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The biosynthetic pathway for the synthesis of the compatible solute �-mannosylglycerate (MG) in the
thermophilic bacterium Thermus thermophilus HB27 was identified based on the activities of recombinant
mannosyl-3-phosphoglycerate synthase (MPGS) (EC 2.4.1.217) and mannosyl-3-phosphoglycerate phospha-
tase (MPGP) (EC 3.1.3.70). The sequences of homologous genes from the archaeon Pyrococcus horikoshii were
used to identify MPGS and MPGP genes in T. thermophilus HB27 genome. Both genes were separately cloned
and overexpressed in Escherichia coli, yielding 3 to 4 mg of pure recombinant protein per liter of culture. The
molecular masses were 43.6 and 28.1 kDa for MPGS and MPGP, respectively. The recombinant MPGS
catalyzed the synthesis of �-mannosyl-3-phosphoglycerate (MPG) from GDP-mannose and D-3-phosphoglyc-
erate, while the recombinant MPGP catalyzed the dephosphorylation of MPG to MG. The recombinant MPGS
had optimal activity at 80 to 90°C and a pH optimum near 7.0; MPGP had maximal activity between 90 and
95°C and at pH 6.0. The activities of both enzymes were strictly dependent on divalent cations; Mn2� was most
effective for MPGS, while Mn2�, Co2�, Mg2�, and to a lesser extent Ni2� activated MPGP. The organization
of MG biosynthetic genes in T. thermophilus HB27 is different from the P. horikoshii operon-like structure, since
the genes involved in the conversion of fructose-6-phosphate to GDP-mannose are not found immediately
downstream of the contiguous MPGS and MPGP genes. The biosynthesis of MG in the thermophilic bacterium
T. thermophilus HB27, proceeding through a phosphorylated intermediate, is similar to the system found in
hyperthermophilic archaea.

The compatible solute mannosylglycerate (MG) was origi-
nally identified in red algae of the order Ceramiales (4) but has
never been encountered in mesophilic bacteria or archaea.
MG is, however, a common compatible solute of halotolerant
or slightly halophilic thermophilic and hyperthermophilic pro-
karyotes. The organisms that accumulate MG include the
slightly halophilic euryarchaeotes of the genera Pyrococcus and
Thermococcus (22, 23), the crenarchaeote Aeropyrum pernix,
and the species Archaeoglobus veneficus and Archaeoglobus
profundus (12). Among thermophilic bacteria, MG has been
identified in Thermus thermophilus, Rhodothermus marinus,
and Rubrobacter xylanophilus (28, 33). The role of MG as a
compatible solute under salt stress has been confirmed in sev-
eral of these organisms, and there is increasing evidence that
this organic solute also has a role in stabilizing proteins from
thermal denaturation, since it is one of the most efficient ther-
moprotectants known in vitro (3, 30).

The biosynthetic route for the synthesis of MG has been
examined in Rhodothermus marinus and Pyrococcus horikoshii.
The synthesis of MG proceeds via two alternate routes in R.
marinus. In one pathway, GDP-mannose is condensed with

D-glycerate to produce MG in a single glycosyl transfer reac-
tion catalyzed by MG synthase (26). In the other pathway,
mannosyl-3-phosphoglycerate synthase (MPGS) catalyzes the
conversion of GDP-mannose and D-3-phosphoglycerate into
mannosyl-3-phosphoglycerate (MPG), which is subsequently
converted to MG by mannosyl-3-phosphoglycerate phospha-
tase (MPGP). In contrast to the case in R. marinus, the syn-
thesis of MG in P. horikoshii proceeds only via the two-step
pathway involving the phosphorylated intermediate (9).

Strains of most species of the genus Thermus are ubiquitous
inhabitants of neutral and alkaline continental hot springs,
where the concentration of salt is very low. On the other hand,
only T. thermophilus has been isolated from shallow marine
and abyssal hydrothermal vents, where the concentration of
sodium reaches that in seawater. Furthermore, all known
strains of the species T. thermophilus are halotolerant and are
capable of growing in media containing about 5 to 6% NaCl
(8). Unlike in R. marinus, Pyrococcus furiosus, P. horikoshii,
Thermococcus celer, and Thermococcus stetteri, where MG is
the major compatible solute during growth on yeast extract-
based media, trehalose is the major compatible solute of the T.
thermophilus strains examined. However, MG is a secondary
compatible solute that accumulates concomitantly with the sa-
linity of the growth medium (28).

