable at the low partial pres-
sures of H2 typical of the habitats of methanogens, the reduc-
tion is probably driven by the proton motive force.

The hydrogenotrophic methanogens, such as M. maripaludis
and Methanothermobacter marburgensis, contain two Ech ho-
mologs, Eha and Ehb. In M. marburgensis (28), the eha operon
(12.5 kb) and ehb operon (9.6 kb) are composed of 20 and 17
ORFs, respectively. These operons include homologs to the
large and small subunits of [NiFe] hydrogenases and the two
integral membrane proteins found in the M. barkeri enzyme. In
addition, these operons encode a number of polyferredoxins
and other integral membrane and hydrophilic subunits. Like
the enzyme from M. barkeri, these enzymes may be necessary
to reduce low-potential ferredoxins during growth with low
concentrations of H2 (8, 28).
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Although the eha operon of M. maripaludis is similar to that
of M. marburgensis, the homologs to the genes encoding Ehb
are scattered in several loci around the genome (9), with only
9 of the 16 homologs to the M. marburgensis ehb genes in one
cluster in M. maripaludis. A mutant with an insertion in one
gene of this cluster was an acetate auxotroph, suggesting that
Ehb was involved in carbon assimilation (36). This paper de-
scribes the isolation and characterization of a deletion mutant
in the ehb operon of M. maripaludis. Comparison of the tran-
scriptome and proteome between the mutant and the wild type
provides further insight into the role of the Ehb hydrogenase in
the methanococci and reveals a global regulatory response to
the loss of its activity (Q. Xia et al., submitted for publication).

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. The Methanococ-
cus maripaludis strains used in this work were two wild-type strains, S2 (32) and
JJ (10), and the �ehbF::pac mutant S40, which was derived from S2 (see below).
The Escherichia coli TOP10F� competent cells (Invitrogen, Carlsbad, CA) were
used for construction of the plasmids. The plasmids used in this work were the
puromycin-resistant integration vector pIJA03 (27) and pWDK40, pIJA10,
pIJA175, and pIJA176 (this work; see below). E. coli was grown in Luria-Bertani
medium with ampicillin (100 �g/ml) when needed. M. maripaludis was grown
with 276 kPa H2-CO2 gas (80:20 [vol/vol]) at 37°C in the mineral media McN,
McNA (McN plus 10 mM sodium acetate), McYA (McNA plus 0.2% [wt/vol]
yeast extract), or McCA (McNA plus 0.2% [wt/vol] Casamino Acids) as de-
scribed previously (32). Puromycin (2.5 �g/ml) was added when needed. For
preparation of the cell extracts, M. maripaludis was grown in bottles with 100 ml
McNA medium and 138 kPa H2-CO2 gas (80:20 [vol/vol]) at 37°C.

Construction of the M. maripaludis mutants. The �ehbF:pac mutant was made
by transformation with the suicide vector pWDK40 based upon pIJA03 (27). For
the construction of pWDK40, the upstream and downstream regions of the ehbF
gene were PCR amplified from genomic DNA using the primers U1 and U2 and
D1 and D2, respectively (Fig. 1 and Table 1). pWDK40 was constructed in E. coli
TOP10F� by cloning the U1-U2 PCR product into the BamHI-XbaI sites and the
D1-D2 PCR product into the KpnI and NheI sites of pIJA03. pWDK40 was
transformed into M. maripaludis S2 by the polyethylene glycol method (29), and
transformants were plated on McYA medium plus puromycin and restreaked on
the same medium. The colonies were picked into McYA broth medium plus
puromycin, and glycerol stocks were prepared when the cultures reached early
stationary phase (29).

pIJA10, an integration vector for gene disruption of ehbO expression, was
constructed by inserting a 0.5-kb PCR product into EcoRI-MluI sites of pIJA03.
The primers for the PCR were BM1 and BM2 (Table 1). The PCR product was
cloned into EcoRI-MluI sites of pZErO-2 (Invitrogen, Carlsbad, CA) and then
into pIJA03. In a similar way, pIJA175 and pIJA176 were constructed for the
disruption of cdhA and cdhBC, respectively. For pIJA175, the primers used were
HA1 and HA2 (Table 1), and the PCR product was finally cloned into BglII-
XbaI sites of pIJA03. For pIJ176 the primers used were HBC1 and HBC2 (Table
1), and the PCR product was finally cloned into the MluI-XbaI sites of pIJA03.
For each plasmid, 1 �g of supercoiled DNA was transformed into M. maripaludis
JJ by the polyethylene glycol method (29).

Southern hybridization. Genomic DNA (1 �g) was treated with 20 units of
EcoRV and BglII for 16 h at 37°C. The restricted DNA was transferred to a
positively charged nylon membrane (Boehringer, Mannheim, Germany) after
separation on a 1.0% agarose gel. The probe for the hybridization was amplified
and labeled by PCR using genomic DNA of M. maripaludis S2 as the template
and 25 �Ci of [�-32P]dATP (ICN, Aurora, OH). The primers used were SH1 and
SH2 (Table 1). Standard techniques were used for hybridization and washing the
membrane (22). The membrane was exposed in a phosphorimager for 3 h, and
subsequent analysis was performed with the ImageQuant 1.1 software (Amer-
sham Bioscience, Buckinghamshire, England).

Methanogenesis. Methane production from pyruvate was determined as de-
scribed previously (14, 35) except that the cells were grown in McCA medium,
after which resting cells were assayed by incubation under N2-CO2 (80:20 [vol/
vol]) with 100 mM pyruvate overnight at 37°C. For positive controls, 0.1 ml of the
resting cells was incubated for 1 h under 70 kPa of H2-CO2. Methane was
measured with a Shimazu GC-8A gas chromatograph (Shimadzu Scientific In-
struments Inc., Columbia, MD) by flame ionization detection on a DB-624

column run at 60°C (J & W Scientific, Folsom, CA). The carrier gas was N2, and
the injector temperature was 200°C.

Preparation of cell extracts and purification of membrane fractions. Early-
linear-phase cultures (optical density at 600 nm, 0.45 to 0.6) of S2 or S40 were
grown in McNA medium in 1-liter bottles, each containing 100 ml of medium.
Cultures were harvested by centrifugation at 10,000 � g for 30 min at 4°C. The
cells (from a total of 400 ml of culture) were resuspended in 7.5 ml of buffer A
[25 mM piperazine-N,N�-bis(2-ethanesulfonic acid)–KOH, pH 7.0, 10 mM Mg-
acetate, 30 mM KCl, and 2 mM dithiothreitol] and immediately passed through
a chilled French pressure cell at 110 MPa. DNase, 10 U, was added, and the
suspension was incubated for 15 min at 37°C. The cell extract was obtained by
separation of the cell debris and the unbroken cells by centrifugation at 8,000 �
g for 30 min at 4°C. The membranes were further purified by centrifugation of
the cell extract at 171,500 � g (50,000 rpm; Beckman 70.1 Ti rotor; Beckman
Coulter, Inc., Fullerton, CA) for 50 min at 4°C. The pellet was resuspended in 0.2
ml buffer A and loaded onto a 3.9-ml 10-to-60% sucrose gradient prepared in
buffer A (5, 6). Centrifugation was performed at 32,000 � g (20,000 rpm;
Beckman MLS 50 rotor) for 16 to 18 h at 20°C. The gradient fractions were
collected (�0.3 ml each), and those with the highest hydrogenase activities were
pooled. All the purification steps were performed in an anaerobic chamber, and
the solutions were flushed with N2 to remove traces of O2.

Enzymatic assays. The hydrogenase activity was assayed anaerobically, using
the cell extract and the purified membrane fractions, based on H2-dependent
reduction of methyl viologen as described previously (20), except that the reac-
tion mixture contained 20 mM methyl viologen and 25 mM phosphate buffer (pH

FIG. 1. Construction of the �ehbF:pac mutation. A. M. maripaludis
S2 ehb operon (subunits E to O; Mmp1629 to Mmp1621). The ORFs
Mmp1630, Mmp1626, and Mmp1620 were annotated as ATP/GTP-
binding site motif A (P-loop):ABC transporter:AAA ATPase, con-
served hypothetical protein, and hypothetical protein (9), respectively.
The location of the primers U1, U2, D1, and D2 used to clone the
upstream and downstream regions flanking ehbF are shown. The ho-
mologous portion of the DNA from M. maripaludis JJ cloned in
pIJA10 is shown. B. Confirmation of the genotypes of the wild-type S2
and mutant S40 by Southern hybridization. The genomic DNA (1 �g)
was digested with BglII and EcoRV prior to hybridization with the
probe indicated in panel A. Lanes 1 and 2, digested genomic DNA of
S2 and S40.
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7.5) in a final volume of 1 ml. In cell extract, the activity of the carbon monoxide
dehydrogenase-acetyl coenzyme A (CoA) synthase (CODH-ACS) was measured
similarly as the CO-dependent reduction of methyl viologen (24). Pyruvate
oxidoreductase (POR) activity was assayed anaerobically as pyruvate- and CoA-
dependent methyl viologen reduction (15). Because of the instability of the POR
(15), this activity was assayed within 1 day of preparation of the cell extracts.

Proteomics, arrays, and real-time PCR. Metabolic 15N/14N labeling and prep-
aration of proteins, quantitative proteomic analysis by liquid chromatography
and tandem mass spectrometry, array analysis, and real-time reverse transcrip-
tase PCR (RT-PCR) were performed as described elsewhere (Xia et al., sub-
mitted). Briefly, S2 and the mutant S40 were grown in McNA medium for 13 and
21 h, respectively, when an absorbance of 0.56 was achieved. Four biological
replicates were analyzed for the arrays, each with duplicate arrays on each slide
and with flip-dye hybridizations, making a total of 16 measurements for each
gene. Expression ratios (S40/S2) were calculated, as were standard deviations of
the ratios and P values. Genes with P values less than 0.01 were regarded as
differentially expressed. For the proteome, two independent cultures each of the
S40 mutant and the wild-type S2 were grown in minimal medium with stable
isotope (“light” 14N and “heavy” 15N) labeling. Soluble and insoluble protein
fractions were collected, and differentially labeled fractions were combined.
Thus, four samples were analyzed: soluble proteins with S2 14N-labeled and S40
15N-labeled, soluble proteins with the nitrogen labeling reversed, and the same
with the insoluble proteins. Tryptic peptides derived from each sample were
analyzed in duplicate by two-dimensional capillary high-performance liquid chro-
matography coupled with tandem mass spectrometry. Mass spectrometric iden-
tification and quantification of peptides were used to generate 14N/15N ratios.
Expression ratios for each protein were derived by averaging the ratios from all
peptide pairs measured for that protein. Data from all four samples were com-
bined to produce a quantitative S40/S2 proteome summary data set (Xia et al.,
submitted). Differential protein levels were regarded as significant if n1 (the
number of peptide pairs measured) was equal to or greater than 3 and the
average ratio (S40/S2) differed from 1 by an amount greater than the standard
deviation.

RT-PCR. RNA was purified as described elsewhere (Xia et al., submitted).
RT-PCR was performed on an Eppendorf Mastercycler gradient thermocycler
(Eppendorf AG, Hamburg, Germany), using a OneStep RT-PCR kit from QIA-
GEN according to the manufacturer’s protocol. Primers EH1 and EH2 were
used at concentrations of 600 nM (Table 1), and RNA was added to 500 ng per
50-�l reaction mixture. Cycling parameters were initial RT incubation at 50°C for
30 min, initial denaturing at 95°C for 15 min, and 35 cycles of 94°C for 45 s, 55°C
for 45 s, and 72°C for 2 min, followed by a final extension at 72°C for 10 min. The
product was analyzed on a 1% agarose gel.

GEO accession numbers. The GEO series accession numbers are GSE2744 for
the proteomics data sets and GSE2745 for the spotted cDNA arrays (http://www
.ncbi.nlm.nih.gov/geo/).

RESULTS

Mutations in Ehb affect the biosynthesis of acetate. In pre-
vious studies, an acetate auxotroph of M. maripaludis JJ was
isolated by transformation with integration plasmids contain-
ing degenerate PCR products targeted to metalloenzyme clus-
ters (36). Subsequent analysis found that this mutant was
formed by integration of a plasmid vector into the ehbM gene,
which encodes the small subunit of the Ehb hydrogenase (Fig.
1A and data not shown). In order to confirm the role of ehbM
in acetate biosynthesis, the plasmid pIJA10 was constructed.
This plasmid contained only a 479-bp portion of the ehb
operon, including the entire ehbM gene, and was sufficient to
allow a single recombination event inside ehbM (Fig. 1A).
Thus, it was expected to disrupt expression of the downstream
gene ehbO. As controls, plasmids that disrupted cdhA and
cdhBC (pIJA175 and pIJA176, respectively), which encode
subunits of CODH-ACS, were also used. This enzyme is also
required for acetate biosynthesis (13). Following transforma-
tion with these plasmids, no transformants were observed on
minimal medium (McN). In contrast, 131, 88, and 150 trans-
formants were obtained in medium with acetate (McNA), and
200, 25, and 400 transformants appeared in plates with yeast
extract plus acetate (McYA) following transformation with 1
�g of DNA of pIJA175, pIJA176, and pIJA10, respectively.
The transformation frequencies in McNA or in McYA me-
dium were at the levels expected for plasmids containing
cloned regions of this size (488 to 495 bp). The failure to
observe transformants in mineral medium without acetate sup-
ported a role for Ehb in acetate biosynthesis. However, these
mutants were unstable and readily reverted back to the wild-
type phenotype (data not shown).

To examine more fully the role of the Ehb system, a deletion
mutant of ehbF was constructed. In this case, a stable mutant,
S40, was obtained by a double recombination event, exchang-
ing a portion of the ehbF gene with the puromycin resistance
marker in the pac cassette (Fig. 1A). The genotype of S40 was
confirmed by Southern blotting. The replacement of most of

TABLE 1. List of primers

Purpose and primer name Sequence Details

Construction of plasmids
U1 5�-CGCGGATCCACCTTTTCTCCATACCGTTTTGTT pWDK40
U2 5�-CTAGTCTAGACCATAGCAAAGCCCAATAATAAGC �ebhF::pac mutant
D1 5�-CGGGGTACCAAACGAAATTGGAAGGGTATGGAC
D2 5�-CTAGCTAGCACAGGTTCCGCAGGTAATACATGA
BM1 5�-CCGAATTCCTGAAGAACCGCTATC pIJA10, ehbM mutant
BM2 5�-GTACGCGTGGTCTTGGTGGGCATC
HA1 5�-CGAAGATCTCAGAATGCGGTTGGTG pIJ175, cdhA mutant
HA2 5�-GGTCTAGAGCATCAAAAATTCCTTCA
HBC1 5�-GGACGCGTTTATCGGGGTTACTTACT pIJ176, cdhBC mutant
HBC2 5�-GGTCTAGAGTGCATAAATCCCTGAA

Probe for Southern hybridization
SH1 5�-GCAGTAGTTATGGCAGATGACC ehbFG probe
SH2 5�-GAGTGTCAAAACCTCTCCAATCGAA

RT-PCR
EH1 5�-GGGAATTAATTCGAAGCTGCTGG Terminator pac
EH2 5�-GTGTCCGCCCAAAATTATGG cassette, Mmp1626
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ehbF with the pac cassette resulted in an increase in size of the
BglII-EcoRV fragment from 2.0 kb in the wild type to 2.5 kb in
the mutant (Fig. 1B). The absence of the 2.0-kb wild-type
fragment in the mutant also confirmed that insertion occurred
by a double recombination event that eliminated the wild-type
copy of the gene.

Although the growth of S40 closely resembled the wild type
in rich medium, growth in minimal medium was severely im-
paired (Fig. 2). Growth on completely mineral McN medium
without acetate was only observed after 150 h. Similarly,
growth with acetate but in the absence of yeast extract was also
severely delayed. Yeast extract provides a source of amino

acids for methanococci, especially the branched-chain amino
acids alanine, proline, and arginine (33). These results sug-
gested that Ehb was involved in amino acid as well as acetyl-
CoA biosynthesis during autotrophic growth with CO2 as a sole
carbon source.

Although the growth phenotype of the mutation in S40 was
severe, changes in the levels of hydrogenase activity in cell
extracts and membranes were not found. The specific activities
of the methyl viologen-linked hydrogenases were not signifi-
cantly different in cell extracts of the wild type and S40 (Table
2). Similarly, the specific activities were the same in mem-
branes collected from the extract by high-speed centrifugation,
even after additional purification on a sucrose gradient. There-
fore, the growth phenotype was not a result of a reduced level
of hydrogenase activity per se.

Previously, Ehb was proposed to be coupled to POR in
methanococci by two small ferredoxins associated with the
POR genes (15). Consistent with this hypothesis, mutants with
a deletion of the genes encoding these ferredoxins were unable
to form methane with pyruvate as an electron donor. Thus, the
POR-associated ferredoxins are believed to be the electron
donors for the Ehb-catalyzed reduction of protons to H2, which
is the proximal electron donor for methane biosynthesis with
pyruvate. We used S40 to test the role of Ehb in methane
production from pyruvate. Although S40 contained wild-type
levels of hydrogenase activity, pyruvate-dependent methano-
genesis was reduced by one-third, and the average rates for the
three experiments were 2.0 	 0.9 and 3.0 	 1.9 nmol CH4

min�1 cell (dry weight)�1 for S40 and S2, respectively. These
values were significantly different by analysis of variance, with
a P value of 
0.05. However, for H2-dependent methanogen-
esis the rates were 160.0 	 120 and 160 	 70 nmol CH4 min�1

cell (dry weight)�1 for S40 and S2, respectively, which were not
significantly different. Thus, the mutation did not directly affect
methane biosynthesis. These observations supported the hy-
pothesis that S40 was deficient in coupling hydrogenase activity
to biosynthetic enzymes such as POR.

Proteomics and arrays. In order to further understand the
function of the Ehb complex in M. maripaludis, array and
proteome comparisons were performed between the �ehbF:
pac mutant S40 and the wild-type S2 (Xia et al., submitted).
The results from the arrays and the proteome were highly
correlated, and in many cases similar trends for multiple ORFs

FIG. 2. Stimulation of growth of M. maripaludis S40 by acetate and
yeast extract. Growth of wild-type S2 in the minimal McN (open
circles), McN plus acetate (open squares), and McN plus acetate and
yeast extract (open triangles) media and growth of mutant S40 in McN
(closed circles), McN plus acetate (closed squares), and McN plus
acetate and yeast extract (closed triangles) media.

TABLE 2. Hydrogenase, POR, and CODH-ACS activities of M. maripaludis strains S2 and S40

Fractiona

Sp act (U/mg)

Hydrogenase POR CODH-ACS

S2b S40b S2c S40b S2c S40b

Low-speed centrifugation
Supernatant 370 	 46 350 	 85 400 	 130 1,230 	 190 240 	 110 950 	 120

High-speed centrifugation
Supernatant 260 	 82 280 	 75
Pellet 390 	 110 330 	 69
Sucrose gradientd 830 	 120 860 	 110

a The fractions were obtained following cell lysis with a French press. After the low-speed centrifugation (8,000 � g, 30 min), the supernatant was further centrifuged
at 171,500 � g for 50 min. The resulting pellet was loaded onto a 10-to-60% sucrose gradient.

b Data are the averages of two to four assays from four independent cultures.
c Data are the averages of two to four assays from three independent cultures.
d Fraction with maximum specific activity in sucrose gradient.
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within an operon corroborated the results. The complete data
set is available at the NCBI GEO database. The following
presents the results that are of particular interest to the biology
of the Ehb mutant.

