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The genes coding for aspartate transcarbamylase (ATCase) in the deep-sea hyperthermophilic archaeon
Pyrococcus abyssi were cloned by complementation of a pyrB Escherichia coli mutant. The sequence revealed the
existence of a pyrBI operon, coding for a catalytic chain and a regulatory chain, as in Enferobacteriaceae.
Comparison of primary sequences of the polypeptides encoded by the pyrB and pyrl genes with those of
homologous eubacterial and eukaryotic chains showed a high degree of conservation of the residues which in
E. coli ATCase are involved in catalysis and allosteric regulation. The regulatory chain shows more-extensive
divergence with respect to that of E. coli and other Enterobacteriaceae than the catalytic chain. Several
substitutions suggest the existence in P. abyssi ATCase of additional hydrophobic interactions and ionic bonds
which are probably involved in protein stabilization at high temperatures. The catalytic chain presents a
secondary structure similar to that of the E. coli enzyme. Modeling of the tridimensional structure of this chain
provides a folding close to that of the E. coli protein in spite of several significant differences. Conservation of
numerous pairs of residues involved in the interfaces between different chains or subunits in E. coli ATCase
suggests that the P. abyssi enzyme has a quaternary structure similar to that of the E. coli enzyme. P. abyssi
ATCase expressed in transgenic E. coli cells exhibited reduced cooperativity for aspartate binding and sensi-
tivity to allosteric effectors, as well as a decreased thermostability and barostability, suggesting that in P. abyssi

cells this enzyme is further stabilized through its association with other cellular components.

Studies of extremophilic organisms provide information on
the molecular mechanisms of biological adaptation to extreme
environments. In this regard, Pyrococcus abyssi is of particular
interest, being a hyperthermophilic and barophilic/barotoler-
ant archaeon. This euryarchaebacterium, isolated from a deep-
sea hydrothermal vent located 2,000 m deep in the North Fiji
Basin, was characterized by Erauso et al. (15, 16). It is a
heterotrophic and strictly anaerobic microorganism and be-
longs to the sulfur-metabolizing group. At atmospheric pres-
sure, it grows at 67 to 102°C, with an optimum at 96°C. Hy-
drostatic pressure slightly increases the growth rate of P. abyssi
as well as its optimal and maximal growth temperatures (16).

Aspartate transcarbamylase (ATCase) (EC 2.1.3.2) is the
first enzyme of the pyrimidine biosynthetic pathway. It cata-
lyzes the carbamylation of the amino group of aspartate by
carbamylphosphate with formation of carbamylaspartate and
phosphate. ATCase is extensively studied as a model for struc-
ture-function relationships in cooperativity and allosteric reg-
ulation mechanisms, as well as for the evolution of these mech-
anisms from prokaryotes to humans. The structure and
properties of the Escherichia coli enzyme have been studied in
detail (for reviews, see references 3, 10, 26, 32, 40, and 70).
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This dodecameric enzyme (78) is composed of two types of
polypeptide chains: the catalytic chains (c) encoded by the pyrB
gene (30) and regulatory chains (r) encoded by the pyrl gene
(66). The quaternary structure of this enzyme results from the
association of two catalytic ¢3 subunits (trimers of catalytic
chains of 310 amino acids; molecular weight, 34,301) held
together through their interactions with three regulatory r2
subunits (dimers of regulatory chains of 152 amino acids; mo-
lecular weight, 17,109) (8). Both types of chains are organized
in two domains, the carbamylphosphate and the aspartate
binding domains in the case of the catalytic chain and the
allosteric and the zinc (Zn) domains in the case of the regu-
latory chain. The regulatory chain contains a zinc atom coor-
dinated to four cysteine residues clustered near its C terminus
(24). The presence of this cation ensures the proper folding of
the domain for its interactions with the catalytic subunits. The
catalytic sites are located at the interface between two catalytic
chains belonging to the same trimer and involve residues be-
longing to both chains (36, 44). These structural features were
found in homologous enterobacterial enzymes. It is notewor-
thy that, so far, it is only in these microorganisms that ATCase
comprises regulatory chains (77).

E. coli ATCase shows cooperativity for the binding of its
substrate aspartate, a phenomenon which is explained by the
transition from a T state having a low affinity for aspartate to
an R state which has a high affinity for this substrate. The
crystallographic structures of these two extreme conformations
are known with a resolution of 2.5 A (28, 29, 33, 35, 36). In the
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R state, the two catalytic subunits are no longer in close con-
tact. E. coli ATCase is also subject to allosteric regulation. Its
activity is synergistically feedback inhibited by the two end
products CTP and UTP and is stimulated by ATP. These
effectors bind to the same regulatory sites, at a distance of 60
A from the catalytic sites (28). Interfaces between the subunits
and between the domains of both chains play important roles
in these regulatory properties (9, 12, 23, 33).

ATCases from other eubacterial and eukaryotic organisms
are composed either of only catalytic chains, as in Bacillus
subtilis (39) and Lycopersicum esculentum (54), or of catalytic
chains associated with other enzymes of the pyrimidine path-
way, as in Pseudomonas putida (67), Saccharomyces cerevisiae
and Schizosaccharomyces pombe (41, 69), or mammals (10, 17,
68).

The enzymatic properties of several ATCases from extremo-
philes, including the halophilic archacon Halobacterium
cutirubrum (52), the halophilic eubacterium Vibrio costicola
(1), and the (hyper)thermophilic eubacteria Thermotoga mari-
tima and Thermus aquaticus (74), were previously investigated.
These enzymes exhibit differences in their regulatory proper-
ties.

Recently, the determination of the entire genomic sequence
of the archaeon Methanococcus jannaschii (6) revealed the
existence of two open reading frames (ORFs) potentially cod-
ing for the ATCase catalytic chain (pyrB) and for a regulatory
chain (pyrl). These genes are separated on the chromosome.

A particularity of the ATCase reaction in thermophilic and
hyperthermophilic organisms is related to the high thermo-
lability of one of its substrates, carbamylphosphate (2, 75),
whose decomposition produces cyanate, a toxic, indiscriminate
carbamylating agent (37).

The catalytic and regulatory properties of P. abyssi ATCase
(strain GES) were investigated previously (58, 59). This en-
zyme shows apparent cooperativity for both substrates. It is
subject to allosteric regulation. At 37°C, it is feedback inhibited
by both CTP and UTP and activated by ATP, although at high
temperatures only the CTP effect is observed. P. abyssi ATCase is
extremely stable at high temperatures and pressures. The purifi-
cation of this enzyme led to alterations of its cooperative and
allosteric properties, suggesting that in P. abyssi, the ATCase is
stabilized by association with another cellular component (59).

In the present work, the P. abyssi gene coding for ATCase
was cloned and expressed in E. coli. Sequencing showed the
existence of two genes coding for a catalytic chain and a reg-
ulatory chain. The deduced primary structures were analyzed
in comparison with those of homologous enzymes, and mod-
eling was used for a more detailed comparison with the E. coli
protein. The properties of the enzyme produced in E. coli
(regulation, thermostability, and barostability) are partially al-
tered relative to those of the enzyme in its native host.

MATERIALS AND METHODS

Chemicals, enzymes, and DNA molecular weight markers. Nucleotides were
purchased from Sigma Chemical Co.; Tris-base was from Prolabo; 2-mercapto-
ethanol was from Kodak; [U-'“Claspartate (300 mCi mmol™'; 11.1 GBq
mmol-1) was from CEA-Saclay; and restriction enzymes and DNA molecular
weight marker III were from Boehringer Mannheim. TBE buffer used for the cell
extracts contains 50 mM Tris HCI (pH 8), 1 mM 2-mercaptoethanol, and 0.1 mM
EDTA.

