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Mannosylglycerate (MG) is a common compatible solute found in thermophilic and hyperthermophilic
prokaryotes. In this study we characterized a mesophilic and bifunctional mannosylglycerate synthase
(MGSD) encoded in the genome of the bacterium Dehalococcoides ethenogenes. mgsD encodes two domains with
extensive homology to mannosyl-3-phosphoglycerate synthase (MPGS, EC 2.4.1.217) and to mannosyl-3-
phosphoglycerate phosphatase (MPGP, EC 3.1.3.70), which catalyze the consecutive synthesis and dephos-
phorylation of mannosyl-3-phosphoglycerate to yield MG in Pyrococcus horikoshii, Thermus thermophilus, and
Rhodothermus marinus. The bifunctional MGSD was overproduced in Escherichia coli, and we confirmed the
combined MPGS and MPGP activities of the recombinant enzyme. The optimum activity of the enzyme was at
50°C. To examine the properties of each catalytic domain of MGSD, we expressed them separately in E. coli.
The monofunctional MPGS was unstable, while the MPGP was stable and was characterized. Dehalococcoides
ethenogenes cannot be grown sufficiently to identify intracellular compatible solutes, and E. coli harboring
MGSD did not accumulate MG. However, Saccharomyces cerevisiae expressing mgsD accumulated MG, con-
firming that this gene product can synthesize this compatible solute and arguing for a role in osmotic
adjustment in the natural host. We did not detect MGSD activity in cell extracts of S. cerevisiae. Here we
describe the first gene and enzyme for the synthesis of MG from a mesophilic microorganism and discuss the
possible evolution of this bifunctional MGSD by lateral gene transfer from thermophilic and hyperthermo-

philic organisms.

Several compatible solutes such as ectoine, glycine betaine,
and trehalose are widespread in mesophilic bacteria, where
they accumulate in response to stress imposed by salt or heat.
Thermophilic and hyperthermophilic bacteria and archaea
generally accumulate unusual compatible solutes, such as di-
myo-inositol-phosphate, di-mannosyl-di-myo-inositol-phosphate,
diglycerol-phosphate, and mannosylglycerate, that have not yet
been identified in mesophilic prokaryotes (40). Mannosylglyc-
erate (MG) has been encountered in several thermophilic
bacteria, such as Thermus thermophilus, Rhodothermus mari-
nus, and Rubrobacter xylanophilus, and in hyperthermophilic
archaea such as Aeropyrum pernix, Pyrococcus spp., and Ther-
mococcus spp. and some strains of the species Archaeoglobus
(40). Despite its scattered distribution, MG has been primarily
associated with prokaryotes that grow at high temperatures
(13, 40). While the role of MG during osmotic stress is uncon-
troversial in some of these organisms (42), in vitro evidence
indicates a role for this compatible solute on the protection of
proteins against thermal denaturation (5, 14, 36). However,
MG was also encountered in marine red algae and is not
therefore restricted to thermophilic and hyperthermophilic
prokaryotes (25).
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Identification of the genes and biosynthetic pathways in-
volved in the synthesis of MG is essential to elucidate the
physiological role of this compatible solute in the osmotic
stress responses of thermophiles and hyperthermophiles and to
understand its puzzling distribution among prokaryotes. Two
independent biosynthetic pathways for the synthesis of MG
have been elucidated; one involves the direct condensation of
GDP-mannose and p-glycerate into MG by mannosylglycerate
synthase (MGS). This pathway has only been encountered in
R. marinus (29). The alternative pathway channels GDP-man-
nose and D-3-phosphoglycerate (3-PGA) through the interme-
diate mannosyl-3-phosphoglycerate (MPG) to MG by manno-
syl-3-phosphoglycerate synthase (MPGS), encoded by mpgs,
and by mannosyl-3-phosphoglycerate phosphatase (MPGP),
encoded by mpgp. This pathway has been found in Pyrococcus
spp., I. thermophilus, and, recently, in R. marinus as well. The
genes of the two-step pathway are always contiguous in the
thermophilic and hyperthermophilic archaea and bacteria that
have been examined (6, 12, 13).