Expression of carbon assimilation genes. The expression of
a number of genes involved in carbon assimilation increased in
S40 relative to the wild type. In both the proteome and the
transcriptome, the expression of the CODH-ACS (Mmp0979
to -0985) and POR (Mmp1502 to -1507) increased significantly
in S40 relative to the wild type (Table 3). These trends were
consistent for multiple subunits encoded in their respective
operons. These enzymes carry out the first two steps of CO2

fixation. Both reactions require low-potential electrons which
are proposed to originate from the Ehb hydrogenase. Expres-
sion of the AMP-forming acetyl-CoA synthetase (Mmp0148)
also increased (Table 3). This enzyme is the major alternative
route of acetyl-CoA formation in M. maripaludis in the absence
of CO2 fixation by CODH-ACS (24). Lastly, three of the five

proteins composing the 2-oxoisovalerate oxidoreductase
(VOR; Mmp1271 to -1275) (Table 3) were overexpressed in
the proteome by about 50%. Although small, these changes
were significant. The VOR catalyzes the reductive carboxyla-
tion of branched-chain fatty acids to branched-chain amino
acids (7). Like the POR, it is expected to utilize low-potential
electron donors generated by Ehb hydrogenase. Thus, the in-
creased expression of all these genes was consistent with a
general pattern of limitation for fixed carbon.

The increased expression of some of these genes was con-
firmed by alternative methods. In cell extracts, the specific
activities of CODH-ACS and POR increased four- and three-
fold, respectively, in the mutant S40 relative to the wild type
(Table 2). Similarly, the increased expression of Mmp1503,
which encodes PorE, was confirmed by real-time RT-PCR
(Xia et al., submitted). By this method, expression of
Mmp1503 increased between 3- and 6-fold, compared to 2.8-
fold in the arrays. In contrast, the levels of mRNA for

TABLE 3. Differential expression of some genes by proteomic and transcriptional array analyses

ORF and function Descriptiona
Proteomic datab Array datac

Avg ratio n1 SD Ratio SD P value

Mmp0148 Acetyl-CoA synthetase 8.94 62 5.28 3.23 1.17 1.70E-06

CODH-ACS
Mmp0979 Conserved archaeal protein 5.75 6 1.93 1.63 0.27 1.04E-03
Mmp0980 Subunit gamma 2.87 30 1.00 1.77 0.28 9.11E-04
Mmp0981 Subunit delta 3.17 14 1.38 1.42 0.19 2.57E-03
Mmp0982d Conserved hypothetical protein 1.47 0.20 1.04E-03
Mmp0983 Subunit beta 3.33 21 1.51 1.47 0.18 1.36E-03
Mmp0984 Subunit epsilon 3.10 9 1.50 1.37 0.16 1.16E-02
Mmp0985 Subunit alpha 3.73 38 2.72 1.42 0.10 2.56E-04

POR
Mmp1502 Conserved archaeal protein 1.58 20 0.70 3.05 0.64 1.41E-06
Mmp1503 Conserved archaeal protein 2.00 29 0.90 2.79 0.63 1.46E-05
Mmp1504 Subunit beta 2.68 76 0.77 2.43 0.62 1.23E-05
Mmp1505 Subunit alpha 2.73 117 1.06 2.36 0.37 1.23E-05
Mmp1506 Subunit delta 2.73 13 0.57 2.23 0.35 3.43E-04
Mmp1507 Subunit gamma 2.68 39 1.30 1.95 0.35 1.64E-04

VOR
Mmp1271 VOR subunit alpha 1.40 14 0.30 1.11 0.16 1.63E-01
Mmp1272 VOR subunit beta 1.39 5 0.06 1.15 0.16 7.65E-02
Mmp1273d VOR subunit gamma 1.23 0.38 1.32E-01
Mmp1274 Acetyl-CoA synthetase related 1.33 54 0.58 1.22 0.24 1.22E-01
Mmp1275 Transcriptional regulator protein 2.08 11 0.49 1.27 0.12 7.65E-02

Ehb
Mmp1621 Integral membrane subunit 3.95 2 0.41 3.93 0.81 1.41E-06
Mmp1622 Small subunit 3.63 9 1.43 3.84 0.97 1.41E-06
Mmp1623 Ferredoxin 3.54 17 2.14 4.38 0.81 1.41E-06
Mmp1624 Polyferredoxin 6.87 19 2.69 4.77 1.50 1.41E-06
Mmp1625d Conserved hypothetical protein 6.73 1.81 1.41E-06
Mmp1626d Conserved hypothetical protein 6.06 1.67 1.41E-06
Mmp1627d Conserved hypothetical protein 7.25 2.01 2.05E-06
Mmp1628d,e Transmembrane subunit 0.59 0.17 2.56E-04
Mmp1629d Conserved hypothetical protein 1.42 0.25 2.57E-03

a The ORF description is derived from the genome annotation (9).
b Numerical data for proteomic analysis report average S40/S2 ratios, numbers of peptide pairs (n1) used to derive ratios, and standard deviations for the combination

of four samples as described in the text and by Xia et al. (submitted for publication). An average ratio different from 1 by an amount greater than the standard deviation
was taken to indicate differential protein expression. Boldface indicates significant differential expression.

c Numerical data for array analysis report average S40/S2 ratios, standard deviations, and P values (values less than or equal to 0.01 were taken to indicate differential
expression). The number of replicates for array analysis was 16. Boldface indicates significant differential expression.

d Protein not detected.
e Mmp1628 was deleted in the S40 mutant.

VOL. 188, 2006 METHANOCOCCUS HYDROGENASE MUTATION AFFECTS ANABOLISM 1377



Mmp1094 and Mmp1478, two genes whose expression was not
changed in the microarrays, were also not elevated in the
real-time RT-PCR experiments.

Expression of genes in Ehb and Eha complexes. There was
an increase in the expression of many of the genes encoding
Ehb (Mmp1621 to -1629) in S40. One exception was
Mmp1628, which contained the deletion and the pac cassette
insertion and was not effectively probed by the arrays (Table
3). The high-level expression of the other genes was confirmed
by real-time RT-PCR of Mmp1623, which encoded ehbL and
was differentially expressed nearly fivefold in the mutant. In
this case, high levels of expression for these genes may have
been due to transcription from the pac promoter. Reverse
transcriptase PCR demonstrated the presence of a transcript
extending upstream of the terminator in the pac cassette into
the downstream ehbG gene (data not shown). In contrast,
Mmp1629, which encoded the first gene of the operon and was
upstream of the pac cassette, was only moderately differentially
expressed (1.4-fold) (Table 3). Presumably, the expression of
this gene was under control of the native promoter. Some
components of Ehb were encoded by genes found outside this
operon, and their expression was also of interest (9). For ORFs
Mmp0400, Mmp0940, Mmp1049, and Mmp1153, the expres-
sion in the mutant was not significantly different from that in
the wild type (Xia et al., submitted). Mmp1074, which encoded
the hydrogenase large subunit, was 1.3-fold more highly ex-
pressed in the mutant, which was similar to the expression of
Mmp1629. The modest differential expression observed for
Mmp1629 and Mmp1074 in the mutant was consistent with a
small effect on the expression of these genes and the absence
of a significant change in hydrogenase specific activity in cell
extracts.

Little evidence was found for the differential expression of
Eha. No significant differences were observed for the 18 ORFs
in the arrays (Mmp1448 to -1467) (Xia et al., submitted). Six
ORFs were detected in the proteome. Only the expression of
Mmp1462, which encodes the large hydrogenase subunit, was
moderately increased (Xia et al., submitted).

Expression of other genes. Expression of most of the other
genes detected in the microarrays and proteome was not sig-
nificantly altered in the mutant (Xia et al., submitted). How-
ever, expression of a few genes was affected. The levels of
mRNA for an operon encoding flagellar biosynthetic genes
(Mmp1666 to -1673) decreased in S40 (Xia et al., submitted).
Expression of four of these genes (Mmp1666 to -1669) de-
creased by 2.5-fold, and expression of two genes (Mmp1670
and Mmp1672) decreased by 1.5-fold. The flagellar genes of
Methanocaldococcus jannaschii are down-regulated by high
levels of H2 (2, 18). In addition, in wild-type M. maripaludis the
expression of the flagellar genes is also decreased under high
levels of H2 (E. L. Hendrickson and J. A. Leigh, unpublished
data). Thus, the lower expression of the flagellar genes in S40
may be a response to high levels of H2. Presumably, the slower
growth of the mutant reduces the H2 demand for methano-
genesis and increases the H2 concentrations in the medium
during the linear growth phase. Moreover, the levels of mRNA
for three other multicistronic operons that may be affected by
the hydrogen concentration were decreased by about 50% in
the mutant. These operons encoded the ATPase (Mmp1038 to
-1046), methyl coenzyme M reductase (Mmp1555 to -1559),

and methyltetrahydromethanopterin:coenzyme M methyl-
transferase (Xia et al., submitted). Finally, the levels of mRNA
for a potential operon encoding components of a transporter
of uncertain function (Mmp0165 to -0168) increased in S40 by
1.8- to 4.5-fold (Xia et al., submitted).

DISCUSSION

The homology of subunits of the energy-coupling hydroge-
nases (Ech) of bacteria and archaea to subunits of the NADH-
ubiquinone oxidoreductase or complex I of mitochondria sug-
gests that these enzymes possess a fundamental role in energy
metabolism (for reviews, see references 8 and 31). In the
methanogenic archaea, two different physiological roles have
been proposed (8). During aceticlastic growth of Methanosar-
cina, the conversion of CO to CO2 plus H2 is coupled to
generation of a proton motive force (4). The Ech is believed to
participate in this reaction by oxidizing the low-potential ferre-
doxin generated from CO by the CODH-ACS system. The Ech
then reduces protons to generate H2 for methanogenesis as
well as a proton motive force (17). This function is similar to
that of the homologous complex in the hyperthermophilic ar-
chaeon Pyrococcus (23, 26). However, in this case, the low-
potential ferredoxins are generated by the fermentation of
sugars or amino acids and H2 is an end product. In the second
physiological role, the Ech is believed to generate low-poten-
tial ferredoxins for CO2 reduction to methane as well biosyn-
thetic reactions (8). At the low partial pressures of H2 common
in natural environments, the E� of the 2H�/H2 couple is near
�286 mV. For methanogens utilizing H2 as an electron donor,
the initial reduction of CO2 to methane is catalyzed by the
formylmethanofuran dehydrogenase (FMD). This reaction,
which has an E� near �500 mV, as well as a number of bio-
synthetic reactions, becomes problematic under these condi-
tions. During growth on H2, the Ech of Methanosarcina is also
believed to generate low-potential ferredoxins for FMD and
other biosynthetic reactions (17).

The obligately hydrogenotrophic methanogens, such as
Methanococcus and Methanothermobacter, possess two ho-
mologs of the energy-coupling hydrogenases. While there is
little direct evidence for their physiological functions, the pres-
ence of two enzymes makes it possible for the activities to be
differentially regulated. Like Methanosarcina, these enzymes
would be expected to be necessary for activity of the FMD as
well as biosynthetic reactions, and there may be a physiological
advantage for one enzyme system to specialize in the ATP-
generating pathway of methanogenesis and the second enzyme
system to specialize in the anabolic CO2 assimilation pathways.
Unlike Methanosarcina, FMD activity is essential for these
methanogens, and so mutations in an enzyme coupled specif-
ically to this system would be lethal. Because mutations in ehb
are not lethal, it is unlikely that Ehb is specifically coupled to
the FMD. Instead, the properties of the �ehbF:pac mutant S40
are consistent with a role of Ehb in carbon assimilation. First,
the growth of the mutant in rich medium and the rate of
methanogenesis from H2-CO2 are comparable to that of the
wild type. Thus, the mutation does not affect central pathways
of energy conservation. The slow growth in the absence of
organic carbon sources implies a role in autotrophic CO2 as-
similation. In methanococci, autotrophic CO2 assimilation pro-
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ceeds from methyltetrahydromethanopterin, an intermediate
in methanogenesis, to acetyl-CoA and pyruvate (13, 24). Sug-
ars and amino acids are then formed by gluconeogenesis and
the reductive incomplete tricarboxylic acid cycle, respectively
(25, 37). Because acetate greatly stimulated growth of the
mutant, Ehb is expected to play a role in autotrophic acetyl-
CoA biosynthesis. However, because acetate alone was not
sufficient to restore growth to wild-type levels, the mutation
must have pleiotrophic affects on other steps of carbon assim-
ilation. In the mutant, many of the genes involved in carbon
assimilation were also differentially overexpressed. This re-
sponse was also consistent with growth of the mutant during
carbon limitation and a role of Ehb in carbon assimilation.

A working model for the role of Ehb in providing low-
potential electrons for biosynthesis is shown in Fig. 3. Enzyme
systems in M. maripaludis that are expected to require low-
potential electron donors in addition to FMD include CODH-
ACS, which catalyzes the biosynthesis of acetyl-CoA from
methyltetrahydromethanopterin and CO2; POR, which cata-
lyzes the reductive carboxylation of acetyl-CoA (14, 15); 2-ke-
toglutarate oxidoreductase, which catalyzes the reductive car-
boxylation of succinyl-CoA; and branched-chain VOR and two
indole-pyruvate oxidoreductases, which are involved in biosyn-
thesis of amino acids from the corresponding carboxylic acids
(7, 19). In addition, the genome of M. maripaludis contains an
oxidoreductase of unknown specificity (9) which could also be
coupled to Ehb.

The proposal that Ehb is specifically involved in CO2 assim-
ilation depends greatly upon the properties of the S40 mutant
discussed above. In addition, genes for two possible electron
carriers, named PorE and PorF, are found adjacent to the
genes encoding the POR subunits (14, 15). One of these pro-
teins copurifies with POR. Mutants with deletions in these
genes grow poorly in mineral medium and are unable to use
pyruvate as an electron donor for methanogenesis (14), similar
to the phenotype of the ehbF mutant described here. In addi-

tion, a homolog of PorE, named CdhF, is adjacent to the genes
encoding the subunits for CODH-ACS (15). Those electron
carriers could transfer the electrons from the Ehb system to
the POR and CODH-ACS reactions.

Although Ehb plays the primary role in providing electrons
for carbon assimilation, it is not absolutely essential, since S40
still grew slowly in minimal medium. However, POR is re-
quired for pyruvate biosynthesis in methanococci even in the
presence of abundant sources of organic carbon (34), and
mutations in the structural genes encoding POR are appar-
ently lethal (W. Lin and W. B. Whitman, unpublished data).
Therefore, mutations in Ehb or the coupling ferredoxins would
be lethal if an alternative source of low-potential electrons did
not exist. For this reason, it is likely that Eha and the electron
carriers for FMD possess partial activity with the Ehb-depen-
dent enzyme systems and that leakage from Eha allows slow
growth of the Ehb mutant.
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Summary

Methanococcus maripaludis is a strictly anaerobic,
methane-producing archaeon and facultative
autotroph capable of biosynthesizing all the amino
acids and vitamins required for growth. In this work,
the novel 6-deoxy-5-ketofructose-1-phosphate (DKFP)
pathway for the biosynthesis of aromatic amino
acids (AroAAs) and p-aminobenzoic acid (PABA) was
demonstrated in M. maripaludis. Moreover, PABA was
shown to be derived from an early intermediate in
AroAA biosynthesis and not from chorismate. Follow-
ing metabolic labelling with [U-13C]-acetate, the
expected enrichments for phenylalanine and ary-
lamine derived from PABA were observed. DKFP
pathway activity was reduced following growth with
aryl acids, an alternative source of the AroAAs. Lastly,
a deletion mutant of aroA�, which encodes the first
step in the DKFP pathway, required AroAAs and
PABA for growth. Complementation of the mutants by
an aroA� expression vector restored the wild-type
phenotype. In contrast, a deletion of aroB�, which
encodes the second step in the DKFP pathway, did
not require AroAAs or PABA for growth. Presumably,
methanococci contain an alternative activity for this
step. These results identify the initial reactions of a
new pathway for the biosynthesis of PABA in
methanococci.

Introduction

Methanococcus maripaludis is a strictly anaerobic,
methane-producing archaeon. It is a mesophile that uti-
lizes H2 or formate for the reduction of CO2 to methane as
a source of energy. Although M. maripaludis is an
autotroph that can grow with CO2 as its sole source of
carbon, it also can assimilate acetate and amino acids
(Jones et al., 1983a; Shieh and Whitman, 1987; 1988;
Whitman et al., 1987). Many factors make M. maripaludis
a useful model in which to study the function of genes
in vivo. First, genetics tools have been developed, includ-
ing selectable resistance markers, efficient transformation
systems, gene deletion methods involving substitutions
with resistance markers or markerless in frame deletions,
and expression vectors (Tumbula et al., 1994; Gardner
and Whitman, 1999; Porat et al., 2004; Moore and Leigh,
2005). Second, M. maripaludis grows quickly compared
with many other methanogens and is easily cultured on
plates (Jones et al., 1983b). Third, the sequence of the
M. maripaludis genome is relatively small, containing only
1722 open reading frames (ORFs) (Hendrickson et al.,
2004).

The canonical pathway for the biosynthesis of aromatic
amino acids (AroAAs) starts with erythrose-4-phosphate
and phosphoenol pyruvate. In this pathway, chorismate is
the branch point for the biosynthesis of phenylalanine and
tyrosine, tryptophan, p-aminobenzoate (PABA), vitamins
E and K, ubiquinone and certain siderophores (Bentley,
1990). The first two steps in the common pathway
are catalysed by 3-deoxy-D-arabino-2-heptulosonate-7-
phosphate (DAHP) synthase and 3-dehydroquinate
(DHQ) synthase. In many organisms, the DAHP synthase
is precisely regulated by the AroAAs (Gosset et al., 2001;
Helmstaedt et al., 2005).

Four lines of evidence indicate that M. maripaludis
and other euryarchaeotes possess a novel pathway for
the initial steps of AroAAs biosynthesis. First, DAHP syn-
thase activity is not detectable in cell-free extracts of
Methanohalophilus mahii (Fisher et al., 1993). Second,
the metabolic labelling of pentoses in M. maripaludis is
not consistent with erythrose-4-phosphate as a precur-
sor for AroAAs (Tumbula et al., 1997). Third,
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homologues to the first two steps of the canonical
pathway are absent from most of the genome
sequences of the euryarchaeotes (Gosset et al., 2001;
Xie et al., 2003; Hendrickson et al., 2004). Fourth, pre-
viously unidentified ORFs of Methanocaldococcus jann-
aschii, MJ0400 and MJ1249, possess the biochemical
activities to convert 6-deoxy-5-ketofructose-1-phosphate
(DKFP) and L-aspartate semialdehyde to DHQ (White,
2004). These two enzymatic reactions were recently
named 2-amino-3,7-dideoxy-D-threo-hept-6-ulosonate
(ADTH) synthase and DHQ synthase II and are encoded
by the genes aroA� and aroB� respectively (R.A. Jensen,
C.A. Bonner and J. Song, submitted for publication).
These enzymes represent an alternative for the early

steps in chorismate and AroAAs biosynthesis in many
euryarchaeotes (Fig. 1, White, 2004).

In contrast to the initial steps, M. maripaludis pos-
sesses the subsequent steps of the canonical pathway
starting with DHQ dehydratase (AroD). Homologues for all
the genes necessary to convert DHQ to chorismate and to
the AroAAs are present in the genome sequence (Hen-
drickson et al., 2004). Deletion of the aroD gene yielded
an AroAA auxotroph (Porat et al., 2004). In this mutant,
the aryl acids (phenylacetate, p-hydroxyphenylacetate
and indoleacetate) fulfil the requirement of AroAAs for
growth. Labelling and additional mutagenesis studies
further elucidate a second pathway for the biosynthesis of
AroAAs in which the aryl acids are activated to the coen-

Fig. 1. Proposed de novo pathway for the biosynthesis of AroAAs and PABA for tetrahydromethanopterin biosynthesis in M. maripaludis. The
AroAAs are biosynthesized through shikimate and chorismate; tetrahydromethanopterin is biosynthesized through PABA and arylamine. The
expected labelling patterns from [U-13C]-acetate are shown (C1, �; C2, �). The sources of the 203 m/z fragment of tyrosine and the 202 m/z
fragment of arylamine are marked.
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zyme A thioesters prior to reductive carboxylation and
amination to AroAAs (Xing and Whitman, 1992).

