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Aspartate transcarbamoylase catalyzes the first committed step in the de

novo synthesis of pyrimidine nucleotides UMP, UDP, UTP and CTP. The

archetype enzyme found in Escherichia coil (310 kDa) exhibits sigmoidal

substrate binding kinetics with positive control by ATP and negative control with

CTP and UTP. The ATCase characterized in this study is from the extreme

thermophilic Archaebacterium, Methanococcus jannaschii. The enzyme was

very stable at elevated temperatures and possessed activity from 200C to 90*C.

M. jannaschii ATCase retained 75 per cent of its activity after incubation at

1000C for a period of 90 minutes. No sigmoidal allosteric response to substrate

for the enzyme was observed. Velocity substrate plots gave Michaelis-Menten

(hyperbolic) kinetics. The KM for aspartate was 7 mM at 30C and the KM for

carbamoylphosphate was 0.125 mM. The enzyme from M. jannaschii had a

broad pH response with an optimum above pH 9. Kinetic measurements were

significantly affected by changes in pH and temperature. The enzyme catalyzed

reaction had an energy of activation of 10,300 calories per mole.

ATCase from M. jannaschii was partially purified. The enzyme was

shown to have a molecular weight of 110,00 Da., with a subunit molecular

weight of 37,000 Da. The enzyme was thus a trimer composed of three

identical subunits. The enzyme did not possess any regulatory response and



no evidence for a regulatory polypeptide was found. DNA from M. jannaschii

did hybridize to probes corresponding to genes for both the catalytic and

regulatory subunits from E. col. Analysis of DNA sequences for the M.

jannaschii ATCase genes showed that the gene for the catalytic subunit shares

significant homology with the pyrB gene from E. coli, and maximum homology

amongst known ATCase genes to pyrB from Bacillus. An unlinked gene

homologous to E. colipyri encoding the regulatory subunit was identified,

though its expression and true function remain uncharacterized.
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INTRODUCTION

Together with the salvage pathway, the de novo biosynthesis of DNA and

RNA precursors is essential for all organisms. Pyrimidine nucleotide

biosynthesis is responsible for the formation of the bases for DNA and RNA

(O'Donovan & Neuhard, 1970). The enteric bacteria have been the most

extensively studied with respect to the biosynthesis of pyrimidines and are

presented as the type group for the discussion of the pathway and enzyme

function. In Escherichia coli biosynthesis of pyrimidines de novo starts with the

formation of carbamoylphosphate from glutamine, bicarbonate, and ATP. The

end products of the pyrimidine pathway uridine-5'-triphosphate (UTP), cytidine-

5'-triphosphate (CTP), and 2'-deoxycytidine-5'-triphosphate (dCTP), with 2'-

deoxythymidine 5'-triphosphate (dTTP) as the final nucleotide synthesized (Fig.

1).

The Pyrimidine Pathway in E. coli

The formation of carbamoylphosphate is catalyzed by the allosterically

controlled carbamoylphosphate synthetase (CPSase, EC 6.3.5.5, carAB), which

is activated by ornithine and inosine-5'-monophosphate (IMP), and inhibited by

uridine-5'-monophosphate (UMP) (Anderson 1977). CPSase synthesizes

carbamoylphosphate from bicarbonate and glutamate, using two ATPs.

Carbamoylphosphate has a dual requirement as an intermediate for arginine

biosynthesis and as substrate the first committed step in the pyrimidine

biosynthesis (Pierard et al., 1965).

1
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Fig. 1. Pyrimidine biosynthetic pathway inEscherichia coli from H0O3 + NH3 to

CTP.
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The first enzyme unique to pyrimidine biosynthesis aspartate

transcarbamoylase (ATCase, EC 2.1.3.2, pyrBf) is allosterically controlled being

activated by ATP, and feedback inhibited by CTP.CTP and UTP produce a

synergistic effect to inhibit ATCase activity. ATCase condenses aspartate and

carbamoylphosphate to form N-carbamoyl-L-aspartate, releasing inorganic

phosphate in the process. Dihydroorotase (DHOase, EC 3.5.2.3, pyrC) catalyzes

the dehydration and cyclization of N-carbamoyl-L-phosphate to L-aspartate

(Baeckstrom et al., 1986). This step in the pathway is not regulated.

Dihydroorotate dehydrogenase (DHOdehase, EC 1.3.3.1, pyrD) catalyzes the

oxidation of L-dihydroorotate to orotate (Larsen and Jensen, 1985). The next

step in the pathway produces the first nucleotide, orotidine-5'-monophosphate

(OMP) utilizing orotate phosphoribosyltransferase (OPRTase, EC 2.2.4.10, pyrE).

OPRTase synthesizes OMP from orotate and 5'-phosphoribosyl-l1-pyrophosphate

(PRPP), releasing pyrophosphate (PPi) (Poulsen et al., 1983). OMP

decarboxylase (OMPdecase, EC 4.1.1.23, pyrF) catalyzes the final specific step

of the pathway de novo by decarboxylating OMP to UMP, this step is

nonreversible (Theisen et aL., 1987). UMP kinase (EC 2.7.4.4, pyrK) is highly

specific and catalyzes the phosphorylation of UMP to UDP using an ATP as the

phosphate donor. UMP kinase has positive allosteric control by GTP and

negatively by UTP (Ingraham and Neuhard, 1972). UDP is phosphorylated to

UTP by nucleoside diphosphate kinase (NDK, EC 2.7.4.6, ndk) (Ginther &

Ingraham, 1974). NDK is nonspecific with respect to the sugar group or base

since NDP and dNDPs are converted to a triphosphate by this enzyme. CTP is

formed from UTP by CTP synthetase (EC 6.3.4.2, pyrG) using ATP and

glutamine. CTP synthetase is positively affected by GTP (Koshland & Levitzki,
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1974). Deoxyribonucleotides are produced from the diphosphate intermediates

except in anaerobes where NTPs are converted directly to dNTPs by rNTP .

reductase (nrdD) (Eliasson et a., 1992). NDPs are reduced to dNDP's by the

allosteric ribonucleoside diphosphate reductase (RDPR, EC 1.17.4.1, nrdAB)

which is positively controlled by ATP and negatively controlled by dATP, dTTP,

and dGTP (Reichard, 1993). NDK adds a phosphate group to the

deoxydiphosphate dNTP to make the corresponding triphosphate. The

compound dUTP is formed by dCTP deaminase (EC 3.5.4.13, dcd) (O'Donovan

et aL., 1971). The enzyme dCTP deaminase is feedback inhibited by dTTP and

dUTP (Beck et a. 1975). The pathway intermediate dUTP is immediately

hydrolyzed to dUMP by dUTPase (EC 3.6.1.23, dut) since dUTP can be miss

incorporated into DNA leading to mutations (Warner et al., 1981). Thymidylate

synthase (TSase, EC 2.1.1.45, thyA) catalyzes the methylation of dUMP to dTMP

using N5, N10-methylenetetrahydrofolate as the methyl group carrier. The

deoxyribonucleotide dTMP is first phosphorylated by thymidylate kinase (dTMP

kinase, EC , tmk) to the diphosphate and then to dTTP by NDK.

Pyrimidine Salvage

Pyrimidine salvage in enterics allows for the utilization of exogenous and

endogenous free bases and nucleosides for nucleotide synthesis. Salvage can

also be an energy source as well as a carbon and nitrogen source (Fig. 2)

(Neuhard, 1983). By using a salvage scheme the cell is able to utilize

nucleotides and intermediates in a more energy efficient method than that usually

seen in de nova synthesis. Uracil is recycled to UMP by uracil

phosphoribosyltransferase (UPRTase, E.C. 2.4.2.9, upp)
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Fig. 2. Pyrimidine salvage in Escherichia coli.
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The reaction requires PRPP to donate the ribose 5-phosphate group to uracil,

releasing an inorganic pyrophosphate (Andersen et a., 1992). Cytosine is

deaminated to uracil by cytosine deaminase (E.C. 3.5.4.1, codA) releasing an

ammonia molecule as a byproduct (Katsuragi et al., 1986). Uridine is

phosphorylated directly to UMP by uridine kinase (EC 2.7.1.48, udk) or it is

cleaved to uracil and ribose 1-phosphate by uridine phosphorylase (EC 2.4.2.3,

udp). Cytidine is usually deaminated to uridine by cytidine deaminase (EC

3.5.4.5, cdd) and occasionally may be converted directly to CMP by uridine

kinase (Neuhard, 1983).

Aspartate transcarbamoylase also known as aspartate

carbamoyltransferase catalyzes the first committed step in the synthesis de novo

of the pyrimidine nucleotides UMP, UDP, UTP, and CTP (O'Donovan & Neuhard,

1970). ATCase catalyses the reaction between carbamoylphosphate and L-

aspartate to produce N-carbamoyl-L-aspartate and inorganic phosphate (Yates &

Pardee, 1956a) (Fig. 3). The carbamoylphosphate is synthesized de novo in the

de nova pathway by combining ammonia from glutamine and bicarbonate

utilizing ATP as an energy source and phosphate donor. Aspartate is derived

from the transamination of oxaloacetate produced in the tricarboxylic acid cycle.

The carbamoylphosphate is hydrolyzed releasing free energy that drives the

nucleophilic addition of the carbonyl carbon of carbamoylphosphate to the amino

group of aspartate.
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Fig. 3. Nucleophilic attack by L-aspartate on carbamoylphosphate.
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Fig. 4 The pyrBi operon of Escherichia coli.
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pyrBi Operon

Escherichia coli ATCase is encoded by the pyrBi bicistronic operon (Fig.

4) located at approximately 96.0 min and counterclock-wise from the argi gene

on the E coli chromosome. (Bachmann & Low, 1980). The bicistronic message

has a catalytic open reading frame (ORF) (pyrB) of 925 bp, a gap of 15 bp, and a

regulatory ORF (pyri) of 465 bp (Roof et al., 1982, Hoover et a., 1983) . These

contiguous genes encode the subunits for six catalytic and six regulatory to

combine and form the dodecameric arrangement for the holoenzyme (Perbal et

a., 1977). The amino terminus and polar domain of the catalytic pyrB

polypeptide binds the carbamoylphosphate and the carboxy terminal equatorial

domain binds the aspartate. The N-terminus polar domain of the regulatory pyri

product has the allosteric nucleotide binding site and the zinc binding site is in the

carboxy terminus (Gerhart & Schachman, 1965).

Regulation of the expression of the ATCase genes in E. coi is controlled

by attenuation. The operon is negatively regulated by UTP-sensitive rho-

independent attenuation (Roof et al., 1982). The attenuator lies 23 base pairs

upstream from the promoter-proximal beginning of the structural genes.

Termination of the transcript has an efficiency of about 98 per cent in the

presence of high intracellular levels of UTP. If transcription occurs in a cell under

conditions of sufficient UTP levels, the RNA polymerase will bind to one of two

promoters. Transcription then continues through the leader sequence until the

RNA polymerase reaches the transcriptional terminator site 30 base pairs before

the translational start site of pyrB. When the UTP pool levels are sufficient the

hairpin loops of the attenuator form, stopping transcription and terminating

expression of the pyrBi mRNA. If the UTP pool in the cell is low, the
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transcription of the operon is paused in the leader sequence due to a string of

uracils seen in the -108 and -86 regions of the transcript. Since there is a

transcriptional pause due to a low UTP level, ribosomes bind to the transcript and

start translating the leader sequence. The ribosome catches up to the RNA

polymerase and due to its large footprint on the mRNA, the ribosome will

physically prevent the formation of the hairpin terminator loop in the -49 to -32

region allowing RNA polymerase to transcribe the operon (Roof et al., 1982;

Turnbough et al., 1983; Navre & Schachman, 1983).

E. coil AT ase

ATCase was first studied by Yates and Pardee (1 956a) when they

discovered feedback inhibition. The holoenzyme enzyme from E. coil is a

dodecamer consisting of two catalytic trimers and three regulatory dimers {2(c3) :

3 (r2)}, with a molecular mass of 310 kDa (Gerhart & Schachman, 1965). Six

zinc atoms maintain the dodecameric structure by attaching each catalytic

subunit to a regulatory dimer (Eisenstein et al., 1989, Nelbach et al., 1972)(Fig.

5). The catalytic trimers lie above and below the regulatory dimers in a

"sandwich" arrangement. Three subunits with partial sites combine to make a

functional trimer with three active sites. The homotropic (cooperative) response

to aspartate is relayed from a partial active site of a catalytic polypeptide of one

trimer through the regulatory dimer to the other half of the active site on the

opposite catalytic trimer. Each of the polypeptides in the catalytic trimers

contribute one-half of an active site, the catalytic polypeptides are opposite each

other in the different trimers and are connected to each other by a bridge made of

a regulatory dimer,
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Fig. 5. A view of Escherichia coli ATCase. ASP = Aspartate, CP =

Carbamoylphosphate, Zn = Zinc domain, AL = Allosteric domain.
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making a total of six active sites per dodecameric molecule (Fig. 5). The

heterotropic response of effectors is brought about when the ligand binds to a

regulatory dimer causing a conformational change to the holoenzyme (Kantrowitz

et al., 1980). Heterotropic response refers to interactions among different

allosteric effectors and the substrates (Ferst, 1985). Kantrowitz and Lipscomb

(1988) have described how the ATCase holoenzyme appears in a taut (T) state

which exhibits a lower affinity for substrates in the presence of the heterotropic

inhibitor, CTP. The relaxed (R) state of the enzyme has a higher affinity for

substrates and a higher activity.

If CTP binds to the regulatory subunits a conformational change occurs in

the holoenzyme that brings the two catalytic trimers into close proximity and

prevents the binding of the substrates. This induced T state of the enzyme brings

the catalytic trimers into close proximity by vertically squeezing the enzyme and

making the binding of the substrates more difficult. In the R state the

holoenzyme takes a more open configuration, allowing the substrates to bind

more easily and enhances the reaction. The bisubstrate analog N-

phosphonacetyil-L-aspartate (PALA) binds to ATCase 1000 times more tightly

than does carbamoylphosphate. PALA acts as a transition state intermediate

binding to both the carbamoylphosphate and aspartate sites and puts the

enzyme into the "contracted" conformation that is seen when the actual

substrates bind to ATCase. PALA competitively inhibits the binding of

carbamoylphosphate but not aspartate, indicating a binding order of

carbamoylphosphate and then aspartate (Collins & Stark 1971).

The native ATCase holoenzyme from E coi can be separated into two

types of protein subunits by treatment with mercurial compounds such as
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para-hydroxymercuribenzoate (pCMB). The pCMB reacts with sulfhydryl and

other mercurial-reactive groups, causing quaternary protein disassociation and

loss of zinc. The subunits can be reconstituted by dialysis to remove the pCMB

and subsequent addition of dithiothreitol and zinc (Gerhart & Schachman, 1965).

Regulatory subunits which are homodimers (r2) are not catalytically active but

bind nucleotide effectors (Gerhart & Holoubek, 1967). The catalytic subunits

which are homotrimers (c3) are trimers and are catalytically active. Heterotropic

effectors do not have a positive or negative effect on the individual catalytic

trimers which exhibit hyperbolic Michaelis-Menten kinetics for the saturation of

the enzyme by aspartate and carbamoylphosphate (Gerhart & Pardee, 1962).

