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Despite the fact that phosphoenolpyruvate carboxylase (PEPC) activity has been measured and in some
cases even purified from some Archaea, the gene responsible for this activity has not been elucidated. Using
sensitive sequence comparison methods, we detected a highly conserved, uncharacterized archaeal gene family
that is distantly related to the catalytic core of the canonical PEPC. To verify the predicted function of this
archaeal gene family, we cloned a representative from the hyperthermophilic acidophile Sulfolobus solfataricus
and functionally produced the corresponding enzyme as a fusion with the Escherichia coli maltose-binding
protein. The purified fusion protein indeed displayed highly thermostable PEPC activity. The structural and
biochemical properties of the characterized archaeal-type PEPC (atPEPC) from S. solfataricus are in good
agreement with previously reported biochemical analyses of other archaeal PEPC enzymes. The newly iden-
tified atPEPC, with its distinct properties, constitutes yet another example of the versatility of the enzymes of
the central carbon metabolic pathways in the archaeal domain.

Phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) cat-
alyzes the irreversible B-carboxylation of phosphoenolpyruvate
(PEP) to form oxaloacetate (OAA) and inorganic phosphate
with HCOj; as a cosubstrate and divalent metal ions as cofac-
tors. PEPC is a cytosolic enzyme that is widely distributed
among a great variety of Bacteria, as well as higher and lower
plants, and performs diverse biological functions (5). In par-
ticular, PEPC plays an important role in heterotrophic bacteria
and plants via anaplerotic replenishing of C4-dicarboxylic acid
into the tricarboxylic acid (TCA) cycle. The synthesis of OAA
is a key step in the formation of four-carbon compounds, such
as malate, fumarate, and succinate. As such, PEPC performs a
central role by maintaining the continuity of the TCA cycle
carbon fluxes, connecting glycolysis to the TCA cycle.

PEPC orthologs are present in most bacterial lineages
(COG2352, http://www.ncbi.nlm.nih.gov/COG/new/release/cow.cgi
?cog = COG2352; Cluster of Orthologous Genes [COG] da-
tabase) (30) and are widespread in plants. In contrast, no
PEPC homologs have been detected in Archaea thus far. How-
ever, PEPC activities have been measured (34), and the cor-
responding enzymes were purified and biochemically charac-
terized in two archaeal hyperthermophiles: Methanothermus
sociabilis (26) and Sulfolobus acidocaldarius (25). In the latter
studies, it has been shown that the archaeal enzyme resembles
the bacterial PEPC in quaternary structure, being a tetramer
that requires Mg?" for its activity. However, unlike the bacte-
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rial enzyme, the archaeal PEPC is considerably smaller in size
and lacks some typical regulatory properties (25, 26). Interest-
ingly, a recent comparative genomic study of central carbon
metabolic pathways of autotrophic methanogens failed to iden-
tify a gene encoding an apparent candidate to connect pyru-
vate metabolism to the partial reductive TCA cycle in the
genome of Methanopyrus kandleri (29). Obviously, this gene
remained to be detected.

Here we describe the computational prediction of a novel,
divergent archaeal-type PEPC (atPEPC) family, which is en-
coded in most of the sequenced archaeal genomes, including
Methanopyrus kandleri, and the functional characterization of
atPEPC from Sulfolobus solfataricus P2. The properties of the
recombinantly produced atPEPC closely resembled the char-
acteristics of the PEPC enzyme that was previously purified
from the closely related species S. acidocaldarius.

MATERIALS AND METHODS

Database searches. In order to detect sequences that are distantly related to
the bacterial and eukaryote PEPC sequences in the archaeal domain, the Non-
Redundant database (NRDB) of protein sequences (National Center for Bio-
technology Information, National Institutes of Health, Bethesda, Md. [http:
/lwww.ncbi.nih.gov/BLAST]) was searched by using the PSI-BLAST program, by
using the BLOSUMG62 matrix and a cutoff of E = 0.01, for inclusion of sequences
in position-specific scoring matrices (2, 3).