Surprisingly, the DaroD mutant of M. maripaludis does
not require PABA for growth, indicating that PABA may not
be formed from chorismate (Porat et al., 2004). In addi-
tion, M. maripaludis does not possess homologues to the
Escherichia coli genes pabA, pabB and pabC, required for
the biosynthesis of PABA from chorismate in bacteria
(Green and Nichols, 1991; Viswanathan et al., 1995; Hen-
drickson et al., 2004). Thus, M. maripaludis may possess
a novel pathway for the biosynthesis of PABA.

In the present work, a common pathway for the biosyn-
thesis of PABA and AroAAs is demonstrated by metabolic
labelling. Moreover, PABA was shown to be derived from
an early intermediate in AroAA biosynthesis and not from
chorismate. Lastly, the role of the DKFP pathway in
M. maripaludis was tested in vivo by mutagenesis.

Results

Metabolic labelling of phenylalanine

To determine if the DKFP pathway could be present
in M. maripaludis, the labelling of phenylalanine by
[U-13C]-acetate was examined by proton nuclear magnetic
resonance (NMR). In this experiment, the ratio of 13C/12C
was determined from the ratio of the protons adjacent to
either 13C or 12C atoms (Fig. 2). The enrichments of the C2

and C3 of phenylalanine, which corresponded to the C-1
and C-2 of acetate, were 63% and 72% respectively.
These values were close to two-thirds of the enrichment
of the exogenous acetate, consistent with previous obser-
vations that autotrophic acetate biosynthesis continued in
the presence of readily assimilated organic carbon (Yang
et al., 2002). Similarly, the lower enrichment of carbon
derived from the C1 of acetate was consistent with a
partial exchange of carbon at this position with unlabelled
carbon from CO2 catalysed by acetyl CoA synthase and
was diagnostic of carbon derived by this route (Yang et al.,
2002). Because the H atoms at C-5 and C-9 of the aro-
matic ring were equivalent by NMR, the observed enrich-
ment was the sum of the enrichment of each carbon. The
enrichment of 144%, or twice that of the C2 of acetate,
was consistent with their biosynthesis from the C-2 of
acetate. Similarly, the carbons 6 and 8 of the aromatic ring
were enriched by 62%, consistent with the formation of
one-half of the carbon from the C1 of acetate and one-half
of the carbon from unlabelled CO2. The carbon at position
7 was not labelled. Although expected to be labelled, the
enrichment of carbon 4 was not measured because of the
absence of a H atom on this carbon. These results were
consistent with formation of phenylalanine by the DKFP
pathway as proposed in Fig. 1 as well as the canonical
pathway common in bacteria.

Activity and regulation of the DKFP pathway

Aryl acids are readily incorporated into AroAAs and regu-
late the de novo pathway in M. maripaludis (Porat et al.,
2004). However, the target of this regulation has not been
identified. In many prokaryotes and yeast, the initial reac-
tion DAHP synthase is a key regulatory check point for
AroAA biosynthesis (Hall et al., 1983; Koll et al., 1988;
Panina et al., 2001; 2003). Assuming that the DKFP
pathway is the early step in the de novo pathway in
methanococci (White, 2004), its expression might be
regulated by the aryl acids. To test this hypothesis,
M. maripaludis was cultured in minimal medium with
acetate; with acetate and aryl acids; and with acetate, aryl
acids and Casamino acids. The relative activity of the
DKFP pathway was determined from the accumulations of
shikimate and dihydroshikimate following incubation of

Fig. 2. Proton NMR spectra of phenylalanine from M. maripaludis
S2 following growth on [U-13C]-acetate. Coupled (A), decoupled (B).
The resonances from protons on 12C atoms are marked with solid
arrows (A, B). The protons coupled to 13C atoms are marked with
dashed arrows (A). The scale of B is twice that of A.
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cell-free extracts with the substrates [U-13C]glucose-6-
phosphate, L-homoserine and NAD (White, 2004). In the
extract from the acetate-grown cells, the shikimate and
dihydroshikimate pools were 90% labelled with a C3 unit,
indicating a high activity for the DKFP pathway in this
extract (data not shown). For the extracts from cells grown
with aryl acids or in the combination of aryl acids and
Casamino acids, the production of labelled shikimate and
dihydroshikimate was reduced to 1% or � 0.2%
respectively. Therefore, the activity of the DKFP pathway
was greatly reduced following growth with aryl acids. This
apparent regulation was consistent with a role in an early
step in AroAA biosynthesis.

Common precursors for the biosynthesis of AroAAs and
PABA

A possible explanation for the absence of a PABA
requirement for growth of an aroD mutant was that
PABA was formed from tyrosine or from the tyrosine
precursor, p-hydroxyphenylacetate. M. maripaludis S87
strain, an aroD::pac mutant (Porat et al., 2004), was
grown in minimal medium with acetate, [2H6]-p-
hydroxyphenylacetate, phenylacetate and indoleacetate.
The distribution of deuterium incorporated into the
tyrosine extracted from cells was the same as the distri-
bution of deuterium in the [2H6]-p-hydroxyphenylacetate
added to the medium as well as the [2H6]-p-
hydroxyphenylacetate isolated from the spent culture
medium (data not shown). These results confirmed that
this aryl acid was a precursor for tyrosine. However, no
label was found in the arylamine derived from PABA.
Therefore, PABA was not formed from this aryl acid.

The second hypothesis tested was that PABA was
formed from an early intermediate in the AroAA pathway
prior to DHQ dehydratase, which was encoded by aroD.
M. maripaludis wild-type cells (S2) grown in the presence
of [U-13C]-acetate readily incorporated label into the ary-
lamine derived from PABA and the AroAAs tyrosine and
phenylalanine. The distribution of the label in the 203 m/z
fragment from tyrosine derivative was identical to the dis-
tribution found in the 202 m/z fragment of the arylamine
derivative (Table 1). Similarly, the distribution of the label
in phenylalanine was identical to that in tyrosine (data not
shown). To insure that PABA was formed de novo during
the labelling experiment, a second metabolic labelling
was performed in which cells were grown in minimal
medium with [U-13C]-acetate and [15N]-ammonium sul-
phate as a nitrogen source. Again, a similar labelling
distribution was obtained for the 203 m/z fragment of
tyrosine and for the 202 m/z fragment of arylamine, only
now the masses were increased in the arylamine by one
due to the incorporation of 15N (data not shown). The
similarities in the labelling patterns of the AroAAs and the

arylamine derived from PABA provided strong evidence
that these compounds shared a common precursor.
Moreover, it eliminated a trivial explanation for the
absence of PABA requirement by the DaroD mutant, that
M. maripaludis did not make PABA.

Distribution of the homologues of ADTH synthase and
DHQ synthase II from M. maripaludis

In M. jannaschii, the ORFs MJ0400 and MJ1249 were
proposed to play a key role in an alternative pathway of
DHQ biosynthesis (White, 2004). In M. maripaludis, the
homologues to these genes were Mmp0686 and
Mmp0006 respectively. Homologues were also widely dis-
tributed in the genomic sequences of the euryarchaeotes
as well as some bacteria (Fig. 3). Several lines of circum-
stantial evidence support a role for these genes in a novel
pathway of AroAA biosynthesis. All of these genomes lack
homologues for DAHP synthase; and except for Frankia
sp. and Polaromonas sp. they lack homologues for DHQ
synthase. These genes encode the first and second steps
of the canonical pathway. Except for the partial sequence
of the uncultured soil crenarchaeote, these genomes
possess homologues to either the type I or type II DHQ
dehydratase, confirming that these organisms can biosyn-
thesize AroAAs. In addition, except for the genomes of
Methanothermobacter thermautotrophicus, Frankia sp.,
Methanosphaera stadtmanae, Methanococcoides burto-
nii, Archaeoglobus fulgidus and the partial sequence of
the uncultured soil crenarchaeote, these genomes
possess homologues to either the type I or type II of
fructose-1,6-bisphosphate (FBP) aldolase. The type I FBP
aldolases are homologous to the ADTH synthases
(Siebers et al., 2001) and difficult to distinguish on the
basis of sequence similarity alone (see later). Thus, the
presence of a paralogous aldolase is expected if the

Table 1. Distribution of 13C in selected fragments of the arylamine
and tyrosine derivatives following growth with [U-13C]-acetate.a

Number of 13C

Distribution of 13C following growth
with [U-13C]-acetate (% of total) in:

202 m/z fragment
ion of arylamine
derivativeb

203 m/z fragment
ion of the tyrosine
derivative

0 17.3 17.9
1 12.0 13.1
2 20.7 22.2
3 15.3 16.6
4 18.7 13.4
5 16.0 16.9

a. Methanococcus maripaludis S2 was cultured in McN medium with
8.7 mM [U-13C]-acetate. The data have been corrected for the natural
abundance of 13C.
b. The arylamine was prepared from tetrahydromethanopterin as
described in Experimental procedures.
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ADTH synthase is present. In addition, in many genomes,
the aroA� and aroB� homologues are linked to other genes
in the AroAA biosynthetic pathway, strongly suggesting

that these genes are involved in the same function. The
fact that these genes are unlinked in the methanococci
does not lessen the weight of this argument because few

Fig. 3. AroAA biosynthetic genes from organisms that contain homologues to ADTH synthase and DHQ synthase II. Numbers are the ORF
designations from the complete genomic sequences or from the draft genomic sequences at the NCBI database. The presence or absence of
the corresponding homologue is showed in + or – respectively. Black, homologues to ADTH synthase (encoded by aroA�); striped,
homologues to DHQ synthase II (encoded by aroB�); and white, other genes for AroAA biosynthesis. The percentages of amino acid identity to
the M. maripaludis ORFs are in parenthesis.
A. Unlinked: organisms where the homologues of aroA� and aroB� are unlinked.
B. Linked: organisms where the homologues of aroA� and aroB� were adjacent to each other.
C. Linked to aroD: organisms where the homologues of aroA� and aroB� were adjacent to aroDE and tyrA.
D. Linked to trpA: organisms that contain the homologues of aroA� and aroB� adjacent to trpCBA genes.
E. Linked to AroAA biosynthetic genes: organisms that contain the homologues of aroA� and aroB� adjacent to many AroAA biosynthetic
genes.
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biosynthetic genes are linked in these organisms (Bult
et al., 1996; Hendrickson et al., 2004). Lastly, more than
one aroA� homologue were found in some organisms
(Fig. 3). In some cases, one aroA� homologue is linked to
other AroAA biosynthetic genes, supporting its assign-
ment to this pathway. However, many of these genes are
unlinked, and it is not possible to decide if they are
isozymes or encode another activity.

Mutagenesis of aroA′ and aroB′ genes in M. maripaludis

To further test the role of the DKFP pathway in
M. maripaludis, mutations were constructed in key genes.
First, the internal portion of aroA� was replaced with the
puromycin resistance or pac cassette to construct S162
(Fig. 4A). The genotype of S162 was confirmed by South-
ern blotting (data not shown). The increase in size of the
ScaI fragment from 2.0 kb for the wild type (S2) to 2.9 kb
for the mutant (S162) was consistent with replacement of
a 0.5 kb internal portion of the aroA� gene with the 1.3 kb
pac cassette. The S162 mutant required both AroAAs and
PABA for growth (Fig. 5A). No growth was observed in
medium with either PABA or the AroAAs omitted.
However, in the presence of PABA and AroAAs, growth of
the S162 mutant lagged about 30 h behind that of wild-
type strain S2 (Fig. 5A). This lag was similar in magnitude
to the lag observed with the aroD mutant on AroAAs
(Porat et al., 2004). In this case, the lag was shown to be
due to the poor uptake of tyrosine.

The phenotype of the S162 mutant could have resulted
in part from a polar effect on transcription of the down-
stream ORF Mmp0687, which encoded a triosephosphate
isomerase homologue. Therefore, an in frame deletion of
aroA� was constructed in which an internal 576 bp was
deleted and the downstream reading frame was restored
for the remainder of the gene (Fig. 4B). The resulted poly-
merase chain reaction (PCR) amplifications of 243 bp for
the mutant S170 compared with the 819 bp for the wild-
type strain S2 confirmed the genotype (data not shown).
In addition, the aroA� locus was sequenced from strains
S2 and S170, and it was exactly as expected. Like the
gene replacement mutant S162, the in frame deletion
mutant S170 also required both PABA and AroAAs for
growth and possessed a growth lag when compared with
the wild-type (Fig. 5A). In addition, the possibility that the
delayed growth of the mutant S170 was the result of
selection for a spontaneous revertant was rejected by
transferring two times to the same medium and obtaining
a similar lag (data not shown).

Finally the role of the ADTH synthase in the DKFP
pathway in M. maripaludis was confirmed by complement-
ing the S162 and S170 mutants with aroA� expressed
from a methanococcal shuttle vector. Strains S162
(DaroA�::pac) and S170 (DaroA�) were transformed with

pMEV2-aroA′ to yield S165 and S176 respectively. Both
strains S165 and S176 grew in minimal medium with
acetate only (Fig. 5B and data not shown). In conclusion,
the ADTH synthase, encoded by aroA�, was clearly
involved in an early step of the biosynthesis of AroAAs
and PABA in M. maripaludis.

The ORF Mmp0006 was the M. maripaludis homologue
to MJ1249, which was proposed to encode DHQ synthase
II, the next gene in the DKFP pathway (Fig. 1, White,

Fig. 4. Construction of mutations in aroA� and aroB�.
A and B. The region of the M. maripaludis genome encoding aroA�.
The ORFs Mmp0685 and Mmp0687 were annotated as ribosomal
protein L11 and triosephosphate isomerase respectively
(Hendrickson et al., 2004). A. The primers U1, U2, D1 and D2 were
used for cloning the upstream and downstream regions flanking the
aroA� gene for construction of the gene replacement. B. The
primers S1, S2, E1 and E2 were used for cloning the flanking
regions of the aroA� for construction of the in frame deletion. The
primers Ex1 and Ex2 were used for amplification and cloning of the
aroA� in the expression vector.
C. The region of the M. maripaludis genome encoding aroB�. The
ORFs Mmp0005 and Mmp0007 were annotated as hypothetical
proteins (Hendrickson et al., 2004). The primers U3, U4, D3 and
D4 were used for cloning the upstream and downstream regions
flanking the aroB� gene for construction of the gene replacement.
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2004). This gene was deleted by replacement with the pac
cassette (Fig. 4C). The genotype of the DaroB�::pac
mutant S140 was confirmed by Southern blotting (data
not shown). The increase in the size of the EcoRI frag-

ment from 3.8 kb in the wild-type strain S2 to 4.6 kb in the
S140 mutant confirmed the replacement of a 0.5 kb frag-
ment of aroB� with the 1.3 kb pac cassette. Unexpectedly,
S140 did not require either AroAAs or PABA for growth,
and growth was similar to that of the wild-type strain in
minimal medium with acetate only (Fig. 5B). In addition,
the relative activity of the DKFP pathway was determined
for the S140 strain as described earlier. Using acetate-
grown cells, the shikimate and dihydroshikimate pools in
extracts of S140 were 96% labelled or nearly the same as
the wild-type strain. Therefore, this gene was not required
for AroAA biosynthesis in M. maripaludis.

Aryl acids inhibit the growth of the aroA′ mutants

Aryl acids provide an alternative source of AroAAs and
replace the requirement for AroAAs in an aroD mutant
S87 (Porat et al., 2004). Surprisingly, the aryl acids did not
replace the requirement of AroAAs in the aroA� mutants
(Fig. 6A and data not shown). The growth of S170 was
completely inhibited in minimal medium with acetate,
PABA and aryl acids. However, this inhibition was partially
rescued when AroAAs were added, indicating that the
inhibition is related to the biosynthesis of AroAAs
(Fig. 6A). In contrast, the wild-type strain S2 was not
inhibited by the aryl acids under this condition. Moreover,
inhibition of S170 was mostly due to the aryl acid
p-hydroxyphenylacetate. Growth of the S170 mutant
was largely unaffected by either phenylacetate or
indoleacetate in the presence of the remaining AroAAs
(Fig. 6B). However, when tyrosine was replaced by
p-hydroxyphenylacetate, the growth was severely
inhibited. These results also indicated that the aryl acid
pathway was not inhibited in the S170 mutant.

Identification of the methanococcal FBP aldolase

Based upon its similarity to the genes from Pyrococcus
furiosus and from Thermoproteus tenax, bioinformatic
analysis classified MJ0400 from M. jannaschii as FBP
aldolase (Siebers et al., 2001; Verhees et al., 2003). With
the discovery of ADTH synthase activity for this gene, the
identity of FBP aldolase was uncertain. M. jannaschii and
M. maripaludis contain a second homologue for FBP aldo-
lase, MJ1585 and Mmp0293 respectively (Siebers et al.,
2001). To determine if MJ1585 possessed FBP aldolase
activity, the recombinant protein was expressed in E. coli
from the plasmid pMJ1585 vector. Even though most of
the recombinant protein formed inclusion bodies, heat-
stable FBP aldolase activity of 540 mU mg-1 was present
in cell extracts. In contrast, after heat treatment no detect-
able FBP aldolase activity was found in an extract of
E. coli without the expression vector. Similarly, FBP aldo-
lase activity in the purified MJ0400 protein was undetect-

Fig. 5. Phenotype of the aroA� and aroB� deletion mutants.
A. The aroA� deletion mutants, S162 and S170, required both
AroAAs and PABA for growth. Growth in McNA medium in the
presence of AroAAs (1 mM) and/or PABA (0.5 mM) as indicated.
When the growth responses were very similar for more than one
condition, only the average growth is shown. Shown are growth of
the wild-type S2 with AroAAs and PABA, or with AroAA only, or with
PABA only, or with no addition (�); DaroA�::pac mutant, S162, with
AroAAs and PABA (�); S162 with AroAAs only, or with PABA only,
or with no addition (�); DaroA� mutant, S170, with AroAAs and
PABA (�); S170 with AroAAs only, or with PABA only, or with no
addition (�).
B. The wild-type phenotype was restored in the S176 strain
(complementation of S170 with aroA� expressed in a vector). The
DaroB�::pac mutant (S140) did not require AroAAs or PABA for
growth. Shown are the growth of the strains S2 (�), S140 (	),
S170 (�) and S176 (
) in McNA medium.
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able, � 0.1 mU mg-1. These results clearly identified
MJ1585 as FBP aldolase in M. jannaschii. To confirm
these results in M. maripaludis, the FBP aldolase activity

was measured in cell-free extracts of the wild- type S2,
S170 (DaroA�) and S176 (DaroA�/pMEV2-aroA′). All three
extracts possessed similar FBP aldolase activities of 6.6–
7.2 mU mg-1, confirming that aroA� did not encode FBP
aldolase activity.

FBP aldolase from M. jannaschii has been proposed to
also biosynthesize DKFP (R.H. White, submitted for
publication). If true, the expression of this enzyme might
be regulated by aryl acids. In cell-free extracts from wild-
type cells grown in McNA medium in the absence or
presence of the aryl acids, the specific activities for FBP
aldolase were 3.9 and 0.34 mU mg-1 respectively. These
results supported a role for FBP aldolase in the DKFP
pathway.