The identification of the genes and the investigation of bio-
synthetic pathways involved in the synthesis of MG are con-
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sidered essential to our knowledge of the physiological role of
MG in thermal and osmotic stress responses of thermophilic
bacteria and hyperthermophilic archaea, as well as the puzzling
distribution of this compatible solute among prokaryotes. The
annotation of genes based on sequence similarity to homolo-
gous proteins is far from being a reliable approach to the
identification of the correct enzyme activity, and it is therefore
important that sequence information should be supported by
functional data (10). In this regard, we identified, cloned, and
functionally overexpressed the MPGS and MPGP gene se-
quences from Thermus thermophilus HB27 and characterized
the recombinant enzymes leading to the synthesis of MG.

MATERIALS AND METHODS

Strains, identification and cloning of the genes encoding MPGS and MPGP
from T. thermophilus, and functional overexpression in Escherichia coli. T. ther-
mophilus strain HB27 (DSM 7039) was obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braunschweig, Germany. For the at-
tempt to identify the genes responsible for MG biosynthesis in T. thermophilus
HB27 we used the sequences of mgs from R. marinus and the MPGS and MPGP
genes from P. horikoshii for BLAST (1) searches in the T. thermophilus HB27
genome sequence database (Göttingen Genomics Laboratory [www.g2l.bio.uni
-goettingen.de]). Two open reading frames (ORFs) with high homology to the
MPGS and MPGP genes were detected, and based on the sequences provided,
the full MPGS gene was amplified from T. thermophilus HB27 genomic DNA by
using forward primer TT1 (5�-GCGGAATTCATGCGTCTGGAGATTCCCAA
C-3�) and reverse primer TT2 (5�-GCGAAGCTTTCATGGCACCCGGAAGC
GGG-3�); the complete MPGP gene was amplified with forward primer TT3
(5�-GCGGAATTCATGATCGTCTTCACCGACCTG-3�) and reverse primer
TT4 (5�-GCGCTGCAGTCAGGGCCCGCTCCCTCCTCG-3�). Forward prim-
ers were constructed with additional EcoRI recognition sequences (underlined)
immediately upstream of the start codon (boldface), and reverse primers were
constructed by adding HindIII and PstI sites (underlined) to TT2 and TT4,
respectively, and directly behind the stop codon (boldface). PCR amplifications
were carried out in a Perkin-Elmer GeneAmp PCR system 2400 instrument with
reaction mixtures (50 �l) containing 100 ng of T. thermophilus HB27 DNA, 200
ng of each primer, 10 mM Tris-HCl (pH 9.0), 1.5 mM MgCl2, 50 mM KCl, 2.5
U of Taq DNA polymerase, and a 0.2 mM concentration of each deoxynucleo-
side triphosphate. The mixtures were preincubated for 5 min at 94°C and then
subjected to 25 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1
min, and primer extension at 72°C for 1 min. The extension reaction in the last
cycle was prolonged for 7 min. Amplification products were visualized on 1%
agarose gels and purified by band excision (Novagen). Both PCR products were
purified after digestion of the MPGS gene with EcoRI and HindIII and digestion
of the MPGP gene with EcoRI and PstI and were ligated into the corresponding
sites of expression vector pKK223-3 (Amersham Biosciences) to obtain plasmids
pTTS and pTTP, respectively. Most DNA manipulations followed standard mo-
lecular techniques and procedures (32). Both constructs were sequenced on both
strands (AGOWA, Berlin, Germany).

E. coli XL1-Blue and BL21-Rosetta strains (Novagen) were used as hosts for
overexpression. The nucleotide sequences of the MPGS and MPGP genes ex-
hibit a high number of CCC codons for proline, which are rarely used by E. coli.
To avoid translational constraints or misincorporation upon high-level expres-
sion (17), the BL21-Rosetta strain carrying a plasmid with extra tRNA genes for
the codons rarely used in E. coli was used as the host. Clones bearing pTTS or
pTTP were grown in 1 liter of YT medium at pH 7.0 and 37°C. Ampicillin was
added to a final concentration of 100 �g/ml for selection of plasmids pTTS and
pTTP. Chloramphenicol was added to a final concentration of 40 �g/ml for
selection of the plasmid with the tRNA genes. E. coli clones were grown to the
mid-exponential growth phase (optical density at 600 nm of 0.8) at 37°C, induced
with 0.5 mM IPTG (isopropyl-�-D-thiogalactopyranoside), and grown further for
12 h at 30°C.

