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Four orthologous genes (TK1108, TK1404, TK1777, and TK2185) that can be annotated as phosphoman-
nomutase (PMM) genes (COG1109) have been identified in the genome of the hyperthermophilic archaeon
Thermococcus kodakaraensis KOD1. We previously found that TK1777 actually encodes a phosphopentomutase.
In order to determine which of the remaining three orthologues encodes a phosphoglucomutase (PGM), we
examined the PGM activity in 7. kodakaraensis cells and identified the gene responsible for this activity.
Heterologous gene expression and purification and characterization of the recombinant protein indicated that
TK1108 encoded a protein with high levels of PGM activity (690 U mg™'), along with high levels of PMM
activity (401 U mg™"). Similar analyses of the remaining two orthologues revealed that their protein products
exhibited neither PGM nor PMM activity. PGM activity and transcription of TK1108 in 7. kodakaraensis were
found to be higher in cells grown on starch than in cells grown on pyruvate. Our results clearly indicate that,
among the four PMM gene orthologues in 7. kodakaraensis, only one gene, TK1108, actually encodes a protein

with PGM and PMM activities.

Genome sequencing has provided an enormous amount of
information on the primary structure and number of genes in
a particular organism (5, 11). Based on the assumption that
genes with high levels of similarity encode proteins that have
the same function, the presence or absence of various ortho-
logues is often used in estimating whether a specific metabolic
pathway is present. This approach, however, has its limitations.
When an orthologue of an expected enzyme is not found, the
gene must be identified through classical biochemical and clon-
ing methods (13, 14). On the other hand, when multiple or-
thologues are present on the genome, each gene product must
be carefully examined in order to distinguish the enzymatic ac-
tivities or functions in the cell. Analyses of the expression levels
of the genes also contribute to elucidating their functions (17).

We recently determined the entire genome sequence of
a hyperthermophilic archaeon, Thermococcus kodakaraensis
KOD1 (unpublished data). This strain was originally isolated
from a solfatara on Kodakara Island, Kagoshima, Japan (2, 9).
It displays heterotrophic growth on a variety of organic sub-
strates, such as amino acids, pyruvate, and starch, and we have
taken an interest in the metabolic pathways involved in the
assimilation of these carbon compounds. Through genome an-
notation, it has been possible to identify orthologues for a
majority of the enzymes involved in glycolysis and gluconeo-
genesis, including the archaeal ADP-dependent glucose ki-
nase, the ADP-dependent phosphofructokinase, and the ar-
chaeal class IA type fructose 1,6-bisphosphate aldolase (7). An
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orthologue of the key enzyme of gluconeogenesis, fructose
1,6-bisphosphatase, was not present, and a novel, archaeal-type
fructose 1,6-bisphosphatase from 7. kodakaraensis was subse-
quently identified and characterized (14).

Although phosphoglucomutase (PGM) (EC 5.4.2.2) is not a
member of the glycolytic enzyme group, we also noticed that
the gene encoding this enzyme has not been identified in Ar-
chaea. PGM catalyzes the interconversion of glucose 6-phos-
phate and glucose 1-phosphate, and it plays a vital role in
carbohydrate metabolism in a wide range of microorganisms,
as well as in plant and animal cells (6, 8, 10, 15). From a
catabolic point of view, PGM provides the glycolytic interme-
diate glucose 6-phosphate from glucose 1-phosphate, which is
often the product of intracellular polysaccharide degradation
by various glycan phosphorylases (20). A well-known example
is the glycolytic reentry of glucose that has been stored as
energy in the form of glycogen or trehalose (15). On the other
hand, glucose 1-phosphate is the precursor of sugar nucleo-
tides that are necessary in the synthesis of various glucose-
containing polysaccharides. Therefore, PGM also has an im-
portant biosynthetic role, supplying the glucose 1-phosphate
from glucose 6-phosphate that is produced through glycolysis
or gluconeogenesis (15).