Multiple alignments and phylogenetic tree construction. Multiple alignments
of protein sequences were constructed by using the T-Coffee program (24),
followed by manual adjustment for conserved motifs based on the PSI-BLAST
results. Protein secondary structure was predicted by using the JPRED program
(6). The same alignment was used for phylogenetic tree reconstruction as fol-
lows. Evolutionary distances for the tree reconstructions were calculated from
multiple sequence alignments by using the Dayhoff PAM model as implemented
in the PROTDIST program of the PHYLIP package (8). Distance trees were
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constructed by using the least-squares method (9) as implemented in the FITCH
program of PHYLIP (8). Maximum-likelihood trees were constructed by using
the ProtML program of the MOLPHY package, with the JTT-F model of amino
acid substitutions (1, 12), to optimize the least-square trees with local rearrange-
ments. Bootstrap analysis was performed for the maximum-likelihood tree as
implemented in MOLPHY by using the RELL (for resampling of estimated log
likelihoods) method (1, 15).

Organisms and growth conditions. Escherichia coli JM109 was used both for
cloning and for subsequent functional expression of target genes and was culti-
vated in Luria-Bertani medium containing ampicillin (100 pg/ml) in a rotary
shaker at 37°C.

Cloning and functional expression of atPEPC from S. solfataricus. The method
described above identified an atPEPC candidate in the genome of S. solfataricus,
open reading frame (ORF) SSO2256 (gi| 15899028, SSO-PEPC), which subse-
quently was chosen for recombinant expression in E. coli. In order to create a
maltose-binding protein (MBP)-atPEPC fusion protein, ORF SSO2256 was
PCR amplified with the primer pair BG1586 (5'-GCGCGGAATTCATGAGAA
TCATACCACGCACTATGTC-3") and BG1587 (5'-GCGCGGTCGACTCATC
CCAAGGATCTTCTAATTAATGC-3"), with the introduced EcoRI and Sall
restriction sites indicated in boldface. The resulting PCR product was digested
and cloned into the MBP fusion vector pMAL-c2T (7), which was kindly pro-
vided by P. Riggs (New England Biolabs, Boston, Mass.). The resulting plasmid,
pWURI140, was used for recombinant expression in E. coli JM109 by standard
procedures. A 1-liter culture of E. coli JM109 harboring the pWUR140 plasmid
was grown, and expression was at an induced optical density at 595 nm of 0.5 by
addition of IPTG (isopropyl-B-p-thiogalactopyranoside; final concentration, 0.4
mM). After an additional incubation at 37°C for 4 h, allowing expression of
heterologous protein, cells were harvested by centrifugation (2,200 X g for 10
min) and resuspended in 10 ml of column buffer (50 mM Tris-HCI [pH 8.0], 200
mM NaCl, 1 mM EDTA). Cells were then lysed by sonication (Branson), during
which the sample was cooled on ice-ethanol slurry. Cell debris was removed by
centrifugation (10,000 X g for 20 min). The resulting supernatant was used for
purification of the recombinant atPEPC.

Purification of recombinant atPEPC. Cell extract from a 1-liter expression
culture was applied to 1 ml (bed volume) of amylose resin (New England
Biolabs), which was preequilibrated with 5 column volumes of column buffer.
Subsequently, the amylose resin was washed with 10 column volumes of column
buffer to wash out unbound proteins. Finally, highly purified, active MBP-
atPEPC fusion protein could be eluted from the amylose resin by adding 1
column volume of elution buffer (column buffer containing 10 mM maltose).
Routinely, a 1-liter expression culture yielded ~0.5 mg of purified MBP-atPEPC.

Protein concentration and purity. Protein concentrations were determined
with Coomassie brilliant blue G-250 as described before (4) with bovine serum
albumin as a standard. The purity of the fusion protein was checked by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein sam-
ples for SDS-PAGE were heated for 5 min at 100°C in an equal volume of sample
loading buffer (0.1 M citrate-phosphate buffer, 5% SDS, 0.9% 2-mercaptoetha-
nol, 20% glycerol [pH 6.8]).