Discussion

The in vivo role of the DKFP pathway for AroAA biosyn-
thesis in M. maripaludis is strongly supported by the data
presented here. First, the labelling of phenylalanine fol-
lowing metabolic incorporation of [U-13C]-acetate is in
agreement with this novel pathway. Second, labelled
shikimate and dehydroshikimate were detected follow-
ing their formation from [U-13C]glucose-6-phosphate,
L-homoserine and NAD in cell-free extracts of
M. maripaludis. This result was identical to that used to
initially demonstrate the DKFP pathway in extracts of
M. jannaschii (White, 2004). Third, the aryl acids are sub-
strates of a second pathway for the biosynthesis of AroAA
in M. maripaludis and regulate the de novo biosynthetic
pathway (Porat et al., 2004). However, DHQ dehydratase
(encoded by aroD) activity is only reduced to one-third
following growth with aryl acids (Porat et al., 2004). There-
fore, the nearly complete absence of labelled shikimate
and dehydroshikimate production following growth with
aryl acids indicates that a step between glucose-6-
phosphate and DHQ is strongly regulated. Regulation by
aryl acids supports a role for these reactions in the de
novo pathway. Fourth, the requirement for the ADTH syn-
thase, encoded by aroA�, was demonstrated genetically.
Deletion mutants of aroA� required AroAAs for growth,
and genetic complementation restored the wild-type
phenotype.

Previously, a bioinformatic analysis annotated the
ORFs MJ0400 and MJ1585 from M. jannaschii as type I
FBP aldolases (Siebers et al., 2001). However, as shown
here, only MJ1585 and its M. maripaludis homologue
Mmp0293 are likely to be actual FBP aldolases. Recently,
White proposed that DKFP is formed by an additional
activity catalysed by FBP aldolase in M. jannaschii
(Fig. 7A; R.H. White, submitted for publication). Consis-
tent with this hypothesis, the expression of FBP aldolase
was greatly reduced following growth of M. maripaludis
with aryl acids. These results not only linked FBP aldolase

Fig. 6. Effect of the aryl acids on growth of the DaroA� mutant
S170. The McNA medium contained 1 mM aryl acids
(phenylacetate, p-hydroxyphenylacetate and indoleacetate), 1 mM
AroAAs (phenylalanine, tyrosine and tryptophan) and 0.5 mM PABA
as indicated. When the growth responses were very similar for
more than one condition, only the average growth is shown.
A. Aryl acids inhibited the growth of S170. Shown are growth of the
wild-type S2 with aryl acids, AroAAs and PABA, or with aryl acids
and PABA, or with AroAAs and PABA, or with no addition (�); and
growth of DaroA� mutant S170, with aryl acids, AroAAs and PABA
(
), with aryl acids and PABA (�), with AroAAs and PABA (�), and
with no addition (�).
B. p-Hydroxyphenylacetate inhibited the growth of S170 strain.
Shown are growth of the wild-type S2 with AroAAs and PABA, or
with phenylalanine, tyrosine, indoleacetate and PABA, or with
phenylalanine, p-hydroxyphenylacetate, tryptophan and PABA, or
with phenylacetate, tyrosine, tryptophan and PABA, or with no
addition (�); and growth of DaroA� mutant S170, with AroAAs and
PABA (�), or with phenylalanine, tyrosine, indoleacetate and PABA
(�), or with phenylalanine, p-hydroxyphenylacetate, tryptophan and
PABA (�), or with phenylacetate, tyrosine, tryptophan and PABA
(�), or with no addition (�).
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Fig. 7. A. Pathways for the biosynthesis of aromatic amino acids and for the biosynthesis of p-aminobenzoic acid. The genes included in the
scheme are: fbp, aroA�, aroB�, aroD, aroE, iorAB1 and iorAB2, encoding for fructose-1,6-bisphosphate aldolase,
2-amino-3,7-dideoxy-D-threo-hept-6-ulosonate synthase, DHQ synthase II, DHQ dehydratase, shikimate dehydrogenase and indolepyruvate
oxidoreductase I and II respectively.
B. Proposed pathway for the biosynthesis of p-aminobenzoic acid in archaea. Five proposed new reactions are numbered: 1,
3-dehydroquinate aminotransferase; 2, 4-aminodehydroshikimate synthase; 3, 4-aminoshikimate dehydrogenase; 4, 4-aminoshikimate
dehydratase; and 5, 4-aminobenzoic acid synthase.
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to this novel pathway, but also suggested a possible site
for regulation by the aryl acids.

Previously reported metabolic labelling experiments in
other methanogens do not distinguish between the
canonical and the proposed DKFP pathway (Ekiel et al.,
1983; 1985a,b; Eisenreich et al., 1991; Patel et al., 1993;
Choquet et al., 1994). Following the incorporation of
[13C]acetate, 13CO2 or [13C]pyruvate, the expected label-
ling of the AroAAs by both pathways is the same.
However, the bioinformatic analysis of the distribution of
homologues for the key genes aroA� and aroB� suggests
that the DKFP pathway is widely distributed in the
methanogens. In many genomes, these homologues are
linked to other AroAAs biosynthetic genes. In addition,
none of these genomes possess homologues for DAHP
synthase, the first step in the canonical pathway. Interest-
ingly, this analysis also suggests that the DKFP pathway
may also be present in some bacteria, such as
Desulfovibrio. While additional evidence is necessary to
confirm this conclusion, it implies that the DKFP pathway
may be more widely distributed than originally believed.

This work also demonstrated that PABA is formed from
the DKFP pathway in vivo and suggested that DHQ is the
branch point for the biosynthesis of PABA (Fig. 7A). This
conclusion is based on the following evidence. First, the
labelling pattern from [U-13C]-acetate was the same for
the AroAA tyrosine and the arylamine derived from PABA
(Fig. 1), suggesting a common origin. Second, the aroA�

deletion mutants were PABA auxotrophs, confirming that
both AroAAs and PABA share a common source. Third, a
DaroD mutant does not require PABA for growth, and
PABA cannot be formed from subsequent steps in the
pathway, such as chorismate (Porat et al., 2004). Fourth,
homologues for the genes required for PABA biosynthesis
from chorismate, pabA, pabB or pabC (Green and
Nichols, 1991; Viswanathan et al., 1995), are absent in
the genome of M. maripaludis as well as that of other
euryarcheotes likely to possess the DKFP pathway (data
not shown). This is the first report of an alternative to the
chorismate pathway for PABA biosynthesis in a living
organism.

A possible new pathway for the biosynthesis of PABA
is proposed in Fig. 7B. The critical first step would
be the conversion of DHQ into 4-aminodehydroquinic
acid (4-aminoDHQ). The subsequent reaction would
convert 4-aminoDHQ into 4-aminodehydroshikimate
(4-aminoDHS), and this product could be converted into
4-aminoshikimate (step 3 in Fig. 7B) by shikimate dehy-
drogenase (encoded by aroE, Fig. 7A). This suggestion is
based on the similarity of the substrates, DHS and
4-aminoDHS; and the possible requirement of NADH for
catalysing the formation of 4-aminoshikimate. The last two
steps in this proposed pathway would involve two dehy-
dration reactions leading to PABA. Then, except of the

possible additional function for AroE, the rest of genes for
this new pathway have not been identified in the genome
of M. maripaludis.

Incorporation of phenylacetate into phenylalanine in the
DaroD::pac mutant previously demonstrated the presence
of the second pathway for the biosynthesis of AroAAs in
M. maripaludis (Fig. 7A and Porat et al., 2004). In this
pathway, the aryl acids are converted into AroAAs via
indolepyruvate oxidoreductases (encoded by iorAB1 and
iorAB2). Here, p-hydroxyphenylacetate was shown for the
first time to be incorporated as an intact unit into tyrosine
in the DaroD::pac mutant. Surprisingly, the aryl acids
could not replace the AroAAs requirement for growth of
the DaroA� mutants. In contrast, the aryl acids supported
growth of the DaroD::pac mutant of M. maripaludis better
than the AroAAs, suggesting that they were assimilated
more readily than the AroAAs themselves (Porat et al.,
2004). The reason for this unexpected phenotype of the
DaroA� mutant is still unclear. However, one possible
explanation may be related to the regulation of FBP aldo-
lase by the aryl acids. FBP aldolase is proposed to catal-
yse the formation of DKFP from methylglyoxal and FBP
(Grochowski et al., 2006; R.H. White, submitted for
publication). In the DaroA� mutants, lower expression of
FBP aldolase as well as reduced demand for DKFP may
lead to an accumulation of methylglyoxal. Methylglyoxal is
very toxic, and many organisms detoxify it by excretion to
the medium or metabolism to other compounds (Fergu-
son et al., 1998; Kalapos, 1999; Booth et al., 2003). Thus,
the AroAA pathway could be a major sink for methylgly-
oxal in methanococci. In contrast, the growth of the
DaroD::pac mutant may not be inhibited by the aryl acids
because PABA biosynthesis continues to act as a sink for
DKFP and, hence, methylglyoxal.

In contrast to the aroA′ mutants, the DaroB�::pac did not
require AroAAs or PABA for growth. In previous work,
White (2004) demonstrated that the recombinant
M. jannaschii proteins ADTH synthase (AroA′) and DHQ
synthase II (AroB′) were required to convert DKFP and
aspartate semialdehyde to DHQ in vitro (Fig. 7A). While it
is possible that the aroB� is not involved in the DKFP
pathway in vivo, the bioinformatic analysis supports a role
for this gene. One possible explanation is that a second,
presently unidentified ORF complements the function of
aroB� in the M. maripaludis. Because the genome does
not possess obvious homologues to aroB�, complemen-
tation must be by a non-orthologous gene.

Experimental procedures

Synthesis of chemicals

[2H2]p-Aminobenzoic acid was prepared as previously
described (White, 1985). For the synthesis of [2H6]-p-
hydroxyphenylacetic acid, p-Hydroxyphenylacetic acid
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(50 mg) was dissolved in 0.3 ml of [U-2H4]-acetic acid
(Sigma/Aldrich, St Louis, MO) and 0.8 ml of 20% DCl in 2H2O
(Sigma/Aldrich). The sample was placed in a sealed glass
tube and heated at 190°C for 5 h. The volatile solvents were
removed by evaporation with a stream of nitrogen gas, and
the sample was washed with water. Yield was essentially
quantitative, and the product contained, as measured by
mass spectrometry, the following distribution of deuterium
0.1% 2H0, 0.52% 2H1, 2.5% 2H2, 11.1% 2H3, 30.0% 2H4, 36.8%
2H5, 18.9% 2H6. These results indicated that all of the carbon-
bonded hydrogens in the molecule had exchanged.

Bacterial strains, plasmids, media, culture conditions
and extract preparation

The bacterial strains and plasmids used in this work are
listed in Table 2. E. coli was grown in Luria–Bertani medium
with ampicillin (100 mg ml-1) or chloramphenicol (30 mg ml-1)
when needed. M. maripaludis was grown with 276 kPa
H2/CO2 gas [80:20 (v/v)] at 37°C in mineral medium
(McN, Whitman et al., 1986) with 10 mM sodium acetate
(McNA). When indicated aryl acids (phenylacetate,
p-hydroxyphenylacetate and indoleacetate, 1 mM each),
PABA (0.5 mM), Casamino acids [0.4% (w/v)] or yeast
extract [0.2% (w/v)] were added to McNA medium. McCV
medium [McNA with Casamino acids, 0.2% (w/v), yeast
extract, 0.2% (w/v) and vitamins solution] (Balch et al.,
1979) was used when starting growth from colonies or for
revival of frozen cultures. Puromycin (2.5 mg ml-1) or neo-

mycin (500 mg ml-1) was added when needed. Only linear
growth curves are presented because the rate of transfer of
H2 gas to the liquid medium limits the exponential growth
phase even at low cell densities.

For preparation of cell extracts from M. maripaludis, cul-
tures were grown in bottles with 100 ml of McNA medium and
138 kPa of H2-CO2 gas [80:20 (v/v)] at 37°C. Cell-free
extracts were prepared as previously described (Shieh and
Whitman, 1987; Lin et al., 2003), except as noted below. For
testing FBP aldolase activity, the cells were resuspended in
100 mM Tris/HCl, pH 7.5, 1 mM DTT and 1 mM EDTA. For
the detection of shikimate and dehydroshikimate production,
cells were resuspended in an extraction buffer of 50 mM
TES/KOH pH 7.2, 10 mM MgCl2 and 2 mM DTT. For the
analysis of 5-(p-aminophenyl)-1,2,3,4-tetrahydroxypentane,
~0.8 g (wet weight) of M. maripaludis wild-type cells was
suspended in 2.3 ml of extraction buffer, sonicated at 3°C for
3 min, and centrifuged (14 000 g, 10 min) to generate the cell
extract.

For preparation of cell extracts from E. coli strains, cells
were grown in 25 ml of LB medium. For strains with plasmids,
the medium also contained chloramphenicol (30 mg ml-1) and
ampicillin (100 mg ml-1). To reduce the formation of inclusion
bodies, cultures were incubated at 30°C overnight without
induction, reaching a final absorbance (660 nm) of 2.0. Cul-
tures were harvested by centrifugation at 8000 g for 30 min at
4°C. Then the cells were frozen at -20°C. Upon thawing, the
cells were resuspended in 100 mM Tris/HCl pH 7.5, 1 mM
EDTA and 1 mM DTT buffer (1.5 vol ¥ wet weight) and
passed through a chilled French pressure cell at 110 MPa.

Table 2. Bacterial strains and plasmids.

Bacterial strain or plasmid Genotype or description Source or reference

Methanococcus maripaludis
S2 Wild-type Whitman et al. (1986)
S87 DaroD::pac Porat et al. (2004)
Mm900 Dhpt Moore and Leigh (2005)
S162 DaroA�::pac This work
S170 DaroA� This work
S140 DaroB�::pac This work
S165 DaroA�::pac/pMEV2-aroA′ This work
S176 DaroA�/pMEV2-aroA′ This work

Escherichia coli
DH5a F– (f80dlacZDM15), recA1, endA1, gyrA96, thi-1,

hsdR17 (rk
–mk

+) supE44, D(lacZYA-argF) U169
Hanahan (1983)

BL21-CodonPlus (DE3)-RIL E. coli B F–ompT hsdS(rB-mB-) dmc + Tetr E. coli gal
l(DE3) endA Hte[argU ileY leuW Camr]

Stratagene

BL21-CodonPlus (DE3)-RIL/pMJ1585 E. coli BL21-CodonPlus (DE3)-RIL with pMJ1585 R.H. White, submitted for publication
Plasmids

pIJA03 Purr methanogen integration vector Stathopoulos et al. (2001)
pIJA03-aroA′ pIJA03 with the upstream and downstream

regions of the aroA′ gene
This work

pIJA03-aroB′ pIJA03 with the upstream and downstream
regions of the aroB′ gene

This work

pCRPrtNeo Neor marker for positive selection and
hpt gene for negative selection

Moore and Leigh (2005)

pCRPrtNeo-aroA′ pCRPrtNeo with the upstream and
downstream regions of aroA′ gene

This work

pMEV2 Neomycin shuttle vector Lin and Whitman (2004)
pMEV2-aroA′ pMEV2 with aroA′ gene This work
pMJ1585 M. jannaschii MJ1585 cloned into pT 7-7,

under T7 promoter
R.H. White, submitted for publication
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DNase, 10 U, was added, and the suspension was incubated
for 15 min at 37°C. The cell-free extract was obtained by
separation of the cell debris and the unbroken cells by cen-
trifugation at 12 000 g for 30 min at 4°C. Partial purification of
thermal stable protein was performed by incubation of the
cell-free extract at 75°C for 20 min and centrifugation in a
microfuge at 14 000 r.p.m. for 10 min at room temperature.

Construction of mutants

The mutants S162 (DaroA�::pac) and S140 (DaroB�::pac)
were constructed as previously described (Porat et al., 2004)
using the suicide vector pIJA03 (Stathopoulos et al., 2001).
The primers U1 and U2 and D1 and D2 (Supplementary
material Table S1) were used to amplify the upstream and
downstream regions of aroA�; and the primers U3 and U4 and
D3 and D4 (Supplementary material Table S1) were used to
obtain the corresponding fragments for aroB�. The upstream
fragments were cloned into the XhoI-BglII and XhoI-XbaI
sites of pIJA03 for aroA� and aroB� respectively. The down-
stream fragments of both ORFs were cloned into the KpnI-
NheI sites of pIJA03. The resulting plasmids, pIJA03-aroA′
and pIJA03-aroB′, were transformed into M. maripaludis S2
as described previously (Tumbula et al., 1994).

The in frame deletion mutant (DaroA�) was constructed as
described by Moore and Leigh (2005). The pCRPrtNeo-aroA′
plasmid was constructed by cloning the upstream and down-
stream regions of aroA�, amplified using the primers S1 and
S2 and E1 and E2, into the KpnI-BamHI and BamHI-AflII sites
of pCRprtNeo (Moore and Leigh, 2005). In the resulting
plasmid, pCRPrtNeo-aroA′, the first 111 bp were fused to the
last 132 bp of aroA� in frame through an engineered BamHI
site, deleting about 70% of the internal portion of the gene. To
obtain the initial integration of the entire plasmid in the chro-
mosomal DNA, transformants were plated in McCV medium
with aryl acids and neomycin. Colonies obtained were veri-
fied by PCR using the primers Ex1 and Ex2. Isolated colonies
were inoculated into 5 ml of McCV broth with aryl acids and
PABA, incubated overnight and plated on McCV plates with
aryl acids, PABA and 8-azahypoxanthine (0.25 mg ml-1) in
order to obtain the in frame deletion mutant. The genotype
was confirmed by PCR using the primers Ex1 and Ex2. A
single colony with the correct genotype, named strain S170,
was isolated in this fashion. The DNA sequence at the aroA�
locus of the strains S2 and S170 was confirmed following
amplification of the region with the primers U1 and D2 and the
Herculase polymerase (Stratagene) and sequencing with the
primers U1, Ex1, D1, D2, Ex2 and U2.

The plasmid pMEV2-aroA′ for complementation of the
mutants S162 and S170 was constructed as previous
described (Porat et al., 2004) using the primers Ex1, Ex2 and
Herculase polymerase. The PCR product was cloned into the
NsiI-XbaI sites of the methanococcal expression vector
pMEV2. Because of a NsiI site in the aroA� gene, it was
cloned following partial digestion by NsiI. The transformation,
plating and storage of the resulting mutants were performed
as previously described (Porat et al., 2004).

Assay for initial steps of the DKFP pathway

The assay was similar to that used to demonstrate the
activity in extracts of M. jannaschii (White, 2004). To cell

extracts (100 ml) were added 10 ml of [U-13C]-glucose-6-
phosphate, 10 ml of 0.1 M L-homoserine, 10 ml of 0.05 M
NAD and 10 ml of 0.05 M NADP. The samples were incu-
bated for 30 min at 37°C under argon. After cooling to room
temperature, 10 ml of a 5.3 M solution of NaBH4 in water
was added. After incubation for 15 min at room tempera-
ture, 100 ml of 1 M HCl was slowly added, and the precipi-
tated proteins were removed by centrifugation (14 000 g,
10 min). The resulting sample was evaporated to dryness
with a stream of nitrogen gas. Methanol, 0.5 ml, was added,
and the sample was again evaporated to dryness. This step
was repeated an additional three times to remove the
borate. Samples were then dissolved in 200 ml of water,
passed through a Dowex 50W-X8 H+ column (2 ¥ 5 mm),
evaporated to dryness, and treated for 12 h with 0.5 ml of
1 M HCl in methanol at room temperature. After evaporation
of the methanol/HCl with a stream of nitrogen, the entire
sample was purified by preparative thin layer chromatogra-
phy using a solvent consisting of acetonitrile-water-formic
acid (88%), 19:2:1 v/v/v. In this solvent system, the methyl
ester of (3R, 4S, 5R) shikimate and its (3S, 4S, 5R)
isomer (3-epi-shikimate), formed by reduction of
3-dehydroshikimate, both had an Rf of 0.59. The area of the
plate containing these compounds was removed, and these
compounds were eluted with 70 ml of 70% methanol. After
evaporation to dryness, the sample was treated with 100 ml
of a 50% v/v solution of trifluoroacetic anhydride in methyl-
ene chloride for 2 h. After evaporation to dryness, the
sample was suspended in 20 ml of methyl acetate for analy-
sis by gas chromatography-mass spectrometry (GC-MS), as
previously described (White, 2004).