The bacterium tentatively named Dehalococcoides etheno-
genes is an unusual microorganism whose energy metabolism
relies on the reductive dechlorination of chlorinated ethene
solvents, which it uses as electron acceptors (30). This strictly
anaerobic organism, with an optimum growth temperature
near 35°C, represents a deep line of descent in the bacterial
phylum Chloroflexi (16). D. ethenogenes and a closely related
isolate designated CBDB1 were recovered from sewage sludge
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TABLE 1. Primers
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Primer Sequence (5'-3")" Direction Target sequence” Restriction
enzyme
DET1 GCGGAATTCATGCGCATTGAAAGCCTGCGTCCC Forward mgsD EcoRI
DET2 GCGAAGCTTTCACAGCTCTCCGTCAGGCAGAAC Reverse mgsD HindIII
DETS GCGAAGCTTTCACAGCTCTCCGTCAGGCAGAACC Reverse Dempgs HindIII
DETP CGGAATTCATGATTAAGGTTATCTATACTGATTTG Forward Dempgp EcoRI
DEF GCGAAGCTTATGCGCATTGAAAGCCTGCGTCCC Forward mgsD HindIII
DER GCGTCGCGATCACAGCTCTCCGTCAGGCAGAAC Reverse mgsD Nrul
ENO2F AGCTAGGGCCCAATCCTACTCTTGCCGTTGCC Forward ENO2 promoter Apal
ENO2R GATCTAAGCTTTATTATTGTATGTTATAGTATTAGTTGCT Reverse ENO?2 promoter HindIII
DETS-L GCGAAGCTTTCACTTTTTAAACTGTCCCGAAGACG Reverse Dempgs + linker HindIII
DETS-450 GCGAAGCTTTCACAGCTCTTTGTCTTTGAGCAG Reverse Dempgs + linker + 33 aa HindIII
DETS-549 GCGAAGCTTTCAAGACATATCCCCGAAGCTG Reverse Dempgs + linker + 132 aa HindIII

“ The restriction enzyme recognition sequences are underlined.
b aa, amino acids.

(1, 30). Preliminary experiments have shown that D. etheno-
genes is capable of growth at NaCl concentrations as high as 0.5
M, near the salinity of seawater (L. Hsu and S. Zinder, unpub-
lished data). Moreover, environmental 16S rRNA gene se-
quences of organisms that are closely related to D. ethenogenes
have also been detected in marine environments, indicating
that they are halotolerant or slightly halophilic and may there-
fore require compatible solutes for osmotic adjustment (22, 23,
37) (GenBank accession nos. AJ431246 and AJ431247). How-
ever, the extremely poor growth of D. ethenogenes does not
allow the determination of low-molecular-weight intracellular
solutes.

The ability to completely dechlorinate polychlorinated com-
pounds prompted the sequencing of the D. ethenogenes
genome. A BLAST search of genes involved in the synthesis
of MG at the TIGR unfinished-genomes database (http:
/[tigrblast.tigr.org/ufmg/) showed that D. ethenogenes has a
gene sequence potentially coding for two functional domains,
one with high homology to MPGS (EC 2.4.1.217) and the other
to MPGP (EC 3.1.3.70).

The identification of a putative bifunctional gene for the
synthesis of MG in D. ethenogenes raises several important
questions about the function of the enzyme, the synthesis of
MG by the natural host, and the role of this compatible solute
in D. ethenogenes. To answer some of these questions, we
expressed the gene in Escherichia coli and ultimately in Sac-
charomyces cerevisiae. Our results show that this gene, desig-
nated mgsD, encodes a bifunctional mannosylglycerate syn-
thase (MGSD) that synthesizes MG at low temperatures.
Furthermore, expression of the gene in S. cerevisiae led to in
vivo accumulation of MG, strongly suggesting that the function
of the gene product is to synthesize MG in D. ethenogenes. This
is the first report of a bifunctional gene and enzyme for the
synthesis of MG in a mesophilic bacterium and is a novelty of
evolutionary relevance.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. E. coli strains XL1-Blue and BL21-
Rosetta (Novagen) were used as hosts for cloning and gene expression. The
BL21-Rosetta strain carries a plasmid with the tRNA genes for the codons rarely
used by E. coli. Expression vector pKK223-3 (Amersham Pharmacia Biotech,
Uppsala, Sweden) was used for gene expression in E. coli. The medium for
growth was Luria-Bertani (LB) at 37°C, unless otherwise stated. Escherichia coli
strains were transformed by the calcium chloride method (38) and selected on

LB agar plates with the appropriate antibiotics. Ampicillin and chloramphenicol
were added where necessary at concentrations of 100 and 40 pg/ml, respectively.
Positive clones were identified by restriction analysis, and plasmids were purified
with the High-Pure plasmid purification kit (Roche).