Bacterial strains. P. abyssi GE5 was described by Erauso et al. (16). The
following E. coli strains were used: XL1-Blue MRF’' {A(mcrA)183 A(mcrCB-
hsdSMR-mir) 173 endAl supE44 thi-1 recAl gyrA96 relAl lac/F' [proAB
lacI"ZAM15 Tnl0O(Tet")]} (Stratagene); JM103pyrB~ {Alac-pro supE thi strA
endA sbcB15 hsdR4/F' [traD36 proAB lacI9ZAM15 ApyrBl}, which is a pyrB
derivative of JM103 (45) obtained from J. Wild (Texas A&M University); and
EK1104 (F~ ara thi Apro-lac ApyrB pyrF™ rpsL) (53).
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Growth media. The GES5 strain of P. abyssi was grown anaerobically on an
enriched marine mineral medium containing cysteine as a sulfur source (16). The
transgenic E. coli cells were grown either on 853 broth (22) or on 132 minimal
mineral medium (22), supplemented with 0.5% glucose, 0.0001% thiamine,
0.005% proline, and 50 g of kanamycin per ml or 100 pg of ampicillin per ml.

Vectors. Lambda ZAP Express vector previously restricted with BamHI, pBK-
CMV (Stratagene), and Bluescript II KS* (Stratagene) were used as vectors.

Chromosomal DNA preparation. The extraction and purification of P. abyssi
chromosomal DNA were performed by using a CsCl gradient, as described
previously (7).

Library construction. A P. abyssi genomic library was constructed by using the
predigested ZAP Express BamHI/CIAP cloning system (Stratagene). P. abyssi
chromosomal DNA (40 pg) was partially digested with Sau3A (7.5 U) for 5, 10,
15, and 20 min at room temperature. Two 5-pg samples of this DNA digest were
each ligated with 1 ug of BamHI-predigested Lambda ZAP Express vector by
incubation for 16 h at 16°C in the presence of 1 mM ATP, with 2 U of T4 ligase
in final volumes of 5 and 20 pl. Packaging and amplification were performed as
specified by Stratagene. The titer of the library was 10'° PFU/ml.

In vivo excision of pBK-CMYV phagemids and selection of pyrB-complementing
clones. Helper phage-mediated excision was performed by coinfecting 200 pl of
XL1-Blue MRF’ cells (grown to an optical density at 600 nm [ODy,] of 0.3 and
resuspended in 10 mM MgSO,, at an ODy of 5.0) with 2.5 X 10° PFU of the
Lambda ZAP library and 10° PFU of ExAssist helper phage (Stratagene). The
excised phagemids were used immediately to infect 600 pl of JM103pyrB~ cells
(ODgqp = 0.5), and the cells were plated on appropriately supplemented minimal
medium for complementation screening (80).

Southern hybridization. Southern hybridization was performed at 70°C, using
random-primed probe labeling and hybridization conditions specified for the
DIG labeling and detection system (Boehringer Mannheim).

Sequencing. Nucleotide sequencing was performed by the dideoxy chain ter-
mination method (65) in both directions with two universal primers. Overlapping
clones were produced by exonuclease IIT (Exo IIT) partial digestion (25). Dele-
tions were generated from Kpnl/EcoRI and BstXI/Xbal double restrictions.

Enzymatic tests. ATCase activity was measured as described previously (57).
Samples of dialyzed cell extracts were incubated at 37°C for 10 min in the
presence of 20 mM aspartate, 5 mM carbamylphosphate, and 50 mM Tris HCI,
pH 8. The ATCase activity of these extracts was defined as units per milligram of
proteins, where a unit is the amount of enzyme which synthesizes 1 wmol of
carbamylaspartate per h.

The nucleotide solutions were adjusted to pH 8, and the ATCase activity was
measured as described above but in the presence of 3 mM aspartate. Percent
activation was calculated as follows: % activation = (V,, — V,/V;)) X 100, where
V, is the reaction rate in the presence of allosteric effector and 1, is the reaction
rate in its absence.

Hydrostatic-pressure assays. The influence of hydrostatic pressure on the
stability of ATCase was determined by using a previously described high-pres-
sure reactor (31) which allows injection, mixing, and sampling without release of
pressure.

Sequence alignments and structural modeling. Sequence comparison was
performed by using the GAP program from the Genetics Computer Group 8.1
software package (49). Secondary structure was predicted by using the PHDsec
program from the PredictProtein server (61-63), and multiple alignments were
performed by using the MaxHom.SSP program from the same server (64). The
Hydrophobic Cluster Analysis (HCA) program was used for analysis of hydro-
phobic clusters (20, 38). Modeling of the tridimensional structure was performed
by amino acid replacement and energy minimization with the Swiss-Model pro-
gram of the ExPaSy server (55, 56) and the Insight IT and Homology programs
(Biosym Technologies Co.).

Nucleotide sequence accession number. The nucleotide and amino acid se-
quences of the insert of the pAT3 clone containing the P. abyssi pyrBI operon
were assigned accession no. U61765.

RESULTS

Construction of a genomic library of P. abyssi. A genomic
library of the GES strain of P. abyssi was obtained by ligating
P. abyssi chromosomal DNA partially digested with Sau3A in
the Lambda ZAP Express vector previously restricted with
BamHI. The titer of the library was 10'° PFU/ml. The sizes of
the inserts ranged from 1 to 12 kb.

Molecular cloning in E. coli and identification of the pyrB
and pyrI genes from P. abyssi. The gene coding for the ATCase
in P. abyssi was cloned by screening the genomic library for
complementation of a pyrB-deficient derivative of E. coli
JM103. After in vivo excision of pBK-CMV phagemids con-
taining inserts of P. abyssi DNA, JM103pyrB™~ cells were in-
fected at a multiplicity of infection of 50 (80). Fourteen colo-
nies were obtained after 2 days of incubation on plates of
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FIG. 1. Clones of ATCase genes from P. abyssi. (a) pAT1 and pAT3 clones in the pBK-CMYV vector. Vector DNA (thick black lines) is indicated. (b) The pKSAT3
clone containing the pyrB and pyrl genes flanked by P. abyssi DNA (shaded segments). DNAs from the pBK-CMV vector and the Bluescript IT KS* vector (thick black

lines and thin lines, respectively) are indicated.

minimum medium supplemented with Casamino Acids and
kanamycin. The thermal stability of the ATCase activity in cell
extracts prepared from cultures of each of these candidates was
investigated. It was found that after 10 min of incubation at
90°C, the activity was conserved up to 53 to 75%. Under similar
conditions, E. coli ATCase was fully inactivated. This indicated
that these clones code for a thermostable ATCase expressed in
the E. coli host.

Two types of clones were obtained, differing by the size of
the inserts: pAT1, with an insert of 6.8 kbp, and pAT3, with an
insert of 2.3 kbp (Fig. 1a). A restriction analysis of these clones
showed that pAT1 contains an additional Sacl fragment of 4.5
kbp situated downstream relative to the ATCase sequence
present in pAT3.

The insert of pAT3 was recloned as a 2.3-kbp Xbal/PstI
fragment into the Bluescript IT KS™ vector. The resulting con-
struction was designated pKSAT3 (Fig. 1b). The P. abyssi or-
igin of the pKSAT?3 insert was verified by Southern hybridiza-
tion.

Sequence of the P. abyssi ATCase gene. The sequence of the
P. abyssi DNA insert contains a 924-bp ORF coding for a
protein of 308 residues (calculated molecular mass, 34,879 Da)
homologous to the catalytic chain of E. coli ATCase (Fig. 2).
This ORF was therefore designated pyrB. It is followed by a
456-bp ORF homologous to the pyrl gene of Enterobacteri-
aceae, which codes for the regulatory chain of ATCase from
these microorganisms, and corresponding to a protein of 152
residues (calculated molecular mass, 16,947 Da). A particular

feature of this archaeal pyrBI gene cluster is the absence of an
intercistronic sequence between pyrB and pyrl, in contrast with
all homologous enterobacterial operons.