Standard PEPC enzyme assay. PEPC activity was routinely measured in a
coupled enzyme assay using the thermostable malate dehydrogenase (MDH)
from Thermus flavus (Sigma) by spectophotometrically monitoring the NADH
oxidation at 340 nm at a Hitachi 2010 spectrophotometer at 80°C. All enzyme
assays, unless stated otherwise, were started by adding the substrate (PEP) to a
final concentration of 5 mM to the preheated reaction mix, containing purified
recombinant S. solfataricus MBP-atPEPC fusion protein (20 pg/ml), 50 mM
Tris-HCI (pH 8.0), 10 mM Na,COs3, 2 mM MgSO,, 0.15 mM NADH, and 2 U of
T. flavus MDH in a final volume of 1 ml. One unit of PEPC activity was defined
as the amount of enzyme that is needed for the conversion of 1 pmol of NADH
per min.

Effects of metal ion concentration, potential allosteric effectors of atPEPC
activity. Known allosteric activators (glucose 6-phosphate and fructose 1,6-
bisphosphate) and inhibitors (L-aspartate, L-malate, and acetyl coenzyme A) of
bacterial/eukaryal-type PEPC (BE-PEPC) were tested on the activity of the S.
solfataricus atPEPC by adding various amounts (0 to 5 mM) to the standard
enzyme assays at 80°C. Metal ion dependence of atPEPC activity was determined
by adding different concentrations (0 to 10 mM) of either MgSO, or MnSO, to
the standard enzyme assay mixture lacking divalent metal ions.

RESULTS AND DISCUSSION

Computational identification of the archaeal homologs of
PEPC. In the course of a systematic analysis of archaeal central
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carbon metabolic pathways (11, 17, 18, 33), we detected sig-
nificant similarity between archaeal proteins from COG1892
and the BE-PEPC family (COG2352) by using the PSI-BLAST
program (2). For example, a PSI-BLAST search that was
seeded with S. solfataricus sequence SSO2256 (gi|15899028)
from COG1892, retrieved a PEPC-like ortholog from Thermus
sp. (gi|1581933), at the second iteration with an E value of
107°. A reverse search initiated with the PEPC of E. coli
(g1]20664390) retrieves PF1975 (gi| 18978347), the member of
COG1892 from Pyrococcus furiosus, with an E value 4 X 10™*
at the second iteration, further supporting the connection be-
tween these protein families. In addition to species listed in
COG1892, we detected orthologous proteins encoded in the
genomes of several archaeal species (P. furiosus, Methanosar-
cina barkeri, Methanosarcina mazei, Ferroplasma acidarmanus,
Sulfolobus tokodaii, and Picrophilus torridus; Table 1) and three
gram-positive bacterial species (Clostridium perfringens, Oeno-
coccus oeni, and Leuconostoc mesenteroides). Most likely, these
bacteria have acquired the archaeal PEPC gene via lateral
gene transfer, since these bacterial sequences confidently clus-
ter within the archaeal sequences in a maximum likelihood-
based phylogenetic tree (see Fig. 1). This seems to be a case of
nonorthologous gene displacement (16) in which the archaeal
enzyme apparently has displaced the typical bacterial PEPC. It
should be noted that proteins belonging to this orthologous
group have been hypothesized to be PEPC previously (11).
Sequence analysis of atPEPC. The most notable difference
between BE-PEPC and atPEPC is the apparent molecular
mass of the respective proteins. The mass of a typical BE-
PEPC ranges from 90 to 110 kDa, whereas the calculated
molecular masses of atPEPC subunits are approximately half
this size, ranging from 55 to 60 kDa, a finding in good agree-
ment with the data for the archaeal PEPCs that have been
purified and biochemically characterized (60 = 5 kDa) (25,
26). Analysis of the multiple alignment of the two families
shows that the difference in size between BE-PEPC and at-
PEPC is mainly due to large insertions in BE-PEPC in the
regions surrounding motif I (Fig. 2). According to the resolved
structures of the E. coli and maize PEPCs, these insertions
form two four-helical bundles, which are located at the dimer
interface and therefore are thought to play a role in the stabi-
lization of the tetramer (13, 14, 20). As has been observed in
the maize and E. coli PEPC structures, these inserted regions
constitute a binding site of a sulfate ion, which was located in
the proposed binding site of BE-PEPC allosteric activator,
glucose 6-phosphate (14, 20). Indeed, three of four conserved
arginine residues (R183, R184, R231, and R372) of bacterial
and eukaryotic PEPCs, which are notably absent in the ar-
chaeal sequences, have been shown to be involved in allosteric
regulation by glucose 6-phosphate, emphasizing the impor-
tance of this region in modulating the enzymatic activity (14).
L-Aspartate is a well-known allosteric inhibitor of BE-PEPC,
and the residues R587, K773, R832, and Q881 have been
identified as its binding pocket (13). Of the four amino acids
responsible for L-aspartate binding, only the catalytically im-
portant R587 (motif VI) is conserved in atPEPC. In the E. coli
PEPC, L-aspartate binding renders the enzyme inactive by dis-
locating R587. Two other residues, K773 and R832 of PEPC
from E. coli, are located in the region between motifs X and XI
and are only conserved throughout the BE-PEPC family.
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ICper 18310076} Lmes 23023829
Mkan 20093630
Mbar 23050424