Saccharomyces cerevisiae strain CEN.PK2 (MATa/MATbo ura3-52/ura3-52
trp1-289/trp1-289 leu2-3,112/leu2-3,112 his3A1/his3AI) and a yeast shuttle vector
derived from pRS425 (ATCC 77106) obtained from LGC Promochem (Ameri-
can Type Culture Collection, Barcelona, Spain; http://www.lgcpromochem.com
/atcc/) were used for gene expression. S. cerevisiae cells were grown in YPD
medium (10 g of yeast extract, 20 g of peptone, and 20 g of glucose per liter),
transformed by the lithium acetate protocol (17), and recombinants selected on
MM-LEU medium (6.7 g of yeast nitrogen base without amino acids [Difco] per
liter, 20 g of glucose per liter, and a leucine drop-out mixture of amino acids).
The cultures were grown in 1-liter baffled metal-capped Erlenmeyer flasks con-
taining 250 ml of medium at 30°C in an orbital shaker at 160 rpm.

Isolation of DNA from D. ethenogenes and PCR. DNA was extracted from D.
ethenogenes with phenol-chloroform-isoamyl alcohol and purified with a Bio 101
(Vista) Geneclean spin kit as previously described (15). All PCR amplifications
were carried out with 2.5 U of Pfu Turbo DNA polymerase (Stratagene) and the
conditions described elsewhere (13).

Identification and analysis of mgsD and flanking genes in the D. ethenogenes
genome. BLAST searches were carried out at the Institute for Genomic Re-
search unfinished genomes database (http://tigrblast.tigr.org/ufmg/) with amino
acid sequences from Pyrococcus horikoshii MPGS and MPGP (PAMPGS, Gen-
Pept BAA30023; PAMPGP, BAA30022). Preliminary sequence data were ob-
tained from TIGR at http://www.tigr.org. All open reading frames (ORFs) sur-
rounding mgsD were identified by BLAST with the translated sequences at the
National Center for Biotechnology Information (http:/www.ncbi.nlm.nih.gov
/BLAST).

Cloning the bifunctional mgsD and overexpression in E. coli. D. ethenogenes
genomic DNA was used as the template to amplify mgsD with primers DET1 and
DET?2 (Table 1), constructed based on the nucleotide sequence obtained from
TIGR. The PCR product was purified after digestion with EcoRI and HindIII
and ligated into the corresponding sites of pKK223-3, yielding pDET. The insert
was sequenced on both strands (AGOWA, Berlin, Germany) for confirmation
purposes.

E. coli BL21-Rosetta was transformed with pDET, and transformants were
selected on LB agar plates with appropriate antibiotics. Eight clones were sep-
arately grown in LB medium containing both antibiotics with continuous shaking
(180 rpm). One clone carrying an empty pKK223-3 was grown under identical
conditions. Growth was allowed to proceed to the mid-exponential phase (optical
density at 600 nm [ODgy] = 0.8) at 37°C, after which the temperature was
lowered to 30°C, followed by induction with 0.5 mM isopropylthiogalactopy-
ranoside (IPTG), and the clones were grown at this temperature for an addi-
tional 8 h. Aliquots of the cell suspensions were harvested by centrifugation at
10,000 X g for 30 s; the pellet was suspended in Laemmli buffer, boiled for 5 min,
and loaded on a denaturing polyacrylamide gel (27). The remaining cultures
were allowed to grow overnight. The clone showing greater expression band of
the recombinant MGSD on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gels was selected for enzyme production. LB medium (1
liter) containing both antibiotics was inoculated with 1 ml of the selected over-
night culture, grown to the mid-exponential phase (ODgq, = 0.8), induced with
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IPTG, and grown for another 8 h, as described above. Gene expression was
monitored by SDS-PAGE.

Construction of monofunctional enzymes and expression in E. coli. The 694-
amino-acid sequence of the bifunctional enzyme was aligned with the MPGS and
MPGP sequences from the Pyrococcus sp. and T. thermophilus with the Clustal W
Service at the European Bioinformatics Institute (http://www.ebi.ac.uk/clustalw).
The sequence encoding the D. ethenogenes MPGS domain (DeMPGS) of the
bifunctional MGSD was amplified by primers DET1 and DETS (Table 1), the
latter designed to introduce a stop codon 3’ of Leu®”’, excluding the amino acid
linker region between MPGS and MPGP, without homology to either domain
(see Fig. 2). The alternative primer DETS-L (Table 1) was designed to introduce
a stop codon 3’ of Lys*!”. DET1 and DETS-L were used to amplify the MPGS
gene, including the linker region (DeMPGS-L), comprising 417 amino acids. Two
additional mpgs variants were amplified with primers DETS-450 and DETS-549
(Table 1), designed to introduce stop codons 3’ of Leu*" and 3’ of Ser®*’, that
were used with DET1 in separate reactions to create genes encoding 450- and
549-amino-acid polypeptides (DeMPGS-450 and DeMPGS-549, respectively).
All engineered mpgs genes were cloned into pKK223-3 and transformed into E.
coli BL21-Rosetta as described above.