In the pKSAT3 clone, the pyrBI gene cluster is flanked by
434 nucleotides upstream and 507 nucleotides downstream of
it. The upstream region contains the C-terminal portion of a
377-bp ORF corresponding to 125 amino acids (Fig. 2), ho-
mologous to carbamylphosphate synthetases (CPSases). The
region downstream from pyrBI contains the N-terminal region
(67 residues) of an ORF which presents similarity with E. coli
lipopolysaccharide heptosyltransferase 1.

Expression of the P. abyssi ATCase genes in E. coli. Comple-
mentation of the ATCase deficiency of E. coli cells by the
corresponding genes from P. abyssi shows that these genes are
expressed in a mesophilic eubacterial host. In rich medium
containing uracil, the ATCase activity of cell extracts of the
transgenic E. coli is 15 U - mg~"' of total protein, compared to
2.5U - mg 'in P. abyssi cell extracts. In minimal medium, the
expression of the cloned genes is insensitive to added uracil at
concentrations ranging from 4 to 50 mg - ml~", which suggests
that in E. coli, it is not regulated by uracil.

Codon usage in the P. abyssi pyrB and pyrl genes. Codon
usage in the archaeal pyrB and pyrl genes is significantly dif-
ferent from that observed in the homologous E. coli genes (30,
66). In particular, codons ATA (Ile), AAG (Lys), GAG (Glu),
and AGG (Arg) are frequently used in the archaeal genes,
while they are rarely used or even absent (AGG) in the E. coli
pyrBI operon (a quantitative comparison is available on re-
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GATCTTCGGTGGCAGGGATAACTCCAGTATTAAAATCTACCTTCACGCCGAGGGGTTCCTTGTACATCTCTATCACCAGTTTCCTCTTTTGCCTTTTTCT
S S vAGITU®PVLI KSTU PFTUPIRSGSILYTISTITS SV FULTFUC CLTFIL

TTTTGATGTTTTCCCTCATTTTAGTAAGGTAACTTGCAAATCCAGCTATCGCCAGGAAGTTCCCAATTATCATGGCCACGAAACTTATTGGGGATATCCA
F DV F PHVFS KVTCIEKSSYURQEV?PNYHGGHETYWGYTP

AGAGTAAGGATACATTGTTCCTGGGCTCACATCGTAGCCGTGCTTTCTCAGTTCTTTCATCATATAGGCCCCTGTTATCGGCTCTTTGCTTGCGTGGTAC
R VRIHCSWAHTIVAVL SQFVFHHTIG?PU CYU RILVFATCVVQ

AGGATGTGAAGGCCCATGAAGCCGAGGATTACCCGGCGAATCATATCGAATCCCGATATCGGATTTCGATATATAAATAAAAACCTTTTCGTAAAGGTTT
DV KAHEA AEDYU?PANUHTIES SR RYRTISTIYK *

pyrB
ATATACCCAAGCTTCATCAGTGTGGAAGGGCTTCATGGATTGGAAAGGTAGGGACGTGATAAGTATTAGGGACTTTTCTAAGGAAGATATAGAGACAGTC
M DWKGRDUVISIRUIDYFSIKETUDTIETYUV

CTTGCAACCGCTGAAAGACTCGAGAGGGAATTAAAAGAGAAGGGTCAGCTGGAGTATGCAAAGGGAAAAATCCTAGCAACGCTGTTTTTTGAGCCATCTA
L ATAU ERULERETLIZ KEI KGO QLEYA AIZ KG GI KTITLATILTFTFEUPST

CAAGGACGAGGTTAAGCTTTGAGAGCGCTATGCACCGTTTAGGCGGAGCCGTCATAGGGTTTGCGGAAGCCTCAACGAGTAGCGTTAAGAAGGGTGARAG
R T RL S FESAMUHRTLG GG GAVTIGTFAEASTS SV IKIKGE S8

CTTGAGGGACACCATTAAAACCGTTGAGCAGTACTGCGATGTGATAGTGATAAGGCATCCAAAGGAAGGTGCCGCAAGGCTTGCGGCGGAAGTTGCCGAA
L RDTTII KTV VEOQYOCDUVTIVTIRIHEPI KETGAARILAAEVAE

GTTCCGGTTATAAACGCTGGAGATGGCAGCAATCAGCACCCAACCCAAACTTTACTTGACCTATATACGATTARGAAGGAGTTTGGAAGGATAGATGGTC
VPVINAGDSGS SNOQH®PTTOQTULULDULYTTIUZ KT KETFGI RTIUDSGTL

TAAAGATAGGCCTCCTTGGAGACTTAAAGTATGGAAGAACTGTCCACAGCTTGGCCGAGGCATTAACTTTCTACGACGTTGAGCTCTACCTAATCTCCCC
K I G L L GDU LI KYGIRTVHSLAEALTU FYUDUVE ETLYTZLTIS P

AGAACTCTTAAGGATGCCGAGGCATATAGTTGAAGAGCTCAGGGAGAAGGGGATGAAAGTCGTCGAGACTACAACCCTTGAGGACGTCATAGGGAAGTTA
ELLRMPRHTIVEETLIREIKGMI KUYV ETTTULEUDUVTISGTE KTL

GACGTTCTCTACGTGACTAGGATTCAGAAGGAGAGATTCCCGGACGAGCAGGAATACCTTAAAGT TAAGGGTAGCTATCAGGTGAACCTCAAGGTGTTGG
DvLYVTRTIOQIZ KETRTFUPDEUZG QET YTLIZ KVI KS GSYOQQVNTZLIZ KUV VTLE

AGAAGGCTAAGGACGAGCTGAGGATAATGCATCCGTTGCCTAGGGTCGATGAGATACATCCGGAAGTGGATAACACGAAGCATGCGATTTACTTTAGGCA
K AKXKDEVLU RTIMHPTLUPIRVYVDETIHZPEUVDNTI KHA ATIYTFRZQQ

pyrI
GGTGITTAACGGTGTTCCAGTTAGGATGGCCCTCTTAGCTCTCGTCCTGGGGGTGATTTGAATGGCTGAGCTTAAGGT TTCCGCGATTAAGGAGGGAACC
VFNGV?PVRMALTLATLVYVTILGVTH?®*MAETLTZE KTYSATITZEKTETGT

GTTATAGATCACATTCCAGCCGGGAAAGGGTTGAAGGTTATAGAGATCCTGAAGCTCGGCAAGTTAACAAATGGAGGGGCAGTTCTTCTAGCCATGAACG
vV IDHTIUPAGI KGLI KV VTIETIUZLIE KILGI KU LTNSGSGA AVILTULA AMMNUV

TTCCGAGCAAGAAGCTTGGTAGAAAAGATATAGTTAAGGTTGAGGGTAGGTTCCTCAGCGAGGAGGAGGTTAATAAGATAGCCTTGGTAGCTCCAAATGC
P S KKULGRIKDTIUVI KVEGRTFILSETETEVNZI KTIH ALV VAZPNA

AACGGTTAATATAATTAGGGACTACAAGGTCGTTGAGAAGT TTAAAGTCGAGGTCCCCGACGTTATAGAGGGAATACTGAGGTGTGGCAATCCAAACTGC
T VNI I RDY XKV V EZ KU FI KV EVUPDUVTIESGTIULRT CGNU PNTC

ATAACCAACCACGAATACGTTACAACGAAGTTCTACGTTATAAGTAGGGAACCTCTAAAGGTTCGTTGTCACTACTGTGAAAGAACAATGGAAGAGGAGG
I TNHEYVTTI KT FYVISREUZPTLIE KV VR RCHYC CEU RTMETETEE

