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Abstract The hyperthermophilic archaeon Methanococcus
Jjannaschii uses several non-canonical enzymes to catalyze
conserved reactions in glycolysis and gluconeogenesis. A highly
diverged gene from that organism has been proposed to function
as a phosphoglycerate mutase. Like the canonical cofactor-
independent phosphoglycerate mutase and other members of the
binuclear metalloenzyme superfamily, this M. jannaschii protein
has conserved nucleophilic serine and metal-binding residues.
Yet the substrate-binding residues are not conserved. We show
that the genes at M. jannaschii loci MJ0010 and MJ1612
encode thermostable enzymes with phosphoglycerate mutase
activity. Phylogenetic analyses suggest that this gene family
arose before the divergence of the archaeal lineage. © 2002
Published by Elsevier Science B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

The Embden—Meyerhof—Parnas pathway of glycolysis and
gluconeogenesis is one of the most evolutionarily conserved
series of reactions [1-3]. Therefore, it was surprising that the
first complete genome sequence of an archaeon, Methano-
coccus jannaschii, encoded no recognizable homologs of sev-
eral enzymes in this pathway [4,5]. It was clear that this auto-
trophic methanogen had to synthesize carbohydrates by
gluconeogenesis, and the relevant enzymatic activities had
been demonstrated in Methanococcus maripaludis [6,7]. Yet,
four crucial enzymes that were highly conserved in the
Bacteria and the Eucarya could not be identified in M. janna-
schii.

The glycolytic and gluconeogenic enzymes ‘missing’ from
M. jannaschii were 6-phosphofructokinase, fructose-bisphos-
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phatase, fructose-bisphosphate aldolase and phosphoglycerate
mutase (PGAM) [5]. Subsequently, the three enzymes that
produce or consume fructose-1,6-bisphosphate have been
identified. A number of euryarchaea, including M. jannaschii,
have an unusual ADP-dependent glucokinase and phospho-
fructokinase [8,9]. The fructose bisphosphatase enzyme from
M. jannaschii has both fructose-1,6-bisphosphatase and inosi-
tol monophosphatase activity [10]. And, euryarchaea have a
diverged class I fructose-1,6-bisphosphate aldolase [11]. How-
ever, no PGAM has been characterized in M. jannaschii.

Two non-homologous classes of enzymes catalyze the inter-
conversion of p-2-phosphoglycerate and p-3-phosphoglycer-
ate: 2,3-diphosphoglycerate cofactor-dependent PGAMs
(PGAM-d) and 2,3-diphosphoglycerate independent PGAMs
(PGAM-i). Members of the superfamily containing PGAM-d
share a common phosphohistidine reaction intermediate [12],
whereas PGAM-i proteins belong to a binuclear metalloen-
zyme superfamily whose members form a phosphoserine re-
action intermediate [13]. These two versions of PGAM are
structurally and mechanistically unrelated, but appear to be
functionally interchangeable. Most organisms have homologs
of only one class.

Computational analyses by Koonin et al. identified a can-
didate for the PGAM gene in M. jannaschii [14]. This pre-
dicted protein sequence, encoded by the M. jannaschii locus
MIJ1612, belongs to the same metalloenzyme superfamily that
includes PGAM-i enzymes, alkaline phosphatases, phospho-
pentomutases, and sulfatases [15]. However, comparison of
the MJ1612 protein with the crystal structure model of
PGAM-i from Geobacillus stearothermophilus shows that
only the metal-binding domain of PGAMA-i is conserved in
MJ1612. Members of the family including MJ1612 are missing
numerous active site amino acids that interact with phospho-
glycerate in the PGAM-i substrate-binding domain [16]. In
protein sequence databases, the MJ1612 protein is currently
identified as a phosphonopyruvate decarboxylase, an enzyme
required for bialaphos biosynthesis in Streptomyces hygrosco-
picus. However, the true phosphonopyruvate decarboxylase
from that organism is unrelated to MJ1612 [17].