The construction of the D. ethenogenes MPGP domain (DeMPGP) was based
on the alignment of the MGSD sequence from D. ethenogenes with the MPGP
sequences from P. horikoshii (PhMPGP) and T. thermophilus (TtMPGP). Primer
DETP (Table 1) was designed to introduce an ATG start codon and an addi-
tional ATT codon 3’ of the linker region. This resulted in the creation of a
DeMPGP with an N-terminal Met followed by Ile to reproduce the N termini of
both PAMPGP and TtMPGP. Primers DETP and DET2 were used to amplify the
sequence encoding DeMPGP. Ligation to pKK223-3 and selection and analysis
of transformants were done as described above. Clones carrying Dempgp were
grown, and gene overexpression was determined as described above.

Preparation of cell extracts. All cultures of recombinant E. coli were centri-
fuged (7,000 X g, 10 min, 4°C) and suspended in 25 mM Tris-HCI (pH 7.5)
containing 5 mM MgCl,, DNase I (10 pg/ml), and protease inhibitors (13). Cells
were disrupted twice by French press (120 MPa), followed by centrifugation
(20,000 X g, 30 min, 4°C). The supernatants were filtered through a 0.22-pm
filter and used for purification of the enzymes. S. cerevisiae cells were collected
by centrifugation (5,000 X g, 10 min, 4°C) and suspended in the buffer described
above. Cells were disrupted and centrifuged as described above, the cell debris
was discarded, and the supernatant was used for the enzymatic assays described
below.

Enzyme assays. The reaction mixture (100 wl) used to detect enzyme activity
of the recombinant MGSD in E. coli cell extracts and to monitor activity during
purification contained 25 pl of sample, 2.5 mM GDP-mannose, and 2.5 mM
3-phosphoglycerate (3-PGA, sodium salt) in 25 mM Tris-HCI (pH 7.5) with 20
mM CoCl,. The mixture was incubated at 30°C for 30 min and cooled on ice. The
assay for detection of the activity of recombinant DeMPGS was as described
above, followed by incubation at 90°C for 5 min with 2 pg of pure recombinant
MPGP from T. thermophilus HB27 (13).

The assay for purification of DeMPGP was based on the dephosphorylation of
MPG previously synthesized by 7. thermophilus MPGS (13). The reaction mix-
ture contained 25 ul of sample, 2 mM MPG, 25 mM Tris-HCI (pH 7.5), and 25
mM CoCl,. The mixture was incubated at 30°C for 30 min and cooled on ice. All
products were loaded onto thin-layer chromatography (TLC) plates and visual-
ized (13).

Protein purification. The purification of MGSD was carried out by fast protein
liquid chromatography in three steps: the extract was loaded onto a Q-Sepharose
column (Hi-Load 16/10), and the active fractions were collected and concen-
trated in a 50-kDa-cutoff Centricon (Amicon), diluted threefold with 25 mM
Tris-HCI (pH 7.5), and loaded onto a second Q-Sepharose column. The active
fractions were treated as described above and loaded onto a Mono-Q column.
All columns were equilibrated with 25 mM Tris-HCI (pH 7.5). Elution was
carried out with linear NaCl gradients (0.0 to 1.0 M), and the active protein
fractions were located by TLC with the assay described above.

Artificial DeMPGS was purified with Q-Sepharose and Mono-Q columns as
described above, followed by a Superose 12 column equilibrated with 50 mM
Tris-HCI (pH 7.5) containing 200 mM NaCl. The purification of DeMPGS-L,
DeMPGS-450, and DeMPGS-549 was not carried out to purity because activity
was lost during the procedure.

Purification of DeMPGP was carried out with two consecutive Q-Sepharose
columns as described above. The purity of all samples at each step was verified
by SDS-PAGE.

Characterization of enzymes. The substrate specificity, kinetic parameters,
temperature profile, pH dependence, cation activation, and thermal stability of
the recombinant MGSD were determined by quantification of free phosphate
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resulting from the conversion of GDP-mannose and 3-PGA to MG through the
intermediate MPG. The reactions were initiated by the addition of exact
amounts of MGSD and stopped at different times by cooling on ice-ethanol. The
amount of phosphate released was determined immediately (13). The substrate
specificity of MGSD was examined by combining several sugar nucleotides,
namely, ADP-, GDP-, and UDP-mannose, ADP-, GDP-, and UDP-glucose,
UDP-galactose, GDP-fucose, and the sugar phosphates mannose-6-phosphate,
mannose-1-phosphate, glucose-6-phosphate, and fructose-6-phosphate with the
three-carbon compounds 3-PGA, 2-phosphoglycerate, glycerate, 2,3-bisphospho-
glycerate, phosphoenolpyruvate, and glycerol-3-phosphate at 50°C in 25 mM
Tris-HCI (pH 7.5) containing 25 mM CoCl,.