AGATACTGGCTAACCTTTGAAATTAAAGGCCAAAGCTACCTCTAGGGCTGTTCCTAAGTAAAGGACATCCTCATCGACATCGAACTTTGGATGATGGTGC
I L A NTL *

GGGTAGACTATTCCTTTCTTTTCATTCCTTATTCCAAGTGCTATGAAGGCCCCAGGAACCTTCTCTAAGTAGAACGCGAAATCTTCTCCTCCCAATGTCT
TCCTGACTTCACCAACTTTTAGGCCCAGGGATTTAGCAGTCTCAGCAACAAATTTAGCCATCTTCTCGTCGTTTATCGTCGGCGGTCCTAGAATTTCGGT

TTTAATTTCTGCTTCACAGTTATGAGCTTTAGCCGTTCCTTCTATGATTTCCCTGATCTGATGGAAGGTGAAGACGTTCCAATACTGGAGTACGTTATAA
M S F S RS FYDVFPDLMETGETDUVU®PTIULETYUVTITI

TCAAATTCGAGCTCAAGGAAGGTGATGAAACAATATACCTACCGGCCGCAACCCTAAGGCCAGAGACAGTTTACGGAGTAACCAACATGTGGATCCTAAG
K F EL XK EGDETTI VYL PAATTULIRUZPETV VY GV TDNMMW®WTITILR

AACGGGGGAGAGCTACTTGCCCTC
T G E S Y L P
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FIG. 2. Nucleotide sequence of the insert of pKSAT3 containing the P. abyssi pyrBI operon. The deduced amino acid sequences of PyrB and PyrI polypeptides are
shown below the DNA sequence. Also shown are the products of two flanking coding regions. Amino acids are indicated by the one-letter code.

quest). This bias could present a problem for the overexpres-
sion of these P. abyssi genes in E. coli cells.

A characteristic of Archaea is a higher frequency of RNY
codons (R = purine, Y = pyrimidine, N = purine or pyrimi-
dine) and G/non-G/N codons in the coding reading frame than

in the +1 and +2 frames (5). This is also the case in the P.
abyssi pyrB and pyrl genes.

Functional analysis of the pyrI-encoded protein. In order to
investigate the role of the polypeptide coded by pyrl in P.
abyssi, a 1.01-kbp CellI-Sall fragment was removed from the



VoL. 179, 1997

PYROCOCCUS ABYSSI ASPARTATE TRANSCARBAMYLASE 4147

100 . : .
s0 |- .
9 [ ]
s 0 .
"('“‘ .
2> 3 i
g [ ]
@ | 4
50 k i
107 1072 107 1¢° 10!

[NTP] (mM)

FIG. 3. Influence of nucleotide triphosphates on the activity of PyrBI and PyrB ATCases from P. abyssi produced in E. coli. ATCase activity in dialyzed cell extracts
of P. abyssi pyrBI and pyrB clones expressed in E. coli IM103pyrB~ was measured as described in Materials and Methods, in the presence of 3 mM aspartate. PyrBI
ATCase (100 pg of protein): (I, ATP; A, CTP; @, UTP. PyrB ATCase (91 ug of protein): A, ATP; O, CTP; +, UTP.

pKSAT3 clone, thereby eliminating the entire pyrl gene (Fig.
1). The protein encoded by the resulting pyrB subclone re-
tained the ATCase activity. The potential involvement of the
polypeptide encoded by pyrl in the allosteric regulation of
this archaeal enzyme was investigated by comparing the
influence of ATP, CTP, and UTP on the ATCase activity of
dialyzed cell extracts of the pyrBI and pyrB clones (Fig. 3).
The PyrBI ATCase of P. abyssi cloned in E. coli presented a
pattern of allosteric response similar to that of the native
enzyme from P. abyssi at 37°C (59): both CTP and UTP had
an inhibitory effect, whereas ATP stimulated the activity. In
contrast, the P. abyssi ATCase encoded by the pyrB subclone
was insensitive to any of these three nucleotide triphosphates
up to a concentration of 1 mM. Thus, the regulation by the
nucleotide effectors requires the polypeptide encoded by the
pyrl gene, which therefore is a regulatory chain. This was the
first instance of an ATCase regulatory chain being character-
ized outside the Enterobacteriaceae. (Another archaeal PyrBI
ATCase has since been discovered in the thermophile Sulfolo-
bus solfataricus [accession no. X 99872] [12a].) However, the
regulatory effects of the nucleotides are diminished when the
archaeal enzyme is produced in E. coli. The maximal inhibition
by CTP or UTP is 50% instead of 60% in the natural host (59),
and the activation by ATP is 80% instead of 350% at a con-
centration of 5 mM (Fig. 3).

The cooperativity between catalytic sites for the utilization
of aspartate is also reduced when P. abyssi ATCase is produced
in E. coli (Hill number = 1.6 instead of 2.2 [59]). In the absence
of regulatory chains, the P. abyssi ATCase did not exhibit
cooperativity for binding of aspartate, indicating that, like in E.
coli ATCase, this property requires the association of the cat-
alytic and regulatory subunits.

Sequence comparison and analysis. (i) Nucleotide se-
quences. Comparison with 25 homologous genes shows that
the P. abyssi pyrB and pyrl genes present the highest homology
(59.4 and 58.7%, respectively) with the presumed homologous
genes from the archaeon Methanococcus jannaschii (6). With
eubacterial and eukaryal ATCases, the highest identities for
pyrB are obtained with the corresponding enterobacterial gene
from Proteus vulgaris (54.7%) (11), E. coli (54.2%) (11), Ser-

ratia marcescens (53.0%) (11), Salmonella typhimurium
(52.5%) (11), and Erwinia herbicola (52.7%) (11), followed
very closely by a large series of ATCase genes from eukaryotes
comprising yeasts (S. cerevisiae, S. pombe) (41, 47), plants (Ara-
bidopsis thaliana, L. esculentum, Pisum sativum sp.) (48, 54,
79), invertebrates (Dictyostelium discoideum, Caenorhabditis el-
egans) (18, 81), and vertebrates (Squalus acanthias, Mesocrice-
tus auratus, C. longicaudatus) (27, 42, 68). The lowest identity
of this archaeal pyrB gene is observed with the homologous
gene from Drosophila melanogaster (38.2%) (19).

Alignment of the pyrl genes, necessarily restricted to the
enterobacterial and M. jannaschii genes, provides, in the first
case, identities slightly lower than those obtained for the align-
ment of pyrB genes (49.2 to 51.1%), while in the latter case
these identity values are very close.

(ii) Amino acid sequences. Pairwise alignment of the de-
duced amino acid sequences of the P. abyssi ATCase polypep-
tide chains showed that the catalytic chain of the P. abyssi
ATCase presents the highest identity and similarity, respec-
tively, with the putative ATCase catalytic polypeptide from M.
Jannaschii (57.9 and 75.8%) and then with those from P. vulgaris
(55.4 and 71.6%), S. typhimurium (51.5 and 71.1%), E. coli (53.5
and 71.3%), S. marcescens (51.8 and 70.9%), and E. herbicola
(50.5 and 68.1%). High homology scores (greater than 50% iden-
tity) are also obtained with the eukaryotic ATCase catalytic chains
from L. esculentum and P. sativum pyrB1. The lowest percent
identity and similarity is obtained with D. melanogaster ATCase
(29.4 and 53.1%, respectively). For the regulatory chain, compar-
ison of the P. abyssi sequence with those of the corresponding
enterobacterial chains shows lower identities (41.3 to 44.3%) and
similarities (65.3 to 67.1%) than between the catalytic chains from
the same organisms. In contrast, a very high identity and similarity
were obtained with the protein encoded by the pyrl gene of M.
Jjannaschii (56.2 and 76.0%).