To test the hypothesis that MJ1612 and its paralog
(MJ0010) encode PGAMs, we have cloned and recombinantly
expressed these proteins in Escherichia coli. Using '"H-NMR
to directly assay the isomerization reaction between D-2-phos-
phoglycerate and Dp-3-phosphoglycerate, we show that both
proteins have thermophilic PGAM activity. The MJ1612
and MJ0010 enzymes exemplify a new archaeal class of en-
zymes with PGAM activity (aPGAM), which includes homo-
logs in most archaea and diverse bacteria.
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2. Materials and methods

2.1. Cloning and recombinant expression of MJ1612 and MJ0010

The MJ1612 gene was amplified by PCR from genomic DNA,
cloned and recombinantly expressed by standard procedures [18] using
a forward oligonucleotide primer 5'-GGTCATATGAAAAAGG-
GAAAG-3" and a reverse primer 5'-GATGGATCCTTAAGCAC-
CAAATTTC-3" (Invitrogen). The MJ0010 was similarly amplified
using forward primer 5'-GGTCATATGAGGGCTATTTTAATTC-
3’ and reverse primer 5 -GATGGATCCTTATCCCTCTAA-
TAAATC-3". PCR products were digested at the primer-introduced
Ndel and BamHI sites. The MJ1612 gene was cloned into compatible
sites in plasmid vector pET-19b (Novagen) and the MJ0010 gene was
cloned into plasmid pT7-7 [19]. DNA sequences were verified by dye-
terminator sequencing at the University of lowa DNA facility. The
resulting plasmids were transformed into E. coli BL21-Codon-
Plus(DE3)-RIL (Stratagene) cells and recombinant protein expression
was induced as described previously [18].

2.2. Preparation of heat-purified recombinant proteins

Cells expressing the recombinant MJ1612 protein (300 mg wet
weight) were suspended in 3 ml of extraction buffer (50 mM TES/
NaOH, 10 mM MgCl,, 20 mM 2-mercaptoethanol, pH 7.0) and so-
nicated, followed by centrifugation (10 min, 16000X g, at room tem-
perature). SDS-PAGE analysis of proteins in the resulting pellets and
supernatants showed that most of the recombinant protein was
present in the pellet of insoluble material. Heating the soluble proteins
in the supernatant to 70°C for 10 min denatured most native E. coli
proteins and these were removed by centrifugation (10 min, 16000X g,
at room temperature). The resulting supernatants contained the de-
sired recombinant protein. Similarly prepared extracts from E. coli
host cells without the recombinant plasmid were used for control
experiments. MJ0010 protein was prepared as described for the
MJ1612 protein and was also poorly soluble.

2.3. '"H-NMR analysis of PGAM activity

p-2-Phosphoglycerate trisodium salt (Sigma, 5.6 umol, 2 mg) was
dissolved in 1 ml of H,0 (99.8 atom% 2H) and 1.8 pmol of [2,2,3,3-
2H,]-3-trimethylsilylpropionate was added and the pH adjusted to 7.0.
The sample was then divided into two equal portions. To one portion
was added 20 pl of the heated E. coli extract containing MJ1612
enzyme and to the other portion was added 20 pl of heated E. coli
extract without the recombinant protein. The samples were incubated
for 10 min at 60°C and then placed in a 100°C water bath and
reduced to a volume of ca. 30 ul by evaporation with a stream of
nitrogen gas. The resulting liquid was dissolved in 0.5 ml of the 2H,O.
'H-NMR spectroscopy was performed on these samples using a 500
MHz JEOL Eclipse 500 NMR spectrometer. Activity of the MJ0010
enzyme was analyzed by the same method.