The cation dependence of the enzymes was examined by incubating the sample
with the appropriate substrates at 50°C with 20 uM, 200 uM, 2 mM, or 20 mM
concentrations of the chloride salts of Ba?>*, Ca?", Co?>*, Cu?*, Ni**, Sr’**, and
Zn?>* and without cations. Different combinations of these cations, especially
cobalt and nickel, were also tested in different concentrations in an attempt to
stimulate the activity of MGSD.

The temperature profile of MGSD was determined between 10 and 60°C in the
reaction mixture described in enzyme assays. The activity was measured during
the first 5 min because the half-life of the enzyme was about 10 min at 50°C. The
effect of pH on the activity of MGSD was determined at 50°C in 25 mM
morpholineethanesulfonic acid (MES) buffer (from pH 5.5 to 7.0), 25 mM
Tris-HCI (from pH 6.5 to 7.5), and Bis-Tris-propane (from pH 7.5 to 9.5) in the
presence of 25 mM CoCl,. For each buffer system, the pHs were measured at
room temperature (25°C); pHs at 50°C were calculated with the conversion
factor ApK,/AT and were —0.011 for MES, —0.030 for Tris-HCI, and —0.015 for
Bis-Tris-propane. Enzyme stability was determined at 50°C by incubating 10 pl
of enzyme solution (1.0 mg/ml) in 25 mM Tris-HCI (pH 7.5). At appropriate
times, samples were withdrawn, cooled on ice, and examined for residual activ-
ities at 35°C in 25 mM Tris-HCI (pH 7.5) with 2 mM CoCl,. Kinetic parameters
were determined at 50°C in reaction mixtures containing 0.25 to 10.0 mM
GDP-mannose plus 10.0 mM 3-PGA or 10.0 mM GDP-mannose plus 0.25 to 10.0
mM 3-PGA or 0.25 to 5.0 mM MPG in 25 mM Tris-HCI (pH 7.5) with 2 mM
CoCl,.

The properties of the recombinant DeMPGP were determined by the phos-
phate assay (13). Substrate specificity was investigated by incubating the enzyme
with MPG or alternative sugar phosphates, namely, mannose-6-phosphate, glu-
cose-6-phosphate, and trehalose-6-phosphate, at 50°C in 25 mM Tris-HCI (pH
7.5) with 20 mM NiCl,. The cation dependence, temperature profile, and effect
of pH were evaluated as described for MGSD. The kinetic parameters of
DeMPGP were determined at 50°C in reaction mixtures containing MPG (0.25 to
10.0 mM) in 25 mM Tris-HCI (pH 7.5) containing 20 mM NiCl,. All mixtures
were preheated for 2 min; reactions were initiated by the addition of exact
amounts of the enzyme and stopped at different times by cooling on ice-ethanol.
K,,, and V,,,, values for MGSD and DeMPGP were obtained from Hanes plots.

Overexpression of mgsD in S. cerevisiae. To express the bifunctional gene from
D. ethenogenes in S. cerevisiae, a 1-kb DNA fragment containing the constitutive
strong promoter of the S. cerevisiee ENO2 gene (GenBank accession no.
NC_001140) was amplified with primers ENO2F and ENO2R (Table 1). S.
cerevisiae chromosomal DNA for PCR was obtained from the supernatant of a
cell lysate after boiling a loopful of cells for 5 min in 200 ul of distilled water,
cooling on ice, and high-speed centrifugation for 2 min in a microcentrifuge. The
PCR product was cloned between the Apal and HindIII sites of the pRS425
derivative, yielding pRSpENO.

mgsD from D. ethenogenes was amplified from D. ethenogenes DNA with
primers DEF and DER (Table 1). The PCR product was ligated into the cor-
responding sites of pRSpENO, yielding pDES. Ligation reactions were trans-
formed into E. coli XL1-Blue, transformants were selected on LB-ampicillin agar
plates, and positive clones were identified by restriction analysis. Purified pDES
was transformed into S. cerevisiae cells, and transformants were selected for
leucine auxotrophy on MM-LEU agar plates. Three clones were maintained on
MM-LEU plates. These were inoculated and grown to the mid-exponential
phase (ODgq, = 2.0) with orbital shaking at 30°C in baffled flasks containing 250
ml of MM-LEU liquid medium. Cells were collected and disrupted as described
above.