The E. coli holoenzyme has a molecular mass of 310,000 Da, the catalytic and

regulatory subunits are 100,000 and 34,000 Da respectively (Bethell & Jones,

1969). The E. coi ATCase holoenzyme exhibits sigmoidal kinetics with the

substrate aspartate ([S]0 .5, asp = 5.5 mM) and carbamoylphosphate ([S]o.5 cp =

0.2 mM) (Gerhart & Schachman, 1965). E coli ATCase is controlled

allosterically utilizing feedback inhibition by the end product CTP and heterotropic

activation by ATP a purine pathway product (Yates & Pardee, 1956b; Wild et al.,

1989).

Classes of ATCase

Until recently there were three designated classes of ATCase which were

based on structural organization, molecular mass, substrate binding ability,

heterotropic response, and substrate kinetics (Bethell & Jones, 1969, Jones,

1980; Wild & Wales, 1990) (Fig. 6).
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Fig. 6. Three classes of ATCase.
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The class A ATCases were believed to be two identical dimers composed of a

catalytic subunit fused to a regulatory subunit. The subunit molecular mass was

180,000 Da each (Bethell & Jones, 1969). Each subunit had both a regulatory

and a catalytic function in a large fusion protein. The molecular mass of the class

A group was relatively large and varied between 340,000 and 380,000 Da. The

heterotropic responses of the class A ATCase were characterized by little

inhibition by ATP, UTP, CTP, and GTP. The substrate binding kinetics showed a

hyperbolic saturation curve. Aerobic Gram negative bacteria such as

Pseudomonas possessed class A ATCases.

The class B ATCases are the most studied and have a structural

organization made up of two catalytic trimers and three regulatory dimers

(2(c3):3(r2)) with the E. coli ATCase ibeing the archetype class B ATCase.

Within the Enterobacteriaceae there are seven types of ATCases which

correspond to the different tribes as classified by Edwards & Ewing (1972) (Wild

et a., 1980). When initial velocity is plotted against substrate concentration a

sigmoidal saturation curve is seen for both aspartate and carbamoylphosphate.

A variety of heterotropic responses was observed among the class B (Wild et a.,

1980). The different types of ATCase are designated by their patterns of CTP,

ATP, and UTP inhibition and activation (Folterman et a., 1979).

Class C ATCases have a catalytic trimer arrangement (c3), and lack

regulatory subunits. Thus they have no effector binding sites and lack a

heterotropic response. Bacillus subtilis, Enterococcus faecalis, Staphylococcus

epidermidis, and free catalytic trimer of E. coil are representative of the class C

ATCases (Brabson & Switzer, 1975, Chang et a., 1974, Kinney, 1996) The size
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of the class C ATCases is between 100,000 and 140,000 Da with Michaelis-

Menten saturation kinetics always observed.

Eukaryotic ATCase has been studied in yeasts, Pisum sativum,

Drosophila, Homo sapiens, and hamsters (Davis & Woodward, 1962; Norby,

1973; Coleman et al., 1977; Freund & Jarry, 1987; Simmer et al., 1989;

Williamson & Slocum, 1994). Yeasts exhibit a superdomain of a bifunctional

protein that has carbamoylphosphate synthetase (CPSase) and ATCase flanking

an inactive DHOase domain contained within a single polypeptide complex

designated as CA (Lue & Kaplan, 1970; Wild & Wales, 1990).

Archaebacteria

The Archaebacteria are a major subgroup in the kingdom Prokaryotae

according to the classification scheme of Robert Whittaker. Woese and Fox

(1977) have proposed an alternate view of classification where the

archaebacteria are placed in a superkingdom apart from the Eubacteria and the

Eukaryotae. Recent phylogenetic relationships in bacteria have been determined

using ribosomall 16S rRNA analysis. Bergey's Manual lists four major taxonomic

groups of bacteria, division I contained the Gracilicutes or the Gram-negative

bacteria, division II. Firmicutes: Gram-positive bacteria, division Ill. Tenericutes:

bacteria lacking a cell wall (the mycoplasmas), and division IV. Mendosicutes: the

archaebacteria (Jordan 1984).

The previous phylogenetic relationships of archaebacteria are defined by

cytological features and metabolic function (Stanier, 1970). Methanogens and

other archaebacteria were placed into the Prokaryotae due to their size, shape,

lack of eukaryotic membrane and organelles. Ribosomes are of an ancient origin
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and are found in all known bacterial species and are functionally equivalent.

Ribosomes of the archaebacteria resemble the prokaryotic model in subunit and

overall size.

The 16S rRNA nucleotide sequence has regions of extreme conservatism

and variability which lends itself to distant and close relationships in bacteria

(Woese et aL., 1975). When 16S rRNA sequences of the methanogens are

compared with prokaryotes and eukaryotes, it has been determined that the

methanogens are equidistant from the Prokaryotae and Eukaryotae. This

difference in the 16S rRNA nucleotide sequence homologies between

archaebacteria, eubacteria, and eukaryotes is the driving point for the creation of

a three kingdom system (Balch et. al., 1979).

Within the Archaebacteria there are three major groups, the Halophiles

which are aerobic bacteria that exist in environments with high salt

concentrations, the Thermoacidophiles, which are aerobic bacteria that live in hot

acidic environments, and the Methanogens which are anaerobic organisms that

generate methane by the reduction of carbon dioxide. The Methanogens are

considered a very ancient group that arose from the ancestral archaebacteria

and later gave rise to the halobacteria (Fox et al., 1980). There are three orders

that comprise the methanogens, the Methanobacteriales, the Methanococcales,

and the Methanornicrobiales. The Methanococcales has one family the

Methanococcaceae and one genus Methanococcus. Members of the genus

Methanococcus are Gram-negative cells or Gram-positive cocci occurring in

packets with the genus being differentiated because of its salt tolerance.

Methanococcus jannaschii is an extreme thermophilic methane-producing

archaebacterium that was isolated from a submarine hydrothermal vent collected
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from the base of a "white smoker" chimney in the East Pacific Rise. M.

jannaschii is a flagellated irregular coccus that grows in a defined medium with

80% H2 and 20% C02, the doubling time is 26 minutes at 850 C. The optimal pH

is 6.0 and it has a G + C ratio of 31% (Jones etal., 1983).

Objectives

One of the objectives of this study was to characterize the ATCase

enzyme from M. jannaschii.. ATCase has many types of regulation mechanisms

and structural conformations which lends itself to delineating evolutionary

relationships. Examining ATCase in various organisms gives a picture of

metabolic function with an eye on evolutionary relationships. Studying ATCase in

a methanogen was used to examine the relationship between eubacteria,

eukaryotic, and archaebacterial ATCase systems. Since the archaebacteria

have been an understudied group as a whole, new information about their

metabolic pathways should provide a better understanding to its biology.

Characterization of ATCase in M. jannaschii. included determining its

size, defining the kinetic response of the enzyme to various substrate

concentrations, temperature, pH, and thermal tolerance of the enzyme. Isolation

and sequencing of the ATCase gene was attempted, but was not accomplished.

Recent information about the imminent publishing of the DNA sequence of the

entire genome of hl. jannaschii made it repetitive for this study to do the same

(ASM News February, 1996).
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Bacterial strains and plasmids

Methanococcus jannaschii (FRG No. 2661 the type strain for the species

was obtained from Dr. Peter Michels, University of California, Berkeley. The

strain was maintained in an anaerobic liquid medium described below modified

from Jones et al., 11983 by the addition of piperazine-N, N'-bis [2-ethanesulfonic

acid (PIPES), f3-mercaptoethanol and a titanium (Ill) nitrilotriacetic acid solution.

Escherichia coil strain TB2 is a pyrimidine and arginine (Pyr-, Arg-) auxotroph

used in complementation experiments. The control E. co/istrain was JM107.

The E. coli TB2 and JM107 strains were obtained from Dr. Mark S. Shanley,

University of North Texas. The E. coli pyrimidine auxotroph EK1104 and

plasmid pEK2 were obtained from Dr. Evan R. Kantrowitz, Boston College.

Plasmid pEK2 contains the E. coli pyrBi genes inserted in a pUC8 plasmid.

Culture media

Cultures of M. jannaschii were grown and maintained in 100 ml

anaerobic vials. The growth medium was composed of 0.80 mM potassium

phosphate (dibasic), 0.95 mM calcium chloride dehydratee), 4.8 mM ammonium

chloride, 13.8 mM magnesium sulfate, 13.3 mM magnesium chloride, 4.4 mM

potassium chloride, 513.3 mM sodium chloride, 5.0 mM PIPES buffer, 0.30 g
yeast extract per liter at a final pH of 7.0. The medium was prepared by adding

all of the components to double distilled water (ddH2 O), except for the yeast

extract.

25
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The yeast extract was made separately, filter sterilized and added after

autoclaving. The following mineral solutions were added to a one liter batch of

medium, 1.0 mI of 1 mM selenium dioxide, 0.182 ml of 5.5 mM sodium tungstate

and 10 ml of trace minerals. The trace minerals solution contained 23.5 mM

nitrilotriacetic acid (NTA), 2.0 mM ferrous chloride (tetrahydrate), 0.5 mM

manganese chloride, 0.3 mM nickel chloride, 0.04 mM sodium molybdate, 0.7

mM cobalt chloride, 0.7 mM zinc chloride, 0.1 mM cupric chloride, and 0.3 mM

boric acid. The components were added to double distilled water and the pH of

the solution was adjusted to 7.0 with sodium hydroxide (Zeifus, 1977; Jones et

al., 1983).

The growth medium was added to a Wheaton "400" 125 ml serum bottle

and autoclaved. After autoclaving the cooled growth vial was placed in the

anaerobic hood, the top was sealed using a rubber stopper that had a thin layer

of silicone sealant. The vial and stopper were sealed with an aluminum crimp.

The vial was flushed with nitrogen gas by inserting a 16 gauge needle attached

to the nitrogen gas hose which pressurized the system. A second 14 gauge

needle was inserted into the stopper to vent the nitrogen gas. Each vial was

flushed with nitrogen gas for 90 seconds. The venting needle was removed,

followed by the needle from the nitrogen gas hose, allowing for positive

pressure in the vial. Mineral solutions were added to the medium.

Prior to inoculation the following components were added in a quantity of

one ml of component per liter of growth medium, 500 mM f3-mercaptoethanol,

400 mM sodium selenate, 0.1 mM sodium tungstate, and Ti (ll) nitrilotriacetic

acid solution. All of the previous solutions were prepared under anaerobic

conditions and placed in rubber sealed, aluminum crimped serum bottles. The
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Ti (Ill) nitrilotriacetic acid solution was prepared by boiling ddH2O to remove

dissolved oxygen and cooled to room temperature in an anaerobic hood

maintained by a nitrogen gas sparge. A sample of 9.6 g of NTA was added to

300 ml of oxygen free ddH2O and the pH was adjusted to 9.0 with 6N NaOH.

9.6 ml of 20% TiCI3 were slowly added to the NTA solution (the TiCl3 was stored

under anaerobic conditions and was kept anaerobic during addition). The pH

of the solution was adjusted to 7.0 with the addition of saturated anaerobic

NaCO3 and the final volume was brought to 500 ml with anaerobic ddH20 and

sterilized by filtration (Moench and Zeikus, 1983).

The addition of inoculum and components was accomplished with a 5 ml

syringe with a 16 gauge needle that was flushed with nitrogen gas in the

anaerobic hood. Approximately 2 ml of nitrogen gas was drawn into the syringe

and injected into the medium components vials and 1 ml was withdraw from the

vials. The 1 ml aliquots of the components were added to the growth vial.

The growth vials were inoculated from a M. jannaschii stock culture in a

similar fashion as the addition of the medium components. The top of the stock

culture was flamed prior to removal of the sample and pressurized with the

substrate gas (20% 00C2, 80% H2). The tank of substrate gas was regulated to

30 pounds per square inch, the line was opened and allowed to flow for 60

seconds. The needle from the substrate gas line was inserted into the growth

vial and the vial was inverted. The gas was allowed to sparge the medium until

bubbles were no longer seen rising in the medium. This ensured that the

substrate gas was at a pressure of 30 psi in the vial.

The growth vial was placed into a New Brunswick Scientific Gyrototory

Model G76 shaking water bath set at 800C for approximately 12 hours, after
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which the growth rate of the culture was determined by checking the

absorbance at 600 nm. Typically the growth rate was 30 to 45 minutes and the

culture reached a log phase of growth in 4 hours. A 0.5 ml sample was

removed anaerobically, when the culture reached an absorbance reading of 1.0

the growth vial was removed and cooled to 40C. A 100 ml sample of medium

typically yielded 100 to 200 mg wet weight of cells. On two occasions a 2 L

vacuum flask containing 1 L of growth medium was used to produce

approximately 1 gram of wet weight cells. Large volume growth chambers were

connected to the substrate gas line which was set at a flow rate of 200 ml/min.

The exhaust gas was vented through the side arm of the 2 L filter flask and

passed through a water cooled condenser in order to decrease the loss of

growth media (Fig. 7). The vented gas was finally placed into a beaker of water

as a method to observe gas flow.

Storage and breaking of cells

After the cells were grown to an A 0 , the growth vials were immediately

immersed in an ice bath. Cellular product breakdown and lysis were arrested

even in the presence of oxygen when the cells were cooled to 4*C. Cells were

harvested and pelleted in a centrifuge under non-anaerobic conditions. The

cooled growth medium was poured into 38 ml polypropylene Oakridge tubes

and centrifuged for 20 min. at 14,000 x g, Sorvall SA-600. Pelleted cells were

kept in 10 ml polypropylene screw cap vials at -80*C.

For enzyme assays and activity gels the cells were disrupted using an

SLM-Aminco Instruments Inc. French pressure cell that generated 20,000
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Fig. 7. Growth chamber.



30
Growth Chamber

Water Out

Water In

Water Cooledf Condense

0
Thermal Jacket Atmospheric Gases

; I

x - 8 Camber

80% H2

20% C02



31

pounds per square inch (p.s.i.). The pelleted cells were resuspended in

ATCase breaking buffer which was made of 10 mM Tris, 1 mM EDTA, 20 pM

zinc acetate, 2 ml of I M r3-mercaptoethanol, and 150 mM potassium acetate.

Resuspended cells were placed into a mini French pressure cell with a 3.7 ml

capacity. The ratio selector was set at medium pressure and the pressure

regulator dialed to a final pressure of 20,000 pounds per square inch. The

samples were run through the French press twice and collected in a 38 ml

polypropylene C)akridge tube. The lysates were placed on ice and used

immediately as crude extracts or further purified.

Purification of extracts

For purification streptomycin sulfate was added to the supernatant of the

crude extract as a 10% solution (w/v). The solution was stirred for two hours at

4*C. A white precipitate that contained ribosomal RNA and proteins was

removed by centrifugation for 30 min. at 15,000 x g, Sorval SA-600. The

supernatant was retained and dialyzed against ATCase breaking buffer

overnight. The ATCase from the extract was precipitated out of solution by the

addition of ammonium sulfate to a concentration of 70% w/v. The ammonium

sulfate crystal were slowly added to the extract and mixed with a stir bar at 40C

for 1 hour. The precipitate was removed by centrifugation at 15,000 x g for 30

minutes. The pellet was resuspended in 5-10 ml of ATCase breaking buffer and

dialyzed against the same buffer overnight with three changes overall.