Cells were harvested by centrifugation (7,000 � g, 10 min, 4°C). The cell pellet
was resuspended in Tris-HCl (20 mM, pH 7.6) containing MgCl2 (5 mM) and
(per milliliter of the suspension) DNase I (10 �g) and the protease inhibitors
phenylmethylsulfonyl fluoride (80 �g), leupeptin (20 �g), and antipain (20 �g)
(all from Sigma-Aldrich). Cells were disrupted by sonication, followed by cen-
trifugation (18,000 � g, 30 min, 4°C) to remove debris. MPGS and MPGP
activities were confirmed in E. coli cell extracts by incubating 10 �l of superna-

tant with the mixtures described below. Cell extracts from E. coli containing the
plasmid pKK223-3 without insert were used as negative controls. E. coli cell
extracts containing the recombinant enzymes were incubated for 20 min at 70°C
to denature the majority of the host proteins and centrifuged (25,000 � g, 30 min,
4°C). The supernatants were filtered through 0.22-�m-pore-size filters (Schlei-
cher & Schuell) and used for purification of the enzymes. The protein contents
of all samples were determined by the Bradford assay (5).

Enzyme assays during purification of the proteins. To detect MPGS activity in
E. coli cell extracts during the purification of the recombinant enzyme from E.
coli cell extracts, a reaction mixture (100 �l) containing 25 �l of the eluted
fraction, 2.5 mM GDP-mannose, 2.5 mM D-3-phosphoglycerate (sodium salt),
and 20 mM MgCl2 in 25 mM Tris-HCl (pH 7.6) was used. The reaction mixture
was incubated at 70°C for 15 min and cooled on ice, followed by incubation for
15 min with 2 U of alkaline phosphatase (Sigma-Aldrich) at 37°C. The products
formed before and after the addition of alkaline phosphatase were visualized by
thin-layer chromatography (TLC) (9). Standards of MG, MPG, D-mannose,
guanosine, D-3-phosphoglycerate, GDP-mannose, and GDP were used for com-
parative purposes.

To detect MPGP activity in E. coli cell extracts and during the fast protein
liquid chromatography purification of the recombinant enzyme, a reaction mix-
ture (50 �l) containing 15 �l of the eluted fraction, MPG (obtained from
synthesis with purified MPGS), 25 mM Tris-HCl (pH 7.6), and 20 mM MgCl2
was used. The reaction mixture was incubated at 70°C for 15 min and cooled on
ice. The products formed were analyzed by TLC as described above with appro-
priate standards.

Purification of MPGS. The MPGS activity assay was performed as described
above, and the enzyme was purified with two sequential Q-Sepharose fast-flow
columns (Hi-Load 16/10) equilibrated with 20 mM Tris-HCl, pH 7.6. Elution was
carried out at a constant flow of 3 ml/min with linear NaCl gradients (0.0 to 1.0
M) in the same buffer, and MPGS activity was located by TLC after incubation
of fractions with substrates as described above. Active fractions were concen-
trated, and the purity of the samples was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Purification of MPGP. MPGP-containing supernatant obtained after heat
denaturation was applied to a Q-Sepharose fast-flow column as described for the
recombinant MPGS. Elution was carried out at a constant flow rate of 3 ml/min
with a linear NaCl gradient (0.0 to 1.0 M). Active fractions were concentrated,
dialyzed against 20 mM Tris-HCl (pH 7.6), loaded onto a Mono Q column and
eluted by a linear gradient of NaCl (0.0 to 1.0 M) at a constant flow rate of 1
ml/min. Active fractions were concentrated, and the purity of the samples was
evaluated by SDS-PAGE.

Characterization of the recombinant enzymes. For the characterization of
MPGS substrate specificity, several sugar nucleotides were tested as possible
donors of the sugar moiety, namely, GDP-mannose, ADP-mannose, UDP-man-
nose, ADP-glucose, GDP-glucose, UDP-glucose, and UDP-galactose. The three-
carbon compounds glycerol, D-3-phosphoglycerate, D-2-phosphoglycerate, L-glyc-
erol-3-phosphate, 2,3-bisphospho-D-glycerate, and phosphoenolpyruvate (all
from Sigma-Aldrich) were tested as sugar acceptors. The reaction mixtures,
containing a 2.5 mM concentration of each substrate in 25 mM Tris-HCl (pH 7.6)
and 25 mM MgCl2, were incubated at 70°C for 30 min, followed by dephosphor-
ylation at 37°C for 15 min with 2 U of alkaline phosphatase. Samples were tested
for the formation of products by TLC (9).