A multiple alignment of the P. abyssi amino acid sequences
of the catalytic and regulatory chains with the homologous
chains of the enterobacterial ATCases (E. coli, S. marcescens,
S. typhimurium, P. vulgaris, and E. herbicola) is shown in Fig. 4.
Catalytic-chain comparison (Fig. 4a) reveals that 41.6% of the
residues fully conserved in Enterobacteriaceae are also present
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in P. abyssi, while 36.3% are changed. Overall, these catalytic
chains show 65.2% similarity. Analysis of the regulatory chain
reveals 35.5% identity and 61.8% similarity with the homolo-
gous enterobacterial polypeptides (Fig. 4b). A total of 40% of
the residues conserved in enterobacterial ATCase regulatory
chains are replaced in P. abyssi. These values indicate a stron-
ger conservation of the primary structure of the catalytic chain
than of the regulatory chain.

(iii) Catalytic site. The most striking observation which
emerges from the comparison of the ATCase catalytic chains
of ATCases from 25 species is the complete conservation of
the specific residues which were shown in E. coli to constitute
the catalytic site (23, 44). This conservation extends to P. abyssi
ATCase (Fig. 4a).

(iv) Regulatory site. In E. coli ATCase, the allosteric effec-
tors ATP, CTP, and UTP bind competitively to the same reg-
ulatory sites (28, 29). P. abyssi ATCase is regulated by the same
nucleotides, although it is not known whether they bind to the
same sites (59). Figure 4b shows that most of the residues
forming the nucleotide binding site in E. coli ATCase (70) are
conserved in the P. abyssi regulatory chain. Val 9, Glu 10, Ala
11, Tle 12, His 19, Lys 60, Asn 84, Tyr 89, and Lys 94, common
to the binding site of the three nucleotides in E. coli, are all
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FIG. 4. Multiple alignment of the amino acid sequences of P. abyssi and
enterobacterial ATCases. (a) Catalytic chains. Conservation of the residues
which, in E. coli ATCase, form the catalytic site (top line, c), the c1-c4 interface
in T state (top line, a), or the cl-c2 interface in T and R state (top line, b) is
indicated. (b) Regulatory chains. Conservation of the residues which in E. coli
ATCase are common to ATP and CTP binding (top line, d), specifically involved
in the ATP binding (top line e), specifically involved in the CTP binding (top line,
f), or implicated in the coordination of the Zn atom (top line, g) is indicated. *,
identical residues; -, conservative substitutions.

conserved in P. abyssi, except for Glu 10, which is replaced by
a lysine residue. (All residue numbers refer to the amino acid
sequence of the E. coli ATCase.) CTP binding involves in
addition Val 17 and Ile 86, which are also both conserved in P.
abyssi. ATP binding implicates specifically two residues, Asp
19, which is conserved, and Leu 58, which is replaced by iso-
leucine in P. abyssi. Thus, these results suggest that in P. abyssi
ATCase the three nucleotides bind to the same regulatory sites
and that this binding involves basically the same residues as in
the E. coli regulatory chain.

(v) Metal-binding cysteine residues. In enterobacterial
ATCases, four cysteine residues are clustered in the C-termi-
nal region of the regulatory chain. They bind a Zn atom whose
presence is required for the association of the catalytic and
regulatory subunits (24). These cysteines are present at the
same positions in the P. abyssi regulatory chain (Fig. 4b), sug-
gesting that this archaeal ATCase is also a metalloprotein.

Amino acid composition and thermostability. Previous work
showed that ATCase from P. abyssi is highly thermostable
compared to the homologous E. coli enzyme (59). Structural
studies of enzymes from thermophilic and hyperthermophilic
microorganisms led to the proposal of several types of modi-
fication possibly responsible for the increased thermostability
of proteins. These include additional ionic bonds; increased
packing of hydrophobic cores resulting from the presence of
bulkier hydrophobic residues; a decreased number of thermo-
labile residues such as tryptophan, glutamine, asparagine, and
cysteine; and an increased number of proline residues (43).
Alpha-helices can be stabilized by the presence of charged
residues in N-caps (50, 51, 60). Several primary structure fea-
tures of both catalytic and regulatory chains of the P. abyssi
ATCase (Table 1) might contribute to its thermal stability.



VoL. 179, 1997

(i) Catalytic chain. The archaeal catalytic chain presents a
significantly increased number of charged residues in compar-
ison with the E. coli homologous chain (21 arginines, 24 lysines,
and 31 glutamates instead of 15, 15, and 14, respectively).
Examination of the hydrophobic residues shows that there are
more valines (28 versus 22) and fewer alanines (20 versus 34)
in the P. abyssi polypeptide than in the corresponding E. coli
chain, indicating a difference in the hydrophobicity of this
chain. The occurrences of thermolabile residues asparagine,
glutamine, and tryptophan are considerably lower than in E.
coli ATCase (5 versus 15, 8 versus 14, and 1 versus 2, respec-
tively).

(ii) Regulatory chain. Comparison of the P. abyssi and E. coli
regulatory chains revealed a divergence similar to that ob-
served for the catalytic chains. The numbers of glutamate and
lysine charged residues are increased in the hyperthermophilic
polypeptide (17 versus 10 and 16 versus 11, respectively), al-
though the number of aspartate residues decreases by more
than 50% (4 versus 9). Different numbers of valine (18 versus
12), glycine (10 versus 6), and serine (4 versus 11) residues
were also observed, as well as the remarkable absence of glu-
tamine (0 versus 6). In both catalytic and regulatory chains of
P. abyssi and E. coli, the number of cysteines is constant (1
versus 1 and 4 versus 4, respectively) and the number of pro-
lines is virtually unchanged (11 versus 12 and 6 versus 7, re-
spectively).

HCA. An increased packing of the hydrophobic cores was
also proposed as one of the possible causes of increased pro-
tein thermostability (21, 43). The significant differences in the
numbers and locations of the hydrophobic residues in the P.
abyssi and E. coli proteins (Table 1 and Fig. 4) were analyzed
by the HCA method (20, 38). The results are shown in Fig. 5.

(i) Catalytic chain. Analysis of the catalytic chain of P. abyssi
revealed two hydrophobic clusters whose size and packing are
increased with respect to E. coli. The first one comprises the
region from positions 135 to 193 (substitutions Gln 149—Phe,
Lys 178—Phe, Gly 180—Val, Arg 183—Leu, and Ala
192—1Leu). The second region corresponds to the carboxyl
end, starting at residue 285 (substitutions Ala 289—Val, Gly
290—Phe, Ala 295—Val, and Gln 297—Met). In addition,
because of the absence in P. abyssi of residues 306 to 308 of the
E. coli protein, the terminal valine and isoleucine residues
become part of this hydrophobic cluster. In these two regions,
changes in the nature of the hydrophobic residues are also
observed. It is important that although these two regions are
far apart in the primary structure of the catalytic chain, they
are close to each other in the tridimensional structure and they
both contribute to the formation of the catalytic site (33).

(ii) Regulatory chain. In the regulatory chains, three regions
showed changes in hydrophobicity: the vicinity of the regula-
tory site (insertion of Leu 35 and Lys 36 and Arg 41—Leu), the
loop which links the allosteric and the zinc domains (Arg
85—lle, Ser 95—Phe, and Pro 97—Val), and the stretch of
residues between the two groups of cysteines coordinating the
metal atom (Pro 120—Tyr, Ala 126—Tyr, and Arg 128—Ile).
The pattern of hydrophobicity of the region from positions 51
to 79 (S3" and H2' in E. coli, where H refers to the alpha-helix
and S refers to the B-strand) is conserved in spite of numerous
substitutions.