PGM activity has been detected in crude extracts of several
archaeal strains (21, 22). In the genome databases, many open
reading frames have been annotated as genes encoding puta-
tive phosphomannomutases (PMMs) and can be considered
likely candidates to encode archaeal PGMs. However, most
genomes harbor more than one open reading frame designated
a PMM gene. For example, Pyrococcus furiosus, Pyrococcus
abyssi, and Pyrococcus horikoshii have three orthologues, while
two orthologues have been found in the Methanococcus jann-
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aschii and Aeropyrum pernix genomes. Like the genomes of
other hyperthermophilic archaea, the 7. kodakaraensis genome
harbors more than one open reading frame that is annotated as
a PMM gene; actually, it harbors four such open reading
frames (TK1108, TK1404, TK1777, and TK2185). While all
four of these open reading frames are members of cluster 1109
of orthologous genes (COG1109), it has been found previously
that TK1777 actually encodes a phosphopentomutase (13).
This was unexpected, as all previously identified genes encod-
ing phosphopentomutases were members of COG1015 and
had a distinct primary structure. Therefore, as mentioned
above, biochemical analyses of the remaining three ortho-
logues is necessary to accurately determine their individual
functions. In this study, we obtained biochemical evidence that
allowed us to identify the true archacal PGM gene in T. koda-
karaensis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. 7. kodakaraensis KOD1 was isolated
from a solfataric hot spring at a wharf on Kodakara Island, Kagoshima, Japan (2,
9). T. kodakaraensis cells were grown in either a nutrient-rich MA-YT medium
(13) or minimal ASW-AA medium (16). Escherichia coli strain DH5« was used
for subcloning of the gene fragments and DNA manipulation. E. coli strain
BL21(DE3) (Novagen, Madison, Wis.) was used as a host, and pET-21a (Nova-
gen) was used as a vector for gene expression.

Chemicals and enzymes. Glucose 1-phosphate, glucose 6-phosphate, glucose
1,6-bisphosphate, mannose 1-phosphate, mannose 6-phosphate, fructose 1-phos-
phate, fructose 6-phosphate, glucosamine 1-phosphate, glucosamine 6-phos-
phate, N-acetylglucosamine 1-phosphate, N-acetylglucosamine 6-phosphate,
2-deoxyribose 1-phosphate, 2-deoxyribose 5-phosphate, 3-phosphoglyceric acid,
2-phosphoglyceric acid, 2,3-diphosphoglyceric acid, phosphoglucoisomerase,
phosphomannoisomerase, glucose 6-phosphate dehydrogenase, enolase, pyru-
vate kinase, and lactate dehydrogenase were purchased from Sigma (St. Louis,
Mo.). Alcohol dehydrogenase, NADP, and NADH were purchased from Orien-
tal Yeast (Tokyo, Japan). Deoxyribose 5-phosphate aldolase (13) and glucos-
amine 6-phosphate deaminase (unpublished data) were purified from T. koda-
karaensis. Other chemicals and components of various media were purchased
from Wako Pure Chemicals (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).

DNA manipulation and sequencing. Restriction enzymes and DNA polymer-
ase were purchased from Toyobo (Osaka, Japan) and Takara Shuzo (Kyoto,
Japan). Genomic and plasmid DNAs were isolated by using QTAGEN genomic
and plasmid DNA isolation Kits, respectively (QIAGEN, Hilden, Germany).
DNA ligation was performed by using a DNA ligation kit (Toyobo). A QIAEX
gel extraction kit (QIAGEN) was used to recover DNA fragments from agarose
gels. DNA sequencing was performed with an ABI PRISM BigDye terminator
cycle sequencing Ready Reaction kit (Applied Biosystems, Foster City, Calif.).
Database homology searches were performed by using the Basic Local Align-
ment Search Tool (BLAST) program (1). Sequence analyses were performed by
using DNASIS software (Hitachi Software, Yokohama, Japan). Multiple-align-
ment and phylogenetic analyses were performed by using the ClustalW program
(18) provided by the DNA Data Bank of Japan (DDBJ). The phylogenetic tree
was constructed by the neighbor-joining method after alignment.