MPG was synthesized by using recombinant MPGS from T. thermophilus
HB27 (20 �g/ml). The reaction mixture contained 10 mM GDP-mannose and 10
mM D-3-phosphoglycerate in 25 mM Bis-Tris propane (pH 8.0) and 0.1 mM
MnCl2. The synthesis proceeded for 30 min at 80°C and was stopped in an
ethanol-ice bath. Two volumes of cold acetone were added, and the sample was
further incubated on ice to precipitate the enzyme. After centrifugation, acetone
was evaporated at 80°C. The MPG produced was used as the substrate for MPGP
assays. The concentration of MPG was measured by specific dephosphorylation
of a 5-�l aliquot at 90°C for 5 min in a reaction mixture containing 5 �g of pure
MPGP, 25 mM Tris-HCl (pH 7.0), and 10 mM MgCl2 in a total volume of 50 �l.
The reaction was stopped on ice, and the volume was adjusted to 300 �l with
water for phosphate quantification (2). The reaction mixture was also spotted on
a Silica Gel 60 TLC plate (Merck) to confirm that the dephosphorylation of
MPG was complete. The solvent system used was composed of n-propanol and
ammonia (1:1 by volume), which separated the MPG formed from residual
GDP-mannose in the reaction mixture. Visualization of the compounds was
achieved with �-naphthol–sulfuric acid solution (9).

Several sugar phosphates, i.e., MPG (synthesized with pure MPGS as de-
scribed above), mannose-6-phosphate (mannose-6P), glucose-6P, fructose-6P,
and trehalose-6P, as well as GDP (all from Sigma-Aldrich), were examined as
possible substrates for MPGP in a mixture containing a 2.5 mM concentration of
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each substrate, 50 mM Tris-HCl (pH 7.6), and 25 mM MgCl2 by incubation of
the reaction mixtures at 70°C for 30 min followed by TLC analysis.

The protocol used to examine the temperature profile, pH dependence, effect
of cations, and thermal stability of the recombinant enzymes was as follows. The
activity of MPGS was calculated from the synthesis of MPG from GDP-mannose
and D-3-phosphoglycerate. Reactions were initiated at a specific temperature by
adding an exact amount of protein and were stopped at different times by cooling
on an ethanol-ice bath. Cold acetone was added to denature protein and evap-
orated as described above. Samples were then incubated with excess T. ther-
mophilus MPGP to ensure rapid and complete dephosphorylation of the MPG
formed. The free phosphate was quantified (2). The complete dephosphorylation
of MPG was verified by TLC.

The activity of MPGP was based on the same method of release of inorganic
phosphate from MPG. Reactions were commenced at a specific temperature by
adding an exact amount of protein and stopped at different times by cooling on
an ethanol-ice bath. The reaction mixture contained 2 mM MPG in 25 mM
Bis-Tris propane buffer, pH 7.0. The formation of free phosphate was quantified
(2). The temperature profiles for activity of MPGS and MPGP were determined
between 25 and 103°C. The effects of pH on MPGS and MPGP activities were
determined in 25 mM MES (morpholineethanesulfonic acid) buffer (pH 4.5 to
6.0), 25 mM Tris-HCl buffer (pH 5.5 to 7.0), and Bis-Tris propane buffer (pH 6.5
to 9.0) at 80 and 90°C, respectively. All pH values were measured at room
temperature; the actual pH at 80 and 90°C was calculated by using the conversion
factor �pKa/�T (°C) � 	0.011 for MES, 	0.030 for Tris-HCl, and 	0.015 for
Bis-Tris propane. The thermal stabilities of both enzymes were determined at 70,
80, 90, and 100°C as follows. MPGS (10 �l of a solution of 1.0 mg/ml) was
incubated in 25 mM Bis-Tris propane (pH 8.0) for all temperatures. MPGP (10
�l of a solution of 1.0 mg/ml) was incubated in 25 mM Bis-Tris propane (pH 7.0)
at all temperatures but 80°C. At appropriate times, samples were withdrawn and
immediately examined for residual activities at 80°C.

The protocol used to determine the kinetic parameters of MPGS was as
follows. The reactions were initiated by the addition of 0.2 �g of MPGS to the
25 mM Bis-Tris propane (pH 8.0) solutions containing either GDP-mannose (0.1
to 5.0 mM) plus D-3-phosphoglycerate (5 mM) or GDP-mannose (5 mM) plus
D-3-phosphoglycerate (0.1 to 5.0 mM) and an excess of MPGP (2 �g) to ensure
complete dephosphorylation of MPG. The reactions were stopped at different
times by cooling on ice-ethanol bath, and the phosphate released was determined
as described above. The reaction used to determine the kinetic parameters of
MPGP was initiated by the addition of 0.2 �g of MPGP to the 25 mM Bis-Tris
propane (pH 7.0) solutions containing MPG (0.1 to 2.0 mM) and stopped at
different times by cooling on ice-ethanol bath. Phosphate released was quanti-
fied. All samples for MPGS and MPGP reactions were preheated for 2 min, and
all reactions were initiated by the addition of the enzyme preparation. Kinetic
parameters for all substrates were determined at 80°C. All experiments were
performed in duplicate. Values for Vmax and Km were determined from Hanes
plots. The protein content of all samples was determined by the Bradford assay
(5).