Mace 20091513
Mmaz 21229314

Pyro 18314050

alu 21903374}

Spne 25008205
Rsol 25008199
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Coen 23038049

Stok 15922427

Ssol 15899028 *
Faci 22405356

Hsp. 15791074

Paby 14520233
Phaor 14589978
Pfur 18978347

Mthe 15678963
Aful 11499081

tha 30697740

Drad 15806301

FIG. 1. Maximum-likelihood tree of atPEPC and BE-PEPC sequences. Nodes with bootstrap probability >70% are marked by circles. Archaeal
proteins are in plain text, eukaryotic proteins are shaded black, and bacterial proteins are shaded gray. The sequences are denoted by their gi
numbers and abbreviated species names. Species abbreviations: Pyro, Pyrobaculum aerophilum; Ssol, Sulfolobus solfataricus; Stok, Sulfolobus
tokodaii; Hsp, Halobacterium sp.; Mace, Methanosarcina acetivorans; Mmaz, Methanosarcina mazei; Mbar, Methanosarcina barkeri; Mkan, Meth-
anopyrus kandleri; Mthe, Methanothermobacter thermautotrophicus; Paby, Pyrococcus abyssi; Pfur, Pyrococcus furiosus; Phor, Pyrococcus horikoshii;
Aful, Archaeoglobus fulgidus; Faci, Ferroplasma acidarmanus; Atha, Arabidopsis thaliana; Zmay, Zea mays; Pfal, Plasmodium falciparum; Ooen,
Oenococcus oeni; Cper, Clostridium perfringens; Lmes, Leuconostoc mesenteroides; Paer, Pseudomonas aeruginosa; Ecol, Escherichia coli; Ssp,
Synechococcus sp.; Drad, Deinococcus radiodurans; Rsol, Ralstonia solanacearum; Spne, Streptococcus pneumoniae; Cglu: Corynebacterium glu-

tamicum. An asterisk marks characterized proteins.

There are no conserved residues in the archaeal family in this
region (data not shown).

The rest of the protein is tightly packed around an eight-
strand B-barrel and includes the active site and the PEP-bind-
ing motif (13, 19, 20). In the SCOP database (23), this domain
is classified as a TIM barrel fold, superfamily PEP/pyruvate
domain, which is also found in pyruvate kinase, pyruvate phos-
phate dikinase, and a few other enzymes that are capable of
converting structurally similar substrates (http://scop.mrc-Imb