Partial purification of PGM activity from strain KOD1. 7. kodakaraensis cells
were cultivated at 85°C for 16 h in MA-YT medium (13) containing 0.5% soluble
starch (Nacalai Tesque). The cells were harvested and disrupted by sonication in
ice water. All purification steps were performed at room temperature unless
indicated otherwise. The membrane and cytosolic fractions from the cell lysate
were separated by ultracentrifugation at 110,000 X g for 70 min at 4°C. The
cytosolic fraction, containing the PGM activity, was loaded onto Resource Q
(Amersham Biosciences, Little Chalfont, Buckinghamshire, United Kingdom)
which had been equilibrated with buffer A (50 mM sodium phosphate buffer, pH
7.0). The proteins were eluted with a linear gradient of 0 to 1 M sodium chloride
in buffer A. Then the fractions with PGM activity were dialyzed against buffer A
and loaded onto Mono Q HR 5/5 (Amersham Biosciences) which had been
equilibrated with buffer A. The proteins were eluted with a linear gradient of 0
to 1 M sodium chloride in buffer A, and the fractions carrying PGM activity were
dialyzed against 2 M ammonium sulfate and loaded onto Resource ISO (Am-
ersham Biosciences) which had been equilibrated with 2 M ammonium sulfate
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(pH 7.0). The proteins were eluted with a linear gradient of 2 to 0 M ammonium
sulfate (pH 7.0). Then the fractions carrying PGM activity were dialyzed against
buffer A and loaded onto a hydroxyapatite column (Bio-Scale CHT-I; Bio-Rad,
Hercules, Calif.). Fractions exhibiting PGM activity were concentrated by using
Centricon YM-30 (Millipore Corporation, Bedford, Mass.) and were further
purified on a gel filtration column (Superdex 200 HR 10/30; Amersham Bio-
sciences) which had been equilibrated with buffer A containing 150 mM sodium
chloride. The protein concentration was determined with a bicinchoninic acid
protein assay kit (Pierce, Rockford, Ill.) used according to the manufacturer’s
instructions; bovine serum albumin was used as the standard. N-terminal amino
acid residues were determined with a protein sequencer (model 491 cLC; Ap-
plied Biosystems). The partially purified protein was also analyzed by matrix-
assisted laser desorption ionization—time of flight mass spectrometry at Hitachi
Science Systems (Hitachinaka, Japan).

Expression of the TK1108 gene and purification of the recombinant protein.
Ndel and BamHI sites were introduced into the N and C termini of the TK1108
gene, respectively, by PCR. The DNA fragment was inserted into pET-21a at the
Ndel and BamH I sites, resulting in pET-1108. E. coli strain BL21(DE3) carrying
pET-1108 was grown at 37°C in Luria-Bertani medium containing ampicillin (50
pg/ml) until an optical density at 660 nm of 0.5 was reached. Gene expression was
induced by addition of 0.2 mM (final concentration) isopropyl-B-p-thiogalacto-
pyranoside (IPTG), and the preparation was incubated for another 4 h at 37°C.
The cells were harvested by centrifugation at 6,000 X g for 10 min at 4°C and
washed with 50 mM potassium phosphate buffer (pH 7.0). Then the cells were
resuspended in the same buffer and disrupted by sonication on ice. The super-
natant after centrifugation (15,000 X g for 30 min at 4°C), containing the re-
combinant TK1108, was incubated at 85°C for 20 min. Heat-labile proteins were
removed by centrifugation (15,000 X g for 30 min at 4°C). Recombinant TK1108
was purified to homogeneity with Resource Q, Resource ISO, and Superdex
200HR10/30 columns by using the methods as described above for partial puri-
fication of PGM activity from T. kodakaraensis. Recombinant TK1404 and
TK2185 were also expressed and purified by using the same method. The ap-
parent homogeneity of the proteins was examined by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE). Molecular mass estimates
were obtained by gel filtration (Superdex 200 HR 10/30) by using HMW and
LMW gel filtration calibration kits (Amersham Biosciences).

Enzyme activity assay. PGM activity was measured by a discontinuous assay
coupled with glucose 6-phosphate dehydrogenase. Formation of glucose 6-phos-
phate from glucose 1-phosphate was measured by monitoring NADPH forma-
tion with glucose 6-phosphate dehydrogenase. The initial reaction mixture (200
wl) consisted of 100 mM Tris-HCI (pH 7.0), 10 mM MgCl,, 50 uM glucose
1,6-bisphosphate, 5 mM glucose 1-phosphate, and enzyme solution. After incu-
bation at the desired temperature for 1 min (for activity measurements, 60 to
95°C) or 5 min (30 to 50°C), the reaction mixture was cooled on ice for 5 min, and
the amount of glucose 6-phosphate produced was measured by addition of 800 .l
of water containing 0.5 mM NADP and 2 U of glucose 6-phosphate dehydroge-
nase. After incubation at 25°C for 3 min, the amount of NADPH was measured
at 340 nm. The amount of glucose 6-phosphate produced by the enzyme at 25°C
during a 3-min period was subtracted. The product formation was proportional
to the incubation time under these conditions. One unit was defined as the
amount of activity that produced 1 pmol of glucose 6-phosphate from glucose
1-phosphate per min. All other enzyme activities were measured as described
previously (13).