Nucleotide sequence accession numbers. A 3.0-kb sequence containing the
MPGS and MPGP genes, as well as flanking sequences, has been deposited in
GenBank under accession number AY193871. The DNA sequences correspond-
ing to putative phosphomannose mutase (PMM), putative phosphomannose
isomerase (PMI), and putative mannose-1P-guanylyltransferase/PMI (M1P-GT/
PMI) have been deposited under accession numbers AY194229, AY194230,
AY194231, and AY194232, respectively.

RESULTS

Identification of the genes encoding MPGS and MPGP in T.
thermophilus HB27. Based on the amino acid sequences of
MPGS and MPGP from P. horikoshii, BLAST searches were
performed at the T. thermophilus HB27 genome database, re-
sulting in the identification of two ORFs displaying high ho-
mology to the MPGS and MPGP genes of the hyperthermo-
philic archaeon. These ORFs were identified as the genes
encoding MPGS and MPGP by their functional overexpression
in E. coli. The MPGS gene contains 1,176 bp coding for a
polypeptide with 391 amino acids and a calculated molecular
mass of 43.6 kDa. This protein has 46% amino acid identity
with MPGS from P. horikoshii, 43% identity with MPGS from
Pyrococcus abyssi, 42% identity with MPGS from P. furiosus,

36% identity with the putative MPGS from A. pernix, and 38%
identity with a putative MPGS found in an environmental
sequence belonging to an uncultured crenarchaeote (Fig. 1).
The MPGP gene contains 780 bp encoding a protein with 259
amino acids and a molecular mass of 28.1 kDa exhibiting 28%
amino acid identity with MPGP from P. horikoshii (GenPept
accession number BAA30022), 25% amino acid identity with
MPGP from P. abyssi (GenPept accession number CAB50139),
32% amino acid identity with MPGP from P. furiosus (Gen-
Pept accession number AAL80714), and 26% amino acid iden-
tity with putative MPGP from A. pernix (GenPept accession
number BAA79870). In contrast to the adjacent MPGS and
MPGP gene sequences in these organisms, a sequence coding
for putative MPGP was not found downstream of the MPGS
gene in the uncultured crenarchaeote fragment (GenBank ac-
cession number AJ496176). A search on the complete genome
of T. thermophilus HB27 (A. Henne, personal communication)
did not reveal the presence of a gene corresponding to mgs
from R. marinus (GenBank accession number AF173987). The
genome of T. thermophilus HB27, unlike those of P. horikoshii
(19), P. furiosus (31), and P. abyssi (National Centre for Se-
quencing, Evry, France [www.genoscope.cns.fr]), does not pos-
sess two genes immediately downstream from the MPGS and
MPGP genes encoding a putative PMM or a putative bifunc-
tional M1P-GT/PMI (Fig. 2). However, putative genes encod-
ing PMM (GenBank accession numbers AY194229 and
AY194230) and a gene encoding a putative type I PMI (Gen-
Bank accession number AY194231) are found in the T. ther-
mophilus HB27 genome. Another gene encoding a protein with
34% amino acid identity to the putative bifunctional M1P-GT/
PMI of P. horikoshii is also found in the genome of T. ther-
mophilus HB27 (GenBank accession number AY194232), but
sequence analysis showed that the isomerase domain is trun-
cated.

Cloning of the MPGS and MPGP genes, functional overex-
pression in E. coli, and purification of recombinant enzymes.
PCR amplification of the MPGS and MPGP genes from
genomic DNA of T. thermophilus yielded bands with the ex-
pected sizes in agarose gels. Activity assays carried out with E.
coli cell extracts after expression of E. coli clones containing
plasmids pTTS and pTTP, revealed MPG synthesis by MPGS-
expressing clones and MPG dephosphorylation by MPGP-ex-
pressing clones. SDS-PAGE analysis of crude extracts of XL1-
Blue clones showed weak expression bands compared to
results for the negative control cell extracts bearing empty
vectors (results not shown). The analysis of T. thermophilus
HB27 MPGS and MPGP gene nucleotide sequences showed
the presence of rare CCC proline-encoding codons, occurring
at 3.8 and 6.2%, respectively, whereas in E. coli they occur at
only 0.5% (17). Higher levels of expression were achieved with
BL21-Rosetta clones coexpressing the recombinant enzyme
and tRNA for the rare codons.