.cam.ac.uk/scop/data/scop.b.d.b.bd.html). Seven of the eight
conserved B-strands of the BE-PEPC family could be confi-
dently identified in atPEPC (see motifs I to VII in Fig. 2), with
the sole exception of strand-2. However, the atPEPC family
proteins have a predicted B-strand between motifs I and II that
could potentially occupy the position of strand-2 in the atPEPC
structure (Fig. 2). Most of the catalytically important amino
acid residues of BE-PEPCs are conserved in atPEPCs, except
for the single substitution of a conserved arginine residue that
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FIG. 2. Multiple alignment of the conserved core of archaeal, bacterial and eukaryote PEPC sequences. The sequences are denoted by gene identification (gi) numbers from the GenBank
database, species abbreviations (see the legend to Fig. 1), and systematic gene numbers; proteins with available structures are denoted by their PDB code. The positions of the first and last
residues of the aligned region in the corresponding protein are indicated for each sequence. The numbers within the alignment represent poorly conserved inserts that are not shown. Amino
acids residues that are involved in the formation of the active center are shown by asterisks; those that have an anticipated involvement in L-aspartate binding are denoted as “A” in the line
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FIG. 3. SDS-PAGE of purified of MBP-atPEPC fusion protein.
The SDS-PAGE was performed at a polyacrylamide concentration of
8% and with either 500 g of cell extract of an expression culture or 10
wg of purified fusion protein, which was obtained by using affinity
chromatography (see Materials and Methods). The arrow indicates a
single band of ~100 kDa, closely corresponding to the calculated
molecular mass of the fusion protein (101 kDa).

is replaced by a glutamic acid in motif II of the archaeal family
(Fig. 2).

Taken together, the results of these computational analyses
suggest that the archaeal homologs of BE-PEPCs have the
same enzymatic activity but are unlikely to be subject to the
same type of allosteric regulation.

Heterologous production and purification of atPEPC. Ex-
tensive effort to functionally produce several atPEPC candi-
dates from different archaeal species using T7 expression sys-
tems were unsuccessful due to the formation of inclusion
bodies (not shown). Subsequently, an attempt was made to
enhance the solubility by producing atPEPC fused to the E.
coli MBP. The ability of MBPs to enhance the solubility of
similar “hard-case” proteins has been well studied (10). In
order to create a MBP fusion protein, ORF SSO2256 from S.
solfataricus, encoding the atPEPC candidate, was PCR ampli-
fied from genomic DNA from S. solfataricus P2 and cloned into
the E. coli MBP fusion vector pMAL-c2T, resulting in
pWUR140. The atPEPC candidate from S. solfataricus was
functionally expressed as an MBP fusion protein and could be
purified from cleared lysates from an expression culture by
affinity chromatography using an amylose resin (New England
Biolabs) (Fig. 3A). After elution from amylose resin with elu-
tion buffer, the MBP-atPEPC fusion protein eluted as a single
band with an estimated molecular mass of ca. 100 kDa accord-
ing to SDS-PAGE analysis. Several attempts to separate MBP
from the atPEPC enzyme by proteolytic cleavage by using the
thrombin site that is present in the linker region in between the

alignment) shown underneath the alignment. h, Hydrophobic residues (ACFILMVWYH); t, turn-forming residues (ASTDNVGPENRK); p, charged residues (STEDKRNQH); s, small residues

(AGSVC); a, aromatic residues (FYW). The secondary structure elements correspond to those experimentally identified for 1QB4 (14). H, a-helix; E, B-strand. Sequence region of B-strand

between atPEPC and BE-PEPC families. Positions with identical amino acids in both families are in boldface. The coloring is based on the consensus (calculated for all sequences in the
2 for 1QB4 and predicted by JPRED program (6) for gi| 18310076 (CPE1094) as a query B-strand 2 for atPEPC are shown in blue.

£002 ‘0 Aey uo 1131ISHYIAINNMNOLGANY 1 1e Bio wse gl woiy papeojumoq


http://jb.asm.org

7760 ETTEMA ET AL.

J. BACTERIOL.

TABLE 2. Comparison of characterized at BEPCs and BE-PEPCs

Characteristics of various species®

Parameter Archaea
Bacteria (E. coli) Eukarya (Z. mays)
S. solfataricus S. acidocaldarius M. sociabilis
Mass (kDa)/no. of subunits ~ ND* 260/4 240/4 360/4 400/4
Mass (kDa)/monomer 58> 60 60 90 100
Topt 85 90 85 35-38 40
K, (PEP) 0.09 0.2 1.3 20 0.1
Vmax (U/mg) 2.1 2.77 2.70 30 20.8
Optimum pH 8.0 8.0 8.5 7.5 7.5-8.0
Allosteric inhibitors L-Aspartate, L-malate L-Aspartate, L-malate L-Aspartate, L-malate, L-Aspartate, L-
citrate, succinate, malate, citrate,
fumarate pyruvate,
oxaloacetate
Go6P, G1P,
glycine
Allosteric activators Ac-CoA, FBP, fatty
acids, GTP
Metal(s) Mg** Mg>* Mg?*, Mg** Mg**
Mn2+
Source or reference This study 25 26 31 32

