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I. FINAL REPORT 01/01/87 through 12/31/00 

Studies on the Microbial Formation of Methane 
Grant DE-FG02-87ER13651 

A. Objectives 
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B. Experimental Results 
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1988 
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Metcalf, W. W., J.-K. Zhang, X. Shi, and R. S. Wolfe. 1996. Molecular, genetic, and 
biochemical characterization of the serC gene of Methanosurcina barkeri Fusaro. 
J. Bacteriol. 1785797-5802. 
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densities. Appl. Environ. Microbiol. 655059-5065. 

Mukhopadhyay, B., E. F. Johnson, M. Ascano, Jr. 1999. Conditions for vigorous 
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P. Schimmel. A new aminoacyl tRNA synthetase whose sequence fits into neither of 
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C. Summary of Progress 

1. 

2. 

3. 

4. 

Progress reports (1987-1997) have addressed contributions to science supported 
by this DOE grant and have been documented in publications in 1987 through 
1997. 

1998. We discovered that Methanobacterium thermoautotrophicum strain AH 
possessed pyruvate carboxylase (PYC), and this biotin prototroph required 
exogenously supplied biotin to exhibit detectable amounts of PYC activity. The 
enzyme was highly labile and was stabilized by 10% inositol in buffers to an 
extent that allowed purification to homogeneity and characterization. The 
purified enzyme was absolutely dependent on ATP, Mg2+ (or Mnz+ or Co"), 
pyruvate, and bicarbonate for activity; phosphoenolpyruvate could not replace 
pyruvate, and acetyl-coA was not required. The enzyme was inhibited by ADP 
and a-ketoglutarate but not by aspartate or glutamate. ATP was inhibitory at 
high concentrations. The enzyme, unlike other PYCs, exhibited non-linear 
kinetics with respect to bicarbonate and was inhibited by excess Mg2+, Mn2+, or 
Co". The 540-kDa enzyme of A4B4 composition contained a non-biotinylated 
52-kDa subunit (PYCA) and a 75-kDa biotinylated subunit (PYCB). The pycB 
gene was probably monocistronic and followed by a putative gene of a DNA- 
binding protein on the opposite strand. The pycA was about 727 kilobase pairs 
away from pycB on the chromosome and was probably co-transcribed with the 
biotin ligase gene (birA). PYCA and PYCB showed substantial sequence 
identities (33-62%) to, respectively, the biotin carboxylase and biotin carboxyl 
carrier + carboxyltransferase domains or subunits of known biotin-dependent 
carboxylases/decarboxylases. We discovered that PYCB and probably the 
equivalent domains or subunits of all biotin-dependent carboxylases harbored 
the serine/threonine dehydratase types of pyridoxal-phosphate attachment site. 
Our results and the existence of an alternative oxaloacetate synthesizing enzyme 
phosphoenolpyruvate carboxylase in M. thermoautotrophicum strain AH 
(Kenealy, W. R., and Zeikus, J. G. E19821 FEMS Microbiol. Lett. 14:7-10) raise 
several questions for future investigations. 

1998. To simplify the incubation of Methanosarcina spp. on solid agar 
medium, a two-port, manual, rectangular air lock was modified to serve as an 
anaerobic incubator. In one operation, it is possible to incubate 153 petri plates, 
the equivalent of 1 1 standard anaerobic jars, with plating efficiencies identical 
to those of traditional protocols. 