Yields of 3 to 4 mg of protein from MPGS and MPGP per
liter of culture were estimated. Heat treatment of cell extracts
at 70°C for 20 min resulted in extensive purification of the
44-kDa (MPGS) and 28-kDa (MPGP) proteins. The recombi-
nant MPGS and MPGP preparations were pure as judged by
SDS-PAGE. Bands corresponding to MPGS and MPGP were
not detected in cell extracts from the E. coli BL-21 Rosetta
strain containing the empty plasmid (results not shown).

3274 EMPADINHAS ET AL. APPL. ENVIRON. MICROBIOL.



Catalytic properties of MPGS from T. thermophilus. MPGS
showed a highly specific substrate specificity, since only the
combination of GDP-mannose with D-3-phosphoglycerate
resulted in the formation of MPG (results not shown). The

identification of the reaction product of MPGS as MPG was
achieved by standard nuclear magnetic resonance spectros-
copy (9). The � configuration of MPG was confirmed from
the measurement of the coupling constant between the ano-

FIG. 1. CLUSTALX (36) alignment of MPGS amino acid sequences from T. thermophilus HB27 (Tthe) (GenBank accession number
AY193871), P. horikoshii (Phor) (GenPept accession number BAA30023), P. abyssi (Paby) (GenPept accession number CAB50138), P. furiosus
(Pfur) (GenPept accession number AAL80715), A. pernix (Aper) (GenPept accession number BAA79872), and an uncultured crenarchaeote (Cren)
(GenPept accession number CAD42692). Identical amino acids are shaded in black, and conserved residues are shaded in gray.
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meric carbon and the directly bound proton (J � 171.8
Hz).

At 25°C the activity of the enzyme was 10% of the maximal
activity reached between 80 and 90°C (Fig. 3). At 103°C MPGS
still had 55% of the total activity. The activation energy for
MPGS determined from Arrhenius plots was 48.4 kJ/mol. The
half-lives determined at 80, 90, and 100°C were 189, 22, and 10
min, respectively. Within the pH range examined (5.0 to 9.0),
the activity of the enzyme at 80°C was maximal near pH 7.0
(Fig. 3). MPGS exhibited Michaelis-Menten kinetics, and the
Km values for the substrates were determined from double-
reciprocal plots. The activity of MPGS was strictly dependent
on divalent cations in the following order of efficiency: Mn2� 

Mg2� 
 Co2� 
 Ni2� (Fig. 4). The maximum activation of the
enzyme by Mn2� was between 0.2 and 2.0 mM. On the other
hand, Mg2� had a similar effect on the activation of MPGS, but
this took place at about 20.0 mM. At this concentration Mn2�

inhibited the enzyme. Other divalent cations tested, such as
Ca2�, Sr2�, Cu2�, Ba2�, and Zn2�, did not stimulate MPGS
activity at any concentration. NaCl and KCl, in the concentra-
tion range of 50 to 300 mM, inhibited enzyme activity (results
not shown). All results are summarized in Table 1.

Catalytic properties of MPGP. MPGP also exhibited high
substrate specificity, since MPG was the only substrate dephos-
phorylated by the enzyme (results not shown). At 30°C the
enzyme had 15% of the activity reached at 95°C (Fig. 3). At
103°C MPGP retained 70% of the activity. The activation en-
ergy for MPGP was 41.7 kJ/mol. Half-lives determined at 90
and 100°C were 25 and 2 min, respectively. The optimum pH
for activity of the enzyme was near 6.0 (Fig. 3). MPGP exhib-
ited Michaelis-Menten kinetics, and the Km for the substrate is
shown in Table 1. This enzyme was also strictly dependent on
divalent cations, but MPGP was not as selective as MPGS,
since Co2�, Mg2�, Mn2�, and, to a lesser extent, Ni2� acti-
vated the enzyme to similar degrees at a concentration of
about 2.0 mM (Fig. 4). Other cations, i.e., Ca2�, Sr2�, Ba2�,
Cu2�, and Zn2�, had no effect on MPGP activity at any con-
centration. All results are summarized in Table 1.