The dialyzed solution was passed over a 13 mm x 300 mm Pharmacia

XK16 column packed with Sephacryl S-300 medium. The column was packed

by inserting the adapter into the bottom of the column, attaching the reservoir to
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the top of the column and pouring the gel into the reservoir. The gel was

allowed to pack in the column by gravity for two hours. After gravity packing, the

reservoir cap was screwed on tightly to the reservoir and connected to a

Pharmacia/LKB P-1 pump with a flow rate of 1.0 ml per minute of ATCase

breaking buffer for one hour. After packing, the reservoir was removed and the

adapter was inserted into the top of the column being careful not to introduce air

bubbles into the gel. To prevent air bubbles from entering into gel, the adapter

was immersed in ATCase buffer and attached to the pump with a flow rate of 1.0

ml per minute. With a constant flow rate going through the adapter, the column

was topped off with buffer and the adapter was inserted at an angle to avoid

trapping air between the adapter screen and the column gel. The pump was

connected to a 4-way valve which was in turn connected to a sample reservoir,

the column, and an out flow. The 4-way valve facilitated loading the sample

without having to disturb the pump column tubing connections (Fig. 8). ATCase

breaking buffer was pumped through the column with a 0.5 ml per minute flow

rate during fraction collection. Fractions were collected using a LKB 2212

Helirac in 10 ml aliquots. The fractions were assayed for ATCase activity.

ATCase enzyme assay

The ATCase assay (Prescott and Jones, 1969) measures the production

of N-carbamoyl-i-aspartate (CAA) in a reaction tube containing the sample

enzyme, L-aspartate, and carbamoylphosphate (CP) in a buffered solution. The

CAA so formed was added to a stop tube which contained a concentrated

solution of sulfuric acid that denatured the enzyme preventing further production

of CAA.
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Fig. 8. Sephacryl S-400 column and fraction collection.
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Control samples contained everything except aspartate. The stop mix also

contained antipyrine and diacetylmonoxime that reacts with CAA at 600C under

visible light, giving a yellow product that is measured with a spectrophotometer

of 466 nm, samples were taken at various time points through out the reaction to

ensure linearity of enzyme activity with respect to time under the conditions of

the assay.

While preparing reaction and stop tubes, all tubes were placed in an ice

bath to prevent the breakdown of the components. Into each reaction tube, 200

pl of potassium aspartate (1-100 mM final concentration, pH 9.5), 80 pI of Tri-

buffer (0.1 2-[N-morpholino] ethane sulfonic acid (MES), 0.051 M

diethanolamine, and 0.051 M n-ethylmorpholine), 40 pl of column sample, and

1440 p1 of ddH2 O were added (Leger and Herve, 1988). Reaction tubes

containing effectors included 100 pl of 20 mM ATP, CTP, or UTP (final

concentration 2 mM), the ddH20 volume was decreased by 100 pl. Tubes that

contain effectors and those with no effectors present (NEP) had a final reaction

volume (including CP) of 2 ml. For each reaction tube there was a stop tube for

each of three time points (Fig. 9). Stop tubes were prepared by adding 1 ml of

color mix (one part monoxime added to two parts antipyrine, see below) to 0.5

ml of ddH20 and placed on ice.

Fig. 9 gives an ATCase assay setup that includes the effectors ATP, CTP,

and UTP. All of the tubes were prepared in an ice bath. For each reaction tube

seen in the bottom of the diagram one stop tube for each time point of 10, 20,

and 30 minutes is seen in the racks above. The 8 mM CP solution was

prepared and placed on ice.
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Fig. 9. ATCase assay setup.
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The reaction tubes were removed from the ice bath and placed into the 300C

water bath to pre-incubate (no CP) for five minutes. The reaction was initiated

by the addition of 200 pl of 8 mM carbamoyl phosphate. At To, 200 p1 of CP was

added to the first reaction tube, 20 seconds later 200 p1 of CP was added to the

second reaction tube and so on. CP was added to all of the reaction tubes at 20

second intervals in sequential order. After 10 minutes had elapsed since the

addition of CP to the first reaction tube, a 500 pl sample from the first reaction

tube was removed and placed into the corresponding stop tube in the ice bath.

Immediately after the addition of reaction mix to the stop mix, the stop tubes

were agitated on a vortex-mixer and a glass marble was placed on top of the

tube. The marble had a two-fold function of maintaining a visual check of the

stop tubes with sample used in the assay and later when the stop tubes were

incubating in the 60C water bath the marble would prevent evaporation of the

sample. After 20 seconds a 500 p1 sample from reaction tube 2 was placed into

stop tube 2. Samples were removed from the reaction tubes and placed into

the stop tubes in a sequential order. The same reaction tubes were used for the

20 and 30 minute time point samples. When the final 30 minute time point stop

tube had been capped with a marble, the stop tube rack(s) were placed into a

600C water bath exposed to room lighting for 110 minutes to allow for color

development.

After 110 minutes the rack(s) were removed from the bath and cooled in

ice water for a minute or placed into-a dark drawer for up to two hours. The

incubated stop tubes were kept in the dark until read. The incubated stop tubes

were read using a Beckman DU-40 spectrophotometer set at 466 nm against a

ddH2 O or reacted buffer blank.
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Assay controls

Control reaction tubes were prepared to determine if incidental color

development had occurred in lieu of enzymatic formation of CAA. Assay control

of ingredients in the tubes were performed and readings subtracted from the

experimental values obtained when necessary. At temperatures above 200C

the CP can breakdown and a waxy byproduct is produced that reacts with the

color mix giving a yellow color change that is readable at 466 nm.

Every assay had a control tube that substituted ddH2O for the enzyme

was used. Controls for the initial assays included, CP substituted with ddH2O,

aspartate substituted with ddH2O, enzyme substituted with ddH2O, a reacted

water blank, and denatured enzyme by boiling for 20 minutes instead of active

sample. The control which consistently gave a high back ground color was the

enzyme substituted by ddH2O. Each assay had a reacted water tube and tube

that contained an enzyme substituted by ddH2O reaction. When assay

conditions were greater than 300C, there was an extra tube for each reaction

tube, an enzyme substituted by ddH2O control tube. For extreme temperature

assays of 600C, the time of the reaction was reduced to 3, 6, and 9 minutes.

The 85*C and 90*C assays times were reduced to 30, 60, and 90

seconds and PCR thin wall microcentrifuge tubes were used as reaction tubes.

The PCR microcentrifuge tubes were used since their thermal transfer ability is

greater than the standard glass reaction tubes or standard microcentrifuge

tubes. The high temperature reaction tubes were kept on ice until their

immersion into the water bath. The reactants including CP was added to the

tube before incubation. Control tubes that included buffer, aspartate, and CP
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that were kept on ice during the assay did not give any color. Control tubes of

enzyme substituted by ddH20 were used for each reaction tube that contained

the enzyme sample. The volumes were reduced proportionally for the PCR

microcentrifuge tubes.

Color mix preparation

Color mix was composed of one part monoxime solution and two parts

antipyrine solution. The color mix was prepared fresh daily in a red low actinic

glass Erlenmeyer flask and kept on ice when adding the color mix to the stop

tubes. The antipyrine solution was prepared in a two L glass graduated

cylinder that was placed in the bottom of plastic tray filled with ice. A stir bar

was added to the cylinder and the tray placed onto a stir plate with medium

stirring action. 500 ml of ddH20 was poured into the cylinder and 100 ml of

reagent grade concentrated sulfuric acid was added and allowed to cool down

for 30 minutes prior to the addition of another 100 ml of concentrated sulfuric

acid. The mixture of the ddH2 O and concentrated sulfuric acid generates an

exothermic reaction that can produce temperature burns. After a final volume of

500 ml of concentrated sulfuric acid was added, the 50 % sulfuric acid solution

was cooled in the ice bath and 5 g of antipyrine was added. The

antipyrine/sulfonic acid solution was stored in a one liter red low actinic glass

stoppered bottle to prevent photodegradation. The monoxime solution was

prepared by adding 8 g of 2,3-butanedione monoxime (diacetyl monoxime) to

one liter of 5% acetic acid. The monoxime solution was stored in a one liter

glass screw cap bottle covered with aluminum foil to prevent photodegredation.

Both solutions were stable for three weeks if kept at 4*C.
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Column fraction testing

For the testing of column fractions the ATCase enzyme assay was

modified for a single 20 minute time point sample. One reaction tube was set

up for each column sample. One 20 minute stop tube as described above was

made up for each reaction tube. The reaction tubes were arranged in a row

corresponding to the column fraction tubes (Fig. 10). Into each reaction tube

100 pl of a 1 M aspartate, pH 9.5 (final concetration was 100mM aspartate), 80

pl of Tri buffer, 40 pl of column sample, and 780 pl of ddH2O was added for a

final volume of 900 pl. Into the stop tubes 500 p1 of ddH20 and 1 ml of color mix

was added. The stop tubes were kept on ice.

The components were added to each tube that was on ice. The 8 mM CP

solution was prepared and the reaction tubes were pre-incubated in a 300C

water bath for 5 minutes to equilibrate. At 20 second intervals, 100 p1 of the CP

solution (for a final concentration of 0.8 mM CP) was added to a reaction tube in

a sequential manner. After 20 minutes had elapsed since the first tube had CP

added to it, the reaction tubes had 500 pl removed and placed into the

corresponding stop tube in the same order and manner as the addition of CP.

The stop tube was agitated with a vortex mixer and a marble was placed on top

of the tube. The stop tubes were incubated in a 600C water bath for two hours

and read in the same manner as the assay described above.

pH curve

The optimal pH was determined by setting up reaction tubes with a final

aspartate concentration of 100 mM that varied in pH from 4.0 to 12.0.
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Fig. 10. ATCase assay setup for column testing.
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The reaction tubes contained 100 pl of aspartate, 40 p1 of enzyme sample, 40 p1

of Tri buffer with a pH that corresponded to the pH of the aspartate component,

and 720 pl of ddH2O. Stop tubes were prepared with 500 p1 of ddH2O added to

1000 pl of stop mix and placed in an ice bath. A 100 p1 sample of 8 mM CP was

added to each reaction tube in 20 second intervals. The tubes were mixed with

a vortex mixer and the reaction tubes were incubated for 20 minutes The

addition to the stop tubes, incubation, and reading the tubes is the same as the

column assay described above.

Carbamoyl aspartate standard curve

The amount of carbamoyl aspartate formed was calculated from a

standard curve of A466 plotted against carbamoyl aspartate concentration (0-

100 nm). The assay is sensitive enough to detect as little as 2-5 nmoles of

product formed. This is shown in Fig. 11.

Lowry protein assay

The specific activity of ATCase is expressed as nmoles of N-carbamoyl-L-

aspartate formed per minute per mg protein. The method of Lowry, et. al (1951)

was used to estimate the total amount of protein using bovine serum albumin

fraction K (BSA) as the standard. The Lowry assay is used to construct a known

concentration protein curve that is used as a standard for the unknown

concentration of samples. A 1% BSA solution is diluted 1:10 with ddH2O

making a pg per p1 BSA solution. The standard curve is set up using eleven

assay tubes. The first tube has 200 p1 of ddH2O and is a blank control, the

second tube has 190 pl of ddH2O and 10 pl of the 1 pg BSA per p1 solution
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(10pg/200 pl) giving a total BSA amount of 10 pg and a total volume of 200 pl

for each assay tube. The succeeding tubes have the ddH2O amount decreased

by 10 pl and a corresponding increase of the BSA solution until the final tube

has an equal amount of ddH2O and BSA.

The unknown samples are typically arranged in three dilutions of 15 p,

10 p1, and 5 p1 of sample added to ddH2O to make a final volume of 200 p1. To

each assay tube 800 p1 of alkaline copper reagent was added the tubes were

agitated with a vortex mixer and allowed to stand for 10 minutes. The alkaline

copper reagent was prepared immediately before use by adding 0.5 ml of a 2%

sodium tartrate solution to 0.5 ml of a 1% (w/v) copper sulfate solution and this

mixture was added to 49 ml of a 2% (w/v) sodium bicarbonate in 0.1 N sodium

hydroxide. The next step was timed in 20 second intervals. The assay tubes

were agitated with a vortex mixer during the addition of 100 p1 of 1N Folin

reagent (a 1:1 dilution of the stock Folin reagent). The tubes were allowed to

stand for 30 minutes and the absorbance was read on a Beckman DU-40

spectrophotometer set at 660 nm.

Calculation of Specific Activity

Initially the time course was plotted to check the linearity of the data and

to determine the compliance of the data with the expected (normal) results.

That is to say, the absorbance values should show a linear and proportional

increase with respect to time. Next the change in absorbance at 466 nm per

unit of time in minutes was calculated for a given amount of time (i.e. 20 min). A

standard curve for the product carbamoyl aspartate was plotted so that the

absorbance values can be converted to concentrations.
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Fig. 11. N-carbamoyl-L-aspartate standard curve.
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This CAA standard curve was used to determine the nmoles CAA per minute by

graphical interpolation off of the plot, or the values were determined

algebraically by use of the linear least squares equation of the line (Fig. 11).

The nmoles CAA per minute values were corrected for per mg mass of the

extract by dividing by the volume of extract (in pl) assayed.

Activity gels

ATCase size was determined by gradient and non-gradient

polyacrylamide gel electrophoresis (PAGE) stained using an ATCase activity

stain (Bothwell, 1975; Kedzie, 1987). The non-gradient gels were cast and run

in a Hoeffer SE-400 14 cm x 16 cm vertical slab gel unit assembled according

to the manufacturers instructions. The polyacrylamide was prepared by adding

9.6 ml of a 40% bis-acrylamide solution (40 g acrylamide, 1 g bs-acrylamide

and bring the volume to 100 ml with ddH2O), 7.5 ml separation gel buffer (3 M

Tris, pH 8.9), 4.48 ml 40% sucrose, and ddH2O was added to bring the volume

up to 60 ml. The acrylamide solution was transferred to a 250 ml vacuum flask

and 0.1 g of ammonium persulfate was added. The flask was attached to a

vacuum pump and the solution was de-aerated for 10 minutes on ice. After 15

minutes or until no bubbles appeared 35 pl of N,N,N',N',-

tetramethylethyenediamine (TEMED) was added. The flask was swirled to mix

and quickly poured into the gel form with a 10 ml glass pipette. After

polymerization the sample wells were rinsed with ddH2O and electrode buffer.

The electrode buffer wells were fill with a 30 mM Tris/HCI, 77 mM glycine, pH

8.3. The enzyme samples were added to a loading dye (6 ml glycerol, 1 ml

separation gel buffer and 0.25 mg bromophenol blue dye) in a 3:1 ratio sample
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to dye. The non-gradient gels were electrophoresed at room temperature or at

4*C for 13 hours at a constant voltage of 125 volts using a BioRad Model

3000Xi computer controlled electrophoresis power supply.

After electrophoresis was complete, the gel was carefully placed into a

Pyrex dish and equilibrated for five minutes with 250 ml 50 mM histidine pH 7.0.

After equilibration 5 ml of 1.0 M aspartate and 10 ml of 0.1 M

carbamoylphosphate were added to the histidine solution for 10 minutes. The

histidine/aspartate/CP solution was poured off and the gel was rinsed three

times with ddH2O to remove reactants. The release of orthophosphate from the

reaction was trapped in the gel matrix and produced an insoluble white

precipitant by the addition of 250 ml of 3 mM lead nitrate in 50 mM histidine pH

7.0. After 10 minutes the lead nitrate was poured off and the gel was washed

with 3 changes of ddH 2O. Gels were stored overnight at 4*C. To increase the

resolution of the white, water insoluble lead phosphate precipitate the bands

were converted to a dark lead sulfide precipitate by submerging the gel in 300

ml of 1% sodium sulfide for up to five minutes. The gel was rinsed in ddH2O

twice and allowed to sit in ddH2O for 30 minutes to remove any background

coloration. If background levels were too dark the gel was further destained

with a 0.7% nitric acid solution. The gels were photographed, wrapped in

plastic wrap, and stored at 4*C.