Analysis of 5-(p-aminophenyl)-1,2,3,4-
tetrahydroxypentane portion of methanopterin

To 1 ml of cell extract from M. maripaludis S2 was added
0.2 ml of 6 M HCl, and the sample was centrifuged
(14 000 g, 10 min) to remove the precipitated proteins. After
centrifugation, a solution of I2 in methanol was added to the
supernatant until the sample was visibly coloured by the I2.
A few milligrams of Zn dust were added, and the sample
was shaken for 10 min. After separation of the Zn by cen-
trifugation (14 000 g, 5 min), the sample was heated for
1 min at 100°C and evaporated to dryness with a stream of
nitrogen gas. It was then dissolved in 100 ml of water,
applied to a Dowex 50W-X8-H+ column (2 ¥ 10 mm),
washed with 500 ml of water, and eluted with 300 ml of 6 M
NH4OH. After evaporation of the ammonia, the sample was
reacted with 100 ml of 50% trifluoroacetic anhydride in meth-
ylene chloride for 2 h. After evaporation of the solvent, the
sample was suspended in 20 ml of methylene chloride in
preparation for GC-MS analysis. Some aspects of this pro-
cedure have been previously reported (White, 1997; 1998).
Mass spectral data for the trifluoroacetyl derivative
5-(p-aminophenyl)-1,2,3,4-tetrahydroxypentane have been
previously reported (White, 1986). This procedure also
converted a portion of the 5-(p-aminophenyl)-1,2,3,4-
tetrahydroxypentane into a cyclic sugar derivative that
also contained the 202 m/z fragment, which was used to
further confirm the position of label incorporated into the
5-(p-aminophenyl)-1,2,3,4-tetrahydroxypentane.
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Metabolic labelling and analyses of whole cells
incubated with [ 2H6]-p-hydroxyphenylacetate

For labelling, 300 ml of culture were grown in McNA
medium with 0.1 mM phenylacetate, 0.1 mM [2H6]-p-
hydroxyphenylacetate and 0.02 mM indoleacetate. Cells
were harvested by centrifugation (10 000 g, 30 min at 4°C).
For the analysis of the deuterium distribution in [2H6]-p-
hydroxyphenylacetate remaining in the medium after growth,
20 ml of the growth medium was concentrated to 1 ml by
evaporation with a stream of nitrogen gas, acidified to a pH
� 1 by the addition of 6 M HCl and extracted two times with
1 ml of methyl acetate. The extracts were combined, dried
with Na2SO4, evaporated to dryness, converted into the
methyl ester trifluoroacetyl derivatives, and analysed as
described above. The cells (0.65 g wet weight) were sus-
pended in 2 ml of extraction buffer, sonicated and centrifuged
as described above. To 400 ml of this cell extract was added
40 ml of 6 M HCl, and the proteins were removed by centrifu-
gation (14 000 g, 10 min). The clear layer was removed and
evaporated to dryness with a stream of nitrogen gas. The
sample was dissolved in 100 ml of water and passed through
a Dowex 50W-X8-H+ column (1 ¥ 4 cm). The column was
then washed with 10 ml of water and eluted with 10 ml of 6 M
NH4OH. This fraction contained all of the amino-containing
compounds present in the cells including tyrosine. After
evaporation of the solvent, the residue was dissolved in
0.5 ml of water and applied to a second Dowex 50W-X8-H+

column (3 ¥ 10 mm). This column was washed with 900 ml of
1 M HCl and eluted with 600 ml of 6 M HCl. This elution
procedure was specifically designed to isolate the PABA and
anthranilic acid (o-aminobenzoic acid), but it also resulted in
the isolation of several of the other amino acids, which were
separated during the GC-MS analyses. The 6 M HCl eluant or
a portion of the NH4OH eluant from the first column was
evaporated to dryness, converted into the methyl ester trif-
luoroacetyl derivatives, and assayed by GC-MS as previously
described (Zheng et al., 1994).

Metabolic labelling of whole cells with [U-13C]-acetate or
with [U-13C]-acetate and [15N]-ammonium sulphate

For labelling with [U-13C]-acetate, 800 ml of culture was
grown in McN medium with 8.7 mM sodium [U-13C]-acetate
(99% of 13C, Sigma/Aldrich), as previously described
(Tumbula et al., 1997). For labelling with [U-13C]-acetate and
[15N]-ammonium sulphate, 120 ml of culture was grown in
side-arm bottles of McN medium with 9 mM sodium [U-13C]-
acetate and 4.6 mM [15N]-ammonium sulphate as previously
described (Tumbula et al., 1997; Xia et al., 2006). Cells were
harvested by centrifugation at 10 000 g for 30 min at 4°C. A
small part of the [U-13C]-acetate labelled cell pellet (50 mg)
was mixed with 1 ml of 6 M HCl, heated at 100°C for 12 h,
evaporated to dryness and dissolved in 200 ml of water. The
amino acid tyrosine and arylamine were then purified on a
Dowex 50W-X8 H+ column and assayed as described earlier.
The same procedure was performed to detect arylamine
and tyrosine from 0.79 g of the [U-13C]-acetate and
[15N]-ammonium sulphate-labelled cells.

The remainder of the [U-13C]-acetate-labelled cells (2.4 g
wet weight) were resuspended in 7 ml of extraction buffer and

passed through a chilled French pressure cell at 110 MPa.
DNase, 10 U, was added, and the suspension was incubated
for 15 min at 37°C. The cell-free extract (6 ml) was obtained
by removal of the cell debris and the unbroken cells by
centrifugation at 12 000 g for 30 min at 4°C. Then 600 ml of
6 M HCl was added to the supernatant. After 30 min at 0°C,
the insoluble material was collected by centrifugation at
8700 g for 20 min at 4°C.

The insoluble material, which was composed mostly of
protein, was washed and acid-hydrolysed as previously
described (Porat et al., 2004). The aromatic amino acids
were separated and purified from the pool of acid-
hydrolysed proteins using a Dowex 50W-X8 H+ cation
exchange resin (Baker Analyzed Reagent, Phillipsburg, NJ)
packed in 1 ¥ 15 cm column (Bio-Rad, Hercules, CA).
Amino acids were eluted with a step-wise gradient of 1.5 N
(10 ml), 2.5 N (35 ml) and 4 N (35 ml) HCl at a flow rate of
1 ml min-1 (Stein and Moore, 1950). The amino acids were
identified in the 1 ml fractions by thin layer chromatography
using silica gel plates and butanol : acetic acid : water
(1:2:1) as the solvent (Branner et al., 1969). Fractions con-
taining phenylalanine, which eluted after about 20 ml of 4 N
HCl, were pooled and evaporated to dryness. After sus-
pending in water, multivalent cations were removed upon
passage through 1 ml of chelating resin (iminodiacetic acid,
Sigma/Aldrich) and an adsorption resin (4 g, aluminium
oxide, Type WN-3: Neutral; Sigma/Aldrich). A sample, con-
taining about 15 mg of phenylalanine, was dried and resus-
pended in 250 ml of D2O/DCl.

Proton NMR analysis of 13C-enriched phenylalanine

All 1H NMR data were acquired at 25°C on a Varian Inova
600 MHz spectrometer (599.8 MHz, 1H) using a cryogenic
triple-resonance probe. 1H chemical shifts at 25°C were ref-
erenced to DSS (2,2-dimethyl-2-silapentane-5-sulphonic
acid) via the HDO resonance frequency at 4.81 p.p.m. The
13C decoupling during the acquisition for the decoupled 1H
experiments was performed by the GARP method or globally
optimized alternating-phase rectangular pulses (Shaka et al.,
1985). The typical parameters for the experiments were
6000 Hz spectral window, 60 s predelay time, 360 scans and
an acquisition time of 2 s for the coupled and 0.5 s for
decoupled experiments.

Both the coupled and decoupled spectra were used to
calculate the 13C enrichment at each position of phenylala-
nine with a C-H bond. Following integration, the intensities
were normalized between the spectra. To calculate the frac-
tion of 13C atoms, the coupled spectrum was corrected by
subtraction of the intensities of contaminating unlabelled
compounds from the decoupled spectrum. Because the reso-
nance overlap of the absorbance of the protons from the
aromatic and C-3 carbons made it difficult to resolve all the
peaks, the 1H-13C3 intensities were compared with the C-2
atom to determine the fractional enrichment.

FBP aldolase assay

The FBP aldolase activity was determined in the catabolic
direction in a coupled assay with glycerol-3-phosphate dehy-
drogenase (EC 1.1.1.8) and triose-phosphate isomerase (EC
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5.3.1.1) as previously described (Siebers et al., 2001). The
continuous assays were linear with time for at least 10 min.
All values reported were the average of three independent
determinations. The specific activity is given in mU mg-1 [or
nanomoles min-1 (milligram of protein)-1]. The FBP aldolase
assays for the recombinant M. jannaschii enzyme were per-
formed at 50°C. The M. maripaludis activity was assayed at
37°C.

The protein concentration was determined using the bicin-
choninic acid assay kit (Pierce, Rockford, IL) after incubation
at 90°C in 0.1 M NaOH for 30 min.

Bioinformatic comparison of organisms containing
homologues with ADTH synthase and DHQ synthase II

First, BLAST searches at the NCBI website using the ADTH
synthase (M. maripaludis Mmp0686) sequence were
performed. Genomic sequences that contained homologues
to ADTH synthase were then tested for homologues of
DHQ synthase II (searched with M. maripaludis Mmp0006),
type I DHQ dehydratases (searched with M. maripaludis
Mmp1394), or type II DHQ dehydratases (searched with Des-
ulfovibrio vulgaris Hildenborough DVU1665), DAHP synthase
(searched with P. furiosus PF1690), DHQ synthase
(searched with P. furiosus PF1691), type I FBP aldolase
(searched with Mmp0293) and type II FBP aldolase
(searched with D. vulgaris Hildenborough DVU2143). The
percentage of identical amino acids was then obtained by
pairwise alignments to the ADTH synthase and DHQ syn-
thase II sequences of M. maripaludis by the Bestfit program
of the GCG package.
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Three strains of CO2-reducing methanogens were isolated from marine sediments. Strain PL-15/

HP was isolated from marine sediments of the Lipari Islands, near Sicily and the other two strains,

Nankai-2 and Nankai-3T, were isolated from deep marine sediments of the Nankai Trough,

about 50 km from the coast of Japan. Analysis of the cellular proteins and 16S rRNA gene

sequences indicated that these three strains represented a single novel species that formed a

deep branch of the mesophilic methanococci. Phylogenetic analysis indicated that the three strains

were most closely related to Methanothermococcus okinawensis (95 % 16S rRNA gene sequence

similarity). However, strains PL-15/HP, Nankai-2 and Nankai-3T grew at temperatures that were

more similar to those of recognized species within the genus Methanococcus. Strain Nankai-3T

grew fastest at 46 6C. Results of physiological and biochemical tests allowed the genotypic

and phenotypic differentiation of strains PL-15/HP, Nankai-2 and Nankai-3T from closely related

species. The name Methanococcus aeolicus sp. nov. is proposed, with strain Nankai-3T

(=OCM 812T=DSM 17508T) as the type strain.

In 1984, novel restriction enzymes were found in a
methanogenic archaeon, strain PL-15/HP, which had been
isolated from the Mediterranean Sea near Sicily (Schmid
et al., 1984). At that time, it was suggested that this strain
might represent a novel species, ‘Methanococcus aeolicus’.
Because the strain was not freely available due to patent
restrictions, this species was not formally described.
Nevertheless, the genetic and phylogenetic distinctiveness
of strain PL-15/HP from other Methanococcus species was
confirmed by electrophoretic analysis of cellular proteins,
DNA–DNA hybridization and 16S rRNA gene sequence
analysis (Keswani et al., 1996). However, because of the

absence of a type strain deposited in culture collections, the
species ‘Methanococcus aeolicus’ has lacked standing in
nomenclature (Whitman et al., 2001). Subsequently,
sequences of 16S rRNA genes very similar to that of strain
PL-15/HP have been found in marine hydrothermal vent
fluids (Huber et al., 2002), supporting the importance of this
phylogenetic group in marine sediments.

We report here the isolation and description of two novel
methanogenic strains (Nankai-2 and Nankai-3T) from deep
marine sediments of the Nankai Trough off the coast of
Japan, which are phylogenetically and phenotypically
similar to strain PL-15/HP. We also report the description
and isolation of strain PL-15/HP, accomplished in the early
1980s. We propose that the three strains represent a novel
species, Methanococcus aeolicus sp. nov., with strain Nankai-
3T as the type strain and strains PL-15/HP and Nankai-2 as
reference strains.

Strain PL-15/HP was isolated from shallow marine sediment
collected from the Lipari Islands near Sicily. Strains Nankai-
2 and Nankai-3T were enriched and isolated from sediment
taken from the Nankai Trough near the coast of Japan in
November 1997. Methanoculleus submarinus Nankai-1T had

3Deceased 27 May 2005.

4Present address: Department of Microbiology, University of Texas
Southwestern Medical Center, 5323 Harry Hines Blvd, Dallas, TX
75390-9048, USA.

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA
gene sequences of strains PL-15/HP, Nankai-2 and Nankai-3T are
DQ136171, DQ195165 and DQ195164, respectively.

A figure showing the effects of temperature, pH and salinity on the
growth of strain Nankai-3T is available as supplementary material in
IJSEM Online.
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been isolated previously from the same sample (Mikucki
et al., 2003). At the sampling site, the water was 950 m deep,
and the sample was obtained from a core at a depth of 247 m
below the sediment surface, near the zone where methane
hydrates occurred (Mikucki et al., 2003). The sample was
placed in a canning jar, flushed with argon, sealed and
maintained at 2–4 uC for 5 days until it was processed at the
Idaho Environmental and Engineering Laboratory by Mark
Delwiche (Mikucki et al., 2003). The core was then placed in
an anaerobic chamber and pared, and 10 g from the interior
of the core was added to 90 ml MSH medium in a serum
bottle. The bottle was pressurized with H2 and incubated
at room temperature. After 2 months, increases in CH4 in
the headspace of the bottle ceased (Mikucki et al., 2003).
This enrichment culture was then transported to Portland
State University and inoculated into roll tubes in MSH
enrichment medium under H2/CO2 (Mikucki et al., 2003).
To distinguish colonies of methanogens from those of
non-methanogens, unopened roll tubes were observed by
epifluorescence microscopy (Zeiss O2 filter set). Two
epifluorescent colonies were picked and named Nankai-2
and Nankai-3T. Each strain grew at 37 uC and was further
purified by colony picks from roll-tube cultures incubated at
37 uC.

Unless indicated otherwise, the culture medium used in this
study was MSH medium (Boone et al., 1989; Ni & Boone,
1991) at pH 7?2, with an overpressure of 1 atm H2.
Incubations were at 37 uC with shaking. MSH enrichment
medium was the same as MSH medium except that the
amounts of Trypticase peptones and yeast extract were
reduced to 0?25 g l21, mercaptoethane sulfonic acid was
omitted and the sodium sulfide concentration was increased
to 0?5 g l21. For experiments on the effect of salinity, NaCl
was added to MSH medium to give various Na+ concen-
trations. For preparation of media at different pH values,
lower pH values were obtained by adjustment with HCl.
Higher pH values were obtained by using a mixture of
N2 and CO2 for the gas phase (Chong et al., 2002). pH
values above 7?8 were obtained by using a 100 % CO2 gas
phase and adjusting the pH with NaOH. The anaerobic
Hungate technique with serum-tube modifications was
used throughout (Hungate, 1969). Substrate tests were
conducted by adding acetate (40 mM), trimethylamine
(20 mM), methanol (20 mM), ethanol (1 %, v/v),
1-propanol (1 %), 2-propanol (1 %), 1-butanol (1 %) or
2-butanol (1 %) to the medium. Growth was estimated
from the accumulation of methane in the headspace gas,
as measured by gas chromatography (Maestrojuán &
Boone, 1991), taking into account the methane produced
during the growth of the inoculum (Powell, 1983). The
specific growth rate was calculated by fitting the Gompertz
equation (Zwietering et al., 1990) to these data. All growth
experiments were performed in triplicate.

The 16S rRNA gene sequences were determined after extrac-
tion of DNA from cell pellets of pure cultures of strains
PL-15/HP, Nankai-2 and Nankai-3T by using QIAamp DNA

Mini kit procedures (Qiagen). The 16S rRNA genes were
amplified by PCR, purified and sequenced as described
previously (Singh et al., 2005). The sequences were aligned
manually with related sequences obtained from the
Ribosomal Database Project (Maidak et al., 2001). Regions
where alignment was ambiguous were not used in the
phylogenetic analysis. Phylogenetic relationships were
determined with maximum-likelihood analysis using the
HKY-85 model of evolution in PAUP* 4.0 (Swofford, 2002).
A bootstrap analysis was performed using 1000 trial replica-
tions to provide confidence estimates for branch support.
The sequence we obtained for strain PL-15/HP was the same
as the sequence already in GenBank (accession no. U39016),
except that many of the unknown bases in the earlier
sequence were successfully resolved. Whole proteins of
strains PL-15/HP, Nankai-2 and Nankai-3T were compared
using SDS-PAGE of cellular proteins, as described pre-
viously (Franklin et al., 1988).

Colonies of strains PL-15/HP, Nankai-2 and Nankai-3T were
almost transparent and whitish, with smooth edges when
observed by the naked eye or hand lens and 1 mm in
diameter after 40 days of incubation at 37 uC. Cells of all
three strains were motile irregular coccoids, 1?5–2 mm in
diameter, and occurred singly. When viewed by epifluor-
escence microscopy with a Zeiss O2 filter set, cells were
autofluorescent, as is typical of methanogens. Each of the
three strains was susceptible to lysis with 0?01 % SDS,
suggesting the presence of a protein cell wall (Boone &
Whitman, 1988).

Each of the three strains grew with H2 (1 atm) or formate
(80 mM) as electron donor for reduction of CO2. Cells
did not form methane from acetate, trimethylamine or
methanol, either alone or in combination with formate. In
addition, in the mineral medium McN (Whitman et al.,
1986), strain Nankai-3T failed to form methane or grow in
the presence of ethanol, 1-propanol or 2-propanol after
5 days of incubation. The concentrations of these poten-
tial catabolic substrates did not appear to be inhibitory as,
when cultures were incubated with these concentrations
plus 5 or 20 mM formate, methane was formed in the
amount expected from formate alone. In contrast, 1 %
1-butanol and 2-butanol completely inhibited methano-
genesis from formate.

Each strain grew autotrophically in MSH medium plus
H2 when all organic compounds were omitted. Growth
occurred even after four successive transfers with 2?5 %
(v/v) inoculum in mineral medium. In the McN mineral
medium, growth of strain PL-15/HP was stimulated by the
addition of 11 mM sodium selenite. Strain PL-15/HP could
also use either S0 or H2S as the sole sulfur source and either
NH3 or N2 as the sole nitrogen source. Amino acids were not
used as nitrogen sources (Whitman et al., 1987).