DISCUSSION

Experimental data show that MG accumulation is scattered
among phylogenetically unrelated groups of prokaryotes who
share only the ability to grow at very high temperatures under
saline conditions (Fig. 5). Several hyperthermophilic archaea
of the genus Pyrococcus, the slightly halophilic species of Ther-
mococcus, and A. pernix accumulate MG (34). The thermo-
philic bacteria T. thermophilus (classified within the Deinococ-
cus-Thermus phylum) (8), R. marinus (a member of the phylum
Cytophaga-Flavobacterium-Bacteroides) (35), and R. xylanophi-
lus (representing the deepest branch within the phylum Acti-

FIG. 2. Schematic comparison of the organization of the genes
encoding MPGS and MPGP in the genomes of T. thermophilus HB27
(Tthe) (Göttingen Genomics Laboratory), A. pernix (Aper) (20), and P.
horikoshii (Phor) (19). Arrows represent genes. MPGS, EC 2.4.1.217;
MPGP, EC 3.1.3.70; M1P-GT/PMI, EC 2.7.7.22/5.3.1.8; PMM, EC
5.4.2.8.

FIG. 3. (A) Temperature dependence of the activity of recombi-
nant MPGS (F) and the recombinant MPGP (E). The enzyme activ-
ities were determined at between 25 and 103°C. The inset shows the
Arrhenius plot of the data at between 40 and 90°C. (B) pH dependence
of the recombinant MPGS (solid symbols) and the recombinant
MPGP (open symbols) of T. thermophilus HB27. The enzyme activities
were determined at between pH 4.5 and 9.0 in MES (‚), Tris-HCl (■
and �) and Bis-Tris propane (F and E).
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nobacteria) (6) also accumulate MG. However, other hyper-
thermophilic bacteria and archaea do not accumulate this
compatible solute. Organisms such as Thermotoga maritima,
which accumulate primarily di-myo-inositol-phosphate and its
derivatives, or the type strain of the archaeon Archaeoglobus
fulgidus, which accumulates primarily diglycerol phosphate as
compatible solutes (24, 25), whose genomes have been se-
quenced, lack genes for the synthesis of MG (21, 27).

Two biosynthetic pathways for MG have been identified in
R. marinus, but only the two-step pathway has been identified
in P. horikoshii (9, 26). The identification of the sequences of
the genes from P. horikoshii provided us with the information
to search for homologs in other organisms that accumulate
MG whose genomes have been sequenced and in the unpub-
lished T. thermophilus HB27 genome. Of some 100 complete
genomes examined, we found genes coding for MPGS and
MPGP only in T. thermophilus HB27, a thermophilic and
slightly halophilic bacterium that accumulates trehalose and
MG under osmotic stress (28). An MG synthase homolog gene
from R. marinus was not encountered in T. thermophilus HB27.
Thus, at present R. marinus is the only organism that possesses
two biosynthetic pathways for the synthesis of MG, one of
which is restricted to this organism (26).

Genes involved in MG biosynthesis in P. horikoshii are ar-

ranged in an operon-like structure containing four genes cod-
ing for the enzymes catalyzing the conversion of the central
metabolite fructose-6P to GDP-mannose and further to MG.
The organization of the genes in T. thermophilus HB27 is
similar to that in Pyrococcus spp. and A. pernix in that the
MPGP gene is found immediately downstream of the MPGS
gene. However, in strain HB27 the genes encoding PMM and
M1P-GT/PMI are not found downstream of the MPGP gene as
they are in the Pyrococcus spp. Thus, the gene organization in
T. thermophilus HB27 is most similar to the one found in the
crenarchaeote A. pernix. It could be that the Pyrococcus oper-
on-like arrangement and cotranscription of genes responsible
for the pathway from fructose-6P provide a functional advan-
tage and efficient synthesis of MG in an organism where it is
the major compatible solute. However, the physiological im-
plications of a simpler genetic structure for MG synthesis in T.
thermophilus HB27 are not clear, because R. marinus, in which
MG and the unique MG derivative mannosylglyceramide are
the major compatible solutes, also possesses a gene arrange-
ment like that of T. thermophilus. (N. Borges and H. Santos,
unpublished results).

Putative genes coding for enzymes involved in the conver-
sion of the glycolytic intermediate fructose-6P into GDP-man-
nose could be found in the T. thermophilus HB27 genome, but
they were located elsewhere in the chromosome. One ORF
encoding a putative type I PMI was found elsewhere in the
genome and could be responsible for the conversion of fruc-
tose-6P into mannose-6P. Another ORF was identified as a
putative type II PMI, and like type II PMIs, it is an M1P-GT/
PMI bifunctional enzyme (16). However, this ORF does not
contain a complete isomerase domain because of a C-terminal
truncation of more than 100 amino acids and is probably not
functional. Other putative type II PMIs present in different
organisms exhibit similar truncations; among them are the
M1P-GT/PMIs from Deinococcus radiodurans, Thermotoga
maritima, and Synechocystis (18, 27, 38), but activities for these
have not been studied so far. The reaction catalyzing the con-
version of mannose-6P into mannose-1P, the specific substrate
for GDP-mannose synthesis, could be carried out in T. ther-
mophilus HB27 by either one or both of two putative PMMs
found in the genome. The M1P-GT domain of the truncated
M1P-GT/PMI could then catalyze the conversion of man-
nose-1P and GDP into GDP-mannose, since no other gene for
this activity appears to be present in the genome of this organ-
ism. Moreover, this organism appears to lack a M1P-GT ho-
molog that uses GTP (EC 2.7.7.13) instead of GDP (EC
2.7.7.22) for the formation of GDP-mannose.