Gradient Gels for ATCase

Gradient gels (Hames, 1981) were used to determine the molecular

weight of the holoenzyme and subunits. The non-gradient PAGE gave

approximate values, proteins with similar sizes have different migration rates
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due to differences in the net charge or conformation. Gradient gels produce a

gradual gradient from the anodal (5% acrylamide) to the cathodal (20%

acrylamide) poles. Proteins that are larger were impeded by the increasing

acrylamide concentration gel matrix as they traveled towards the cathodal pole.

The gradient in the gel was linear between 5 to 20% acrylamide. For a 5 to

20% gradient gel two flasks were needed, one for the 5% acrylamide and one

for the 20% acrylamide solution. The 5% acrylamide solution was composed of

5.0 ml of bis:acrylaride (30:0.8 acrylamide:bis (wv), in ddH2O), 3.75 ml

resolving buffer (3 M Tris:HCI, pH 8.8), 0.7 ml 1.5% ammonium persulfate (in

ddH2O), and 20.55 ml ddH2O. The 20% acrylamide solution was 20.0 ml of

bis:acrylamide (30:0.8 acrylamide:bis (w/v), in ddH2O), 3.75 ml of resolving

buffer (3 M Tris:HCl, pH 8.8), 0.7 ml of a 1.5% ammonium persulfate solution

(wlv) in ddH2O, 4.5 g of sucrose, and 2.75 ml ddH2O. The electrode buffer was

composed of 3.03 g Tris, 14.4 g glycine, added to 2 liters of ddH2O and adjusted

to a pH of 8.3 with HCI. The acrylamide solutions were mixed and de-gassed

under a vacuum. The Hoeffer SE-400 14 cm x 16 cm vertical slab gel unit was

assembled. A gradient gel mixer was utilized to pour the gel (Fig. 12). To each

acrylamide solution 10 pl of TEMED was added and swirled to mix. The

contents of each flask were poured into the respective reservoirs of the gradient

maker and the stir bar in the reservoir proximal to the gel was turned on to low.

It was important to make sure that the volumes of the two reservoirs were equal,

otherwise the reservoirs would equilibrate and prematurely mix the two

acrylamide solutions. The valve between the reservoirs was opened. The

peristaltic pump was switched on low and the valve leading out of the gradient

maker was opened.
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Fig. 12. Gradient gel setup.
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The tube leading from the pump was inserted into the gel form and the gel was

slowly filled from the bottom up. The tube filing the gel was kept 1 to 2 mm

above the acrylamide level, this assured a stable gradient. If the tube fell below

the filling level, the gradient layers would have been disrupted when the tube

was moved. The flow rate of the pump was 3 to 5 ml per minute, if the volume

being pumped into the gel was too great the gradient would be disrupted by

eddies. The gradient gel was loaded in a similar fashion as the activity gel.

The gel was run at 125 volts for 13 hours and stained with the ATCase

activity stain as mentioned above or with a general protein stain such as

Coomasie Blue RR.

DNA Isolation

Chromosomal DNA was isolated from M. jannaschii by the method of

Sowers (K. R. Sowers personal communication). Typically, 0.1 - 1.0 grams (wet

wt) of cells were harvested by centrifugation. The cell pellet was resuspended

in 10 ml TE and salts buffer (10 mM Tris, 1 mM EDTA, 0.51 M sodium chloride,

and 13.8 mM magnesium sulfate, pH 8.0) and transferred to a 50 ml (100 mm x

30 mm) polypropylene centrifuge tube. This buffer stabilizes the S-layer and

prevents osmotic lysis prior to resuspension of the cells. To the cell suspension

0.3 ml of a 10% SDS (w/v) solution was slowly added and the suspension was

swirled. After five minutes, 10 ml of phenol (saturated with Tris:HCI, pH

8.0)/chloroform/isoamyl alcohol (25:24:1) were added to the lysed cell

suspension. The tube was sealed with a screw cap or Parafilm and emulsified

by gentle inversion for one minute. The contents of the tube was transferred to
an 38 ml Oakridge tube and centrifuged at 10,000 x g for 10 minutes in a SA600
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rotor. The upper aqueous phase containing the chromosomal DNA was

retained, the lower phenol/solvent phase and precipitated cellular debris was

discarded. The phenol extraction was repeated until a precipitate was no

longer observed at interface. The aqueous supernatant was decanted into a 50

ml conical polypropylene tube and a 1/10 volume of 3M sodium acetate, pH 5.2

was added to facilitate ethanol precipitation. The contents were mixed

completely by gentle inversion. Five volumes of ethanol were added to the

DNA solution and mixed by gentle inversion. The DNA was precipitated and

the threads of DNA were spooled out onto a flame sealed Pasteur pipet. The

DNA was washed by immersing the rod containing the DNA into a 70% ethanol

solution. The DNA on the rod was suspended in a conical tube by wrapping the

opening of the tube with Parafilm and dried in a 37 C incubator overnight. The

DNA on the rod was resuspended in 5 ml of TE buffer (10 mM Tris:HCI, 1 mM

EDTA, pH 8.0) contained in a 15 ml polypropylene conical tube. DNase-free

RNase (50 pg per ml final volume, 10 mg per ml RNase in 10 mM Tris:HC, 15

mM NaCl, pH 7.5) was added to the DNA solution and incubated at 370C for 30

minutes. A 5 ml sample of chloroform was added and emulsified by gentle

inversion, transferred to a 38 ml polypropylene Oakridge tube, and centrifuged

for 10 minutes at 10,000 x g in a SA-600 rotor. The lower aqueous phase

containing the DNA was transferred to a sterile 15 ml polypropylene conical

tube. The sodium acetate and ethanol precipitation was repeated and the DNA

was resuspended in TE buffer, pH 8. DNA samples were stored at 4*C. The

DNA concentration and purity was determined by UV absorbance scan on a

Beckman DU-40 spectrophotometer.
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Restriction Digests and Electrophoresis

Restriction digests of chromosomal DNA were performed with

modification as described by of Sambrook et. al. (1989). Chromosomal

samples were digested in 40 pl aliquots. A typical digestion included 4 p1 of

10X restriction buffer, 1-2 units of restriction endonuclease, and 5-8 pg of

chromosomal DNA and ddH20 to a final volume of 40 p1. If the restriction

endonuclease was active for over 5 hours, the digests were allowed to proceed

overnight. Reactions were stopped by heat inactivation at 650C or the addition

of 5 pl of 0.5 M EDTA, pH 8.0. Restriction endonuclease activity, buffers, and

inactivation times were used in accordance with the manufacturers

specifications. The digested DNA was loaded into 123 mm x 160 mm x 6 mm

horizontal 0.7% agarose gels in Tris-Acetate-EDTA buffer (40 mM Tris, 2 mM

EDTA, pH adjusted to 8.5 with glacial acetic acid; TAE). The gels were placed

into homemade horizontal agarose gel boxes and submerged under TAE buffer

(Fig. 13). The DNA samples were mixed with a loading dye (0.25%

bromophenol blue, 0.25% xylene cyanol FF, in 30% glycerol), 20 p1 of sample to

3 pl of dye. The samples were loaded into the gel and electrophoresed at 25

volts for 17 hours. Added to the tray buffer was 5 p1 of a 10 mg stock solution of

ethidium bromide per ml for a final concentration of 5 pg/ml. The intercalated

ethidium bromide allowed for observation of the DNA during electrophoresis

when exposed to a hand held UV lamp. After electrophoresis the gels were

removed from the tray, placed onto a UV transilluminator, and photographed

using a Polaroid MP 4 Land camera with type 55 black and white film (f-stop

4.5, 20 second exposure, and 20 second development).
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Fig. 13. Electrophoresis and Southern blotting.
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Negatives were agitated in an 18% sodium sulfide solution and rinsed in ddH2O

for 2 minutes. Gels were used for Southern blotting were wrapped in

cellophane and stored at 40C before use.

Slot Blots

Southern blotting using a slot blot (Ausubel et al., 1992) was used to

determine the homology of M. jannaschii ATCase gene with a radioactive E. coli

pyrBi probe. The slot blot apparatus used was a BRL 24 well Hybridslot. The kit

was assembled a vacuum pump was attached to the manifold which would pull

the sample on to the nylon membrane. Control samples of P. putida, P.

aeruginosa, E. coli DNA in 10 pg quantities and 10, 20, 50, 150 and 200 pg

samples of uncut M. jannaschii genomic DNA were added to the apparatus.

The membrane was Southern blotted and probed with the E. coil pyrBi fragment

from pEK2.

Southern Blotting

(a) Acid Nicking Gels

The agarose gels were placed into a 2 L glass Pyrex baking dish. First

the gels were acid nicked to depurinate the DNA in 100 ml of acid nicking

solution (0.25 M HCI (2 ml conc. HCI (11.6 M) + 92 ml H20)). The gel in

solution was placed onto a slowly moving shaker table for 15-20 minutes. The

nicking solution was removed and the gels were washed three times in 100 ml

of ddH20. The acid nicking made the gels fragile by partial hydrolysis of the

agarose. Subsequently the gels were handled with extreme care to prevent

fragmentation.
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(b) Neutralization

After washing, 100 ml of a salt/base solution (1.5 M sodium chloride and

0.5 M sodium hydroxide) was added to the gel and placed onto the shaker for

30 minutes. The salt/base solution neutralizes the acid in the previous step and

sets up a high salt concentration to facilitate the transfer of DNA to the nylon

membrane. The salt/base solution was discarded and the gel was washed

three times in ddH2O. The gel was soaked in a buffered salt solution (0.5 M

Tris:HCI, 1.5 M sodium chloride, pH 8.0) for 30 minutes on the shaker table.

The buffered salt solution was removed and the gel was washed three times in

ddH2O. After washing, 100 ml of 1OX SSC (The SSC is made up as a 20X

stock solution, 3 M sodium chloride, 0.3 M sodium citrate, pH to 8.0 with sodium

hydroxide) was added for 15-30 minutes on the shaker table. The SSC was

poured off and the gel was washed three times in ddH20. The gel was placed

onto the countertop and blotted dry.

(c) Blotting

A sheet of 123 mm x 160 mm of Whatman No. 2 filter paper was placed

onto the surface of the gel (gel wells facing up) to give the gel a stable platform.

The countertop was lined with plastic wrap and two sheets of 2X SSC saturated

Whatman filter paper were placed on top of the cellophane (Fig. 13). The Pyrex

dish was situated so that the Whatman paper side was face down. The gel with

the wells facing down was placed on top of the filter paper already on the

countertop. The nylon blotting membrane was placed on top of the gel with two

sheets of Whatman paper above that. The blotting towels (or paper towels)

were placed above the filter paper.
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Books and/or lead weights provided the pressure required for the 2X

SSC to wick up through the gel, carrying the DNA into contact with the nylon

membrane. The blotting setup was left overnight and the paper thin blotted gel

was later placed onto a UV transilluminator to check for DNA residue. The DNA

was cross-linked to the nylon membrane by a 15 second exposure of UV

radiation.

DNA Probe Preparation

The probe used was the E. col ATCase pyrBi gene from the 5.5 kb

plasmid pEK2. The plasmid pEK2 (Fig. 14) is a construct of restricting pUC8

and pPBh105 with Pstl and Sall followed by ligation (Nowlan & Kantrowitz,

1985). The pPBh105 Pstl and Sall fragment is 2.8 kb in length and encodes the

pyrB and pyri bicistronic message (Roof, et al., 1982). The pUC8 plasmid is 2.7

kb and the pyrBi insert is 2.8 kb in size. A restriction endonuclease digestion of

pEK2 with Pstl and Sall results in two fragments of 2.7 kb and 2.8 kb. The 2.8

kb fragment contained the E. coli pyrBi gene. Due to the close migratory

pattern of the two fragments it was necessary to cut the 2.7 kb pUC 8 fragment

in order to isolate the pyrBi containing fragment.

The pUC8 fragment was cut using Smal, the pyrB fragment did not have

a Sma / cut site. The triple restriction endonuclease digested plasmid was

electrophoresed in a 0.8% TAE agarose gel. The 2.8 kb pyrBi band was cut out

of the gel and electroeluted. The pyrBi fragment was labeled with a Promega

Prime-a-Gene labeling system. The DNA was heated for 10 min at 1000C and

subsequently cooled on ice. A 3 pi mixture of equal amounts of dATP, dTTP,

and dGTP, 5 p1 of 5X reaction buffer, 4 pl of BSA, 5 pl of ct3 2P dCTP (50pCi),
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Fig. 14. The plasmid pEK2.
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and ddH2O to bring the reaction volume to 49 p1 was added to the denatured

DNA. The reaction was started with the addition of 1 p1 of Kienow enzyme (one

unit) and incubated for 30 min at 370C. Unincorporated dNTPs were removed

by passing the labeled probe through a 5 Prime-3 Prime TE Micro Select-D, G-

25 column.

The filters were placed into a hybridization bottle and prehybridized in 40

ml of prehybridization solution (5X SSC (v/v), 0.5% SDS (w/v), 5X Denhardt's

solution (v/v) (100X Denhardt's solution is 2% Ficoll (w/v), 2%

polyvinylpyrrolidone (w/v), and 2% bovine serum albumin V fraction (w/v)), and

100 pg/ml salmon sperm DNA) (Sambrook, et a. 1989; Ausubel, et a. 1992).

The prehybridization solution was boiled for 10 minutes and cooled on ice for 5

minutes prior to the addition to the filter. The filter was allowed to prehybridize

at 420C for 2 hours. The probe was heated to 1000C for 10 min, cooled on ice

for five min., added to the filter and prehybridization solution and hybridized

overnight at 420C (Ausubel, et al. 1992). After hybridization the radioactive

hybridization solution was poured into a plastic conical tube and stored at 0*C.

The nylon membrane was removed and placed into a covered plastic dish for

washing. The filter was washed in three 6X SSC and 0.1% SDS (w/v) washes

at room temperature for 20 min. Occasionally a more stringent wash of 2X SSC

and 0.1% SDS (w/v) was used to remove additional nonspecific binding of the

radioactive probe. The nylon membrane was removed and wrapped in

cellophane plastic. The wrapped membrane was placed into an 8 X 10 inch

Kodak X-ray exposure holder or a metal X-ray film holder with a Dupont

Quantum intensifying screen. In the dark, an 8 x 10 inch piece of Kodak X-

OMAT AR diagnostic film was placed onto the wrapped gel and the holder was
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then sealed. Kodak holders were exposed at room temperature and metal X-

ray holders were exposed in a -80*C freezer. The film was left undisturbed for

up to 15 hours. The film was developed using a automated developer.