The synthesis of MG in cell extracts of S. cerevisiae was examined by incubation
with 2.5 mM GDP-mannose and 2.5 mM 3-PGA in 25 mM Tris-HCI (pH 7.5)
and 25 mM CoCl, in a total volume of 100 pl for 1 h at 30°C and also at 50°C.
A radioactive method was used to detect low-level activity of MGSD because of
its higher sensitivity. The cell extracts were incubated for 10, 20, and 30 min with
0.02 pCi of radiolabeled GDP-[U-'*Clmannose (ammonium salt; Amersham
Biosciences) and 2 mM 3-PGA in the same buffer and at the same temperatures.
Appropriate volumes of the reaction mixtures were spotted on TLC plates,



4078 EMPADINHAS ET AL.

mpgp mlp-gt/pmi  pmm

P m—

mpgs

Pyr spp.

Aper

Cren

Tthe

Rmar

Deth

FIG. 1. Schematic comparison of the organization of genes encod-
ing MPGS and MPGP from a Pyrococcus sp. (Pyr spp.) (12), Aeropyrum
pernix (Aper) (26), an uncultured crenarchaeote (Cre) (35), Thermus
thermophilus (Tthe) (13), Rhodothermus marinus (Rmar) (6), and D.
ethenogenes (Deth) (www.tigr.org). Arrows represent genes and their
orientations. mpgs, mannosyl-3-phosphoglycerate synthase; mpgp,
mannosyl-3-phosphoglycerate phosphatase; mIp-gt/pmi, mannose-1-
phosphate guanylyl transferase/phosphomannose isomerase; pmm,
phosphomannose mutase.

developed (13), and autoradiographed for 3 days. The TLC plate was sprayed
with a-naphthol and visualized by charring at 120°C (13).

Extraction and quantification of S. cerevisiae intracellular organic solutes.
Solutes accumulated in the recombinant S. cerevisiae cells during growth in
MM-LEU medium were estimated from cells harvested during the mid-expo-
nential phase of growth (ODgq, = 2.0) by centrifugation (5,000 X g, 10 min, 4°C).
Cells were washed once with ice-cold phosphate-buffered saline buffer (140 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.3), suspended in
10 ml of ice-cold water, and frozen at —80°C before analysis of solutes. Cells
were also harvested during the early (ODy, = 4.7) and late (overnight growth,
ODgy = 6.5) stationary phases of growth to evaluate the relationship between
MG accumulation and growth phase. The dry mass of the cells was determined
by placing cell suspension aliquots on preweighed 0.22-um pore filters (Milli-
pore), followed by overnight drying at 70°C.

Cell pellets were extracted twice with boiling 80% ethanol and concentrated
under negative pressure (42). For solute quantification by "H-nuclear magnetic
resonance (NMR), the final pH of the extracts was adjusted to approximately 8
by the addition of NaO,H. Spectra were acquired on a Bruker AMX300 spec-
trometer as previously described (12).

RESULTS

Identification of bifunctional mgsD and analysis of the sur-
rounding ORFs. BLAST searches with P. horikoshii MPGS
(PhMPGS) and MPGP (PhMPGP) and with T. thermophilus
MPGS (TtMPGS) and MPGP (TtMPGP) sequences resulted
in the identification of a single ORF from D. ethenogenes with
2,085 nucleotides encoding a 694-amino-acid polypeptide with
two catalytic domains (Fig. 1). The N-terminal 399 residues in
the bifunctional enzyme exhibited high sequence identity with
TtMPGS (48%, GenPept AAO43097), PhMPGS (44%, Gen-
Pept BAA30023), the putative MPGS found in a 34-kb DNA
fragment from an uncultured crenarchaeote (44%, GenPept
CADA42692), and the MPGS from R. marinus (43%, GenPept
AAP74552), and from A. pernix (37%, GenPept BAA79872).
The C-terminal 280 residues showed high sequence identity
with the MPGP from R. marinus (40%, GenPept AAP74553),
PhMPGP (37%, GenPept BAA30022), and TtMPGP (34%,
GenPept AAO43098) and lower identity with the putative
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MPGP from A. pernix (23%, GenPept BAA79870). An MPGP
homologue was absent from the DNA fragment from the un-
cultured crenarchaeote (GenBank AJ496176). In the Pyrococ-
cus sp., T. thermophilus, and R. marinus, mpgs and mpgp are
contiguous genes, without intergenic nucleotides (the mpgs
stop codon overlaps the mpgp start codon), while in A. pernix
they are separated by an intergenic region of 20 nucleotides
(Fig. 1). The two functional domains of MGSD were con-
nected by a peptide linker of 15 amino acids (Fig. 2) without
homology to the C terminus of PAMPGS and TtMPGS or the
N terminus of PAMPGP and TtMPGP.