“The molecular mass and multimeric conformation of the native MBP-PEPC could not be determined accurately (ND) since the fusion protein was found to be

associated in a large complex (T. J. G. Ettema, unpublished observation).
® Calculated molecular mass.

¢ Abbreviations: Ac-CoA, acetyl coenzyme A; FBP, fructose 1,6-bisphosphate; G6P, glucose 6-phosphate; G1P, glucose 1-phosphate.

fused proteins were unsuccessful. Exposure of the MBP-
atPEPC fusion protein to various amounts of thrombin re-
sulted in a specific cleavage of the fusion protein and inacti-
vation of the PEPC activity (data not shown). Due to these
problems, we decided to perform a brief biochemical charac-
terization of atPEPC with the purified MBP-atPEPC fusion
protein.

Physical and biochemical characterization of atPEPC. The
atPEPC from S. solfataricus displayed the highest activity at ca.
85°C (Table 2), which is close to the optimal temperature
reported for the purified PEPC from S. acidocaldarius (90°C)
(25). In addition, the enzyme activity was completely depen-
dent on the presence of Mg?*. The enzyme activity could not
be reconstituted by the addition of Mn?* instead of Mg**
(Table 2). Moreover, S. solfataricus atPEPC displayed Michae-
lis-Menten kinetics with a K,,;pgp of 0.09 mM and a specific
activity of 2.1 U/mg under the standard assay conditions (Table
2). These observations are in good agreement with the data
reported for the purified S. acidocaldarius enzyme (25). Given
the reported lack of allosteric regulation of the previously
characterized archaeal PEPCs by the known effectors of BE-
PEPC, we analyzed the effect of these effectors on the recom-
binant S. solfataricus atPEPC. Allosteric activators of E. coli
PEPC (glucose 6-phosphate, fructose 1,6-bisphosphate, and
acetyl coenzyme A) did not affect the activity of atPEPC (Ta-
ble 2). This lack of allosteric activation could be explained by
the absence, in atPEPC sequences, of counterparts of the re-
gions of BE-PEPC that are involved in allosteric activation
(see above). However, the addition of L-aspartate and L-malate
to a final concentration of 5 mM to the standard enzyme assay
resulted in inhibition of PEPC activity of 50 and 20%, respec-
tively, which roughly corresponds to the characteristics of the
S. acidocaldarius enzyme (25). The sensitivity of both Sulfolo-
bus PEPC activities to L-aspartate is surprising given the ab-
sence of known allosteric domains. Conceivably, atPEPCs

evolved a distinct mechanism of r-aspartate binding and reg-
ulation that is compatible with the low degree of conservation
of the predicted L-aspartate-contacting residue in motif XI in
the atPEPC family (Fig. 2). Purified PEPC from the archaeal
methanogen Methanothermus sociabilis has been reported to
be insensitive to L-aspartate-mediated repression, as well as to
all other known PEPC effectors, including L-malate (26). The
sequence of this particular atPEPC, which is currently unavail-
able, might provide clues as to the mechanisms of allosteric
regulation in this archaeal protein family.