Known phosphoglycerate samples were purchased from Sigma and
analyzed by '"H-NMR under the same conditions. 'H-NMR resonan-
ces for the trisodium salt of p-2-phosphoglyceric acid were () 4.48
(1H, septet, JH-2~>H-3 =29 HZ, JH-2—H-3 =5.6 HZ, JH-QHPZSA HZ,
H-2); 391 (1H, dd, Jy-3-u-2=2.9 Hz, Jy-3_nu-y =11.7 Hz, H-3);
and 3.80 (lH, dd, JH.314.H.2:5.6 HZ, JH.g/HH-3:11.7 HZ, H-3’).
For the disodium salt of Dp-3-phosphoglyceric acid, resonances were
((3) 4.19 (lH, octet, JH-24.P =1.1 HZ, JH.ZA.H-_*, =2.8 HZ, JH.2‘;H.3f =6.0
Hz, H-2); 4.07 (1H, octet, Jy-3ny->=2.8 Hz, Jy-3_p=11.7 Hz,
Ju-3_u-y =11.0 Hz, H-3); and 3.95 (1H, octet, Jy-3_p=>5.0 Hz,
JH-3—H-2 = 6.0 Hz, Jy-y_pg-3= 11.0 Hz, H-3’).

2.4. Alignment of aPGAM protein sequences with homologs from the
alkaline phosphatase superfamily

The translated sequence of M. jannaschii gene MJ1612 (sp|Q59007)
was used to query the non-redundant protein database at the National
Center for Biotechnology Information using the BLASTP program
(v. 2.2.1) [20] with the BLOSSUM®62 matrix and default gap costs
for existence-11 and extension-1. Members of the aPGAM family
were identified in the archaea Aeropyrum pernix (dbj|BAA80616.1),
Archaeoglobus fulgidus (gb| AAB89499.1 and gb|AAB89821.1), Me-
thanobacterium thermoautotrophicum (gb| AAB86064.1 and gb|AAB-
84924.1), M. maripaludis (gb|AADA47607.1), M. jannaschii (spl
Q60326), Pyrobaculum aerophilum (gb| AAL64112.1), Pyrococcus ho-
rikoshii (dbj|BAA29105.1), Sulfolobus solfataricus (gb| AAK40745.1)
and Thermoplasma acidophilum (emb|CAC11555.1). Bacterial homo-
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logs were found in Aquifex aeolicus (gb| AAC06791.1), Deinococcus
radiodurans (gb|AAF11775.1), S. hygroscopicus (dbj|BAA93685.1),
and Thermotoga maritima (gb|AAD36837.1). Eucaryal homologs
were found in Arabidopsis thaliana (dbj|BAB02608.1) and Dictyo-
stelium discoideum (cDNAs gb|AU071980.1, gb|AU061080.1 and
gb[C93983.1).

Additional members of the aPGAM family were identified in in-
complete genomic sequences of Ferroplasma acidarmanus and Me-
thanosarcina barkeri from the US DOE Joint Genome Institute
(http://www.jgi.doe.gov); M. maripaludis from the University of
Washington (http://www.genome.washington.edu/Methanococcus.
html); Bacteroides fragilis from the Sequencing Group at the Sanger
Institute (http://www.sanger.ac.uk); and Desulfovibrio vulgaris and
Dehalococcoides ethenogenes from The Institute for Genomic Re-
search (http://www.tigr.org).

The structures of the G. stearothermophilus PGAM-i protein
(pdbl1EQJ) and E. coli alkaline phosphatase (pdb|1B8J) were aligned
using the FSSP database [21]. M. jannaschii aPGAM sequences were
aligned to the G. stearothermophilus PGAM-i sequence using the
CLUSTALW program (v. 1.82) [22]. The structural alignment figure
was created using the ESPript program (v2.0 beta) (http://prodes.
toulouse.inra.fr/ESPript/). Alignments for phylogenetic analyses were
created using the CLUSTALW program.