The region surrounding mgsD, as in T. thermophilus, R. ma-
rinus, and A. pernix, did not contain pmm or mIp-gt/jpmi (Fig.
2), which are found immediately downstream of mpgs and
mpgp, which encode phosphomannomutase and mannose-1-
phosphate guanylyltransferase, respectively, the enzymes that
convert fructose-6-phosphate into GDP-mannose in the Pyro-
coccus sp. Upstream of the mgsD region we found typical
bacterial —10 (TAAAAT) and —35 (TTGATA) promoter el-
ements separated by a 17-nucleotide spacer and a ribosome-
binding site (AGGA) located 10 nucleotides upstream of the
mgsD start codon (Fig. 2). We also found several genes encod-
ing elements of a putative type IV pilus structure. Downstream
of mgsD we recognized a putative glutamyl tRNA synthase
gene with numerous bacterial homologues, as well as two pu-
tative “archaeal-type” genes with homology to a pyruvate-for-
mate lyase-activating enzyme and an iron-sulfur flavoprotein
(Fig. 2).

Functional overexpression in E. coli and purification of en-
zymes. The frequency of the isoleucine ATA codon in mgsD is
high, accounting for nearly 50% of all isoleucine codons, with
an overall frequency of 3.9%. In E. coli, ATA is a rare codon,
occurring at a frequency of about 0.4% (10). To prevent trans-
lational constraints, overexpression of mgsD and of the trun-
cated constructs Dempgs and Dempgp was carried out in E. coli
BL21-Rosetta, which carries a plasmid containing the tRNA
genes for all rare E. coli codons. Clones containing mgsD,
Dempgs, and Dempgp yielded purified recombinant enzymes,
as visualized by SDS-PAGE (Fig. 3). We were, however, un-
able to produce a recombinant DeMPGS stable enough for
characterization. We also attempted to stabilize the functional
MPGS domain by constructing DeMPGSs with the peptide
linker and the peptide linker plus 33 and 132 amino acids of
the phosphatase domain, designated DeMPGS-L, DeMPGS-
450, and DeMPGS-549, respectively.

E. coli cell extracts carrying each of the created MPGS
domains except DeMPGS-549 exhibited MPG synthesis from
GDP-mannose and 3-PGA, while DeMPGP dephosphorylated
MPG, as verified by TLC (results not shown). Among the
MPGS polypeptides, only DeMPGS was purified to near ho-
mogeneity but could not be characterized because it lost ac-
tivity. On the other hand DeMPGP was stable, purified to near
homogeneity (Fig. 3), and characterized.

Properties of recombinant enzymes. The 694-amino-acid re-
combinant bifunctional MGSD with a predicted molecular
mass of 78.0 kDa was consistent with the expression band
visible on the SDS-PAGE gel of MGSD-containing cell ex-
tracts. Only GDP-mannose and 3-PGA served as substrates for
the synthesis of MG. Mannosyl-3-phosphoglycerate (MPG)
was the only sugar phosphate to be dephosphorylated by
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FIG. 2. Nucleotide and amino acid sequences of the bifunctional mgsD gene and the corresponding enzyme and flanking regions in Dehalo-
coccoides ethenogenes. Arrows represent genes and their directions. a, competence PilM protein homolog; b, putative ATPase involved in pili
biogenesis, PilT; c, putative prepilin signal peptidase; d, putative glutamyl-tRNA synthetase; e, putative pyruvate-formate lyase-activating enzyme;
f, putative iron-sulfur flavoprotein. Shaded arrows represent genes coding for proteins with generally higher homology to archaeal than to bacterial
proteins. The enlargement shows the promoter region of the mgsD gene with the consensus promoter elements (boxes), the probable ribosome-
binding site (RBS, underlined), and the ATG start codon (bold). The shaded area represents the peptide linker between the MPGS and MPGP
domains of the bifunctional MGSD.
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FIG. 3. SDS-PAGE gel of purified recombinant enzymes. Lane 1,
molecular size markers (in kilodaltons); lane 2, MGSD; lane 3,
DeMPGS; lane 4, DeMPGP.

MGSD, yielding MG. The a-configuration of MG was con-
firmed from the NMR measurement of the coupling constant
between the anomeric carbon and the directly bound proton
(/ = 171.8 Hz) (results not shown).