Strain PL-15/HP grew at 20–45 uC, but did not grow at 50 uC.
Temperatures below 20 uC were not tested. Strain Nankai-2
grew at 10–50 uC, with no growth at 55 uC (temperatures
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below 10 uC were not tested). Strain Nankai-3T grew at
20–55 uC, but not at 10 or 60 uC. The growth response of
strain Nankai-3T to temperature was fitted to the square-
root equation of Ratkowsky et al. (1982, 1983). Using this
method, the theoretical optimum temperature for growth
was determined to be 46?0 uC, and the minimum and
maximum temperatures were 7?1 and 54?7 uC, respectively
(Supplementary Fig. S1a in IJSEM Online). This tempera-
ture response was somewhat more thermophilic than that
found in other methanococci. For instance, in McN
medium, the temperature optima of Methanococcus mari-
paludis strains JJT and S2 were 37 uC and the maximum
growth temperatures were 43 uC (no growth at 45 uC) and
47 uC, respectively (W. B. Whitman, unpublished data;
Jones et al., 1983). In contrast, the temperature optima and
maxima for Methanothermococcus species are much more
extreme, being greater than 60 and 70 uC, respectively
(Table 1). Salinity and pH ranges for strains Nankai-3T,
Nankai-2 and PL-15/HP are given in Table 1 and are

shown for strain Nankai-3T (see Supplementary Fig. S1b, c
in IJSEM Online).

The 16S rRNA gene sequences of each of the three strains
were more similar to each other (>99 %) than to any other
sequence in GenBank. Fig. 1 shows an evolutionary tree
based on a maximum-likelihood-generated comparison of
the 16S rRNA gene sequences. As noted previously by Takai
et al. (2002), Methanococcus aeolicus is more closely related
using this method to the thermophile Methanothermococcus
okinawensis (95 % sequence similarity) than to the other
mesophilic methanococci (91–93 % sequence similarity). In
2001, the genus Methanococcus was reorganized to include
all mesophilic species, which at that time formed a mono-
phyletic group of the Methanococcales (Whitman et al.,
2001). The thermophile Methanococcus thermolithotrophicus
was also transferred to a new genus, Methanothermococcus.
The discovery of Methanothermococcus okinawensis sug-
gested that this classification scheme might be too simplistic.

Table 1. Comparison of physiological characteristics of isolates PL-15/HP, Nankai-2, Nankai-3T and other recognized species
of Methanococcus and Methanothermococcus

Species: 1, Methanococcus aeolicus PL-15/HP; 2, Methanococcus aeolicus Nankai-2; 3, Methanococcus aeolicus Nankai-3T; 4, Methanococcus van-

nielii SBT (data from Stadtman & Barker, 1951); 5, Methanococcus voltae PST (Balch et al., 1979; Whitman et al., 1982); 6, Methanococcus

maripaludis JJT (Jones et al., 1983); 7, Methanothermococcus okinawensis IH1T (Takai et al., 2002); 8, Methanothermococcus thermolithotrophi-

cus SN-1T (Huber et al., 1982). ND, Not determined.

Characteristic Methanococcus aeolicus 4 5 6 7 8

1 2 3

DNA G+C content (mol%) 32* ND ND 31–33 30?7 33 33?5 32?5

Cell diameter (mm) 1?5–2?0 1?5–2?0 1?5–2?0 1?3 1?3–1?7 0?9–1?3 1?0–1?5 1?5

Autotrophic growth + + + + 2 + +

Nitrogen source(s) NH3, N2 ND ND NH3 NH3 NH3, N2, alanine NH3 N2, NO{
3 , NH3

Temperature range (uC) ¡20–45 ¡10–50 ¡20–55 ¡20–45 ¡20–45 18–47 40–75 17–70

pH range 6?5–8?0 4?3–7?5 5?5–7?5 6?5–8?0 6?5–8?0 6?4–8?2 4?5–8?5 4?9–9?8

Na+ range (M) 0?05–0?8 0?05–1?0 0?05–1?0 0?05–0?8 0?08–0?8 0?05–0?8 0?08–1?0 0?1–1?6

*Data from Whitman (2001).

              Methanococcus aeolicus PL-15/HP (DQ136171)

              Methanococcus aeolicus Nankai-2 (DQ195165)

              Methanococcus aeolicus Nankai-3T (DQ195164)

             Methanothermococcus okinawensis IH1T (AB057722)

                Methanococcus maripaludis JJT (U38484)

                Methanococcus vannielii SBT (M36507)

                 Methanococcus voltae PST (M59290)

        Methanothermococcus thermolithotrophicus SN-1T (M59128)

 Methanotorris igneus Kol 5T (M59125)

Methanocaldococcus jannaschii JAL-1T (M59126)

63

94

91

100

98

99

100

1000.05

Fig. 1. Maximum-likelihood phylogenetic tree
of Methanococcus species and strains PL-
15/HP, Nankai-2 and Nankai-3T, based on
16S rRNA gene sequences. Numbers at
nodes are percentage bootstrap values based
on 1000 iterations; only values >50 % are
shown. Sequences of Thermocladium mode-

stius strain IC-125T (GenBank accession no.
AB005296) and Acidianus infernus So4aT

(accession no. D85505) were used as out-
groups (not shown). Bar, 0?05 substitutions
per site.
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Because this thermophile forms a new clade with the
mesophile Methanococcus aeolicus in rRNA gene trees,
growth temperature may not prove to be a reliable dis-
criminatory factor within this group. Since Methanother-
mococcus okinawensis and Methanococcus aeolicus both
possess low sequence similarity to other Methanother-
mococcus species as well as to Methanococcus species, a new
genus for these species may be warranted. This conclusion
is supported by the elevated temperature optimum of
Methanococcus aeolicus and the fact that the two species
are present in submarine sediments. Nevertheless, in the
absence of additional unifying characteristics, these criteria
are judged insufficient in themselves to justify formation of
a novel genus.

The overall similarity of the protein profiles of strains PL-15/
HP, Nankai-2 and Nankai-3T was within the range observed
for members of the same species of other methanococci and
was quite different from the protein profile of Methano-
coccus maripaludis (Fig. 2; Keswani et al., 1996). The pro-
tein profiles of strains Nankai-2 and Nankai-3T were very
similar; however, several physiological differences existed
between these strains (Table 1).

Based on their cellular protein profiles, 16S rRNA gene
sequences and phenotypic properties, strains PL-15/HP,
Nankai-2 and Nankai-3T are all closely related and belong
in the same species. Nevertheless, these strains are physio-
logically distinct, as shown in Table 1, and small differences
are observed in their cellular protein profiles. DNA–DNA
hybridization and cellular protein profiles also confirm that
strain PL-15/HP is distinct from other described species of
Methanococcus (Keswani et al., 1996). Thus, we propose that
strains PL-15/HP, Nankai-2 and Nankai-3T represent a

novel species, with the name Methanococcus aeolicus
sp. nov.

Description of Methanococcus aeolicus sp. nov.

Methanococcus aeolicus (ae.o9li.cus. L. masc. adj. aeolicus
Æolian, referring to the Lipari Islands near Sicily, the source
of the first isolated strain).

Coccoid cells, 1?5–2 mm in diameter and occurring singly,
motile and sensitive to lysis by detergent. Strictly anaerobic,
growing autotrophically by reduction of CO2 to CH4, with
H2 (or formate) as electron donor. Acetate, methanol,
methylamines, ethanol, 1-propanol and 2-propanol are not
catabolized. 1-Butanol and 2-butanol inhibit methane
production. N2 or NH3 may serve as nitrogen source; H2S
or S0 may serve as sulfur source. Selenium stimulates
growth. Grows fastest at mesophilic temperatures or
slightly above (46 uC), near neutral pH and at salinities
of 0?2–0?4 M Na+. Maximum specific growth rate is
approximately 0?5 h21. The G+C content of the DNA of
strain PL-15/HP is 32 mol% (by chromatographic analysis
of bases). Habitat is marine sediments.

The type strain is strain Nankai-3T (=OCM 812T=DSM
17508T); strains PL-15/HP (=OCM 836P=DSM 17251P)
and Nankai-2 (=OCM 811) are reference strains.
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The trace element selenium is found in proteins as selenocysteine
(Sec), the 21st amino acid to participate in ribosome-mediated
translation. The substrate for ribosomal protein synthesis is sel-
enocysteinyl-tRNASec. Its biosynthesis from seryl-tRNASec has been
established for bacteria, but the mechanism of conversion from
Ser-tRNASec remained unresolved for archaea and eukarya. Here,
we provide evidence for a different route present in these domains
of life that requires the tRNASec-dependent conversion of
O-phosphoserine (Sep) to Sec. In this two-step pathway, O-phos-
phoseryl-tRNASec kinase (PSTK) converts Ser-tRNASec to Sep-
tRNASec. This misacylated tRNA is the obligatory precursor for a
Sep-tRNA:Sec-tRNA synthase (SepSecS); this protein was previ-
ously annotated as SLA/LP. The human and archaeal SepSecS genes
complement in vivo an Escherichia coli Sec synthase (SelA) deletion
strain. Furthermore, purified recombinant SepSecS converts Sep-
tRNASec into Sec-tRNASec in vitro in the presence of sodium selenite
and purified recombinant E. coli selenophosphate synthetase
(SelD). Phylogenetic arguments suggest that Sec decoding was
present in the last universal common ancestor. SepSecS and PSTK
coevolved with the archaeal and eukaryotic lineages, but the
history of PSTK is marked by several horizontal gene transfer
events, including transfer to non-Sec-decoding Cyanobacteria and
fungi.

aminoacyl-tRNA � evolution � formate dehydrogenase �
pyridoxal phosphate

Amino acids enter protein synthesis as aminoacyl-tRNAs
(aa-tRNAs). The identity of an amino acid inserted into the

nascent polypeptide is determined by two factors: the interaction
of the aa-tRNA anticodon with an appropriate mRNA codon,
and the correct pairing of amino acid and tRNA anticodon in the
aa-tRNA. Thus, faithful protein synthesis requires the presence
in the cell of a full set of correctly aminoacylated tRNAs (1). Two
routes to aa-tRNA synthesis exist (2): (i) direct acylation of the
amino acid onto its cognate tRNA catalyzed by an aa-tRNA
synthetase, and (ii) tRNA-dependent modification of a noncog-
nate amino acid attached to tRNA. Although the majority of
aa-tRNAs are made by direct aminoacylation, the indirect
pathway is also widely used, e.g., for Gln-tRNAGln and Asn-
tRNAAsn formation (3).

The biosynthetic route of aa-tRNA formation is understood
for all of the currently known cotranslationally inserted amino
acids. The sole exception is the case of selenocysteine (Sec) in
eukarya and archaea (e.g., refs. 4 and 5). The bacterial case was
solved in the 1990s when genetic and biochemical studies with
Escherichia coli revealed that bacterial Sec-tRNASec was synthe-
sized by an indirect tRNA-dependent amino acid transformation
mechanism (6). Sec is cotranslationally inserted into proteins in
response to the codon UGA; thus the tRNASec species has the
corresponding anticodon UCA (7). This tRNA is misacylated
with serine by E. coli seryl-tRNA synthetase (SerRS) to form
Ser-tRNASec (8). Then a pyridoxal phosphate (PLP)-dependent
Sec synthase (SelA) catalyzes the Ser-tRNASec 3 Sec-tRNASec

conversion using selenophosphate as selenium donor (Fig. 1

Upper). For archaea and eukarya our understanding is still
fragmentary. Serylation of tRNASec by eukaryal (9–12) and
archaeal (13–15) SerRS enzymes has been well established.
However, the demonstration of an analogous reaction to the
bacterial pathway converting Ser-tRNASec 3 Sec-tRNASec has
remained elusive. In particular, the archaeal protein MJ0158,
annotated as the ortholog to bacterial SelA, did not support in
vitro Sec formation (15).

Recently, a pathway for cysteine formation was discovered
in methanogens based on a tRNA-dependent conversion of
O-phosphoserine (Sep) to cysteine (16). This route involves
the attachment of Sep to tRNACys by SepRS and the subse-
quent Sep-tRNACys 3 Cys-tRNACys transformation by Sep-
tRNA:Cys-tRNA synthase, a PLP-dependent enzyme using a
still unknown sulfur donor (Fig. 1 Lower). The implications of
this pathway for Sec formation were obvious (16), especially
because a phosphoseryl-tRNASec kinase (PSTK) had just been
identified (17). Its activity was characterized in vitro for the
murine (17) and the Methanocaldococcus jannaschii (15) en-
zyme; this kinase phosphorylates specifically Ser-tRNASec to
Sep-tRNASec. This finding would lend credence to early re-
ports of the existence of mammalian Sep-tRNA formed from
Ser-tRNA (18, 19). Because the initial search for a PLP-
dependent SelA activity as manifested by E. coli SelA was
unsuccessful (15), we considered other proteins. The most
promising candidate was the human protein SLA/LP (soluble
liver antigen/liver pancreas), which forms a ribonucleoprotein
antigenic complex with tRNASec in patients suffering from an
autoimmune chronic hepatitis (20). This protein was classified
computationally as a PLP-dependent serine hydroxymethyl-
transferase that might have SelA function (21). To lend further
credibility, this protein (22, 23) has very well conserved
archaeal orthologs but only in Methanocaldococcus jannaschii
(MJ0610), Methanococcus maripaludis (MMP0595), Meth-
anopyrus kandleri (MK0672), Methanococcus voltae, Methano-
thermococcus thermolithotrophicus, and Methanococcus van-
nielii; these are the known archaea that use Sec. Considering
all of these data, it appeared probable that this protein was the
missing Sep-tRNA:Sec-tRNA synthase (SepSecS) (Fig. 1 Up-
per).

Here, we report the identification of the human SLA/LP and
Methanococcus maripaludis MMP0595 proteins as SepSecS en-
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zymes (encoded by spcS) that convert Sep-tRNASec 3 Sec-
tRNASec.

Results
SepSecS Rescues Selenoprotein Biosynthesis in an E. coli selA Deletion
Strain. When grown anaerobically, E. coli produces the selenium-
dependent formate dehydrogenase H (FDHH). Its activity en-
ables the cells to reduce benzyl viologen (BV) in the presence of
formate, which is usually observed in agar overlay plates under
anaerobic conditions (24). We therefore constructed an E. coli
selA deletion strain (JS1) in which selenoprotein production is
abolished. Complementation of the JS1 strain with archaeal
SepSecS genes from Methanococcus maripaludis (MMP0595)
and Methanocaldococcus jannaschii (MJ0610) and with the
human homolog (Q9HD40) allowed us to test the ability of these
genes to restore selenoprotein biosynthesis as detected by FDHH
activity. The E. coli cells were grown under anaerobic conditions
for 24 h and overlaid with top agar containing BV and formate.
Blue-colored cells indicated that BV was reduced and therefore
FDHH activity was present, whereas cells without FDHH activity
remained colorless. Neither the archaeal nor the human SepSecS
genes were able to complement the E. coli JS1 strain (Fig. 2).
However, complementation was achieved when the SepSecS
genes were cotransformed with the gene encoding Methanocal-
dococcus jannaschii PSTK; the latter gene alone was not able to
restore Sec synthesis in the E. coli JS1 strain. Confirmation of
these results was with MacConkey nitrate agar plates where cells
with inactive formate dehydrogenase N form dark red colonies
(data not shown). These data imply that Sec formation was
achieved by a two-step process: PSTK phosphorylates the en-
dogenous Ser-tRNASec to Sep-tRNASec, and then this misacy-
lated aa-tRNA species is converted to Sec-tRNASec by SepSecS.
Thus, the human and archaeal SepSecS enzymes are active in E.
coli. The data also demonstrate that Ser-tRNASec, present in E.
coli JS1, cannot be converted to Sec-tRNASec, and therefore is
not a substrate for SepSecS.

The bacterial SelA is a PLP-dependent enzyme with a critical
lysine residue engaged in PLP binding (25). As the archaeal and
eukaryal SepSecS proteins also have PLP binding domains (21), we
introduced Lys 3 Ala mutations to replace the critical lysine
position in these enzymes (Methanocaldococcus jannaschii SepSecS

K277A, Methanococcus maripaludis SepSecS K278A, and human
SepSecS K284A). Even in the presence of PSTK, the mutant
SepSecS genes were no longer able to complement the bacterial
selA deletion (the result for the human SepSecS mutant is shown in
Fig. 2). This finding strengthens the notion that the SepSecS
proteins need PLP to carry out the Sep 3 Sec conversion.

75Selenium Incorporation into E. coli Proteins. To directly follow
selenoprotein production in E. coli, we labeled with 75Se the E.
coli JS1 transformants (with SepSecS genes). These JS1 trans-
formant strains were grown anaerobically in the presence of
[75Se]selenite and formate. Subsequently, the cell extracts were
separated on a polyacrylamide gel and the radioactively labeled
FDHH was visualized by autoradiography. In agreement with the
BV assay results, 75Se-labeled FDHH was detectable in the
presence of archaeal SepSecS only in the strains also trans-
formed with PSTK, whereas no labeling occurred when PSTK
was absent (Fig. 3). The relatively lower labeling efficiency
compared with the positive control, which was the transformant
with E. coli WT selA, may be caused by the inefficient expression
of the archaeal enzyme and the heterologous Sec biosynthesis

Fig. 1. tRNA-dependent amino acid transformations leading to Sec and
cysteine. (Upper) The SelA route is the bacterial pathway (6). The PSTK/SepSecS
is the archaeal/eukaryal route. (Lower) The SepRS/Sep-tRNA:Cys-tRNA syn-
thase (SepCysS) pathway operates in methanogens to synthesize cysteine (16).

Fig. 2. SepSecS genes restore FDHH activity in an E. coli selA deletion strain.
The E. coli JS1 strains complemented with the indicated SepSecS genes were
grown anaerobically on glucose minimal medium plates supplemented with
0.01 mM IPTG at 30°C for 2 days. FDHH activity was observed by overlaying top
agar containing formate and BV. Colonies with active FDHH reduced BV to a
blue color. The SepSecS genes were from Methanocaldococcus jannaschii
(MJ), Methanococcus maripaludis (MMP), human (HS), and E. coli selA (EC).
K284T denotes a mutant human SepSecS where the Lys residue critical to PLP
binding is changed to Thr.

Fig. 3. 75Se incorporation into the E. coli selenoprotein FDHH. Cells were
grown in the presence of [75Se]selenite in TGYEP medium (see Materials and
Methods) supplemented with 0.05 mM IPTG anaerobically at 37°C for 24 h. Cell
extracts were separated by 10% SDS/PAGE, and the formation of 75Se-
containing FDHH was followed by autoradiography. The E. coli strain JS1 was
complemented with E. coli SelA (lane 1), empty plasmids (lane 2), Methano-
caldococcus jannaschii SepSecS (lane 3), Methanocaldococcus jannaschii Sep-
SecS with PSTK (lane 4), and Methanocaldococcus jannaschii SepSecS, PSTK
with Methanococcus maripaludis tRNASec (lane 5).
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system. The second labeled band with lower molecular weight
was likely caused by the degradation of FDHH considering the
cells were harvested in stationary phase.

In a different experiment we investigated the effect of a
homologous SepSecS:tRNASec system on selenium incorpora-

tion by coexpressing archaeal tRNASec in the E. coli JS1 strain.
However, no significant increase in FDHH production was
observed, which suggests that the endogenous E.coli tRNASec is
a good substrate for archaeal SepSecS. As the secondary struc-
ture of tRNASec differs considerably among tRNA species from
the different domains, SepSecS might display a relaxed recog-
nition of the tRNA moiety of the Sep-tRNA substrate.

SepSecS Converts Sep-tRNASec to Sec-tRNASec in Vitro. To prove that
SepSecS is a SelA that catalyzes a tRNA-dependent Sep3 Sec
synthesis we analyzed the conversion of [14C]Sep-tRNA to
[14C]Sec-tRNA. To this aim Methanococcus maripaludis
tRNASec was acylated with [14C]serine by using pure Methano-
coccus maripaludis SerRS (26). Phosphorylation was performed
with pure Methanocaldococcus jannaschii PSTK. The isolated
tRNA was then incubated under anaerobic conditions with
purified recombinant SepSecS and E. coli selenophosphate
synthetase (SelD) in the presence of selenite. After the reaction
aa-tRNA was deacylated, and the amino acids were identified by
TLC in two systems (one is shown in Fig. 4). The data show that
SepSecS from both Methanococcus maripaludis (Fig. 4, lane 3)
and human (Fig. 4, lane 4) were able to form Sec-tRNASec from
Sep-tRNASec, but not from Ser-tRNASec (Fig. 4, lane 5). Thus,
Sep-tRNA is the crucial precursor for Sec-tRNA formation in
archaea and eukarya.