1999. For the hyperthermophilic and barophilic methanarchaeon 
Methanococcus jannaschii, we have developed a medium and protocols for 
reactor-scale cultivation that improved the final cell yield per liter from -0.5 to 
-7.5 g of packed wet cells (-1.8 g dry cell mass) under autotrophic growth 
conditions and to -8.5 g of packed wet cells (-2 g-dry cell mass) with yeast 
extract (2 g liter-') and tryptone (2 g liter-') as medium supplements. For growth 
in a sealed bottle it was necessary to add Se to the medium, and a level of 2 pM 
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for added Se gave the highest final cell yield. In a reactor M. jannaschii grew 
without added Se in the medium; it is plausible that the cells received Se as a 
contaminant from the reactor vessel and the H,S supply. But, for the optimal 
performance of a reactor culture, an addition of Se to a final concentration of 50 
to 100 pM was needed. Also, cell growth in a reactor culture was inhibited at 
much higher Se concentrations. These observations and the data from previous 
work with methanogen cell extracts (B. C. McBride and R. S. Wolfe, 
Biochemistry 10:43 12-4317,1971) suggested that from a continuously sparged 
reactor culture Se was lost in the exhaust gas as volatile selenides, and this loss 
raised the apparent required level of and tolerance for Se. In spite of having a 
proteinaceous cell wall, M. jannaschii withstood an impeller tip speed of 235.5 
cms-’, which was optimal for acheving high cell density and also was the higher 
limit for the tolerated shear rate. The organism secreted one or more acidic 
compounds, which lowered pH in cultures without pH control; this secretion 
continued even after cessation of growth. 

5. 1999. We described a reactor-scale cultivation protocol for the fastest-growing 
and only known thermophilic member of the family Chlorobiaceae, 
Chlorobium tepidum. We discovered that C. tepidum would grow with sulfide 
as the sole electron source at rates and with final cell yields comparable to those 
found with thiosulfate only if the sulfide concentration was maintained below 
0.1 mM and the culture redox potential was at -300 k 20 mV. Such was also 
the requirement for growth in a photobioreactor when thiosulfate (optimum 
level, 12 mM) was used as the preferred electron source. For cultivation of C. 
tepidum on a 5- to 500-ml scale, we used the system of Balch and Wolfe (Appl. 
Environ. Microbiol. 32:78 1-79 1, 1976) using stopper-sealed serum tubes and 
bottles as an alternative to the methods commonly used for the cultivation of 
phototrophic anaerobes and obtained consistent results. 

6. 2000. The methanarchaeon, Methanococcus jannaschii, a hyperthermophilic, 
autotrophic, and strictly hydrogenotrophic inhabitant of submarine 
hydrothermal vents, was cultivated in a reactor at two hydrogen partial pressure 
(p%) values, 178 kPa (high) and 650 Pa (ultralow), and the cells were subjected 
to a comparative proteome analysis. From these studies, it was discovered that, 
when %was high and the cell density was low (a combination representing a 
hydrogen-excess condition), the cells possessed very low or undetectable levels 
of four flagella-related polypeptides (FlaB2, FlaB3, FlaD, and FlaE); electron 
microscopic examination showed that most of these cells were devoid of 
flagella. Flagella synthesis occurred when hydrogen became limiting either at 
high cell density under high pqor at low cell density under low b. The results 
from a %-shift experiment corroborated the above observations. 
dependent changes in the levels of two methanogenic enzymes (MTD an 
HMDX) were as expected, and thus they served as internal controls. To our 
knowledge, this is the first example for the regulation of expression of flagella 
by hydrogen in any domain of life and for a control of any kind on flagella 
synthesis in the archaea. Our work also provides the only known example for 

The p”g - 
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7. 

8. 

each of the following: (i) the pure culture cultivation of a methanogen at an 
ultralow, near ecologically relevant pH2; (ii) experimental functional genomics 
for M. jannaschii; and (iii) the use of proteomics with M. jannaschii. 