2.5. Inference of the aPGAM phylogeny

From the alignment of 27 aPGAM protein sequences, ambiguously
aligned positions near insertions or deletions were removed and the
remaining 390 positions were deemed to be confidently aligned. The
phylogeny of these genes was inferred using maximum likelihood cri-
teria to evaluate 500 trees identified by maximum parsimony methods,
as described previously [23]. Bootstrap probabilities were estimated
using the resampling estimated log-likelihood method [24] with the
500 candidate trees. For comparison, the phylogeny was inferred
from the same alignment using the neighbor-joining algorithm with
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Fig. 1. '"H-NMR (500 MHz) analysis of p-2-phosphoglycerate incu-
bated with heated cell extract from E. coli (A) or heated cell extract
from E. coli expressing recombinant MJ1612 protein (B). Resonance
intensities were measured relative to the 3-trimethylsilylpropionate
standard (not shown).
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IOOOhEootstrzp Creplicates, implemented by thE: hSelqboot, PffOtdiSE to that observed before the addition of the extract except for
Neighbor an onsense programs [PHYLIP (phylogeny inference _ ~
package), v. 3.6a2.1; J. Felsenstein, Department of Genetics, Univer- the buffer r;:sot:ialgceslgnot. Sho‘%%); In. co}Illtrast, 2 phosfplllloglyd
sity of Washington, Seattle, 2001]. cerate incubated for . min at . C in the presence of heate
E. coli extract expressing recombinant MJ1612 enzyme forms
3-phosphoglycerate, shown in Fig. 1B. The decrease in the

3. Results and discussion intensity of the 2-phosphoglycerate resonances corresponded
to the observed increase in the intensity of the 3-phosphogly-
3.1. Recombinant MJ0010 and MJ1612 have PGAM activity cerate resonances. This is most clearly observed from the
Both the MJ0010 and MJ1612 proteins are expressed at changes in intensity of the H-2 resonances at () 4.46 and
high levels in an E. coli host; however, most of the recombi- 4.17 for the 2-phosphoglycerate and 3-phosphoglycerate, re-
nant protein is insoluble in cell-free extracts. Portions of the spectively. Addition of 3-phosphoglycerate to the sample in-
recombinant proteins that remain soluble resist denaturation creased only the intensity the 3-phosphoglycerate resonances.
by heating. Although E. coli has at least two PGAM genes The conversion of 75% of the initial 2-phosphoglycerate to
[25], the native enzymes are not heat stable. The 'H-NMR 3-phosphoglycerate is consistent with the thermodynamic
analysis in Fig. 1A shows that a sample of 2-phosphoglycerate equilibrium favoring 3-phosphoglycerate, as observed for ca-
incubated with heated E. coli extract contains no detectable nonical PGAMSs [26]. Because the sum of the resonance in-
resonances for 3-phosphoglycerate. This spectrum is identical tensities of the two isomers remained constant, we conclude
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Fig. 2. Alignment of members of the alkaline phosphatase superfamily. PGAM-i from G. stearothermophilus is aligned with aPGAM paralogs
from M. jannaschii MJ1612 (aPGAM-M;jl) and MJ0010 (aPGAM-Mj2) and alkaline phosphatase from E. coli. Positions of identically con-
served residues are in inverted text and similarly conserved residues are outlined. The secondary structure of the G. stearothermophilus enzyme,
derived from the crystal structure model [16], is indicated above the alignment as o-helices (o), 3j9-helices (1), B-strands (B) and B-turns (TT).
Arrowheads below the alignment indicate active site residues identified in the G. stearothermophilus protein structure: closed arrowheads mark
residues in the phosphatase domain and open arrowheads mark residues in the phosphotransferase domain [16].
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that no additional products were generated. Under similar
conditions, the MJ0010 protein converted 29% of the initial
2-phosphoglycerate to 3-phosphoglycerate.

3.2. Sequence alignment with the alkaline phosphatase
superfamily

The crystal structure model of G. stearothermophilus
PGAM-i revealed two domains: a catalytic phosphatase do-
main coordinates two Mn>* ions (amino acids 1-76 and 311
511) and a substrate-binding domain forms hydrogen bonds
with substrate and product (amino acids 77-310) [16]. The
alignment in Fig. 2 shows that the metal-binding ligands
and nucleophilic serine residue are conserved throughout the
alkaline phosphatase superfamily. Although both PGAM-i
and aPGAM sequences share a unique substrate-binding do-
main, aPGAM sequences lack the basic residues that interact
with phosphoglycerate isomers. Therefore, the mechanism of
substrate binding must be different in aPGAM proteins.