When the effect of pH on the enzyme activity was examined, the reaction was
carried out by using 100-wl reaction mixtures containing the following buffers at
a concentration of 20 mM: MES (morpholineethanesulfonic acid) buffer (pH 4.5
to 6.5), HEPES buffer (pH 6.5 to 7.5), and bicine buffer (pH 7.5 to 8.5). All of
the buffers were prepared so that the pH reflected accurate values at 90°C. After
the first reaction, 100 pl of 1 M Tris-HCI (pH 8.0) was added to the reaction
mixture to bring the pH of the mixture to 8.0 (the optimal pH for the coupling
enzyme). To examine the effects of the various metal ions on enzyme activity, the
first reaction mixture was incubated with the metal cations. After incubation the
mixture was cooled in ice water, and as glucose 6-phosphate dehydrogenase is an
Mg>*-dependent enzyme, the coupling reaction was initiated by adding 10 mM
Mg?*, NADP™, and the exogenous enzymes.

RNA isolation and dot blot analysis. RNA was isolated from cells grown in
MA-YT medium supplemented with either starch (0.5%) or sodium pyruvate
(0.5%). Cells were harvested in the early log phase (optical density at 660 nm,
0.1). RNA was isolated with an RNeasy Midi kit (QIAGEN). For dot blot
analysis, 1 pg of total RNA was denatured by heat treatment at 65°C for 15 min
and spotted onto a nylon membrane (Hybond-N+; Amersham Biosciences).
Digoxigenin labeling of DNA fragments, hybridization, and washing of the mem-
branes were performed according to the instructions of the manufacturer (Roche
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TK1108 MGKLFGTFGVRGIANEEITPEFALKIGMAFGTLLKREGRERPLVVVGRDTRVSGEMLKDA 60
TK1777  -MRLFGTAGIRGTLWEKVTPELAMKVGMAVGTYKSGKA——-—— LVG-RDGRTSSVMLKNA 53
TK2185 MGKYFGTSGIREVFNEKLTPELALKVGKALGTYLGGGK-—-—- VVIGKDTRTSGDVIKSA 55
TK1404  ————————o MELYYSEKFNPEELALLGRAIGTVAQGTV-———— IVG-RDGRAISRYGKRA 44

* * % * k k% I * * * * Kk
TK1108  LISGLLSTGCDVIDVGIAPTPAIQWATNHFNADGGAVITASHNPPEYNGIKLLEPNGMGL 120
TK1777  MISGLLSTGMEVLDADLIPTPALAWGTRKL-ADAGVMITASHNPPTDNGVKVFNGDGTEF 112
TK2185  VISGLLSTGVDVIDIGLAPTPLTGFAIKLYGADAGVTITASHNPPEYNGIKVWQANGMAY 115
TK1404  MVVGIVSTGSTIMDVRLIPLIALKDFAHSKGMPLAYVYYHGGVRVEVNGLDVD—-——-—— 98
* )k k * * * %
TK1108 KKEREAIVEELFFSEDFHRAKWNEIGELRKED-IIKPYIEATKNRVDVEAIKKRRPFVVV 179
TK1777  YVEQERGLEEIIFSGNFRKARWDEIKPVRNVE-VIPDYINAVLDFVGHETN----LKVLY 167
TK2185 TSEMERELESIMDSGNFKKAPWNEIGTLRRAD-PSEEYINAALKFVKLENS----YTVVL 170
TR1404  —————- EVEATLKSRSFIEAHPNDIGATVYYPNALDDFLHDLFKRYNFKIG-—-—GKALV 148
* * * * *
TK1108  DTSNGAGSLTLPYLLRELGCKVVSVNAHPDGHFPARNPEPNEENLKGFMEIVKALGADFG 239
TK1777 DGANGAGSLVAPYLLREMGAKVLSVNAHVDGHFPGRKPEPRYENIAYLGKLVRELGVDLA 227
TK2185 DSGNGAGSVVSPYLQORELGNRVISLNSHPSG-FFVRELEPNAKSLSALAKTVRVMKADVG 229
TK1404 DAMNTPAVLFFPRLSEHFGFEAELINDMMTS-—-YIPPKPRE———————————————___ 187
* * * Kk * * *
II
TK1108  VAQDGDADRAVFIDENGRF IQGDKTFALVADAVLRENGGGLLVTTIATSNLLDDIAKRNG 299
TK1777  IAQDGDADRIAVFDEKGNYVDEDTVIALFAKLYVEEHGGGTVVVSIDTGSRIDAVVERAG 287
TK2185  IAHDGDADRIGVVDDQGNFVEYEVMLSLIAGYMLRKFGKGKIVTTVDAGFALDDYLRPLG 289
TR1404  ————ommmome VFLHKLNKGDYTFGLRFRPDGIAEFYKDGEEKTFTSMWSLFDYLKRVFK 236
* *
111
TK1108  AKVMRTKVGDLIVARALLENNGTIGGEENGGVIFPDFVLGRDGAMTTAKIVEIFAKSGKK 359
TK1777  GRVVRIPLGQPHDG---IKRYKAIFAAEPWKLVHPKFGPWIDPFVTMGLLIKLIDENG-P 343
TK2185 GEVIRTRVGDVAVADELAKHGGVFGGEPSGTWIIPQWNLTPDGIFAGALVLEMIDRLG-P 348
PR1404  — oo o oo o -—
TK1108  FSELIDELPKYYQFKTKRHVEGDRKAIVAKVAELAEKKGYKID--—-T-TDGTKIIFDD- 413
TK1777 LSELVKEIPTYYLKKANVLCPDEYKAEVVRRAAEEVERKLSSEIKEVLTISGFRIALNDG 403
TK2185  ISELAKEVPRYVTLRAKIPCPNEKKAKAMEIIAREALKTFDYEG--LIDIDGIRIENGD- 405
TPR1404  — oo o oo o o o e -—
v
TK1108  GWVLVRASGTEPIIRIFSEAKSEEKAREYLELGIKLLEEALKG--——- 456
TR1777  SWILIRPSGTEPKIRVVAEAPTEKRRDELFEMAYSTVSRIVKEAEKK 450
TK2185 WWILFRPSGTEPIMRITLEAHEEEKAKELMGKAERLVKKAISEA-—— 449
TR1404  — oo oo oo oo -—