Cloning of Chromosomal DNA

Chromosomal DNA of M. jannaschii digested with EcoRl and Hind/Il gave

a wide range of band sizes and used for shotgun cloning into pUC19 in a 1:1 to

4:1 ratio. The vector and the insert were digested with the same restriction

endonuclease producing staggered cuts and were carried out in the same

procedure mention above. The digests were stopped by heat inactivation

according to the supplier's instructions. The DNA was ethanol precipitated to

reduce the volume and remove the high salt solutions used for restriction

digests. The DNA was rehydrated in ddH20 and the concentration was

measured with the UV spectrophotometer. The pUC19 vector was added (50

ng/tube) into three microcentrifuge tubes to which 50 ng, 100 ng and 200 ng of

insert DNA was added. To each reaction tube 2 pl of 1OX ligation buffer (500 p1

1 M Tris:HCI pH 7.6, 100 pl 1 M magnesium chloride, and 0.5 g polyethylene

glycol 8000), 1 pl 20 mM dithiothreitiol, 1 pl 20 mM ATP and 1 pl of low

concentration T4 DNA ligase (5 units) were added. The sticky-end ligation

reactions were allowed to proceed overnight at room temperature. The

products of the ligation were diluted with one volume of TE buffer pH 8 and

transformed into either competent E. coli DH5a or TB2 strains. Competent cells

were prepared by growing 100 ml of cells into mid-log phase. The cells were

centrifuged at 2000 x g in a Sorvall SA-600 rotor for five minutes at 4*C. The

cells were gently resuspended in 30 ml of sterile ice cold buffer-1 (100 mM
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rubidium chloride, 50 mM manganese chloride, 30 mM potassium acetate, 10

mM calcium chloride, 15% glycerol, pH 5.8) on ice for 90 minutes. The cells

were centrifuged at 2000 x g for five minutes at 40C, retained, and resuspended

in 4 ml ice cold buffer-2 (10 mM 3-[N-morpholino]propanesulfonic acid (MOPS),

10 mM rubidium chloride, 75 mM calcium chloride, 15% glycerol, pH 8.0). The

competent cells were placed into microcentrifuge tubes in 500 p1 aliquots and

frozen at -80*C. The ligated DNA was transformed into the cells by placing 20

p1 of the ligation mix into a microcentrifuge tube and adding 125 pl of thawed

competent cells. The cells and DNA were placed on ice for 30 min. The

bacteria were heat shocked by placing them into a 420C water bath for 90 sec.

A 500 pl sample of Psi broth (LB medium, 4 mM magnesium sulfate, 10 mM

potassium chloride) was added to the tube an the tube was placed into a

shaking incubator at 250 rpm for 90 minutes at 37*C. The cells were spun

down in a microcentrifuge for 2 min. and washed in TE buffer pH 8 and

resuspended in 100 p1 of TE buffer. The washed cells were plated in 100 p1

samples onto E. coli minimal medium (ECMM) plates with ampicillin (100 pg/ml)

and in the case of TB2 uracil (10 pg/ml) was added.

Rapid Plasmid Preparations

TB2 colonies that grew on ECMM/Amp plates were possible

transformants that complemented the nonfunctional E. coilpyrBi with a

functional M jannaschii pyrB. Colonies were grown on the plates for three days

to ensure that the colonies were not surviving on the LB medium that was

present in the Psi broth.
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The clones were extracted using a mini-prep that is performed in 10

minutes (Zhou et aL, 1990). A sample of overnight culture was placed into a

microcentrifuge tube and centrifuged for 10 sec. at 10000 x g. The supernatant

was poured off and the previous steps repeated to double the pellet size After

the final spin 100 pl of supernatant was retained and the cell pellet was

resuspended. Hence forth samples were kept on ice. 300 pl of TENS solution

(TE buffer, 0.1 N sodium hydroxide, 0.5% sodium dodecylsulfate).was added to

the buffer and agitated with a vortex mixer for 30 seconds until the mixture

became sticky, to which 150 pl of 3.0 M sodium acetate, pH 5.2 was added. The

sample was agitated with a vortex mixer for 15 seconds. Samples were

centrifuged for two min. at 10000 x g in a microcentrifuge to pellet the cellular

debris and chromosomal DNA. The supernatant was transferred to a fresh

microcentrifuge tube and mixed with 1 ml of 100% ethanol (-20C). The

samples were centrifuged for 10 minutes at 40C. The pellet was washed twice

with 1 ml 70% ethanol (-20*C), centrifuged and then dried in a Sorvall speed

vacuum for 15 minutes or until dry. The pellet was resuspended in 30 p of TE

buffer. Samples were electrophoresed in 0.7% agarose gels and were

restriction digested to observe fragment size.

HPLC Determination of Salvage

High performance liquid chromatography (HPLC) was used to isolate

pyrimidine intermediates and identify salvage enzymes. M. jannaschii cells

were broken in the French press as described above and cellular debris was

removed by centrifugation in a microcentrifuge for 5 min. at 10000 x g. The

remaining supernatant was further purified by filtration through a 0.45 pm
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Gelman syringe filter. Half of the cell extract was dialyzed overnight in two liters

of a 50 mM Tris buffer at 400. Dialysis of the cell extract removed phosphates

and other ions required for catalysis of salvage enzyme reactions. The HPLC is

a Waters 510 pump, Waters Model U6K Universal Liquid Chromatography

Injector, a SpectroMonitor 5000 Photodiode Array detector, a Waters Model 740

Data Module with a reverse phase column by Beckman and Rainen:

Ultrasphere ODS 5 pm, 4.6 mm ID x 25 cm reverse phase column and Waters

NovaPak C18 Reverse Phase column. The mobile phase was 50 mM

ammonium phosphate monobasic (HPLC grade), pH3.5 using HPLC grade,

filtered water at 10 megohms/cm (Millipore, Milli-Q Water system) (Beck, 1995).

Isocratic elution was utilized at a flow rate of 1.0 mI/min. A 30 pl sample of the

reactions were injected into the column. The eluted compounds were

monitored by a UV detector set at 261 nm. Controls for pyrimidine nucleosides

and base products were injected into the HPLC column prior to the injection of

the experimental samples for comparison of retention times and peak sizes.

Controls for the dialyzed and undialyzed crude cell extracts were assayed for

nucleosides and bases by incubation of 20 p1 cell extracts in 80 pl of tris buffer

for 10 min. at 80*C.

(a) Uridine phosphorylase - forward reaction, Uridine + P "- > Uracil +

Ribose-1 -phosphate.

The dialyzed 20 pl sample of crude cell extract was incubated with 80 p1

of 1 mM uridine. The assay mix was incubated for 10 min at 60*C.
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(b) Uridine phosphorylase - reverse reaction, Uracil + Ribose-1-phosphate

u Uridine + P.

To further determine if uridine phosphorylase is present the following

assay was used. A 20 p1 sample of crude cell extract was combined with 80 p1

of 1 mM uracil, 20 pl of 7.5 mM ribose-1-phosphate, and incubated at 600C for

10 min. The formation of a peak of uridine from uracil indicated the presence of

a uridine phosphorylase.

(c) Uridine hydrolase, Uridine + H20 "" _ Uracil + Ribose.

A 20 p1 sample of crude extract was incubated with 80 p1 of 1 mM uridine

for 10 min. at 60*C. The formation of a uracil peak from the addition of uridine

indicated the presence of a uridine hydrolase.

(d) Cytidine deaminase, Cytidine + H 2 0 --d Uridine + NH3.

The cytidine deaminase assay was performed by incubating 20 p1 of

undialyzed crude cell extract with 80 pl of 1mM cytidine at 600C for 10 min. The

formation of uridine from the addition of cytidine points to the presence of a

cytidine deaminase (Dutta et al., 1990).

(e) Cytosine deaminase, Cytosine + H 20 o"d U racil + NH3.

A 20 pl sample of undialyzed crude extract was incubated with 80 p1 of

1mM cytosine at 600C for 10 min. Detection of a uracil peak denotes the

presence of a cytosine deaminase.

TB-2 Testing

In a effort to determine the ability of the pyrB auxotroph TB-2 to revert to a

pyrB wild type, a series of experiments were conducted to test the fidelity of the

pyrBl deletion of TB-2. TB-2 was tested with E. coil strains EK1104 and JM107
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on a series of agar plates. Each strain was streaked on to E. coli minimal media

(46 mM potassium phosphate dibasic, 33 mM potassium phosphate monobasic,

8 mM ammonium sulfate, 1.7 mM sodium citrate, after autoclaving the following

sterile solutions were added 1 ml of 1.0 M MgSO4, 0.1 ml of 0.5% thiamine

(w/v), and 10 ml of 20% glucose (w/v) were added (ECMM)). For other

requirements a final concentration of 0.1 mM uracil, 0.6 mM arginine, and 100

pg/ml ampicillin (w/v) were used. The strains were maintained on LB media (10

g Bacto-tryptone, 10 g NaCl, and 5 g yeast extract). Strains were tested on

ECMM, ECMM + uracil, ECMM + arginine, ECMM + uracil + arginine, and

ECMM + arginine + ampicillin. The plates were grown at 370C and checked in

24 hour periods for up to eight days.

Chromosomal DNA was isolated from each strain and probed with Hinf I

fragments of pyrBi from the plasmid pEK2 (Fig. 15). The presence, absence,

and size shifts of the pyrBl banding patterns in TB2 were compared with the E.

coli derived strains.
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Fig. 15. Cut sites for pEK2 and fragment sizes.
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RESULTS

The objective of this study was to characterize ATCase from

Methanococcus jannaschii. Such archaeas bacteria are important because

they occupy a unique position in the evolutionary history of life on earth. In

addition to a variety of unusual adaptations, these bacteria possess two unique

attributes that make the study of their intracellular enzymes particularly

rewarding. First, these bacteria in general fill ecological niches that are extreme

with respect to environmental conditions such as salinity pressure and

temperature, this is particulary true for M. jannaschii. Second, the

archaebacteria, as a consequence of their adaptation to extreme environments,

have unique metabolic capabilities.

The enzyme ATCase is the choice regulatory enzyme for the study of a

number of topics in catalysis. It is well characterized from a number of

microorganisms and therefore is a practical model system for the study of

comparative aspects of enzyme evolution. It belongs to a family of enzymes that

includes ornithine transcarbamoylase and putrescine transcarbamoylase

thereby allowing for comparative studies of enzyme structure. The features of

the enzyme may provide information about its evolution and hence the bacteria

themselves. The ATCase from M. jannaschii must function at temperature

extremes that approach the limit of enzyme thermostability. Study of this

archaebacterial ATCase may provide comparative details of the structure to

provide insight into the requirements in a protein for establishment and

maintenance of quaternary structure as well as the preservation of active site

72
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topology under denaturing conditions. Interest in these bacteria and in the

evolutionary history of ATCase prompted these studies.

Cellular Concentrations and Specific Activity

Cells were grown as described previously and assayed for the levels of

ATCase in the cell. The growth medium contained yeast extract so that no

minimal medium could be employed. It was feared that the cells might not

possess ATCase activity because of repression by preformed pyrimidines in the

medium. There is no minimal medium available for the growth of M. jannaschii.

Before this work was done, it seemed possible that no biosynthetic pathway

need be present since the pyrimidine requirement of the organism could be

satisfied by salvage pathways, though there are no known free-living life forms

without ATCase present.

ATCase was assayed from M. jannaschii, with a specific activity from

cultured cells typically around 24 nmol product formed per min per mg protein.

The specific activity value quoted for this enzyme carries several caveats, thus

the specific activity must defined very carefully with respect to the assay

conditions. At saturating substrate concentrations (100 mM) there are large

differences in the velocity of the reaction with respect to temperature and pH.

The value of 24 nmol per min per mg was calculated at a pH of 9.5 and a

temperature of 30*C. Any variation of this temperature and pH significantly

alters the final value. As will be presented later in this section, the kinetic

characterization of an enzyme from an organism that lives in such an extreme

environment gives values that deviate from the natural state of the cell,

conditions for the enzyme assay in the laboratory do not mirror conditions in the
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cell. The goal of these enzyme assays was to make approximations so that

optimal conditions could be defined for further study and establish laboratory

benchmarks for this enzyme. From the cell extracts several tests were done to

determine the conditions most favorable for assaying the enzyme. For the most

part these assays were repeated with the partially purified enzyme and are

described below where enzyme that was partially purified by ammonium sulfate

fractionation and size exclusion gel chromatography was employed.

Thermal Stability

Initially the temperature stability of the enzyme and the temperature

effects on the enzyme were examined. The enzyme was active over a very

broad range being active at temperatures ranging from 200C to 1000C, a

condition where most previously characterized ATCases (and most proteins in

general) are denatured. Two types of assays were performed to determine the

response of the enzyme to temperature. The enzyme was assayed at different

temperatures where a positive increase in activity was observed with increasing

temperature. In these assays, the increase in activity was dramatic and varied

over a 100-fold ( 24.77 nmol per min per mg at 300C versus 15200 nmol per

min per mg at 900C) when the temperature was increased over a three-fold

range from 30 to 90 0C. In each assay the pH was the same and the aspartate

concentration was held saturating at 100 mM.

In the second set of experiments, the ability of the enzyme to withstand

prolonged incubation at elevated temperatures was examined. Enzyme was

pre-incubated for periods of up to several hours at temperatures ranging from

200C to 1200C. Figure 17 shows the results from a series of experiments where
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samples of the enzyme were incubated and aliquots taken at various time

intervals. At temperatures below 1000C there was no difference in the level of

activity in samples incubated at temperatures ranging from 370C to 900C, even

after 90 min. At 1000C, the enzyme activity decreased with time, but after 90

min. there still remained over 75 per cent of the original activity. At 1200C the

enzyme activity was essentially lost and the low level of activity remaining

decreased with incubation (Fig. 16).

These results showed that the enzyme from this extreme thermophile is

itself extremely thermoduric. Further studies were facilitated by the

thermostability properties of the enzyme, since all manipulations (e.g.

ammonium sulfate cuts, column runs) could be made at room temperature. The

enzyme was routinely stored refrigerated at 4*C in buffer. Samples assayed

throughout the course of these studies showed that the enzyme stored this way

had no appreciable loss in activity after periods up to two years. The thermal

stability of M. jannaschii ATCase mirrors that seen for the enzyme Pyrococcus

abyssi (Purcarrea et. al., 1994).

Partial Purification of ATCase from Methanococcus jannaschii

As described in the methods, the enzyme was partially purified. The cells

were broken by explosive decompression and the cellular debris removed by

centrifugation. The resulting cell free extract was treated with streptomycin

sulfate to precipitate RNA and ribosomal proteins. The preparation was then

fractionated by ammonium sulfate precipitation. The M. jannaschii ATCase was

soluble in 40 per cent ammonium sulfate and was precipitated by 70 per cent



76

Fig. 16. Thermostability of ATCase from M. jannaschii. The enzyme was

incubated at the temperatures indicated in the insert to the figure. Samples

were removed and assayed at 30*C, no matter the incubation temperature.
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ammonium sulfate. After resuspension and dialysis the enzyme preparation

was further purified seven to ten fold by size exclusion chromatography with a

yield of approximately 50 per cent. No further purification was performed for the

subsequent studies of the properties of the M. jannaschii ATCase.

Molecular Mass of the Holoenzyme and its Subunits

The partially purified enzyme was run on native gradient polyacrylamide

gels and an activity stain for the enzyme was used. For this purpose the

enzyme did not have to be pure on the gel (Kedzie, 1987). In these gels the

enzyme migrated to a position relative to its molecular mass and migrated no

further. Pore size became the limiting factor as the acrylamide cross-linking

concentration increased. The enzyme was run and its position identified on

such gels using both sonicated cell extracts and the partially purified enzyme. A

typical gel is shown in Figure 17, where the enzyme from the pooled and

concentrated column fractions was loaded.