Secondary structure prediction. The PHDsec program (61—
63) provided a good prediction for the known secondary struc-
ture of the E. coli ATCase catalytic chain (PyrB) and was
therefore used to predict the secondary structure of the cata-
lytic chain of P. abyssi. These secondary structures are com-
pared in Fig. 6. They present very similar alpha-helix and
B-strand organizations. However, a few differences are ob-
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TABLE 1. Amino acid compositions of P. abyssi and
E. coli ATCases

No. of amino acids®

Residue Catalytic chain Regulatory chain Total
P. abyssi E. coli P. abyssi E. coli P. abyssi E. coli

Ala 20 - 34 9 10 29 44
_—

Arg 21 + 15 7 8 28 23
PR

Asp 17 21 4 - 9 21 30

—_—

Asn 5 - 15 9 11 14 26
_—

Cys 1 1 4 4 5 5

Glu 31 + 14 17 + 10 48 24
e —

Gln 8 - 14 0 - 6 8 20
e —_—

Gly 20 + 15 10 + 6 30 21

His 8 11 3 4 11 15

Ile 20 15 14 12 34 27

Leu 36 38 14 15 50 53

Lys 24 + 15 16 + 11 40 26
— R

Met 6 9 3 2 9 11

Phe 10 12 3 5 13 17

Pro 11 12 6 7 17 19

Ser 13 - 20 4 - 11 17 31
SN —_—

Thr 18 18 7 7 25 25

Trp 1 - 2 0 0 1 2
—_—

Tyr 10 8 4 3 14 11

Val 28 + 22 18 + 12 46 34

“ Arrows indicate the most significant changes in amino acid composition. +
and —, more or less abundant, respectively, in the P. abyssi polypeptide than in
the E. coli polypeptide.

served, such as a 4-amino-acid insertion in helix H1; the ab-
sence of strands S8, S10, and S11; and a rearrangement and
shortening of the region H11-H12. A Pro—Glu substitution at
the amino terminus of H9 might contribute to an increase in
the thermal stability of P. abyssi ATCase through an N-cap
interaction (50, 51).

Because of the looser structural organization of the E. coli
ATCase regulatory chain, the program gave a poor prediction
of its secondary structure. Consequently, it was not used for
the analysis of the P. abyssi Pyrl chain.

Modeling of the tridimensional structure of the catalytic
chain. The high degree of homology of the primary and sec-
ondary structures of the P. abyssi ATCase with that of the E.
coli enzyme allowed modeling of the tridimensional structure
of the archaeal enzyme on the basis of the known crystallo-
graphic structure of the E. coli protein.

Figure 7 (top) shows the superposition of the structure ob-
tained for the P. abyssi catalytic chain and the crystallographic
structure of the E. coli protein. These two structures are closely
related. In particular, the carbamylphosphate binding domain
(left) and the aspartate binding domain (right) are present and
similarly folded in the two proteins. However, several signifi-
cant differences are observed. The three major changes con-
cern the region of helix H1, the 80 loop in the carbamylphos-
phate binding domain, and the 240 loop in the aspartate
binding domain. The first one is related to the 4-residue inser-
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FIG. 5. Comparison of the HCA plots of the catalytic and regulatory chains of P. abyssi and E. coli ATCases. The sequences are written on a classical alpha-helix
(3.6 amino acids per turn) smoothed on a cylinder. To make the three-dimensional representation easier to handle, the cylinder is cut parallel to its axis and then spread
out. Since some adjacent amino acids are now separated by the unfolding of the cylinder, their representation is duplicated to restore the full connectivity of each amino

acid. Clusters of adjacent hydrophobic residues are then contoured and shaded: %, proline; ®, glycine; [, serine; [J, threonine.

tion present in the P. abyssi enzyme (Fig. 4a), which appears to
alter the organization of H1. The other important differences
are the rotations of the 80 and 240 loops. As a consequence of
these reorientations, the charged residues Lys 80, Lys 227, and
Arg 229 (residue numbers in the P. abyssi enzyme) are exposed
to the solvent.

Figure 7 (bottom) shows the localization of all the additional
charged residues which are present only in the P. abyssi cata-
Iytic chain, relative to the E. coli protein. Strikingly, all these
residues are located at the surface of the protein and point to
the exterior of the catalytic chain. Therefore, they are poten-
tially involved in the reinforcement of the interactions between
chains and/or subunits in the quaternary structure of the P.
abyssi ATCase.

In the case of the regulatory chain, the Swiss-Model pro-
gram could not provide a valid modeling, again because of
important differences in the secondary and tertiary structures
of this type of chain in the P. abyssi and E. coli enzymes.

Conservation of the pairs of residues involved in inter- and
intrachain interactions. The high degree of conservation of
the primary and secondary structures between P. abyssi and E.
coli ATCases and the modeling of the catalytic chain suggest
that these two enzymes have comparable tridimensional struc-
tures. Therefore, the conservation in the P. abyssi enzyme of
the pairs of residues whose side chains are involved in inter-
actions between chains or between domains of these chains in

E. coli ATCase (32, 40) was investigated. The results obtained
are shown in Table 2. Interestingly, 9 of 11 of the amino acid
pairs involved in the interactions between the catalytic chains
within a trimeric catalytic subunit in E. coli (c1-c2 interface)
(70) are conserved in P. abyssi. All seven pairs of residues of
the E. coli ATCase involved in the contact between catalytic
chains belonging to different catalytic trimers in the T state
(cl-c4 interface) (70) are also present in P. abyssi, while the
two pairs of residues of this interface present in the R state are
changed (Table 2). The residues involved in these two types of
interface are also shown in Fig. 4a. These conservations sug-
gest similar arrangements of the catalytic chains and subunits
in the two enzymes.

In contrast, there is virtually no conservation of the interac-
tions between regulatory chains within the regulatory dimer
(r1-r6 interface), in spite of 43.6% identity between the amino
acid sequences of the regulatory chains of P. abyssi and E. coli,
suggesting again a significant difference in the three-dimen-
sional structures of the regulatory chains of these two organ-
isms.

In E. coli ATCase, the interactions between the catalytic and
regulatory subunits involve two types of interfaces. The rl-cl
interface links a regulatory chain to a catalytic chain of the
catalytic trimer which belongs to the same half of the ATCase
molecule. Of 11 pairs of amino acids involved in this interface,
9 are conserved in P. abyssi PyrB and Pyrl chains. The second
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FIG. 6. Comparison of the predicted secondary structure of the ATCase catalytic chain from P. abyssi with the secondary structure of the E. coli protein, known
from crystallography. Alpha-helices (boxes) and B-strands (arrows) are indicated. The secondary structure of the E. coli chain predicted with the same program is shown

underneath. h, alpha-helix; s, B-strand.

type of interface, r1-c4, links a regulatory chain to a catalytic
chain of the catalytic trimer which belongs to the other half of
the E. coli ATCase molecule. Interestingly, in the P. abyssi
enzyme, the amino acid pairs corresponding to this interface
are much less conserved.

Good conservation of the pairs of amino acids forming the
carbamylphosphate-aspartate interface of the E. coli catalytic
chain is observed (8 of 11) (Table 2). Again, a lower degree of
conservation is observed in the regulatory chain of P. abyssi
ATCase: of 12 pairs of residues involved in the allosteric do-
main-Zn domain interface in the E. coli enzyme, only 4 are
conserved.