FIG. 1. Primary structure comparison of the protein products of the four PMM orthologues of 7. kodakaraensis. The asterisks beneath the
sequences indicate the identical amino acid residues in the four proteins. The gene numbers are indicated on the left, whereas the residue numbers
are indicated on the right. The bars above the alignment indicate the four conserved motifs identified in various phosphosugar mutases. The
multiple-sequence alignment analysis was performed by using the ClustalW program provided by DDBJ.

Diagnostics, Basel, Switzerland). A DNA fragment corresponding to the entire
TK1108 coding region was used as a probe. A control experiment was performed
by using the DNA ligase gene from strain KODI1 as a probe.

Nucleotide sequence accession numbers. The nucleotide sequences of the
TK1777, TK2185, TK1108, and TK1404 genes determined in this study have
been deposited in the DDBJ, EMBL, and GenBank DNA databases under ac-
cession numbers AB126239, AB126240, AB126241, and AB126242, respectively.

RESULTS

Presence of four putative PMM genes in the genome of T.
kodakaraensis. Three of the four orthologues, TK1108 (encod-
ing 456 amino acid residues with a molecular weight of 49,850),
TK1777 (encoding 450 amino acid residues with a molecular
weight of 49,529), and TK2185 (encoding 449 amino acid res-
idues with a molecular weight of 48,659), encoded proteins
having similar molecular weights, while TK1404 encoded a
smaller protein (236 amino acids with a molecular weight of
26,728). The three larger proteins displayed high levels of