The molecular mass of the ATCase from M. jannaschii calculated from

data obtained by gradient gel electrophoresis was 110,000 Da. From the

migration of the protein relative to the standards a molecular mass could be

calculated (Fig. 17). From this plot a molecular mass of 110,000 Da was

calculated for the native enzyme. In order to determine the subunit composition

and subunit molecular weight, purified protein was required for further analysis

using denaturing SDS polyacrylamide gel electrophoresis. Further purification

of the enzyme from the small and limited samples available was impractical. To

obtain sample for SDS polyacrylamide gel electrophoresis, the enzyme was

purified from the gradient polyacrylamide gels after staining and identification
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Fig. 17. Gradient polyacrylamide gel electrophoresis of the M. jannaschii

ATCase. A 5 to 25 per cent gradient gel was run. The gel was stained with the

ATCase activity stain. Later the gel was stained with a general protein stain to

observe the protein standards. Lane 1: Protein Standard, Lane 2: P. putida,

Lane 3: E. coli, Lane 4: B. cepacia, Lane 5: B. subtilis, Lane 6: M. jannaschii,

Lane 7: M. jannaschii, Lane 8: E. coli, Lane 9: P. putida, Lane 10: Protein

Standards.
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with the activity stain. A portion of the gel was excised that contained the band

of activity. This corresponded to substantially purified ATCase, but proteins with

similar molecular weights that had migrated to that position in the gel were

excised as well. The partially purified enzyme excised from the activity gel, was

solubilized and denatured by boiling and loaded onto an SDS denaturing gel

overlaid with a stacking gel. In each case a 10 per cent SDS disc gel was run

to measure the molecular mass of the ATCase subunits. Although small, the

sample was seem to be the predominant species and essentially pure. One

major band was observed, although less intense bands originating from

contaminating proteins also emerged (Fig. 18). The major band from the SDS

gel was determined to be the subunit band for the M. jannaschii ATCase for two

reasons. First, it represents the dominant band, the other bands staining less

intensely and representing less purified and arguably different proteins.

Second, the stoichiometry applies. That is to say, the molecular weights

for the other bands could not be combined in any way to give a protein with the

expected holoenzyme molecular mass of 110,00 Da. As shown in lanes 3 and

4 (Fig. 18) the protein excised form the activity gradient gel for subunit

molecular weight determination on the SDS gels was substantially pure in

many of the samples. In those samples, the major protein band corresponded

to the polypeptide monomer of the ATCase and the few contaminating bands

were present at significantly lower concentrations. When the log of the

molecular weight standards were plotted against the distance of protein

migration through the gel, a standard curve was obtained that allows for

estimation of the molecular weight of the M. jannaschii polypeptide (Fig. 19).

The principal band in the sample lanes had a molecular weight of 37,000. Thus
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Fig. 18. Denaturing, discontinuous SDS polyacrylamide gel electrophoresis

of M. jannaschii ATCase. A 10 per cent SDS polyacrylamide gel was run.

Samples were excised from activity gels, denatured with heat and SDS, and

loaded into sample well of the gel. Molecular mass standards were

reconstituted and after denaturation, run in lanes 1,2, 7, 8, 9, and 10. The

standards were ovalbumin, 45,000 Da; bovine serum albumin, 66,000 Da.
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Fig. 19. Standard curve for polypeptide molecular weight determination. The

log molecular weight of the protein standards was plotted against the relative

migration distance of the protein through the gel. This was determined by the

relative distance of the band from the bottom, position of the well divided by the

total length of the gel (Rf). The principal band migrated to a position

corresponding to the arrow. Molecular weight was determined by interpolation.
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the M. jannaschii ATCase holoenzyme must be a 110,00 Da. molecular mass

trimer composed of three identical subunits of 37,000 Da.

pH Response of Enzyme

The effect of pH on the activity of the purified enzyme was determined.

Initial studies were performed to determine the pH optimum of the enzyme. This

was done to define the assay conditions for this bacterial ATCase. Although the

published assay conditions for the E. colienzyme were used (Foltermann) as a

starting point, but these conditions were not used for all further studies with the

M. jannaschii enzyme.

Figure 20 shows an velocity versus pH plot for the M. jannaschii ATCase.

In this case, relative absorbance is plotted for samples that were otherwise

identical with respect to concentration of the substrate aspartate, concentration

of the substrate carbamoylphosphate, buffer concentration, incubation time and

incubation temperature. The only variable was the pH of the buffer. The buffer

chosen was a Tris phosphate buffer system that buffers over a relatively broad

range. Thus, there should have been no effect of changing buffers from one

molecular species to another. From the results it was observed that the enzyme

was active over a pH range of pH 7 to pH 10. At a pH below 7, the activity was

quite low. The activity continued to increase throughout the entire range of pHs

examined only beginning to fall of slightly at a pH of 10 and above. The

optimum pH for activity of the M. jannaschii ATCase was determined to be 9.5.

and thus was chosen for all subsequent assays. These values represented a

compromise between optimal activity and what would presumably be more

realistic cellular conditions.



87

Fig. 20. Velocity versus pH plot for the M. jannaschl ATCase. In the Figure,

the ATCase is assayed at different pH values. A Tris-phosphate buffer was

used that buffered over the entire pH range examined. In this case since

specific activity is not necessary, the relative activity at each pH is plotted as the

absorbance at 466 nm, a value which corresponds to amount of the product

carbamoyl aspartate produced.
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Substrate Saturation Affinities of the Enzyme

In determining the kinetics of an enzyme catalyzed reaction, the following

factors are important, temperature, pH, enzyme concentration, effector

concentration and substrate concentration. Partially purified preparations of the

ATCase trimer from M. jannaschii were used to test the enzyme's affinity for the

substrates, aspartate and carbamoyl phosphate, by examining the saturation of

the enzyme by the substrates. Each substrate was used separately and when

the concentration of one substrate was varied the concentration of the other

substrate was held constant at saturating levels. The kinetic constants of the

enzyme were measured in order to make comparative statements about the

enzymes properties, relative to other bacterial ATCases. Kinetic data and

information from the response of the M. jannaschii ATCase to increasing

substrate concentration and the presence of nucleotide effectors provided

information about the enzyme's properties as related to allosteric interactions

between similar sites (homotropic interactions between like substrate binding

sites) and dissimilar allosteric sites (heterotropic interactions between substrate

binding and effector binding sites).

When the enzyme was assayed under conditions of increasing

concentrations of aspartate (Fig. 21), a typical saturation curve was seen. In this

case, the curve was produced by assaying the enzyme at 300C, where ATCase

assays from most bacterial sources are typically performed. As can be seen

from Figure 21 the enzyme was saturated at 90 to 95 mM, with a KM of 7 mM.

The plot of the curve in Figure 21 is hyperbolic showing typical Michaelis-

Menten kinetics. No sigmoidicity was observed, which indicated that no

allosteric effects of increasing aspartate are present in the enzyme and that the
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Fig. 21. Velocity-substrate curve for aspartate for M. jannaschii ATCase.

ATCase was assayed at 300C at pH 9. The concentration of aspartate was

varied across the range shown on the x axis.
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sites in this trimeric ATCase are non-interacting under the conditions employed.

The KM as calculated from this plot is similar to E. coli ATCase assayed under

similar conditions. However, the KM for aspartate as determined here at pH 9

and at 300C may not accurately reflect the conditions inside the cell and through

kinetic response of the enzyme to increasing concentration of aspartate.

The carbamoylphosphate saturation curve is also hyperbolic and shows

typical Michaelis-Menten, hyperbolic kinetics (Fig. 22). The

carbamoylphosphate curve gives a KM for carbamoylphosphate of 0.125 mM.

This experimental determination of the enzyme's affinity for the substrate

carbamoylphosphate was performed at 300C. The substrate itself is heat labile

and prolonged incubation results in degradation of the substrate. Precise

estimates of the KM for carbamoylphosphate at higher temperatures are

problematic. The rate of carbamoylphosphate degradation would have to be

determined empirically for each temperature under the conditions of the assay.

Effector and Temperature Response

The kinetics of the partially purified ATCase from M. jannaschii were

examined at different temperatures and in the presence of nucleotide effectors.

Nucleotide effectors were added to the assay mix at a standard concentration of

1 mM. Assays were performed at temperatures of 300C and 40*C and the

response to nucleotide effectors was examined. The enzyme showed no

change in activity when assays were performed with any compound tested (Fig.

23). At the concentrations employed, the nucleotide compounds UTP, CTP, and

ATP did not inhibit or activate the enzyme. With no apparent response to

nucleotide effectors, additional assay conditions were examined to see if
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Fig. 22. Saturation kinetics of the substrate carbamoyiphosphate.
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Fig. 23. Nucleotide effector response of M. jannaschii ATCase.
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inhibition or activation could be observed under other laboratory conditions. No

effect was seen at any temperature or substrate concentration examined.

Figure 9R shows the velocity substrate plot for aspartate at pH 6 and at 30*C in

the presence of the three nucleotide compounds, as well as the control. In E.

coil, the activation by ATP and the inhibition by CTP is dependent on the

concentration of the substrate, with the response to effectors decreasing at

saturating levels of the substrate. The M. jannaschii ATCase showed no

response over the range of 0 to 90 mM aspartate. Since the affinity of the

enzyme is itself temperature dependent (see below) the potential response to

nucleotide effectors was observed at a variety of temperatures from 25 C to

100 *C. Over a broad range of substrate concentrations and over a broad

range of temperatures where the M. jannaschii ATCase was active, no

response to nucleotide effectors was observed.

The effects of temperature on the enzyme were examined in detail with

the partially purified M. jannaschii ATCase. The kinetic response to varying

aspartate concentrations is shown in Figure 24. In this figure the increase in

velocity with respect to increasing temperature is seen , as occured for the

enzyme in cell extracts (Fig. 24). Though the reaction assay was modified by

shortening the assay time and decreasing the amount of sample a the higher

temperatures to account for the increased velocity and decreased stability of the

substrate, the values in Figure 24 are corrected for the amount of sample and

time of assay. The specific activities are normalized so that every point in the

plot corresponds to an identical sample with only the substrate concentration or

the temperature varied as indicated. As before the enzyme is active over a

broad range. There was also a difference in the response to the substrate at the
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Fig. 24. Effects of temperature on the velocity of the enzyme catalyzed

reaction at increasing concentrations of the substrate aspartate.
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different temperatures. The Vmax increased with increasing temperature, over

a range the Vmax was extremely broad with respect to that expected for a

physiological range of temperatures.

In addition to the Vmax demonstrating a change in response to a change

in the temperature of the assay, the Km varied with temperature. In Figure 24,

the Km for aspartate was measured for each temperature studied. When

Lineweaver-Burk plots were constructed from the data in Figure 24 a

relationship between the KM and the temperature became apparent. Figures

26-28 show Lineweaver Burk for aspartate at temperatures of 30 *C, 50 0C and

60 *C respectively. In each case the Km was measured. At 300C the Km for

aspartate was 28 mM aspartate (Figure 25). ATCase from M. jannaschii had a

KM for aspartate of 43 mM at 50 0C (Figure 26). M. jannaschii ATCase had a KM

for aspartate of 40 mM at 60 *C (Figure 27). In general, there was an increase

in the KM as the temperature was increased, but the affinity of the enzyme for

aspartate decreased (even as the velocity increased). The results for six

different temperatures are presented in the following table.

Table 1. Effect of temperature on KM of the M. jannaschii ATCase.

Temperature (*C) KM (mM aspartate)

20 16

30 28

40 33

50 43

60 40

90 62.5
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Fig. 25. Lineweaver Burk plot at 30 *C.
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Fig. 26. Lineweaver Burk plot at 50 0C.
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Fig. 27. Lineweaver Burk plot at 60 *C.
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When the temperature was increased, the assay was modified as mentioned.

The time was shortened, so that assays at higher temperatures had to be

corrected to corresponding values that correlated with the assays done at lower

temperatures. The kinetic response to temperature is illustrated for purposes of

comparison in Figure 28. In this figure, the two samples are corrected for the

amount of extract and the time of the assay. The response to changing

temperature is so great that different dilutions and amounts of enzyme had to be

used. Thus, the specific activities are plotted for velocity so that correction is

made for the different amount of enzyme in each assay. In the case of these

plots, all assays were performed using the same preparation of the purified M.

jannaschii ATCase. The assay time had to be decreased to compensate for the

rapid increase in the level of activity in the sample. This decrease in the assay

time had the additional advantage of reducing the amount of

carbamoylphosphate degradation over the course of the assay. Even though

the level of carbamoylphosphate was kept saturating at a ten-fold excess over

the Km, degradation was a problem if incubation at the higher temperatures

was prolonged. In each assay, multiple time points were taken to ensure that

the assay at each aspartate concentration and each temperature was linear

with respect to time, indicating no drop in the level of the substrate

carbamoylphosphate to limiting concentrations (or any denaturation of the

enzyme).

Arrhenius Calculations

In every case Michaelis-Menten kinetics was observed at the different

temperatures. When specific activities for identical samples were calculated at
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Fig. 28. Comparison of the velocity at 30 0C versus 90 OC.
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the different temperatures, it was possible to obtain the value for Q10 for the M.

jannaschii ATCase. The value of Q10 is the temperature coefficient for the

enzyme catalyzed reaction and is the value for the factor that the reaction rate

(velocity) increases for each 100C increase in temperature. For enzyme

catalyzed reactions the Q10 typically falls between a value of 1.0 and 2.0. For

every 100C increase in the temperature, M. jannaschii ATCase had a Q10 of

approximately 1.7. This factor of 1.7 for the increase in velocity was fairly

constant (1.68 to 1.73) up to a temperature of 50 0C, the proportional increase

showing little change over the range of 20 to 500C. At high temperatures the

proportional increase in velocity dropped with the Q10 value of 1.2 between

50*C and 60*C.

A Q10 of 2 in the region of 250C to 35 *C corresponds to an energy of

activation (Ea or AGt) of 12,600 cal per mol. This is calculated from the

equation:

2.3RT 2 T1 IogQ1 0
Ea = ---------------

10

where Ea is equal to the energy of activation, T2 corresponds to the temperature

in degrees Kelvin at the high temperature, T1 corresponds to the temperature

10 degrees lower (the 10 in the denominator corresponds to the difference in

temperature or T2 minus T1) and R is the gas constant. This is a derivation of

the Arrhenius equation where the energy of activation in a system is calculated

from velocity data. A determination of the energy of activation can also be made

by plotting log Vmax versus the reciprocal of the temperature (in degrees

Kelvin). The slope of the line is equal to the energy of activation divided by



111

2.303 R. From such a graph, an energy of activation (AGt) of 10, 130 cal per

mol for the reaction of M. jannaschii ATCase was calculated.

Nucleotide salvage in M. jannaschii

ATCase from M. jannaschii provides carbamoylphosphate for the

synthesis of RNA and ultimately DNA. About 50% of the supply of pyrimidines is

supplied by the biosynthetic pathway while the salvage pathway provides the

other 50% are important for both the scavenging of exogenous pyrimidine

bases, nucleosides and nucleotides from the environment as well as their

reutilization from the cellular breakdown of messenger RNA. Little apparent

regulation was seen for the M. jannaschii ATCase, indicating that regulation

may be shifted to salvage pathways where levels of the enzymes and

intermediates are controlled to regulate the level of nucleotide pools. Hence, a

preliminary characterization of the pyrimidine nucleotide salvage pathways was

initiated.