The syntheses of the compatible solutes glucosylglycerol,
galactosylglycerol, trehalose, and sucrose share, with the syn-
thesis of MG, the formation of a phosphorylated intermediate
(7, 11, 14, 37). Despite this common feature, the MPGSs of T.
thermophilus, Pyrococcus spp., A. pernix, and an uncultured
crenarchaeote share insignificant sequence similarity with
these osmolyte-phosphate synthases and were classified in a
separate glycosyltransferase family, designated GT55 (http:
//afmb.cnrs-mrs.fr/�cazy/CAZY/index.html).

MPGS and MPGP from T. thermophilus HB27 share most in
vitro biochemical and kinetic properties with their counter-
parts in P. horikoshii: the maximal activities of the enzymes are
between 80 and 100°C, the activities of both enzymes are al-

FIG. 4. Metal ion dependence of the in vitro activity of MPGS
(A) and MPGP (B). The activity assays were performed in the pres-
ence of various concentrations of manganese ions (F and E), magne-
sium ions (■ and �), nickel ions (� and �), and cobalt ions (Œ and
‚).

TABLE 1. Biochemical properties of the enzymes and kinetic
parameters for the substrates involved in the synthesis of MG in

T. thermophilus HB27

Property (Unit)
Value for:

MPGS MPGP

Optimum temp for activity (°C) 80–90 95
Optimum pH for activity �7 �6
Activation energy (kJ/mol) 48.4 41.7
Half-life (min) at:

80°C 189 NDa

90°C 22 25
100°C 10 2

Km (mM) for:
GDP-mannose 0.33
3-Phosphoglycerate 0.13
MPG 0.52

Vmax (�mol/min � mg) 122 172

a ND, not determined.
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most undetectable below 40°C but they are still active at above
100°C, and the pH dependences and the substrate specificities
are the same. The Vmax and Km values for the substrates of the
bacterial and the archaeal enzymes are also very similar. The
thermostability of T. thermophilus MPGS at 100°C is only
slightly lower than the thermostability measured at 98°C for P.
horikoshii MPGS. The thermostability of T. thermophilus HB27
MPGP, however, is considerably lower than that of the homo-
functional enzyme from P. horikoshii (9). The property that
distinguishes MPGSs and MPGPs from T. thermophilus and P.
horikoshii is the absolute requirement of the bacterial enzymes
for divalent cations for activity. Manganese was most effective
for activity of MPGS, and at the lowest concentration it could
be partially replaced by higher concentrations of Co2�, Ni2�,
or Mg2�. On the other hand, MPGS from P. horikoshii dis-
played 46% of the maximal activity in the absence of divalent
cations, and 15 mM Mg2� had the maximum effect on the
enzyme activity. The cation dependence of T. thermophilus
MPGS is unique with respect to other enzymes involved in the
synthesis of sugar or sugar derivative compatible solutes, such
as glucosylglycerol-phosphate synthase from Synechocystis sp.
strain PCC 6803, trehalose-phosphate synthase from Mycobac-
terium smegmatis, and sucrose-phosphate synthase from Syn-
echocystis. These enzymes, like P. horikoshii MPGS, are active
in the absence of cations, but Mg2� stimulates their activity (7,
14, 29). The absolute cation dependence of the bacterial

MPGP for activity also represents the main difference between
the bacterial and the archaeal enzyme.

T. thermophilus, unlike P. horikoshii, which grows at temper-
atures around the boiling point of water (13), has an optimum
temperature of only around 70°C and a maximum growth tem-
perature of 80 to 83°C (8). Thus, the relative thermostabilities
of the T. thermophilus MPGS and MPGP are very high com-
pared to those of the P. horikoshii enzymes.

Knowledge of the physiological role of MG in T. thermophi-
lus will provide a more detailed understanding of osmoadap-
tation in thermophilic and hyperthermophilic organisms, and
this bacterium, which is suitable for genetic manipulations
(15), is the organism of choice to accomplish these objectives.
Characterization of this pathway involved in the synthesis of
MG in T. thermophilus is an essential step towards this goal.
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