Evolution of Two Sec Biosynthesis Pathways. Although genetic cod-
ing of Sec is limited in organismal distribution, selenoproteins are
found in all domains of life. Phylogenetic evidence demonstrates
that the core Sec-decoding genes (tRNASec, SelB, and SelD), and
thus translation of genetically encoded Sec, is an ancient process

Fig. 4. Conversion of in vitro-synthesized Sep-tRNASec to Sec-tRNASec. Phos-
phorimages of TLC separation of [14C]Sep and [14C]Sec recovered from the
aa-tRNAs of the SepSecS activity assay (see Materials and Methods). Sec was
analyzed in its oxidized form as selenocysteic acid (Secya). Lane 1, Ser marker;
lane 2, Sep marker; lane 3, Sep-tRNASec with Methanococcus maripaludis
SepSecS; lane 4, Sep-tRNASec with human SepSecS; lane 5, Ser-tRNASec with
Methanococcus maripaludis SepSecS; lane 6, reaction of lane 3 with selenite
omitted.

Fig. 5. Phylogenies of SepSecS (A) and PSTK (B). Organism names are color-coded according to the domain of life: Eukarya (green), Archaea (blue), and Bacteria
(red). Non-Sec-decoding organisms are labeled in bold. Scale bar shows 0.1 changes per site. Only bootstrap values �90 are shown.
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that was already in existence at the time of the last universal
common ancestor (27–29). SelA is of bacterial origin and was
vertically inherited in that domain (30). Phylogenetic analysis of
SepSecS and PSTK reveals distinct archaeal and eukaryal versions
of these enzymes. This pathway can be traced back (at least) to the
evolutionary split between the archaeal and eukaryal sister lineages
(Fig. 5). SepSecS is confined to Sec decoding archaea and eukarya.
Its evolutionary history is consistent with vertical inheritance and
gene loss in non-Sec-decoding lineages (Fig. 5A).

More interesting is the complex picture presented in the PSTK
phylogeny (Fig. 5B). Like SepSecS, PSTK shows an initial deep
divide between a strictly eukaryal group on the one hand and an
archaeal group on the other. The archaeal PSTK appears to have
been horizontally transferred to several of the Sec-decoding
eukarya. The unexpected association between Oryza sativa and
Strongylocertrotus purpuratus implies multiple horizontal gene
transfer events, whereas a single transfer to mammals early in
their evolution accounts for the clustering of these organisms
within the archaeal genre. An additional horizontal gene transfer
of the archaeal version to non-Sec-decoding Cyanobacteria is
also suggested. The eukaryal PSTK is clearly discernable in a
distinct group of non-Sec-decoding fungi that lack all other Sec
biosynthesis components. These fungi form a coherent cluster in
the eukaryal group, implying vertical inheritance. Retention of
PSTK in this group suggests that it was recruited to perform a
different function. Some eukarya (e.g., Caenorhabditis and Xe-
nopus) retained both their native eukaryal PSTK and the
acquired archaeal version, whereas in other lineages, including
ancestors of mammals and trypanosomes, the archaeal version
displaced its eukaryal counterpart. Most surprisingly, Plasmo-
dium falciparum is Sec-decoding (30, 31), yet neither the PSTK
nor SelA gene can be found, which contributes to the idea that
a third pathway for Sec formation may exist in some organisms.

In summary, the last universal common ancestor genetically
encoded Sec, and whether one or both pathways for converting
Ser-tRNASec 3 Sec-tRNASec were present in the common
ancestor remains to be seen.

Discussion
SepSecS has been suggested to be involved in Sec synthesis in
eukarya since the early 1990s (20). In the current work, in vivo and
in vitro results revealed that SepSecS is indeed a SelA analog able
to catalyze the Sec-tRNASec formation. However, in contrast to
bacterial SelA that converts Ser-tRNASec directly to Sec-tRNASec,
SepSecS acts on the phosphorylated intermediate, Sep-tRNASec

(Fig. 1). Therefore archaeal and eukaryal Sec biosynthesis requires
three enzymes, SerRS, PSTK, and SepSecS, whereas bacteria
accomplish the same task without PSTK. Both SelA and SepSecS
are PLP-dependent enzymes. From a chemical standpoint a Sep3
Sec conversion is desirable, as Sep would provide a better leaving
group (phosphate) than Ser (water) for replacement with selenium.
The detailed reaction mechanism of SepSecS should be subject to
future structural and biochemical investigations. Sep-tRNA is re-
ported to be more stable than Ser-tRNA (17), which is known to
deacylate faster than any other aa-tRNA species (32). This fact
would greatly improve the overall efficiency of the selenocysteiny-
lation reaction and the rate of production of Sec-tRNA in all
organisms that possess an extended selenoproteome. Most seleno-
protein-containing bacteria only have one to three selenoproteins
that are expressed under specific environmental conditions and a
nonessential tRNASec (33). In contrast, humans have an essential
tRNASec and an extended selenoproteome whose 25 members have
been variously implicated in health and disease (4, 34).

Phylogenetic analyses showed that SelA is of bacterial origin,
whereas SepSecS is confined to archaea and eukarya, and PSTK,
principally an archaeal and eukaryal enzyme, has been horizon-
tally transferred to the Cyanobacteria. tRNASec has distinct
secondary structure features: the long extra arm for recognition

by SerRS, the elongated acceptor stem for SelB binding (35), and
still unknown recognition sites for PSTK and SepSecS. Consid-
ering the number of proteins that tRNASec interacts with, the
clear division of bacterial and archaeal/eukaryal protein lineages
and the discernable differences in tRNASec structures in the
three domains of life, it is interesting to see that E. coli tRNASec

can be recognized by archaeal and human SepSecS at least in vivo
(35). Moreover, although the biological archaeal and mamma-
lian selenium donors have not been characterized (6), our results
indicate that selenophosphate provided by E. coli SelD can be
used by SepSecS both in vitro and in vivo.

Are there other pathways? The absence of both PSTK and
SelA genes in P. falciparum brings out interesting questions: Is
there a third pathway or enzyme to make Sec? And why is Sec
the only amino acid among the 22 naturally cotranslationally
inserted protein building blocks that has not developed its own
aa-tRNA synthetase?

Materials and Methods
General. Oligonucleotide synthesis and DNA sequencing was
performed by the Keck Foundation Biotechnology Resource
Laboratory at Yale University. [14C]serine (163 mCi/mmol) was
obtained from Amersham Pharmacia Biosciences (Piscataway,
NJ). [75Se]selenite was purchased from the University of Mis-
souri Research Reactor Facility (Columbia, MO).

Bacterial Strains and Plasmids. The selA deletion strain JS1 was
constructed by replacing the gene with kanamycin cassette in
BW25113 E. coli strain as described (36). The T7 polymerase
gene was inserted in the genome by P1 transduction. The selC
deletion strain FM460 (37) was obtained from the Yale E. coli
Stock Center. SepSecS genes from Methanococcus maripaludis
(MMP0595) and Methanocaldococcus jannaschii (MJ0610) were
amplified from genomic DNA, and the human SepSecS gene
(GenBank accession no. BX648976) was amplified from an EST
clone [clone ID: DKFZp686J1361, obtained from the RZPD
German Resource Center for Genome Research, Berlin, Ger-
many (38)] followed by cloning into the pET15b vector. E. coli
selD was cloned into pET15b vector. Methanococcus maripaludis
tRNASec and Methanocaldococcus jannaschii PSTK gene were
cloned into the pACYC vector individually or together. Human
SepSecS K284T was generated by using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) according to
the manufacturer’s directions.

Protein Expression and Purification. Human SepSecS, Methanococ-
cus maripaludis SepSecS, and E. coli SelD were transformed into
BL21(DE3) cd� strain. Cells were grown to A600 � 1.0, and
protein production was induced by the addition of 0.5 mM
isopropyl �-D-thiogalactoside (IPTG). The cells were grown for
20 h at 15°C and then spun down and resuspended in 50 mM
Hepes (pH 8.0), 300 mM NaCl, 10 mM imidazole, 3 mM DTT,
10 �M PLP, and protease inhibitor mix (Roche, Indianapolis,
IN). After sonication, cell lysates were applied to Ni-NTA resin
(Qiagen, Valencia, CA). The resin was washed, and the His6-
tagged proteins were eluted according to the manufacturer’s
manual. Proteins were then thoroughly dialyzed against 50 mM
Hepes (pH 8.0), 300 mM NaCl, 10 mM DTT, 10 �M PLP, and
50% glycerol.

Complementation of an E. coli �selA Strain. Methanocaldococcus
jannaschii, Methanococcus maripaludis, or human SepSecS were
transformed into a �selA E. coli JS1 strain, with or without the
Methanocaldococcus jannaschii PSTK gene. The deletion strain
complemented with its own selA gene served as positive control.
E. coli �selA strain plus PSTK, SepSecS, or both genes was plated
on glucose-minimum medium agar plates with 0.01 mM IPTG
and grown anaerobically for 2 days at 30°C. The plates then were
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overlaid with agar containing 1 mg/ml BV, 0.25 M sodium
formate, and 25 mM KH2PO4 adjusted to pH 7.0. The appear-
ance of blue/purple color is the indication of active FDHH (24).
The same experiments were also carried out for SepSecS mu-
tants. Formate dehydrogenase N activity was tested with Mac-
Conkey nitrate medium plates.

Metabolic Labeling with [75Se]selenite. E. coli cells were grown
aerobically overnight and diluted (1:50) under anaerobic con-
ditions in 5 ml of TGYEP medium (0.5% glucose, 1% tryptone,
0.5% yeast extract, 1.2% K2HPO4, 0.3% KH2PO4, 0.1% formate,
1 �M Na2MoO4, pH adjusted to 6.5) (39) with 1 �Ci [75Se]se-
lenite and 0.05 mM IPTG added. The cells were further grown
anaerobically at 37°C for another 24 h and harvested. Cell lysates
were prepared and subjected to SDS/PAGE, followed by auto-
radiography.

Preparation of tRNA Substrates. The Methanococcus maripaludis
tRNASec gene was cloned into pUC18 with T7 promoter and
terminator. The plasmid was transformed together with a pA-
CYC vector encoding T7 RNA polymerase gene to the E. coli
selC deletion strain (FM460). tRNASec was overexpressed and
purified with biotinylated DNA oligonucleotides as described
(40). Purified tRNASec (10 �M) was serylated in the presence of
[14C]Ser (200 �M) and Methanococcus maripaludis SerRS (6
�M) in reaction buffer (100 mM Hepes, pH 7.0/10 mM KCl/10
mM magnesium acetate/1 mM DTT/0.1 mg/ml BSA) at 37°C for
1 h. To prepare Sep-tRNASec, 3 �M PSTK was added to the
reaction. Aminoacylated tRNA products were purified by phe-
nol extraction and ethanol precipitation followed by G-25 de-
salting column application.

In Vitro Sep3 Sec Conversion. Purified recombinant SepSecS was
incubated in reaction buffer (100 mM Hepes, pH 7.0/300 mM
KCl/10 mM MgCl2) with Sep-tRNASec or Ser-tRNASec (10 �M),

DTT (1 mM), Na2SeO3 (250 �M), and purified recombinant E.
coli SelD (100 �M) at 37°C for 30 min. The oxygen in the buffer
was removed, and the reaction was carried out in the anaerobic
chamber. After incubation, proteins were removed by phenol
extraction. The tRNAs were purified with G-25 column and
ethanol precipitation to remove small molecules and salts.
Purified tRNA products were deacylated in 20 mM NaOH at
room temperature for 10 min. The released amino acids were
oxidized with performic acid (16) and subjected to TLC analysis
[system 1: 85% ethanol; system 2: butanol/acetic acid/water
(4:1:1)].

Phylogenetic Analysis. Sequences, taken from the National Center
for Biotechnology Information nonredundant database or the
ERGO database, were aligned by using Multiseq in VMD 1.8.5
(41). The most parsimonious trees were generated with
PAUP4b10 (42). Gaps were counted as missing data and a
parsimony cost matrix, based on the Blosum45 substitution
matrix (43), was used. Of the 1,000 most parsimonious trees, the
topology with the maximum likelihood was chosen and branch
lengths were optimized with PHYML v.2.4.4 (44). The JTT��
model with eight rate categories was used for amino acid
substitution, and adjustable parameters were derived from max-
imum-likelihood estimates. Bootstrap values were computed by
using the re-estimation of log likelihoods (RELL) method in
PROTML from the Molphy 3.2 package (45).
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The use of molecular hydrogen as electron donor for energy
generation is a defining characteristic of the hydrogenotrophic
methanogens, an ancient group that dominates the phylum Eury-
archaeota. We present here a global study of changes in mRNA
abundance in response to hydrogen availability for a hydrog-
enotrophic methanogen. Cells of Methanococcus maripaludis were
grown by using continuous culture to deconvolute the effects of
hydrogen limitation and growth rate, and microarray analyses
were conducted. Hydrogen limitation markedly increased mRNA
levels for genes encoding enzymes of the methanogenic pathway
that reduce or oxidize the electron-carrying deazaflavin, coenzyme
F420. F420-dependent redox functions in energy-generating metab-
olism are characteristic of the methanogenic Archaea, and the
results show that their regulation is distinct from other redox
processes in the cell. Rapid growth increased mRNA levels of the
gene for an unusual hydrogenase, the hydrogen-dependent meth-
ylenetetrahydromethanopterin dehydrogenase.

coenzyme F420 � microarrays � Methanococcus maripaludis

Methanogenic Archaea may have been among earth’s ear-
liest organisms and today play essential roles in a variety

of anaerobic habitats (1, 2). The methanogens are phylogeneti-
cally widespread, comprising three of the seven classes in the
phylum Euryarchaeota (3). Most species are hydrogenotrophic,
obtaining energy by using H2 to reduce carbon dioxide to
methane. H2 is a major electron donor for methanogenesis in a
variety of anaerobic habitats and a key intermediate in the
anaerobic food web. During interspecies H2 transfer, the con-
centration of the H2 that is produced by heterotrophic bacteria
and eukaryotes during the fermentation of complex organic
compounds is maintained at very low levels by the hydrogenotro-
phic methanogens. These low H2 concentrations are essential for
the complete degradation of complex organic compounds in
anaerobic environments. In addition, on early earth geochemical
H2 may have supported methanogenesis (1). Because methane is
a potent greenhouse gas, this process may have contributed to an
early global warming effect.

Because of the central role of H2 in interspecies H2 transfer
and as electron donor for hydrogenotrophic methanogens, H2
is expected to play an important role in the global regulation
of gene expression. Previous studies (e.g., ref. 4) have observed
specific changes in gene expression with changes in H2 avail-
ability but they could not distinguish the effects of H2 avail-
ability from the effects of growth rate because nutrient
limitation slows growth in batch culture. A critical feature of
our analysis was the use of continuous culture. This approach
was necessary not only for superior reproducibility, but also for
determination of the effects of hydrogen and growth rate
independently. Methanococcus maripaludis, a mesophilic hy-
drogenotrophic methanogen from marine sediments, served as
our representative species. As a laboratory model, M. mari-
paludis is distinguished by relatively rapid growth, a well
developed genetic system (5, 6), a complete genome sequence
(7), established systems for transcriptome arrays and quanti-
tative proteomics (8), and continuous culture under defined
nutrient conditions (9).

Results and Discussion
Transcriptome microarrays were used to compare mRNA
abundance in M. maripaludis in chemostat cultures where
growth was limited by H2 or two other nutrients, leucine or
phosphate. During the comparisons of H2- to phosphate-
limited growth and H2- to leucine-limited growth, growth rate
and cell density were held constant. Thus, the effects of the
nutritional limitations were independent of growth rate and
cell density. By using three limiting nutrients, it was also
possible to identify the causative factor for the regulatory
responses. For example, a mRNA that is increased by H2
limitation would show an increase under H2 limitation relative
to leucine limitation as well as under H2 limitation relative to
phosphate limitation. In addition, cultures were compared at
4.5- to 4.8-fold different growth rates while cell density was
held constant, and the limiting nutrient was either H2 or
phosphate. Thus, it was possible to clearly identify genes
affected by growth rate.

All mRNA ratios determined in this study and their P values
are tabulated in supporting information (SI) Table 3. Differen-
tial levels were generally regarded as significant if P � 10�5.
Consistent trends across operons were considered significant at
higher P values.

Distinct Effect of H2 Limitation on Genes Encoding F420-Dependent
Processes. A distinct set of genes displayed mRNA levels that
were 4- to 22-fold higher under H2 limitation than under
phosphate or leucine limitation (Table 1 and Fig. 1). All of
these genes encoded enzymes of the methanogenic pathway
(10) that use the electron-carrying deazaf lavin, coenzyme F420.
The markedly regulated genes included those encoding the
selenocysteine-containing coenzyme F420-reducing hydroge-
nase (Fru; Mmp1382–1385), the primary reducer of F420
during growth on H2 when selenium is present (11), as is the
case in our medium. Also included was a cluster that contains
genes for one of two formate dehydrogenases (Fdh1;
Mmp1297–1302). A second Fdh (Fdh2; Mmp0138–0139) was
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similarly regulated although not as markedly. The Fdhs reduce
F420 when formate instead of H2 is the electron donor (12). The
remaining genes that were markedly regulated by H2 were
those encoding F420-dependent methylenetetrahydrometh-
anopterin dehydrogenase (Mtd; Mmp0372) and F420-
dependent methylenetetrahydromethanopterin reductase
(Mmp0058), central steps in methanogenesis. In addition to
increased mRNA abundance with H2 limitation, the fru and
fdh genes had significantly decreased mRNA abundance with
increasing growth rate when H2 was the limiting nutrient.

However, no growth rate effect was observed when phosphate
was the limiting nutrient. In continuous culture the limiting
nutrient concentration typically increases with growth rate, so
the decreased mRNA levels with growth rate could actually be
an effect of H2.