Thermostability and barostability of P. abyssi ATCase and
its catalytic subunits produced in E. coli. P. abyssi ATCase is
highly thermostable. Indeed, preincubation at 90°C of dialyzed
cell extracts of P. abyssi for at least 6 h does not provoke any
inactivation (59). This thermostability was also investigated in
dialyzed cell extracts of the recombinant E. coli mutant
JM103pyrB~ containing the P. abyssi pyrBI or pyrB clones.
These extracts were incubated at 90°C for 20 min, and the
residual ATCase activity was measured at 37°C. The results are
shown in Fig. 8. The ATCase from P. abyssi cloned in E. coli
retained activity, but its stability was lower than that in extracts
of its native host. A 20-min incubation at 90°C partially inac-
tivated this enzyme to 40% of its initial activity, and then the
activity reached a plateau, remaining constant for at least 6 h
(data not shown). Under the same conditions, the catalytic
subunits from the P. abyssi pyrB clone preserved 60% of their
activity. This thermostability is still remarkable, since under
the same conditions the mesophilic E. coli ATCase was com-
pletely inactivated after 2 min (Fig. 8).

P. abyssi is a deep-sea archaeon which thrives naturally un-
der a hydrostatic pressure of 20 MPa, and it was shown previ-
ously that the ATCase from this organism is resistant to hy-
drostatic pressure up to at least 200 MPa (59). Under the same

conditions, the E. coli enzyme is inactivated very rapidly (un-
published data). The stability to hydrostatic pressure of the
ATCase and catalytic subunits from P. abyssi cloned in E. coli
was determined by incubation of dialyzed cell extracts for 10
min at increasing pressures followed by measurement of the
ATCase activity at atmospheric pressure. As shown in Fig. 9a,
pressure partially inactivated both these enzymes down to a
plateau corresponding to about 30% of their initial activity.
Under similar conditions, the E. coli ATCase was completely
inactivated (26a). Thus, the enzyme cloned in E. coli exhibits a
lower barostability than the native P. abyssi ATCase. Interest-
ingly, when the extract containing P. abyssi ATCase previously
incubated under pressures up to 300 MPa was further incu-
bated at 90°C under atmospheric pressure, recovery of the
initial activity was observed (Fig. 9b). This activation did not
occur in the case of the P. abyssi clone coding only for the
catalytic subunits. The significance of this phenomenon will be
investigated further.

DISCUSSION

The ATCase genes of the deep-sea hyperthermophilic ar-
chaeon P. abyssi were cloned, sequenced, and expressed in E.
coli. This is the first characterization of an archaeal gene cod-
ing for this enzyme. Unexpectedly, in P. abyssi, ATCase is
encoded by two genes, pyrB, coding for the catalytic chain, and
pyrl, coding for a regulatory chain. These two genes are adja-
cent and might constitute an operon. Until recently, regulatory
chains had been found only for enterobacterial ATCases and,
possibly, in the archaeon M. jannaschii. However, in the latter
organism, the ATCase genes are located at different sites on
the chromosome (6). Contrary to what is observed in enter-
obacterial pyrBI operons, P. abyssi does not possess an inter-
cistronic region between pyrB and pyrl. This might be related to
the existence of a translational coupling between pyrB and pyrl



FIG. 7. Three-dimensional modeling of the P. abyssi ATCase catalytic chain. (Top) Superposition of the backbone of the predicted P. abyssi catalytic chain structure
(orange) with that of the E. coli protein (blue) obtained from crystallographic data. The left region corresponds to the carbamylphosphate binding domain with the 80
loop at the bottom, and the right region corresponds to the aspartate binding domain containing the 240 loop at the bottom. These two loops are oriented differently
in the P. abyssi and the E. coli ATCases. Cream color indicates perfect superposition. (Bottom) Additional charged residues in the P. abyssi ATCase catalytic chain
relative to the E. coli polypeptide. Green, lysine and arginine residues; yellow, aspartate and glutamate residues. The modeling of the P. abyssi catalytic chain begins
at residue 6.

4152



VoL. 179, 1997

PYROCOCCUS ABYSSI ASPARTATE TRANSCARBAMYLASE 4153

TABLE 2. Conservation in P. abyssi ATCase of pairs of interacting residues at the inter- and intrachain interfaces in the E. coli enzyme®

Interface COﬂf(:l;;?lonal Interface Conf(lrtI;itlonal Interface Confogrtl;ztlonal
cl-c2 cl-c4 rl-r6
D90-R269 TR D271-Y240* T R55-D39(G) TR
D90-R65 T E239-Y165 T Q24(G)-D39(G) T
E86-R54 TR E239-K164 T Q24(G)-T38(N) T
D100-R65 TR R234-R234 T N47-Q40(G) T
Y98-S58 T E233-R234 T N47-T38(N) TR
Y98-R65 R K164-E239 T N47-D39(G) R
S80-T53 T Y165-E239 T L46(M)-142(V) TR
H41(G)-E37 TR A241(L)-5238(Q) R 142(V)-L46(M) TR
K40-E37 T *P237(E)-Y240 R T38(N)-N47 T
N78(T)-D75(E) R T38(N)-Q24(G) R
G85-V270 T D39(G)-N47 TR
D39(G)-R55 TR
Q8(K)-E10(S) R
V9-E10(S) R
144(L)-144(L) R
rl-cl rl-c4
K139(H)-E117 TR K143(R)-D236 T
E142-N13 T K143(R)-S238(Q) T
E142-S11 TR N111-S238(Q) T
E142-N132 TR E144(T)-N242(K) T
E142-R113 R S146(E)-N242(K) T
K143(R)-S131 T N148(E)-K244 T
N111-E109 TR
N113-E109 TR
N113-Q108(K) TR
Y140-E117 R
C141-N132 R
CP-aspartate® Allosteric domain-Zn domain
K31-Q147(K) T Q73(K)-R102(V) T
R17-D153 TR Q73(K)-1103 T
R17(K)-D180 TR Q73(K)-D104(E) T
Q137-D141 T Y77(V)-V106(1) T
N13(R)-Q174(E) TR L76-L151 TR
H134-S171 R Y77(V)-L151 TR
Q133-Q174(E) R K28-L151 T
Q133-S171 R P100-V127 R
E50-R167 R P100-K129(S) R
E50-R234 R L99(V)-K129(S) R
112-S171 R K28-N153 R

< x, residues belonging to the same chain (c1 or c4). Letters in parentheses indicate residues in P. abyssi ATCase which are substituted with respect to the E. coli

enzyme.
> CP, carbamylphosphate.

in P. abyssi. Recent data show that another archaeal ATCase
from the extreme thermophile S. solfataricus is also coded for
by a pyrB gene and a pyrl gene (accession no. X 99872 [12a]).

The ATCase amino acid sequence shows a remarkably high
degree of identity and similarity with the homologous enzymes
from bacteria to mammals (47 to 58% identity; 65 to 76%
similarity). The highest homology is found with M. jannaschii
(particularly between the regulatory chains) and then with the
Enterobacteriaceae, suggesting that these archaea and the En-
terobacteriaceae are evolutionarily close. The regulatory chain
shows more-extensive divergence with respect to that of E. coli
and other Enterobacteriaceae than the catalytic chain. Unex-
pectedly, the P. abyssi sequence shows low homology with
those of the thermophilic and hyperthermophilic eubacterial
ATCases from T. aquaticus and Thermotoga maritima (73, 74).

In the regulatory chain of P. abyssi, the four cysteine resi-
dues, which in E. coli are involved in the binding of a zinc atom,
are conserved. This feature suggests that P. abyssi ATCase is
also a metalloprotein. However, considering the very peculiar

composition of the hydrothermal vent fluid, the coordinated
metal might not be zinc in this case.

P. abyssi ATCase is very thermostable (59). In comparison
with the E. coli enzyme, it shows several structural features
potentially related to its thermostability.

(i) It contains 34 additional charged residues, which might
form an increased number of ionic bonds. The modeling
showed that in the catalytic chain, all these additional charged
residues are located at the surface of the protein and point to
its exterior, which makes it very likely that they are involved in
the interactions between chains and/or subunits.