2000. The pyruvate carboxylase (PYC) of the hyperthermophilic, strictly 
hydrogenotrophic, autotrophic and marine methanarchaeon Methanococcus 
jannaschii was purified to homogeneity. Optimal activity was at pH 8.5, 
2 8OoC, and a KC1 concentration of 0.175 M. This enzyme is the most 
thermophilic PYC so far studied. Unlike the Methanobacterium 
thermoautotrophicum enzyme, M. jannaschii PYC was expressed in cells grown 
without an external source of biotin and in the purified form was stable during 
storage at 4, -20, and -80°C. However, it was rapidly inactivated at 80°C. The 
enzyme was insensitive to aspartate and glutamate, mildly inhibited by a- 
ketoglutarate, and was strongly inhibited by ATP and ADP (apparent K,  for 
ATP, 0.374 & 0.039 mM; apparent Ki for ATP, 5.34 k 2.14 mM; Ki for ADP, 
0.89 k 0.18 mM). It was also strongly inhibited when the Mg" concentration in 
the assay exceeded that of ATP. Thus, this stable PYC could serve as a model 
for mechanistic studies on archaeal PYCs. It was apparently an a4P4-type PYC 
composed of a non-biotinylated 55.5-kDa subunit (PYCA) and a 64.2-kDa 
biotinylated subunit (PYCB). The determined ",-terminal sequences for these 
subunits provided additional support for our earlier proposal to rename the 
Oms MJ1229 and MJ1231 in the NCBI M. jannaschii genome sequence 
database as PYCA and PYCB, respectively; even very recently, these have been 
misidentified as a subunit of acetyl-coA carboxylase (AccC) and the a-subunit 
of ion-pumping oxaloacetate decarboxylase (OADa), respectively. 

2001. To extend knowledge of CO, fixation by non-methanogenic systems we 
have studied the pyruvate carboxylase of Mycobacterium smegmatis. Our data 
suggested that in M. smegmatis PYC might not fulfill a straightforward 
anaplerotic function. Consistent with this idea, our pyc mutant grew in a 
minimal medium without supplements such as aspartate, glutamate or 
oxaloacetate. We hypothesized that in M. smegmatis PYC may play a 
gluconeogenic role. A direct corollary of this hypothesis was that M. smegmatis 
would possess a phosphoenolpyruvate carboxykinase (PCK) that kinetically 
prefers the PEP synthesis direction. We cloned and expressed the M. smegmatis 
PCK with high activity in E. coli. We purified the recombinant enzyme 
(rMsmPCK) to homogeneity and characterized it. The rMsmPCK was a strictly 
GTP-dependent vertebrate-type enzyme; this was the first such report for the 
bacteria. As we hypothesized, the mycobacterial PCK preferred the 
gluconeogenesis direction. Only two other bacterial GTP-PCKs are known, and 
they play anaplerotic roles. Both in its primary structure and kinetic properties, 
the mycobacterial PCK showed extraordinary similarities to the vertebrate-liver 
enzymes. Also, rMsmPCK can be obtained in large quantities from the 
recombinant E. coli with great ease and in an extraordinary stable form (4"C/2 
months). All these attributes would make the mycobacterial GTP-PCK a great 
model for enzyme structure function studies in this field. 
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9. 2001. In collaboration with Professor Shimmel’s laboratory a new aminoacyl 
tRNA synthetase from Methanococcus jannaschii was discovered whose 
sequence fits into neither of the two known classes. 

10. 2001. To continue our studies on CO, fixation in methanogens we studied a 
pyruvate carboxylase in Methanosarcina barkeri. We found that in 
Methanosarcina barkeri oxaloacetate synthesis, an essential and major CO, 
fixation reaction, is catalyzed by an apparent a4P4-type acetyl-CoA-independent 
pyruvate carboxylase (PYC), composed of 64.2 kDa biotinylated (PYCB) and 
52.9 kDa ATP-binding (PYCA) subunits. The purified enzyme was most active 
at 7OoC, insensitive to aspartate and glutamate, mildly inhibited by a- 
ketoglutarate, and severely inhibited by ATP, ADP, and excess Mg2+. It showed 
negative cooperativity towards bicarbonate at 7OoC, but not at 37OC. The 
organism expressed holo-PYC without an external supply of biotin and thus, 
synthesized biotin. pycA, pycB, and a putative bpl (biotin protein ligase gene) 
formed a novel operon-like arrangement. Unlike other archaeal homologs, the 
putative BPLs of M. barkeri and the closely related euryarchaeon Archaeoglobus 
fulgidus appeared to be E. coli-type (bifunctional: BirA or repressor of biotin 
operon and BPL). We found the element Tyr(Phe)ProX5Phe(Tyr) to be fully 
conserved in biotin-dependent enzymes; it might function as the hinge for their 
“swinging arms.” 

APPENDIX 

Seven reprints not previously provided to DOE are appended. 
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