Functional implications of atPEPC in archaeal central car-
bohydrate pathways. The detection of a gene encoding PEPC
activity sheds light on the organization of the central carbon
metabolism in Archaea, especially in autotrophic species. Most
sequenced archaeal genomes encode a partial TCA cycle (11)
that is used as a source of intermediates (e.g., OAA, succinate,
and a-ketoglutarate) for the biogenesis of amino acids and
vitamins. For some methanogenic species, e.g., the Methano-
coccales and Methanobacteriales, a partial TCA cycle has been
found to operate in a reductive direction from OAA to a-ke-
toglutarate (28). In contrast, methanogens from the order
Methanosarcinales make use of a partial TCA cycle that oper-
ates in the oxidative direction from OAA to a-ketoglutarate
(28). Therefore, it is obvious that OAA biosynthetic pathways
play a central role in methanogenic archaeal species. The iden-
tification of the archaeal PEPC gene solves the problem of
OAA formation for Methanopyrus kandleri (29). This finding
also suggests that in methanogenic archaeal species and A.
fulgidus atPEPC is an important link between gluconeogenesis
and amino acid biosynthesis. This hypothesis is indirectly sup-
ported by the fact that citrate synthase is not encoded in the
Methanopyrus kandleri and Methanococcus jannaschii genomes
(Table 1). It should be noted, however, that, apart from the
atPEPC gene, three archaeal methanogens and A. fulgidus also
have genes encoding a heterodimeric pyruvate carboxylase (21,
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FIG. 4. (A). Overview of OAA-forming and -consuming pathways in Archaea. Abbreviations: PYC, pyruvate carboxylase; OAD, OAA
carboxylase; PCK, PEP carboxykinase (ATP/GTP dependent); PK, pyruvate kinase; PS, PEP synthase; CTS, citrate synthase; CTL, ATP:citrate
lyase; POR, pyruvate oxido-reductase; PDH, pyruvate dehydrogenase; NadA, quinolinate synthase; NadB, L-aspartate oxidase; NadC, nicotinate-
nucleotide pyrophosphorylase (carboxylating); DHAP, dihydroxy-acetone-phosphate. (B) Conserved local gene context of atPEPC and aspartate/
NAD biosynthesis genes pathway in Pyrococcus. Orthologous genes are shaded in the same grayscale, and corresponding COGs are depicted; genes
encoding proteins with an unknown function are boxed white. Genes are not drawn to scale.

22) (COG5016/439), which is anticipated to be involved in
OAA formation (Table 1 and Fig. 4A).

Whereas atPEPC is probably involved in OAA formation as
part of a reductive TCA cycle in autotrophic Archaea, their
most likely role in heterotrophic Archaea is solely anaplerotic.
In the pyrococcal genomes, the atPEPC gene forms a putative
operon, which additionally contains genes involved in L-aspar-
tate and NAD biosynthesis in all three (Fig. 4B). Aspartate is
an important precursor in the biosynthetic routes of several
other amino acids, such as asparagine, methionine, leucine,
and isoleucine (Fig. 4A), which makes aspartate a well-suited
signal molecule for the demand for these amino acids in the
cell. Not surprisingly, most PEPCs characterized to date, in-

cluding the atPEPCs from heterotrophic Archaea, are subject
to aspartate-mediated allosteric repression. An anaplerotic
role for atPEPC in heterotrophic Archaea is suggested also by
the recent whole-genome microarray analysis of Pyrococcus
furiosus (27). The PEPC gene in this organism (PF1975) was
20-fold upregulated in a maltose-grown culture compared to a
culture that was grown on peptides.

Identification, characterization, and comparison of enzymes
from the archaeal variants of the Embden-Meyerhof, Entner-
Doudoroff, and TCA pathways has revealed several instances
of nonorthologous gene displacement, as well as some unique
genes (for reviews, see references 33 and 11). The identified
atPEPC, with its distinct properties, constitutes yet another
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example of the versatility of the enzymes of the central carbon
metabolic pathways in the archaeal domain.
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ADDENDUM

While the present study was in review, a report by Patel et al.
(24a) was published that describes the purification and char-
acterization of an archaeal PEPC of Methanothermobacter ther-
moautotrophicus. By determination of the N-terminal se-
quence, these authors identified the archaeal PEPC family that
is also reported here. It should be noted that both the strategy
of Patel et al. (a reverse genetics approach) and the strategy
used here (a function prediction/verification via bioinformatics
approach) resulted in the identification of the same archaeal
PEPC family.
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