similarity with one another (TK2185 and TK1108, 44% iden-
tical; TK1777 and TK2185, 43% identical; TK1108 and
TK1777, 38% identical) and also displayed equivalent levels
of similarity with the biochemically characterized PGM from
E. coli (TK1777, 24%; TK2185, 24%; TK1108, 25%). Two mo-
tifs conserved in various phosphosugar mutases (3, 19), TXSHNP
containing the active site serine residue and DXDXDR in-
volved in metal binding, were also conserved among these
three proteins (Fig. 1). Therefore, it is quite difficult, if not
impossible, to distinguish the functions of these enzymes from
the sequence data. We also noticed that highly related ortho-
logues of TK2185, TK1108, and TK1404 are present in the
genomes of P. furiosus, P. horikoshii, and P. abyssi. The high
levels of similarity of the corresponding genes in the Thermo-
coccales strains allowed us to classify these genes on the basis
of their primary structure. A phylogenetic tree of the ortho-
logues is shown in Fig. 2. TK1777, the orthologue unique to 7.
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FIG. 2. Unrooted phylogenetic tree of PMM orthologues from different species of the Thermococcales. An optimal amino acid alignment was
created with the program ClustalW provided by DDBJ, and a phylogenetic tree was constructed. The tree was displayed with the TreeView
program. The DDBJ/EMBL/GenBank protein accession numbers for the sequences are as follows: P. abyssi PAB0318, CAB49399; P. abyssi
PAB0819, CAB50141; P. abyssi PAB1666, CAB49971; P. furiosus PF0588, AAL80712; P. furiosus PF0861, AAL80985; P. furiosus PF1729,
AAL81853; P. horikoshii PH0923, BAA30019; P. horikoshii PH1210, BAA30310; P. horikoshii PH1696, BAA30809; T. kodakaraensis TK1108,
AB126241; T. kodakaraensis TK1404, AB126242; T. kodakaraensis TK1777, AB126239; and T. kodakaraensis TK2185, AB126240.

kodakaraensis, actually encoded a phosphopentomutase and
not a phosphohexomutase (13).

PGM activity in T. kodakaraensis and partial purification of
PGM. In order to identify the gene(s) that actually encodes a
PGM, the enzyme activity in extracts of 7. kodakaraensis
KOD1 cells grown in the presence of 0.5% yeast extract and
0.5% tryptone along with 0.5% starch was examined. PGM
activity was detected in the cell extracts, and the specific activ-
ity was 0.8 U mg~*. After the enzyme activity was determined,
we partially purified the PGM from the cell extract. PGM was
purified 14-fold by anion-exchange, hydrophobic, hydroxyapa-
tite, and gel filtration column chromatography. A 50-kDa pro-
tein was found to correspond well with the results of activity
measurements through each purification step. During this pro-
cess, we did not observe PGM activity in fractions other than
those used in the purification procedure. We analyzed the
N-terminal amino acid sequence of the protein and found that
it corresponded to the sequence encoded by TK1777. This was
unexpected, as this protein is a phosphopentomutase with only
trace levels of PGM activity (13). We then subjected the band
to matrix-assisted laser desorption ionization—time of flight
mass spectroscopy (12) and found that it was a mixture of two
proteins, the proteins encoded by TK1777 and TK1108. There-
fore, we analyzed TK1108.

Heterologous expression of the TK1108 gene and purifica-
tion of the recombinant protein. We expressed the TK1108
gene in E. coli and obtained the recombinant protein in a
soluble form. The recombinant protein was purified to appar-
ent homogeneity by heat treatment at 85°C for 20 min, fol-
lowed by anion-exchange, hydrophobic, and gel filtration col-
umn chromatography (Fig. 3). The molecular mass of the
protein estimated by SDS-PAGE agreed with the value calcu-
lated from the deduced amino acid sequence. Furthermore,
the six N-terminal amino acid residues of the purified recom-
binant protein were identical to the deduced amino acid se-
quence encoded by the gene. The purified protein exhibited
high levels of PGM activity (420 U mg ") in the presence of 10
mM MgCl, and 5 mM glucose 1-phosphate at 90°C and was
designated PGM .. Gel filtration chromatography indicated
that the molecular mass of PGM,, was approximately 210

kDa. Taking into account the molecular mass of the subunit
(49.8 kDa), this result indicates that PGM, exists in a tet-
rameric form.

Effects of metal cations, pH, and temperature on PGM ac-
tivity. Purified PGM,, was dialyzed against 25 mM Tris-HCl
buffer (pH 8.0) containing 5 mM EDTA and used for further
analysis. Activity measurements were performed by using a
linked assay coupled with glucose 6-phosphate dehydrogenase.
PGMy, did not display detectable PGM activity in the absence
of metal ions, indicating that the activity was metal ion depen-
dent. Addition of MgCl, (0.5 to 10 mM) led to significant levels
of PGM activity, which was saturated at 1 mM (data not
shown). Besides Mg®", we also found that Ni**, Mn** and
Zn** at a concentration of 1 mM could also support PGM
activity, although to a lesser extent (Fig. 4A).