Actual levels of nucleotide pools were not assayed. A defined minimal

medium for the growth of M. jannaschii was not available. Though the cells can

be washed free of media, baseline values for unsupplemented cultures could

not be determined since yeast extract was added to all the media. Instead,

pyrimidine nucleotide salvage was characterized with respect to the enzyme

activities present. Pyrimidine bases or nucleosides were incubated with cell

extracts to see what interconversions could be catalyzed by enzymes present in

cell extracts of M. jannaschii. Specifically, the metabolism and conversion of

cytidine, cytosine and uridine was examined by HPLC analysis. As shown in

Figure 29, using HPLC, it is possible to separate and identify all three
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Fig. 29. HPLC standards. The pyrimidine bases uracil and cytosine and the

pyrimidine nucleosides uridine and cytidine were separated by HPLC. Relative

absorbance at 260 nm was plotted against retention time for each run. Each

standard has a characteristic retention time.
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compounds plus uracil on a single HPLC run. Each base or nucleoside was

identified by its absorbance at 260 nm and its characteristic retention time.

When cell extracts of M. jannaschii were incubated with uridine, no

conversion of the uridine to uracil and ribose or uracil and ribose-1-phosphate

was observed (Fig. 30). These results show that there was no breakdown or

metabolism to UMP of uridine under the conditions of the assay. Presumably,

this represents an absence of enzymatic activity or an uninduced

phosphorylase capable of uridine metabolism. Given the thermophilic nature of

the organism and the known properties of the M. jannaschii ATCase, the assay

was repeated at 80*C. Again there was no breakdown of the uridine and the

uridine was the only peak was detected. Uridine can be hydrolyzed to uracil

and ribose by a hydrolase, or uridine can be phosphorylyzed to uracil and

ribose-1-phosphate by uridine phosphorylase. The absence of a uracil peak

indicated that the cell extracts of M. jannaschii prepared under the conditions

described in the Methods lack any functional pathway for the metabolism of

uridine to uracil.

The pyrimidine base cytosine was incubated with sonicated cell extracts

to see if a functional cytosine deaminase were present in the cells under the

conditions they were harvested and prepared. After breakage and removal of

cellular debris, cytosine was incubated with cell extracts at 37*C and at 80*C.

In neither case was the deamination of cytosine to uracil observed (Fig. 31),

indicating that M. jannaschii did not produce a functional cytosine deaminase

under the conditions of this study.

The pyrimidine nucleoside cytidine was incubated with cell extracts of M.

jannaschii. The conversion of cytidine to uridine is an oxidative deamination
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Fig. 30. Measurement of salvage metabolism of uridine. Cell extracts of M.

jannaschii were incubated with uridine at the temperatures indicated and after

extraction, the presence of interconversion products analyzed by HPLC.
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Fig. 31. Measurement of salvage metabolism of cytosine. Cell extracts of M.

jannaschii were incubated with cytosine at the temperatures indicated and after

extraction, the presence of interconversion products analyzed by HPLC.
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catalyzed by the enzyme cytidine deaminase. In this case a peak of uridine

appeared indicating that the cytidine was converted to uridine by the action of

the enzyme cytidine deaminase (Fig. 32). The cytidine deaminase from M.

jannaschii was active at both 37*C and at 800C. As with the case of uridine

alone (Fig. 30), there was no subsequent breakdown of the uridine into uracil.

In addition, there was no metabolism of the nucleoside cytidine to produce

cytosine indicating again that the cell extracts, as prepared, did not possess a

functional nucleoside hydrolase or uridine phosphorylase.

Molecular Characterization of the M. jannaschii pyr Genes

A necessary extension of this work was to examine the nature of the

genes encoding the ATCase from M. jannaschii. Cloning of the gene and its

subsequent expression would be a boon in producing significant quantities of

such an enzyme for further characterization, as well as providing additional

insight into its molecular natural history. Two approaches were taken to identify

and clone the gene(s) encoding ATCase from this organism. Complementation

of E. colipyrB mutants of shotgunned DNA was attempted. No transformants

were identified, but this approach is fraught with numerous problems. The gene

may not be expressed in the heterologous host, the gene may be fragmented by

the restriction enzymes chosen and the efficiency of transformation may be so

low that identification of potential recombinant strains was unlikely.

A more direct approach was also employed to identify the gene. A probe

of the E. coil pyrB gene was used to identify the M. jannaschii gene by

hybridization between homologous sequences. A portion of the E. coil pyrB

gene corresponding to a conserved region of the catalytic subunit was chosen
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Fig. 32. Measurement of salvage metabolism of cytidine. Cell extracts of M.

jannaschi were incubated with cytidine at the temperatures indicated and after

extraction, the presence of interconversion products analyzed by HPLC.
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(see Methods). When DNA from M. jannaschii was purified, digested,

electrophoresed, transferred to blotting membranes and hybridized to the E. coli

pyrB probe, two EcoRi1 fragments were identified that gave a significant signal

over background. The EcoRi fragments migrated to a position corresponding

to DNA lengths of 5.6 and 4.7 kbp. Presumably, these fragments corresponded

to the M. jannaschii ATCase gene (and perhaps the related OTCase gene). In

either case, the size was large enough to account for all the coding sequence

required for a gene encoding a polypeptide with a molecular mass of 37,000

Da. For a protein of that size, calculations based on an average amino acid

molecular weight of 110 and coding for each amino acid by three base pairs

gives a predicted size for the M. jannaschii gene of approximately 1 kbp. A

fraction of the M. jannaschiigenome that had been digested, fractionated by

size and purified was ligated into an E. coil expression vector and transformed

into the E. colilpyrB ATCase mutant TB2. No transformants able to grow on

minimal medium in the absence of uracil were identified. Complementation

was not observed after repeated ligations and transformation with DNA of the

appropriate size that demonstrably hybridized, and was therefore homologous

to, the E. colilpyrB gene.

Characterization of the host used for complementation

Occasionally transformants were observed in the host that had acquired

the ability to grow without exogenously added uracil. But upon further

examination, the appropriate plasmid phenotype was absent (ampicillin

resistance) and no large molecular weight plasmid could be recovered. Since

the plates were selective for pyrimidine prototrophy (Pyr+) it is possible that
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colonies arising were genetic anomalies, contaminants or revertants. The host

strain E. coli TE32 is presumed to be a deletion mutant of pyrB and reversion of

this pyrB mutant strain to Pyr+ or PyrB+ should not be possible, or should occur

at extremely low frequency. The limits and extent of the deletion from this strain

have never been ascertained. To ensure faithful, dependable results in

subsequent cloning trials, the strain was examined to assess its suitability as a

host for cloned pyrB (ATCase) genes.

As described in the Methods, several probes were purified and labeled

that corresponded to different regions of the E. colilpyrB gene. These probes

were used to determine if E. coli TB2 were a true deletion mutant and then if so

to determine the extent of the deletion. Figure 33 is a photograph of the

electrophoretic gels prior to hybridization with radioactive probes. Figure 34

shows a blot of E. coli TB2 chromosomal DNA hybridized to a 1.2 kbp fragment

corresponding to the majority of the E coli regulatory gene (pyri).

Nohybridization was observed indicating that the deletion in E. coli TB2 extends

passed the pyri gene. As a control, E. coiiJM107 was used. E. coliiJM107 is a

Pyr+ strain with a functional chromosomal pyrB gene. As expected the probe

hybridized to the DNA from JM107. The E. colilpyrB mutant EK1104 also failed

to hybridize to this probe, indicating that it too is a deletion mutant. Figure 36

shows similar results for a 1.04 kbp probe containing sequences that encode

the carbamoylphosphate binding site of E. coil ATCase. Chromosomal DNA

from E. coli TB2 failed to hybridize to this probe, while the JM107 control gave

an expected band. In addition, the pyrB mutant EK1104 did hybridize to this

probe indicating that its deletion does not extend to this region of the pyrB gene

(near the 5' end). In a Southern blot hybridization using the 354 bp probe that
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Fig. 33. Photograph of the electrophoretic gels prior to hybridization with

radioactive probes. Lane 1: Hindll cut lamda, Lane 2: Pst cut E. coliJM107,

Lanes 3 - 6: Psti cut E. coil mutant strain TB2, Lane 7: Pst cut E. coli mutant

EK1104, Lane 8: Pstl cut Methanococcus jannaschii, Lane 9: Pstl cut Rhizobium

meliloti, Lane 10: Pst cut Rhizobium leguminosarum, Lane 11: Hind II cut

lamda.
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Fig. 34. Probing of the E. coli TB2 chromosomal DNA with a M. jannaschii

1.2 kbp pyrB probe. Lane 1: HindIlI cut Iamda, Lane 2: Pstl cut E coli JM107,

Lanes 3 - 6: Pst cut E. colimutant strain TB2, Lane 7: Pstl cut E colimutant

E1104, Lane 8: PstI cut Methanococcus jannaschii, Lane 9: Psi cut Rhizobium

melioti, Lane 10: Pstl cut Rhizobium leguminosarum, Lane 11: Hindi 11 cut

Iamda.
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Fig. 35. Probing of the E. coli TB2 chromosomal DNA with a 1.04 kbp pyrB

probe. Lane 1: HindIIl cut lamda, Lane 2: Psi cut E. coliJM107, Lanes 3 - 6:

Pst cut E. colimutant strain TB2, Lane 7: Pstl cut E. colimutant EK1104, Lane 8:

PstI cut Methanococcus jannaschii, Lane 9: Psit cut Rhizobium meliloti, Lane

10: Pst cut Rhizobium leguminosarum, Lane 11: HindlIlI cut lambda.
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Fig. 36. Probing of the E. coli TB2 chromosomal DNA with a M. jannaschii

350 kbp pyrB probe. Lane 1: Hindlli cut lamda, Lane 2: Pstt cut E. coliJM107,

Lanes 3 - 6: PstI cut E. colimutant strain TB2, Lane 7: Pstl cut E. colimutant

EK11104, Lane 8: Psfl cut Methanococcus jannaschii, Lane 9: Pstl cut Rhizobium

meiloti, Lane 10: Pstl cut Rhizobium legurninosarum, Lane 11: Hindill cut

lambda.
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does not contain pyrBl sequences proper, but corresponds to a region

immediately downstream from the pyrl gene is shown in Fig. 37. Only the E coli

strain JM107 with a wild type pyrBi operon showed hybridization to this probe.

A band was excised after agarose gel electrophoresis of the digested pyrBi

genes of E. coli. This band migrated to a position with an apparent molecular

weight of approximately 115 base pairs. This band as excised from the gel

actually contained two separate fragments failed to be resolved during the gel

run. These fragments were taken together and labeled to probe the

chromosomal DNA of the pyrB mutants and JM107 control strain. Again there

was no hybridization to the TB2 mutant strain (Fig. 35). Both the pyrBi wild type

strain JM107, as well as the pyrB mutant EK1104 hybridized to one or both of

the fragments in this labeled probe.

Since none of the probes hybridized to TB2, the deletion in this strain

must be extensive, encompassing the entire pyrBi region, and beyond. The

mutation in EKI104 is a much smaller deletion and portions of the pyrB gene (at

least at the 5' end) are retained in this strain. The stability of the TB2 mutant

strain was verified and tested by plating onto selective media to determine the

rate of reversion. Table 2 shows the results of this study. Copies of the E. coli

strain TB2 were obtained from a number of labs, several of which had

complained of anomalous results with TB2 and problems with instability of the

strain. When fresh cultures were recovered from frozen stocks, all of the

samples tested, from a variety of labs both on campus and off, no reversion of

the TB2 to the U+ phenotype was detected. Indeed reversion was not observed

after spreading up to 107 cells per plate after eight days of incubation under

selective conditions.
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Fig. 37. Probing of the E. coli TB2 chromosomal DNA with a 115 bp M.

jannaschii pyrB probe. Lane 1: HindlIlI cut lamda, Lane 2: Psti cut E. coli

JM107, Lanes 3 - 6: Pst cut E. coli mutant strain TB2, Lane 7: Pstl cut E. coli

mutant EK1104, Lane 8: Pstl cut Methanococcus jannaschii, Lane 9: Pstl cut

Rhizobium meliloti, Lane 10: Pstl cut Rhizobium Ieguminosarum, Lane 11:

Hindlil cut lambda.
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Table 2. Reversion rate of pyrB mutant in the E. coil strain TB2.
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DISCUSSION

Bacterial aspartate transcarbamoylases are arguably the most studied

enzymes in living systems. Research results have provided important

information about protein structure, assembly, catalysis and regulation.

Comparative studies have provided insight into the evolution, acquisition and

differentiation of enzyme catalysts. This work extends previous research with

bacterial ATCases into the archaebacteria, specifically into a methanogen

inhabitant of deep sea thermal vents. The enzyme from Methanococcus

jannaschii was thermostable. This organism lives in extreme environments

where it encounters high temperature and pressures and it would be expected

that the enzyme from this thermophilic microorganism would have properties

that allow it to function under such conditions. For the enzyme ATCase, there is

a precedent for thermostability in other ATCases, even from mesophilic, enteric

bacteria. Traditionally the E. coli ATCase purification as performed by Holubek

and Gerhart (1967) included a heat step. In this step the cell extract was heated

to 700C for 5 min. During this incubation time most of the other proteins were

denatured and precipitated out of solution. This was a in efficient purification

step, since the E. coli ATCase was stable for a short period time at this

temperature, where as most cellular proteins denatured. Presumably the

variety of interactions between the subunits of the oligomeric E. coli ATCase

contribute to its stability. Despite its relative thermostability, the E. coi ATCase

is unable to weather the extreme conditions of the M. jannaschii ATCase. The

enzyme from E. coilis irreversibly denatured long before approaching the 90C

temperatures used in these studies where the M. jannaschii has its highest

136
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activity. No attempt to assay E. coil ATCase at this temperature has been

recorded. Not only was the M. jannaschii ATCase stable at this temperature,

but it could survive extended incubation at high temperature. Conveniently this

enzyme was stable for long periods of time.

The enzyme from M. jannaschii had a molecular mass of 110,000

Daltons. Subunit molecular weight was determined to be approximately 37,000

Da. Thus the enzyme from M. jannaschii appears to be a trimer composed of

identical subunits. This is most like the Class C bacterial ATCases typified by

ATCase from Bacilus and a few Gram- organisms. These small molecular

weight enzymes typically do not show any regulatory response to nucleotide

effectors. Likewise, the M. jannaschii ATCase did not show any activation or

inhibition in response to nucleotide effectors.

The enzyme was active over a broad range of pHs with a high pH

optimum. The E. co/ienzyme actually has a broad pH optimum, and is active at

up to pH 9.5. The E. coli ATCase shows changes in the pH optimum in

response to changing levels of the substrates or the presence of effectors. The

optimal pH value for the optimum of the M. jannaschii ATCase exceeds that of

either the external environment or the intracellular pH. Changes in pH can

affect the ionization state (charge) of the enzyme, including residues at the

active site. In addition pH can affect the charge of the substrates. Though the

pK of dissociable groups on the enzyme, the substrates and the buffer itself are

relatively unaffected by temperature, the extremes of temperature employed in

these studies could have untoward effects.

The enzyme from M. jannaschii is a very thermostable enzyme with a

molecular mass of 110,000 Da and a subunit molecular mass of 33,000 Da.
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This suggests that these are three identical polypeptides making a trimer for

which no regulatory response was observed. In addition to a lack of

heterotropic allosteric response to effectors, the enzyme did not exhibit any

homotropic allosteric response to substrates. Saturation curves for both

substrates were hyperbolic, indicating no interaction between sites. The

enzyme from purified preparations had a KM for aspartate that varied with

temperature. At 900C the KM was over 60 mM, while at 200*C, the KM was 16

mM. These values are high, but not unprecedented. The E. coli ATCase has a

KM ([S]o.5 actually) for aspartate of 5 mM, but at 300C and at pH 7, free catalytic

subunits of E. colilhave a Km of 20 mM aspartate with hyperbolic kinetics. Other

class B ATCases have KM values that range from 3 mM (Erwinia) to 33 mM

(Proteus).