F420 is unusually abundant in methanogenic Archaea, where it
is coupled to many of the redox reactions in methanogenesis (13,
14). The distinct effect of H2 limitation on genes encoding
F420-dependent processes suggests that cells may use F420 to
compartmentalize electron flow. Recent evidence demonstrates

Table 1. Expression ratios of selected genes

ORF
number

Gene
name

H2/leu H2/Pi Rapid/slow (H2-lim) Rapid/slow (Pi-lim)

Ratio P value Ratio P value Ratio P value Ratio P value

F420-interacting proteins

Mmp0058 mer 3.81 (14.0) 1.8E-15 2.51 (5.7) 4.8E-11 �0.65 (0.64) 3.4E-04 0.87 (1.8) 8.4E-04

Mmp0372 mtd 4.49 (22.5) 5.6E-16 4.14 (17.6) 2.3E-10 �0.50 (0.71) 2.2E-02 1.09 (2.1) 1.0E-01

Mmp1298 fdhA1* 2.73 (6.6) 2.3E-05 2.26 (4.8) 1.5E-04 �1.77 (0.29) 9.0E-03 �0.25 (0.84) 1.7E-02

Mmp1385 fruB* 2.73 (6.6) 3.7E-12 1.83 (3.6) 3.0E-09 �1.12 (0.46) 4.1E-08 0.14 (1.1) 3.9E-01

Other methanogenesis and carbon assimilation proteins

Mmp0127 hmd 0.34 (1.3) 7.9E-02 �0.20 (0.87) 2.6E-01 2.12 (4.3) 1.1E-08 0.03 (1.0) 5.9E-01

Mmp1155 hdrB1* 0.66 (1.6) 9.8E-05 0.22 (1.2) 1.5E-02 �1.38 (0.38) 1.1E-10 �1.41 (0.38) 6.1E-10

Mmp1559 mcrA* 0.48 (1.4) 7.2E-03 �0.30 (0.81) 6.7E-03 �0.18 (0.88) 4.6E-02 0.26 (1.2) 3.0E-04

Mmp1609 ftr 0.81 (1.8) 6.3E-13 0.42 (1.3) 6.9E-07 0.62 (1.5) 5.1E-11 1.04 (2.1) 4.0E-11

Mmp1622 ehbM* 0.62 (1.5) 4.4E-06 0.66 (1.6) 5.0E-08 0.10 (1.1) 4.8E-03 0.65 (1.6) 9.2E-04

Ratios are log2. Nonlogged ratios are given in parentheses.
*Proteins encoded by multiple genes; the values given are for the gene with the median H2/leu value.
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Fig. 1. Pathways of methanogenesis and CO2 assimilation in M. maripaludis. Enzymes are listed next to each reaction. Bar graphs show the log2 expression ratios
for the gene(s) coding for each enzyme. For enzymes with multiple genes, the bar graph shows the average log2 expression ratio. Numbers below bars indicate
corresponding nonlogged ratios. Fmd, formylmethanofuran dehydrogenase (molybdenum-containing); Ftr, formylmethanofuran:tetrahydromethanopterin
formyltransferase; Mch, methenyltetrahydromethanopterin cyclohydrolase; Mer, methylenetetrahydromethanopterin reductase; Mtr, methyltetrahydrometh-
anopterin:coenzyme M methyltransferase; Cdh, carbon monoxide dehydrogenase/acetyl CoA synthase. Log2 ratios for leucine limitation vs. phosphate limitation
are from unpublished work.
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that the intracellular pool of reduced F420 is in equilibrium with
the H2 concentration in the medium (15). Therefore, F420-linked
processes would be directly coupled to and most sensitive to H2
levels. In this light, the up-regulation of F420-dependent pro-
cesses appears to be a strategy to maintain electron flow for the
methanogenic pathway by increasing the levels of enzymes when
substrate (H2) is low. In contrast, processes linked to ferredoxin
or NAD(P), which were not markedly affected by H2 limitation
(below), may be buffered from rapid changes in H2 concentra-
tions, allowing the cells to perform biosynthetic reactions that
depend on reduced ferredoxin or NAD(P)H (16–18) when H2
levels are low.

Genes Moderately Regulated by Hydrogen Limitation. Genes for
redox functions that do not involve F420 were at most moderately
affected by H2 limitation. Genes for the biosynthetic energy-
conserving hydrogenase B (Ehb; Mmp1621–1629), carbon mon-
oxide dehydrogenase/acetyl CoA synthase (Mmp0979–0985),
and pyruvate oxidoreductase (Por; Mmp1502–1507), which use
ferredoxins as electron carriers, had only moderately increased
mRNA levels under H2 limitation. We previously observed a
similar increase in mRNA for these genes when Ehb was
mutationally inactivated (8, 19), suggesting a response to main-
tain flux through this pathway when the electron donor is
limiting. Genes for the step of the methanogenic pathway that
uses ferredoxin [the energy-conserving hydrogenase A (Eha)]
were not significantly affected by H2 limitation, nor could an
effect of H2 limitation be discerned for the methylreductase
(Mcr), the non-F420-reducing hydrogenases (Vhu or Vhc), or the
heterodisulfide reductases (Hdrs). Similarly, numerous biosyn-
thetic steps depend on NAD or NADP; none was found to be
significantly affected by H2 limitation.

Genes Regulated by Growth Rate. The gene for the H2-dependent
methylenetetrahydromethanopterin dehydrogenase (Hmd;
Mmp0127) was increased 4-fold in mRNA abundance with rapid
growth under hydrogen-limited conditions. Although not re-
f lected in the arrays, real-time RT-PCR indicated moderate
(1.8-fold) increased mRNA with increased growth rate under
phosphate limitation as well (Table 2). The more moderate
effect of growth rate when phosphate was the limiting nutrient
indicates complex regulation that depends on the limiting nu-
trient as well as growth rate. It is notable that Hmd was the
enzyme of methanogenesis whose mRNA was most increased
with growth rate. In contrast, the genes for the F420-associated
proteins, including Mtd, which functions in the same step with
Hmd, were not significantly affected by growth rate. These
results suggest that Hmd, which is an unusual iron–sulfur cluster-
free hydrogenase (20) with low affinity for hydrogen (21), takes
on increasing importance as growth rate increases. Genes for two
steps in methanogenesis, formylmethanofuran:tetrahy-
dromethanopterin formyltransferase (Mmp1609) and methe-
nyltetrahydromethanopterin cyclohydrolase (Mmp1191), had
�2-fold increased mRNA levels with increased growth rate (Fig.
1 and Table 1). These steps are consecutive in the pathway and

are the only steps that do not directly involve electron transfer
or energy conservation.

Some genes of methanogenesis had moderately decreased
mRNA with increased growth rate. M. maripaludis contains
genes for two Hdrs and two non-F420-reducing hydrogenases. An
operon containing genes for Hdr1 B and C subunits followed by
genes of unknown function (Mmp1154–1165) was significantly
down-regulated 2.5-fold with increasing growth rate (Fig. 1 and
Table 1). Genes for the Hdr2 B and C subunits (Mmp1053–1054)
were also moderately but significantly down-regulated with rapid
growth (Fig. 1). An apparent operon (Mmp1691–1697) contain-
ing genes for Vhu along with a Hdr A-subunit as well as the
B-subunit of tungsten-containing formylmethanofuran dehydroge-
nase (FwdB) showed similar trends, as did an operon containing
genes for the remaining subunits of Fwd (Mmp1244–1249). The
similar trend observed for the Hdr and Vhu genes is consistent with
the hypothesis that these enzymes function in the pathway of
electron flow from H2 to the heterodisulfide intermediate that
forms between coenzyme M and coenzyme B during methanogen-
esis. Genes for Eha (Mmp1447–1465) were also slightly, but con-
sistently, down-regulated with increasing growth rate.

Finally, many genes of the methanogenic pathway and early
biosynthetic steps had decreased mRNA levels with leucine limi-
tation. The effects of leucine and phosphate limitation, as well as
additional effects of growth rate, will be reported (unpublished
work).

Real-Time RT-PCR. To check specific results and assess the overall
quality of the array results, real-time RT-PCR was conducted
for selected genes. The analysis included two genes, mtd and
hmd (Mmp0372 and Mmp0127) that encode alternative en-
zymes for the second reduction step in methanogenesis (Fig.
1) and were markedly regulated in certain comparisons, and an
important biosynthetic gene porE (Mmp1503), that was mod-
erately regulated. Also included were a putative transcrip-
tional regulator gene (Mmp1100) and Mmp0009, a putative
DNA primase gene that was chosen for its apparent lack of
regulation. Most genes showed similar trends with the two
measurement techniques (Table 2). In only one case did
real-time RT-PCR fail to detect regulation where the arrays
had indicated moderate regulation, porE in the hydrogen vs.
phosphate comparison.

Comparison with Previous Studies. Several previous studies have
reported the effects of different hydrogen delivery rates, or of
different degrees of mixing, on the expression of methanogenesis
genes. However, because of the use of batch culture, the effects of
hydrogen availability could not be distinguished from the effects of
growth rate. Comparison with our results suggests that both effects
may have occurred, and that similar patterns of gene expression
may occur in diverse species of methanogens. Among those genes
of methanogenesis that we found to be markedly up-regulated by
hydrogen limitation in M. maripaludis, studies in Methanother-
mobacter thermautotrophicus (4, 22) led to a similar conclusion for
homologs of Mtd, methylenetetrahydromethanopterin reductase,

Table 2. Comparison of real-time RT-PCR and array results

ORF
number

Gene
name

H2/leu H2/Pi Rapid/slow (H2-lim) Rapid/slow (Pi-lim)

RT-PCR Array P value RT-PCR Array P value RT-PCR Array P value RT-PCR Array P value

Mmp0009 0.11 (1.1) �0.03 (0.98) 6.5E-01 0.08 (1.1) 0.05 (1.0) 5.4E-01 0.06 (1.04) �0.02 (0.99) 6.8E-01 0.12 (1.1) 0.13 (1.1) 4.9E-02

Mmp0127 hmd 0.00 (1.0) 0.34 (1.3) 7.9E-02 0.09 (1.1) �0.20 (0.87) 2.6E-01 1.80 (3.5) 2.12 (4.3) 1.1E-08 0.82 (1.8) 0.03 (1.0) 5.9E-01

Mmp0372 mtd 3.13 (8.8) 4.49 (22.5) 5.6E-16 2.61 (6.1) 4.14 (17.6) 2.3E-10 0.32 (1.2) �0.50 (0.71) 2.2E-02 1.79 (3.5) 1.09 (2.1) 1.0E-01

Mmp1100 2.40 (5.3) 1.42 (2.7) 5.4E-06 0.10 (1.1) �0.12 (0.92) 3.9E-01 �1.01 (0.50) �2.39 (0.19) 4.0E-10 �0.36 (0.78) �1.37 (0.39) 6.2E-07

Mmp1503 porE 0.57 (1.5) 0.61 (1.5) 1.1E-05 0.07 (1.0) 0.40 (1.3) 2.3E-07 1.55 (2.9) 0.64 (1.6) 2.6E-07 1.81 (3.5) 0.34 (1.3) 1.9E-01

Ratios are log2. Nonlogged ratios are given in parentheses. PCR values are average log2 expression ratios from two biological replicates.
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F420-reducing hydrogenases, and Fdh (23). Similarly, an analysis at
the protein level in Methanocaldococcus jannaschii found an ele-
vated level of Mtd at lower partial pressure of H2 (24). Genes for
Fdhs in M. maripaludis were expressed at higher levels when
formate replaced hydrogen as the electron donor (12), consistent
with our findings here under hydrogen limitation. It is notable that
in those experiments, the differential expression of the Fdh genes
was observed with promoter-lacZ fusions, indicating regulation at
the level of transcription initiation. On the other hand, our findings
suggest that other effects may actually have been caused by growth
rate. hmd in M. thermautotrophicus had decreased mRNA under a
low hydrogen regime, and a proteomic analysis in M. jannaschii
found lower Hmd with lower partial pressure of H2 (24). In batch
culture low hydrogen coincides with low growth rate, and the effects
may have been a result of growth rate differences, consistent with
our observation in M. maripaludis of decreased hmd mRNA levels
with lower growth rate. Alternatively, regulation by hydrogen of
Hmd at a post-mRNA level could occur. In other cases, differences
between our results and previous ones could be caused by species
differences. The M. thermautotrophicus study reported increased
mcr mRNA levels under low hydrogen. In contrast, we observed no
significant regulation of mcr in M. maripaludis with hydrogen
limitation or growth rate. Among the differences between the two
species is the presence of a second Mcr in M. thermautotrophicus,
Mrt, which is lacking in M. maripaludis. In M. thermautotrophicus
mrt was affected in the opposite direction to mcr and regulation
might be associated with the presence of the two alternative
enzymes.

Conclusion. A microarray comparison of M. maripaludis chemo-
stat cultures revealed distinct sets of genes whose mRNA levels
vary with hydrogen limitation or growth rate. Genes for F420-
dependent functions were distinguished by marked increases of
mRNA levels with hydrogen limitation, whereas mRNA abun-
dance for Hmd was positively affected by rapid growth. More
modest effects of hydrogen limitation and growth rate were also
observed among the genes of methanogenesis and early biosyn-
thetic steps. The mechanisms for these effects on mRNA abun-
dance remain to be investigated.

Methods
Bacterial Strains, Media, and Culture Conditions. M. maripaludis
strain S52, a leucine auxotroph, has been described (9). Cultures
(1-liter volumes) of S52 were grown at 37°C in chemostats as
described (9). The standard medium pumped into the chemostat
vessels was McA, a defined complex medium. The standard
gassing regime was 110 ml/min H2, 40 ml/min CO2, 35 ml/min N2,
and 15.5 ml/min H2S/N2 mixture (1:99). Cultures were stirred at
1,000 rpm with two 52-mm, six-bladed, Rushton-type impellers.
For nutrient limitation comparisons, growth rate was 0.125 h�l

and conditions were modified as follows. For hydrogen-limited
cultures H2 was lowered to 20 ml/min and N2 was increased to
125 ml/min. For phosphate limitation phosphate was lowered
from the standard 0.8 mM to 0.15 mM. For leucine limitation,
leucine was lowered from the standard 0.5 mM to 0.15 mM. For
hydrogen-limited growth rate comparisons, cultures were grown
at 0.042 or 0.2 h�l. For phosphate-limited growth rate compar-

isons, cultures were grown at 0.042 or 0.19 h�l. For hydrogen-
limited cultures at 0.042 h�l, H2 was delivered at 8 ml/min and
N2 was delivered at 135 ml/min. For hydrogen-limited cultures at
0.2 h�l, H2 was delivered at 29 ml/min and N2 was delivered at
115 ml/min. For phosphate-limited cultures at both growth rates,
phosphate was 0.15 mM. All cultures were allowed to stabilize
and remain at a constant cell density, OD660 � 0.6, for at least
three retention times before harvesting. For comparison, when
the standard medium and gassing regime were used (no limiting
conditions), steady-state OD660 was �1.0.

Cell Harvesting. To harvest cells, the chemostat vessel was pres-
surized to 10 psi, and culture was allowed to flow out through the
sampling tube. Culture was rapidly cooled by either of two
methods. In one method, 400 ml of culture were collected in a
1-liter round-bottom flask that had been precooled on ice and
rapidly cooled to 4°C by swirling in a dry ice–ethanol bath.
Culture was then divided into 50-ml portions, and cells were
collected by centrifugation at 4°C at 8,000 � g for 5 min. In the
other method, culture was collected directly into centrifuge tubes
through stainless-steel tubing bathed in ice water and centrifuged
as above. Cell pellets were stored at �80°C.

RNA Extraction, Array Hybridization, and Real-Time RT-PCR. RNA was
extracted, treated with DNase, and checked for quality. Cy3- and
Cy5-labeled cDNAs were produced and hybridized to spotted
PCR product arrays. Real-time RT-PCR was performed for
selected samples. Details are given in ref. 8.

Array Data Collection and Analysis. Nutrient limitation compari-
sons were conducted with four biological replicates for each
condition. Growth rate comparisons were conducted with
three biological replicates. Each comparison involved four
technical replicates as described (8). For nutrient limitation
comparisons and growth rate comparisons under hydrogen-
limited conditions, slides were read at the University of
Washington Center for Expression Arrays and data were
quantified as described (8). For growth rate comparisons
under phosphate-limited conditions, slides were read on a
Scan-Array Express reader (PerkinElmer, Wellesley, MA) at
the Institute for Systems Biology, Seattle, WA. Average ex-
pression ratios and unadjusted P values were calculated for
each gene across all replicates by using the S� array analyzer,
using Loess normalization and a t test for significance to
calculate P values. Gene expression ratios were viewed by
using a TIGR MultiExperiment Viewer (25). Data are avail-
able at the Gene Expression Omnibus database under acces-
sion no. GSE6747.

We thank Roger Bumgarner, Murray Hackett, and Fred Taub for
assistance with array analysis. This work was supported by National
Institutes of Health Grants GM60403 and GM74783, Department of
Energy Basic Research for the Hydrogen Fuel Initiative Grant DE-
FG02-05ER15709, Department of Energy Microbial Cell Project Grant
DE-FG03-01ER15252, and National Aeronautics and Space Adminis-
tration Astrobiology Institute Grant NCC 2-1273.

1. Kasting JF, Siefert JL (2002) Science 296:1066–1068.
2. Wolfe RS (1996) ASM News 62:529–534.
3. Boone DR, Castenholz RW, eds (2001) The Archaea and the Deeply Branching

Phototrophic Bacteria (Springer, New York).
4. Reeve JN, Nolling J, Morgan RM, Smith DR (1997) J Bacteriol 179:5975–

5986.
5. Tumbula DL, Whitman WB (1999) Mol Microbiol 33:1–7.
6. Moore BC, Leigh JA (2005) J Bacteriol 187:972–979.
7. Hendrickson EL, Kaul R, Zhou Y, Bovee D, Chapman P, Chung J, Conway de

Macario E, Dodsworth JA, Gillett W, Graham DE, et al. (2004) J Bacteriol
186:6956–6969.

8. Xia Q, Hendrickson EL, Zhang Y, Wang T, Taub F, Moore BC, Porat I,
Whitman WB, Hackett M, Leigh JA (2006) Mol Cell Proteomics 5:868–881.

9. Haydock AK, Porat I, Whitman WB, Leigh JA (2004) FEMS Microbiol Lett
238:85–91.

10. Deppenmeier U (2002) Prog Nucleic Acid Res Mol Biol 71:223–283.
11. Noll I, Muller S, Klein A (1999) Genetics 152:1335–1341.
12. Wood GE, Haydock AK, Leigh JA (2003) J Bacteriol 185:2548–2554.
13. Deppenmeier U (2002) Prog Nucleic Acid Res Mol Biol 71:223–283.
14. Keltjens J, van der Drift C (1986) FEMS Microbiol Rev 39:259–303.
15. de Poorter LM, Geerts WJ, Keltjens JT (2005) Microbiology (Reading, UK)

151:1697–1705.

Hendrickson et al. PNAS � May 22, 2007 � vol. 104 � no. 21 � 8933

G
EN

ET
IC

S



16. Tersteegen A, Linder D, Thauer RK, Hedderich R (1997) FEBS 244:862–868.
17. Lin WC, Yang YL, Whitman WB (2003) Arch Microbiol 179:444–456.
18. Bock AK, Kunow J, Glasemacher J, Schonheit P (1996) FEBS 237:35–44.
19. Porat I, Kim W, Hendrickson EL, Xia Q, Zhang Y, Wang T, Taub F, Moore

BC, Anderson IJ, Hackett M, et al. (2006) J Bacteriol 188:1373–1380.
20. Korbas M, Vogt S, Meyer-Klaucke W, Bill E, Lyon EJ, Thauer RK, Shima S

(2006) J Biol Chem 281:30804–30813.

21. Thauer RK, Klein AR, Hartmann GC (1996) Chem Rev 96:3031–3042.
22. Morgan RM, Pihl TD, Nolling J, Reeve JN (1997) J Bacteriol 179:889–898.
23. Nolling J, Reeve JN (1997) J Bacteriol 179:899–908.
24. Mukhopadhyay B, Johnson EF, Wolfe RS (2000) Proc Natl Acad Sci USA

97:11522–11527.
25. Saeed AI, Sharov V, White J, Li J, Liang W, Bhagabati N, Braisted J, Klapa

M, Currier T, Thiagarajan M, et al. (2003) BioTechniques 34:374–378.

8934 � www.pnas.org�cgi�doi�10.1073�pnas.0701157104 Hendrickson et al.


	haydock et al FEMS micro 04.pdf
	Continuous culture of Methanococcus maripaludis under defined nutrient conditions
	Introduction
	Materials and methods
	Bacterial strains, plasmids, media and culture conditions
	Construction of  Delta leuA::pac mutant
	Isopropylmalate synthase activity
	Chemostat vessels
	Gas delivery system
	Medium delivery system
	Culture medium composition and setup
	Growth of M. maripaludis in chemostats

	Results and discussion
	Construction of a leucine-auxotrophic mutant
	Steady-state growth behavior of M. maripaludis under nutrient-limited conditions

	Acknowledgements
	References


	major et al FEMS micro 04.pdf
	Abundance of 4Fe ndash 4S motifs in the genomes of methanogens and other prokaryotes
	Introduction
	Materials and methods
	Genome-wide 4Fe ndash 4S motif analyses
	Numerical motif comparisons and statistical analyses

	Acknowledgements
	Supplementary material
	Supplementary material
	References