(ii) It also contains 13 additional hydrophobic residues, and
some others are replaced by bulkier residues. The HCA shows
that these modifications increase the size and probably the
packing of the hydrophobic clusters.

(iii) It presents a decreased number of thermolabile resi-
dues, Asn, Gln, and Trp (25 fewer).

The above observations suggest that the increased size and
packing of the hydrophobic clusters would stabilize the cata-
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FIG. 8. Influence of temperature on the stability of the P. abyssi PyrBI and
PyrB ATCases produced in E. coli. The different dialyzed cell extracts were
incubated at 90°C for up to 20 min. Samples were taken, and their ATCase
activity was measured at 37°C. A, P. abyssi PyrB (33 pg at 16.7 mg/ml); O, P.
abyssi PyrBI (39 ug at 19.5 mg/ml); @, E. coli PyrBI (0.2 pg at 0.1 mg/ml).

lytic monomer, while the numerous additional charged resi-
dues would instead be involved in the stabilization of the qua-
ternary structure of the archaeal enzyme.

When the P. abyssi ATCase operon was expressed in E. coli,
the enzyme appeared to be significantly less thermostable and
barostable than in its natural host. Furthermore, a reduction of
cooperativity and allosteric effects was observed. Since such
alterations were also observed during the different steps of
purification of the native enzyme, these results suggest that
in P. abyssi the ATCase might be stabilized in part by asso-
ciation with another cellular component. It was shown that
in P. abyssi cell extracts the heat-labile metabolite carbam-
ylphosphate is channelled from the catalytic sites of CPSase
to those of ATCase, where it is used as a substrate (58). A
similar observation was made for Pyrococcus furiosus (37).
Therefore, the high degree of stability of P. abyssi ATCase
in cell extracts of the same species might result in part from
its transient association with CPSase and/or other enzymes
of the pyrimidine pathway. Nevertheless, a modified folding
of the protein when translated in the E. coli host is not
excluded.

There is no information so far about the structural modifi-
cations which are able to increase the barostability of proteins,
and it is not possible yet to speculate on the structural features
which in the P. abyssi ATCase might be involved in this stabi-
lization. In this regard, it will be interesting to compare the P.
abyssi ATCase to that of P. furiosus, which lives at atmospheric
pressure.

The prediction of the secondary structure of the P. abyssi
catalytic chain showed a high level of similarity with that of the
E. coli protein, with some differences located in the aspartate
binding domain. All the alpha-helices are present, an observa-
tion which is corroborated by the predicted tridimensional
structure.

In E. coli, the catalytic sites are located at the interfaces
between two catalytic chains belonging to the same catalytic
trimer (c1-c2 interfaces). In each catalytic site, residues Ser 80
and Lys 84 are contributed by one chain and the other residues
are contributed by the adjacent chain (36). Since all these
residues are conserved in the P. abyssi ATCase, its catalytic site
should also be at the interface between two catalytic chains. In
addition, the pairs of residues which are involved in the inter-
actions at the cl-c2 interface in E. coli are almost entirely

J. BACTERIOL.

conserved. Taken together, these observations indicate that in
P. abyssi, the catalytic chains should be associated also into
catalytically active trimers. The modeled three-dimensional
structure of the catalytic chain of P. abyssi can be superim-
posed on the known crystallographic structure of the catalytic
chain of E. coli ATCase (Fig. 8), although there are significant
differences in the 80 and 240 loops and in helix H1.

The amino acid pairs involved in the r1-cl type of interface
which in the E. coli ATCase contribute to the association of
catalytic and regulatory subunits are almost entirely conserved
in the P. abyssi enzyme (9 of 11), suggesting that this interface
contributes to the establishment of the quaternary structure of
this archaebacterial ATCase. Taken together, the similarities
of the secondary and tridimensional structures and the conser-
vation of the amino acid pairs involved in chain and subunit
interactions strongly suggest that the two enzymes have a sim-
ilar quaternary structure.

In E. coli ATCase, the transition from a T state to an R state
with different affinities for aspartate is the basis for the coop-
erativity between catalytic sites for aspartate binding. The
cl-c4 interface is severely disrupted during the T-to-R transi-
tion, and in R-state E. coli ATCase, the only remaining c1-c4
interactions involve four residues of the 240 loop of the cata-
Iytic chains (33). These pairs of residues are substituted in the
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FIG. 9. Influence of pressure on the stability of the P. abyssi PyrBI and PyrB
ATCases produced in E. coli. (a) Each dialyzed cell extract (33 mg at 1.9 mg/ml
for PyrBI and 35 mg at 2.1 mg/ml for PyrB) was incubated under increasing
hydrostatic pressures. Increases of pressure occurred every 10 min. Samples were
taken (578 pg of PyrBI and 622 pg of PyrB) at the end of each step, and their
ATCase activity was immediately measured at atmospheric pressure and 37°C
(Materials and Methods). (b) Extracts incubated as described above up to 300
MPa (57 pg of PyrBI and 63 wg of PyrB) were further incubated at 90°C for up
to 30 min. Samples were taken, and their ATCase activity was measured at 37°C
under standard conditions. A, P. abyssi PyrBl; @, P. abyssi PyrB.
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archaeal enzyme. These differences, as well as the different
orientations of the 240 and 80 loops in the P. abyssi ATCase
(Fig. 7), might be related to the reduced cooperativity for
aspartate binding exhibited by this enzyme. In addition, the
different orientation of the 80 loop, whose residues interact
with both substrates in the E. coli ATCase, might be related to
the channeling of carbamylphosphate in the P. abyssi enzyme.

As far as the allosteric regulation is concerned, most of the
amino acids which are involved in the binding of ATP, CTP,
and UTP to the regulatory sites of E. coli ATCase (71) are
conserved in the P. abyssi enzyme, which probably explains the
sensitivity of this enzyme to the same effectors. However, the
mechanisms of action seem different in the two enzymes.

(i) For E. coli and other enterobacterial ATCases, the mech-
anism of transmission of the regulatory signal of the activator
ATP has been partially deciphered (9, 12, 72, 82, 83). It in-
volves well-defined interactions at the interfaces between the
two domains of the regulatory chain (allosteric and zinc do-
mains), as well as between the regulatory and the catalytic
subunits (r1-c4). Since the residues involved in these interac-
tions are poorly conserved in the P. abyssi ATCase, the ATP
regulation might act through a different mechanism.

(ii) It was shown that in E. coli ATCase the synergy of action
of the feedback inhibitors CTP and UTP is based on positive
and negative cooperativity between the two regulatory sites of
the regulatory dimers. This involves transmission of conforma-
tional signals through the r1-r6 type of interface (13, 14). The
lack of CTP-UTP synergy in P. abyssi ATCase might be related
to the very poor conservation of the pairs of amino acids
involved in this interface (Table 2).

The presence of a regulatory chain in the archaeal ATCase
is remarkable, since so far it has been found only in the cor-
responding enterobacterial enzymes. In E. coli ATCase, the
regulatory subunits are considerably less thermostable than the
catalytic subunits (34). Consequently, adaptation of ATCase
containing regulatory chains to high temperatures should have
required more-substantial modifications of the regulatory
chains than of the catalytic chains. This interpretation is sup-
ported by the higher degree of divergence between the P.
abyssi and enterobacterial ATCase regulatory chains than be-
tween the catalytic chains and by the very high degree of
identity and similarity between the ATCase regulatory chains
of the hyperthermophilic archaea P. abyssi and M. jannaschii.
This stabilization of the regulatory chains might not have been
compatible with the maintenance of the mechanisms of action
of the allosteric effectors which operate in Enterobacteriaceae,
and the adaptation of the ATCase feedback regulation to high
temperatures might have led to the emergence of new mech-
anisms of action of the allosteric effectors in the P. abyssi
enzyme.
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