Temperature is an important consideration when studying proteins. For

M. jannaschii ATCase activity was observed at high temperatures over an

increasing range that exceeds "normal temperatures for living systems. As

temperature was varied changes in both KM and VMx was seen. The different

activity at different temperature was dramatic in some cases with the enzyme

having a much higher activity at higher temperatures. At high temperatures the

KM increased, thus the affinity for the substrate was decreased.

KM is not a measure of efficiency alone, but must be taken in the context

of Vmax, intracellular concentrations of the substrates and any effective

substrate channeling where enzymes work in combination, and in close

proximity to each other to pass substrates through the pathway (multiple

reactions). No matter the values for the kinetic constants of the enzyme, the

overall free energy change for the reaction (AG) does not change. This value is
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determined solely by the standard free energies of the products and the

reactants. However, the rate is influenced by the temperature and as the

temperature increases there is an increase in Vmax. With a high rate of velocity

or activity, the enzyme from M. jannaschii must be very efficient. This is a

probable effect of the high temperature on the enzyme. Thus, M. jannaschii

ATCase does not need a high affinity because any substrate bound will react

quickly and be catalyzed, driving the reaction forward and feeding the pathway

(and thus the cell's requirements for pyrimidine nucleotides) through the effects

of mass action due to removal of substrate and its conversion into product.

The results reported here where a high KM was observed were done with

a partially purified enzyme. The enzyme is purified away with other cofactors

and proteins which might help it to function more efficiently in the cell. When

assayed in a buffer system that is non-physiological and at a pH that differs from

the native pH, the high KM (higher affinity for substrate) that was observed could

be an artifact. Although the value for the affinity of the enzyme for aspartate is in

mM range and similar to that seen for other ATCases, apparently the KM could

differ dramatically for that of the enzyme in the cell. Every change in the assay

conditions affected the kinetic response of the enzyme, from pH to temperature.

In addition, the enzyme may be sensitive to changes in ionic strength of the

assay mix or even the pressure, and these possible effects were not

investigated.

The temperature response of the enzyme was also looked at from a

thermodynamic standpoint. Most enzymes are denatures at the extremes of

temperature employed in these studies. For example, Arrhenius plots typically

fall off at high temperatures due to protein denaturation. ATCase from M.
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jannaschii gave good activity throughout the curve. Drop off in proportion to

increasing Vmax was not equivalent to the increase in temperature. Unlike the

E. coil enzyme where a change of temperature of 30*-37*C represents a

significant portion of the temperature range of the enzyme, the magnitude of the

temperature range of activity in M. jannaschii was much greater in comparison.

The values for Q10 at low temperatures were high since there is little energy in

the system for catalysis to occur. As the enzyme was assayed at higher

temperatures, it did not respond with a proportional increase in the velocity. At

the higher temperatures, the M. jannaschii ATCase is approaching its maximal

velocity and zero order kinetics. At this point it is not possible to get any further

increase in overall rates out of the system, even if you add energy to the system

by additional heating. Presumably the M. jannaschil ATCase has special

structural features that allow it to remain stable and active at high temperatures.

It would be predicted that salt bridges and covalent disulfide cross links would

be the predominate interactions holding the polypeptide monomers together to

maintain the structure and activity of the holoenzyme. One consequence of this

strength is that residues at the active site with in the hydrophobic pocket, may

loose some of their geometry, such that binding affinity fro the substrate at high

temperature is lessened.

At higher temperatures even though the affinity of the enzyme decreased

the activity increased. The net effect for the cell is an enzyme at high

temperature that works very fast. There is a lot of energy in the system. The

energy of activation for the condensation of carbamoyl phosphate and aspartate

it is the same for E. coli ATCase or M. jannaschii ATCase because the free

energy change for the reaction remains the same and is dependent only upon
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the state and thermodynamic constants for the substrates and the products. An

enzyme at higher temperatures can have higher activities and lower Kms yet

have an overall rate because it all balances out. The affinity of the enzyme for

the substrate in this partially purified non-cellular system increased with an

increase in temperature. The enzyme does not require a lot of energy or effort

to achieve catalysis because there is so much energy in the system already.

The salvage pathways present in M. jannaschil were examined. Cell

extracts exhibited no cytosine deaminase activity, nor any nucleoside hydrolase

or nucleoside phosphorylase activity. The cells possessed cytidine deaminase

activity. The absence of activity does not prove that the cells do have the

metabolic capability to carry out a given reaction. The cells may have the

genetic potential, but the enzymes were not expressed because of cultural

conditions such that the genes were repressed or uninduced. Or if the enzymes

were produced, assay conditions may not have met the requirements for

enzyme activity for the enzymes from this unusual bacterium.

Isolation of the M. jannaschiipyrB gene was not accomplished despite

repeated attempts to clone fragments shown to be homologous to the E. coli

pyrB gene encoding ATCase. Failure to isolate transformants could be

explained in part from the fact that there are other transcarbamoylases in the

cell and these fragments encoded OTCase for example. Another possible

reason is that the intact gene was not isolated, such that the choice of restriction

enzymes precluded successful cloning due to the presence of a restriction site

in the coding sequence of the gene. Even if intact copies of the M. jannaschii

gene were cloned into ATCase it is possible that the methanogen's ATCase

gene was not expressed in E. col. The inability to express could be due to the
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difference in the 31 % G + C content of M. jannaschii. The gene fragment may

have lacked a promoter for expression, or one that functioned in E. col. Even

though E. coilexpression vectors were used, a terminator upstream could have

precluded expression by the E. coil RNA polymerase Perhaps the M.

jannaschii enzyme is not functional in E. coi due to the relatively low

temperature of E. colilgrowth, yet it was active at 30*C.

The problem with TB2 spontaneous reversion raised questions about the

mutant and led to a characterization of the mutant to define the host/vector

system for cloning ATCase from this and other organisms. None of the E. coli

pyrB probes purified from the plasmid pEK2 hybridized to chromosomal DNA

isolated from TB2. In each case the purified fragment from pEK2 hybridized to

E. coi/JM107 chromosomal DNA which encodes a functional ATCase. The E.

coli pyrB mutant EK1104 hybridized on two occasions with two of the probe

fragments indicating that there was a deletion or insertion into the 3' end of its

pyrB gene extending through pyrl. E. coli strain TB2 contains a deletion

mutation and the deletion must be extensive and include (or exclude) the entire

pyrB gene and some of the argi gene. Problems with previous studies may

have been with the fact that TB2 is not a recA- strain and efforts are continuing

to construct a recA-/pyrB- strain.

Recently the entire genome of the bacterium Methanococcus jannaschii

was sequenced by The Institute of Genomic Research (TIGR) as a

demonstration project for the Human Genome Project (Bult, et al., 1996). The

genome is 1.66 megabase pairs long (1,664,976 base pairs); each and every

nucleotide was determined and every open reading frame identified. There

were a total of 1738 predicted protein coding genes. Many of the ORFs were
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identified by virtue of their homology with known gene sequences deposited in

databases. Of all the ORFs identified, 38 per cent could be assigned a putative

role with high confidence.

The sequence for pyrB from M. jannaschii is shown in the next figure (Fig.

40). The figure shows the nucleotide sequence with the predicted amino acid

sequence beneath the DNA sequence. The nucleotide sequence of the M.

jannaschii pyrB is 918 base pairs long, giving a predicted translational product

306 amino acids long. The gene is 32 per cent GC, but the base content of the

gene is unusual in that it contains only 10 per cent cytosine. The guanine

content is 22.5 percent, the thymine content is 29.4 per cent, and the adenine

content is 38 per cent.

The translated product of the pyrB gene gives a 306 amino acid ATCase

subunit with a predicted molecular weight of 35,119 Daltons. The amino acid

sequence of the gene is homologous with all other ATCases. There is 41 per

cent sequence homology with the arch typical ATCase from E. coli. The amount

of sequence identity and sequence similarity increases at regions

corresponding to the aspartate and carbamoylphosphate binding sites.

Homology between the two ATCases is generally evident throughout the entire

length of the proteins (Fig. 41). The enzyme showed greatest homology at the

protein level to the enteric ATCases, followed by the enzymes from Bacillus and

then Pseudomonas. The enzyme was most distantly related to the eukaryotic

ATCases from yeast and hamster CAD. Though the Archaea have many genes

with features homologous to eukaryotic genes, this is not the case for the gene

encoding the catalytic subunit of ATCase. This is in general agreement with the

observation (Bult, et al., 1996) that Archaea genes related to energy production
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Fig. 38. The pyrB gene of M. jannaschii. The gene for ATCase catalytic

subunit is gene number MJ1581. The gene information can be viewed and

extracted through the Internet from the World Wide Web at the address

http://www.tigr.org/tdb/mdb/mjdb/mjdb.html. The gene sequence is presented

with the predicted amino acid sequence below.
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ATGAAGCATCTAATATCAATGAAGGATATTGGAAAAGAGGAGATTTTAGAGATTTTAGAT 60
MetLysHisLeulleSerMetLysAsplleGlyLysGluGlulleLeuGlulleLeuAsp

GAAGCAAGAAAGATGGAAGAGCTTTTAAATACAAAAAGACCTTTAAAGTTATTGGAAGGG 120
GluAlaArgLysMetGluGluLeuLeuAsnThrLysArgProLeuLysLeuLeuGluGly

AAAATATTAGCAACTGTTTTTTATGAACCATCAACAAGGACAAGATTGAGTTTTGAAACG 180
LysIleLeuAlaThrValPheTyrGluProSerThrArgThrArgLeuSerPheGluThr

GCAATGAAGAGGTTAGGTGGAGAAGTAATAACAATGACTGATTTAAAAAGCTCTTCTGTT 240
AlaMetLysArgLeuGlyGlyGluVallleThrMetThrAspLeuLysSerSerSerVal

GCAAAGGGAGAGAGTTTAATAGATACAATTAGAGTAATTAGTGGATATGCTGATATAATT 300
AlaLysGlyGluSerLeuIleAspThrIleArgValIleSerGlyTyrAlaAspIleIle

GTTTTAAGGCATCCAAGTGAAGGAGCTGCAAGATTGGCAAGTGAATATTCTCAAGTTCCA 360
ValLeuArgHisProSerGluGlyAlaAlaArgLeuAlaSerGluTyrSerGlnValPro

ATTATAAATGCTGGGGATGGGAGTAATCAGCATCCTACTCAAACTCTTTTGGATTTATAC 420
IlelleAsnAlaGlyAspGlySerAsnGlnHisProThrGlnThrLeuLeuAspLeuTyr

ACAATAATGAGAGAGATTGGCAGGATAGATGGGATAAAGATAGCGTTTGTTGGAGATTTG 480
ThrIleMetArgGluIleGlyArgIleAspGlyIleLysIleAlaPheValGlyAspLeu

AAGTATGGAAGGACAGTTCATTCCTTGGTCTATGCCCTATCCTTATTTGAAAATGTTGAG 540
LysTyrGlyArgThrValHisSerLeuValTyrAlaLeuSerLeuPheGluAsnValGlu

ATGTATTTTGTATCTCCAAAAGAATTGAGACTACCAAAAGATATTATTGAAGATTTAAAA 600
MetTyrPheValSerProLysGluLeuArgLeuProLysAspIleIleGluAspLeuLys

GCTAAAAATATAAAATTTTATGAAAAAGAAAGTTTGGATGATTTAGATGATGATATAGAT 660
AlaLysAsnIleLysPheTyrGluLysGluSerLeuAspAspLeuAspAspAsplleAsp

GTTCTATATGTAACAAGAATCCAGAAGGAGAGGTTTCCAGACCCTAACGAATATGAAAAG 720
ValLeuTyrValThrArgIleGlnLysGluArgPheProAspProAsnGluTyrGluLys

GTTAAAGGTAGCTATAAGATAAAGAGAGAGTATGTCGAAGGAAAGAAGTTTATAATTATG 780
ValLysGlySerTyrLysIleLysArgGluTyrValGluGlyLysLysPheIleIleMet

CATCCATTACCAAGAGTTGATGAAATTGATTATGATGTTGATGATTTACCTCAAGCAAAG 840
HisProLeuProArgValAspGluIleAspTyrAspValAspAspLeuProGlnAlaLys

TATTTTAAGCAGAGTTTTTATGGAATTCCAGTGAGAATGGCCATTTTAAAGAAGCTAATT 900
TyrPheLysGlnSerPheTyrGlylleProValArgMetAlalleLeuLysLysLeulle

GAGGATAATGAAGGTGAA 918
GluAspAsnGluGlyGlu
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Fig. 39. Amino acid sequence alignment of M. jannaschii catalytic subunit.

The primary structure of ATCases are aligned for maximum homology.

Allowance has been made for limited substitutions and deletions. Areas of

maximum homology are shaded and boxed.
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339
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251
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and metabolism are most similar to bacterial genes, while genes involved in

transcription, translation, and replication are more similar to their eukaryotic

counterparts. The ATCase from M. jannaschii was shown in this work to have a

relative molecular weight of 110,000 Daltons as determined by gradient

polyacrylamide gel electrophoresis, and a subunit molecular weight of 37,000

Daltons as determined by SDS polyacrylamide gel electrophoresis.

The results of the enzyme characterization described herein, suggests

that there exists no regulatory subunit in the ATCase of M. jannaschii. The

molecular weight studies indicated a trimeric protein with a single subunit type

and the enzyme exhibited no response to allosteric inhibitors. When the DNA of

the M. jannaschii genome was sequenced, an open reading frame whose

translated amino acid sequence was homologous to the E. colilpyri gene

product was identified. The M. jannaschiipyri gene was 447 base pairs long

and coded for a 149 amino acid long protein (Fig. 42). The gene itself had a GC

content of 27.4 percent and mapped far from the pyrB gene locus. The

nucleotide content of the gene was: adenine, 45.43 per cent; cytosine, 9.8 per

cent; guanine 17.58 per cent; and thymine 27.17 per cent.

The translational product of the M. jannaschii pyri gene gives a protein

with a predicted molecular weight of 16,855 Daltons. The protein product of the

gene shows 36 percent homology with the regulatory subunit of the E. coli

ATCase. Alignment with the known pyri genes from enteric bacteria .

demonstrates extensive sequence homology. The apparent absence of

evidence for a regulatory subunit in cell free extracts is in contradiction to the

presence of a gene for a homologue of the E. coli regulatory subunit. Perhaps

the protein is a nucleotide binding protein with homology to the E. coli ATCase
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Fig. 40. The pyri gene of M. jannaschii. The gene for a putative ATCase

regulatory subunit is gene number MJ1406. The gene information can be

viewed and extracted through the Internet from the World Wide Web at the

address http://www.tigr.org/tdb/mdb/mjdb/mjdb.html. The gene sequence is

presented with the predicted amino acid sequence below.
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Fig.41. Amino acid sequence alignment of M. jannaschii pyri gene product.

The primary structure of the M. jannaschii pyrl gene product is aligned with

enteric ATCase regulatory subunits for maximum homology. Allowance has

been made for limited substitutions and deletions. Areas of maximum

homology are shaded and boxed.
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