3.3. Phylogeny of the aPGAM family

Phylogenetic analyses of aPGAM and PGAM-i sequences
confirm our expectation that these modular genes have been
frequently exchanged across organismal lineages [27]. Never-
theless, there is consistency in the class of PGAM found with-
in lineages. Bacterial members of the low %G+C Gram-
positive group, Mycoplasmataceae, y-proteobacteria, &-pro-
teobacteria and cyanobacteria all appear to have vertically

Dehalococcoides ethenogenes (2)

27 Geobacter sulfurreducens

Methanosarcina barkeri
Bacteroides fragilis
M. thermoautotrophicum (2)
Archaeoglobus fulgidus (2)
Streptomyces hygroscopicus
Desulfovibrio vulgaris
Aeropyrum pernix
Pyrobaculum aerophilum
Sulfolobus solfataricus
Archaeoglobus fulgidus

98 100 Ferroplasma acidarmanus
_: Thermoplasma acidophilum
100 Arabidopsis thaliana

—: Dictyostelium discoideum

43 76| wl—— Thermotoga maritima

L9 D. ethenogenes (1)
07 @;’fex aeolicus
D. radiodurans
57 M. maripaludis
100 ) 2,2.).
100 M. jannaschii (2)
M. maripaludis (3)
Pyrococcus horikoshii
M. thermoautotrophicum (1)
Methanococcus jannaschii (1)
Methanococcus maripaludis (1)

96)

10 1

Fig. 3. Phylogeny of aPGAM homologs. Paralogous genes are dis-
tinguished by numbers placed after the organism name. Estimated
bootstrap percentages are indicated for significantly supported
branches. The phylogeny of the same sequences inferred by the
neighbor-joining method is substantially similar to this tree. The
two trees differ in their ordering of several branches with low boot-
strap support, particularly the crenarchaeal and Thermoplasmaleu-
karyote branches. The scale bar represents 10 amino acid replace-
ments per 100 positions.
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inherited PGAM-i genes (data not shown). Plants and several
deeply branching eukaryotes also have PGAM-i homologs.
Two euryarchaea, M. barkeri and Halobacterium sp. may
have acquired PGAM-i homologs from bacteria. Most yeast,
animals, high %G+C Gram-positive bacteria and some patho-
genic microbes have PGAM-d homologs [28].

Members of the aPGAM family are found in every com-
plete archaeal genome sequence, except for Halobacterium sp.
(Fig. 3). Crenarchaea have one homolog each, whereas several
euryarchaea (Methanococcus spp., A. fulgidus and M. ther-
moautotrophicum) have two paralogs. Microorganisms from
some of the earliest diverged bacterial lineages, A. aeolicus,
T. maritima and D. radiodurans, also have specifically related
aPGAM homologs, suggesting that this gene arose early in
microbial evolution.

The function of the two aPGAM paralogs in M. jannaschii
is unknown, although vertebrates and E. coli differentially
express PGAM isozymes [25,29]. p-3-Phosphoglycerate occu-
pies a key role in M. jannaschii central metabolism not only in
glycolysis and gluconeogenesis, but also as the precursor for
serine biosynthesis [6] and the product of an unusual ribulose
bisphosphate carboxylase/oxygenase (RubisCO) [30]. M. ther-
moautotrophicum cells produce a polyanionic solute, cyclic-
2,3-diphosphoglycerate (cDPG), that is derived from 2-phos-
phoglycerate [31]. Although M. jannaschii lacks the cDPG
synthase enzyme required to make cDPG, it has a functional
homolog of the 2-phosphoglycerate kinase required to make
the 2.,3-diphosphoglycerate precursor (White, unpublished
data).

The experiments described in this paper characterize the
‘missing’ PGAM activity in M. jannaschii, but reiterate several
outstanding questions about M. jannaschii central metabo-
lism: what are the functions of RubisCO, 2-phosphoglycerate
kinase and two PGAM paralogs in this organism?
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