We examined the effects of pH and temperature on the
PGM,,, activity in the presence of 10 mM Mg>*. At a fixed
temperature of 90°C, PGM, displayed maximal activity at pH
7. The temperature profile of the enzyme indicated that the
optimal temperature was 90°C under our assay conditions (Fig.
4B). The thermostability of the recombinant protein was mon-
itored in the presence of 10 mM Mg?", and the protein was

kba M 1 2 3

94 w—

67 -

43

30 -

20 ...

14.5 @

FIG. 3. SDS-PAGE analysis of the purified protein products of
TK1108, TK2185, and TK1404. Lane M, molecular mass markers; lane
1, purified recombinant TK1108; lane 2, purified recombinant TK2185;
lane 3, purified recombinant TK1404.
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FIG. 4. (A) Effect of metal cations on PGM, enzyme activity. A
chloride salt of each metal cation was added at a final concentration of
1 mM, and PGM activity was examined at 90°C. (B) Temperature
profile of PGMy; activity. PGM activity was examined at pH 7.0 at
various temperatures. (C) Thermostability of PGM,,. PGM,, was
heated in Tris-HCI buffer (pH 7.0) at 90°C (m) and at 100°C (@) for
various times, and residual activity was examined at 90°C. An activity
of 100% corresponded to 420 U/mg.

found to be highly stable even at 100°C. The enzyme displayed
a half-life of ~85 min in boiling water (Fig. 4C). A kinetic
analysis was also carried out, and PGM, catalyzed the reac-
tion with Michaelis-Menten kinetics; the K,, with glucose
1-phosphate was 3.0 mM, and the k_,, was 575 s~ subunit™* at
90°C (Table 1).

Activity with various substrates. The mutase activities of
PGM,, with various phosphorylated compounds (5 mM) were
examined (Fig. 5). Among the substrates, PGM, exhibited
high levels of mutase activity with glucose 1-phosphate and
mannose 1-phosphate. The enzyme also displayed relatively
low activity with deoxyribose 1-phosphate and glucosamine
1-phosphate (Fig. 5). We carried out a kinetic analysis of the

J. BACTERIOL.

TABLE 1. Kinetic parameters of PGM, with various substrates®

Vimax 1 kedlK (571
Substrate (pmol min~! (KK;I) kg" (.St,l) subunit !
mg~) m subuni mM- )
Glucose 1-phosphate 690 £32 3.0x05 575%25 192
Mannose 1-phosphate 40119 32+03 330*16 103
2-Deoxyribose 1-phosphate 230 =26 3.5+ 0.8 190 =20 54

@ Activity was measured at 90°C.

PMM activity of PGM,, and found that the reaction followed
Michaelis-Menten kinetics with a K,,, of 3.2 mM and a k_,, of
330 s* subunit™! at 90°C (Table 1). We also examined the
activity with 2-deoxyribose 1-phosphate and obtained a K,,, of
3.5 mM and a k_,, of 190 s~! subunit ™' (Table 1). No mutase
activity was detected with fructose 1-phosphate, N-acetylglu-
cosamine 1-phosphate, and 3-phosphoglycerate.

PGM activity in T. kodakaraensis KOD1. We examined the
PGM activity in T. kodakaraensis KOD1 cells grown in a syn-
thetic medium based on amino acids (ASW-AA medium) (16).
This medium meets the minimal requirements for growth of
strain KOD1. To the ASW-AA medium, we also added either
0.5% starch (a glycolytic substrate) or 0.5% sodium pyruvate (a
gluconeogenic substrate). PGM activity was detected in all cell
extracts, and the levels of activity were 0.16 = 0.01 U mg™ ' in
cells grown on ASW-AA medium, 0.42 = 0.05 U mg ™' in cells
grown with pyruvate, and 1.34 = 0.04 U mg~ ! in cells grown
with starch. PGM activity seemed to be induced in the pres-
ence of abundant levels of glucose (starch). This tendency was
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FIG. 5. Mutase activity of PGMy, with various phosphorylated
compounds. 2-Deoxyribose 1-phosphate, a-D-glucose 1-phosphate,
a-D-mannose 1-phosphate, D-fructose 1-phosphate, D-glucosamine
1-phosphate, N-acetyl-D-glucosamine 1-phosphate, and 3-phospho-D-
glyceric acid were independently used as substrates at a final concen-
tration of 5 mM. Activity was measured as described elsewhere (13).
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also confirmed in nutrient-rich MA-YT medium; we found that
there was a 2.7-fold increase in PGM activity in cells grown on
starch (0.5%) compared to cells grown on sodium pyruvate
(0.5%). Using RNA isolated from cells grown in these media,
we also performed dot blot experiments and found that tran-
scription levels were higher in starch-grown cells (data not
shown), which is consistent with the induction of PGM activity
observed in cells grown on starch.

Absence of PGM and PMM activities in the protein prod-
ucts encoded by TK2185 and TK1404. Our biochemical anal-
ysis showed that the protein encoded by TK1108 (PGMy,)
undoubtedly exhibits PGM and PMM activities, which pro-
vided strong evidence that the protein represents the true
PGM/PMM in T. kodakaraensis. It has been shown previously
that TK1777 encodes a phosphopentomutase with only trace
levels of PGM and PMM activity (13). In order to determine
whether the remaining two genes, TK2185 and TK1404, en-
coded a PGM and/or PMM, we expressed the genes in E. coli
and purified the recombinant proteins (Fig. 3). We found that
neither protein exhibited PGM or PMM activity, even when
high substrate concentrations (30 mM) were used. Altogether,
our results revealed that among the four PMM orthologues in
T. kodakaraensis, only one gene actually encodes a highly ac-
tive PGM/PMM.

DISCUSSION

Here, using biochemical analysis, we showed that only one
(TK1108) of four putative PMM genes present in the genome
of T. kodakaraensis actually encodes a protein with significant
PGM activity. This is the first report in which an archaeal PGM
gene has been experimentally identified. The protein product
also exhibited comparable levels of PMM activity, an activity
that also could not be detected in the other orthologue pro-
teins. During purification from 7. kodakaraensis cells, we could
not detect any PGM activities other than that derived from the
TK1108 protein. Although we cannot rule out the possibility
that there are other PGMs and/or PMMs that were not ex-
pressed under the conditions examined, it is most likely that
TK1108 is responsible for both the PGM and PMM activities
in T. kodakaraensis.

Another observation that supports our conclusions is that
the levels of PGM activity found in T. kodakaraensis cells
agreed well with the transcription levels of the PGM; gene.
Both levels were higher in cells grown on starch than in pyru-
vate-grown cells. This may reflect a role of the enzyme in starch
degradation, in which glucose 1-phosphate is produced by the
function of starch phosphorylases. Another possibility is that
the enzyme is involved in intracellular glycogen synthesis. We
also found putative ADP-glucose synthase (ADP-glucose pyro-
phosphorylase) genes and a glycogen synthase gene in the 7. ko-
dakaraensis genome. When abundant, sugars may be stored in
the cells in the form of glycogen.

The phylogenetic tree of PMM genes from Thermococcales
(Fig. 2) allowed us to identify the corresponding genes in three
Pyrococcus genomes. TK1108 was closely related to PF058S,
PH0923, and PABO0S819, suggesting that the latter three genes
may encode the PGM/PMMs in their organisms. Interestingly,
all three Pyrococcus genes formed gene clusters with the genes
encoding a putative mannose-1-phosphate guanylyl transfer-
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ase, a putative mannosyl 3-phosphoglycerate phosphatase, and
mannosyl 3-phosphoglycerate synthase. In particular, the pro-
tein products of the latter two genes from P. horikoshii have
been biochemically characterized and have been clearly shown
to exhibit the expected enzyme activities in a biosynthetic path-
way for mannoglycerate, a compatible solute (4). The results
obtained in this study, namely, the significant PMM activity of
PGM,, agree well with the proposal that genes clustered in
the immediate vicinity of the mannosyl 3-phosphoglycerate
phosphatase and mannosyl 3-phosphoglycerate synthase genes
are involved in mannoglycerate biosynthesis.

Although PGM,, displays phosphopentomutase activity
(Table 1), it seems unlikely that PGM is the major phospho-
pentomutase in 7. kodakaraensis. The K,,, of the TK1777 prod-
uct with deoxyribose 1-phosphate is slightly lower than that of
PGM, and the k_,/K,, value is also higher. It has been re-
ported previously that phosphopentomutase activity is nearly
equivalent in 7. kodakaraensis cells grown on pyruvate or
starch (13), and this was consistent with the transcription levels
of TK1777 (data not shown). In contrast, we found here that
PGM activity and transcription of TK1108 are both upregu-
lated in the presence of starch. With these results, it is reason-
able to conclude that TK1108 is the PGM/PMM gene and that
TK1777 is the phosphopentomutase gene of 7. kodakaraensis.
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