The enzyme was active between 10 and 60°C, with maximum
activity at around 50°C (Fig. 4). The half-life for thermal in-
activation was 10.5 min at 50°C. Within the pH range examined
(5.5 to 8.5), the activity of the enzyme at 50°C was maximal
near pH 7.0 (Fig. 4). The V,,, of the enzyme was 3.2 pmol/
min/mg of protein with GDP-mannose and 3-phosphoglycerate
as the substrate and 6.1 pmol/min/mg of protein with MPG as
the substrate. The rate constants (k.,), substrate K, s, and
catalytic efficiencies (k.,/K,,) are represented in Table 2. The
bifunctional MGSD had an absolute requirement for cations;
maximal activity was obtained with Co”>* ions (chloride or
sulfate salts), which could also be partially replaced by Mg** or
Mn?* ions (Fig. 5). Other cations tested did not stimulate
MGSD activity at any concentration tested.

Purified DeMPGP showed an apparent 30-kDa band that
was in agreement with the genetic construction. The recombi-
nant enzyme had an optimal temperature for activity of about
50°C and a pH optimum of 7.0 (results not shown). The V..
was 16.3 pmol/min/mg of protein, about fivefold higher than
the V.. calculated for the bifunctional enzyme and 2.7-fold
higher than the dephosphorylating activity of MGSD. The rate
constant (k,,), K,,, for MPG, and catalytic efficiency (k.,/K,,)
are represented in Table 2. Recombinant DeMPGP also had
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FIG. 4. Temperature profile (A) and pH dependence (B) of the
activity of recombinant MGSD. The enzyme activities were deter-
mined between 10 and 60°C and between pH 5.5 and 8.5 in MES (m),
Tris-HCI (@), and Bis-Tris-propane (A).
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an absolute requirement for divalent cations; the preferred
metal ion was Ni>" at a concentration of 20 mM, but it could
be partially replaced by Co?*, Mg?", or Mn>* ions (results not
shown). Since the activity of DeMPGP was enhanced by Ni*"
and the activity of MGSD was enhanced by Co*™", we examined
various combinations of these cations on the rate of MGSD
activity but found that these combinations did not stimulate
the activity of the bifunctional enzyme.

Synthesis and accumulation of compatible solutes by recom-
binant S. cerevisiae. Recombinant S. cerevisiae carrying pDES
was grown in MM-LEU to a cell density of 2.0 (ODgy,), cor-
responding to 800 mg of cell dry mass per liter of culture. The
recombinant yeast cells accumulated MG to an intracellular
concentration of 49 umol/g of cell dry mass during growth in
MM-LEU medium (Table 3), while MG was not detected in
the parental strain (data not shown). Glycerol was detected at
a concentration of 17 wmol/g of cell dry mass.

The accumulation of MG in recombinant S. cerevisiae cells
was higher during the mid-exponential phase of growth (ODg
= 2.0), decreasing with culture age to 46 pmol/g of cell dry
mass in the early stationary phase (ODg,, = 4.7) and to 28
pmol/g of cell dry mass in the late stationary phase (ODg, =
6.5) (Table 3). Trehalose and glycerol were also detected in
small amounts. Trehalose was detected in the early and late
stationary phases, while glycerol was present at all phases of
growth (Table 3).

The recombinant bifunctional MGSD had in vivo activity
under all conditions examined, as verified from the intracellu-
lar accumulation of MG. However, incubation of recombinant
S. cerevisiae cell extracts with labeled GDP-[U-'*C]mannose
and unlabeled 3-PGA, followed by autoradiography of the
TLC plate, revealed no in vitro activity. Under the same con-
ditions, a pure preparation of the E. coli recombinant MGSD
showed synthesis of radiolabeled MG (Fig. 6). An MGSD
expression band was not detected in SDS-PAGE of recombi-
nant S. cerevisiae, and we could not purify the recombinant
MGSD because we could not detect activity in the cell extracts.

DISCUSSION

Accumulation of mannosylglycerate is known to occur in
several species of red algae and in thermophilic and hyperther-
mophilic bacteria and archaea (25, 40). We now show that a
mesophilic bacterium, unrelated to any known (hyper)thermo-
phile, has a gene that is involved in the synthesis of MG. The
synthesis and accumulation of MG could not be proven to
occur in D. ethenogenes because of insufficient biomass produc-
tion for analysis of intracellular compatible solutes. However,
the role of the bifunctional mgsD was confirmed, to our sur-
prise, in S. cerevisiae, which lacks the genetic machinery to
produce MG. The results strongly indicate that the bifunc-
tional enzyme MGSD synthesizes MG in D. ethenogenes and
that this compound may serve as a compatible solute in the
organism that harbors mgsD.

The V.. values determined for the bifunctional MGSD
were significantly lower than those of thermophilic and hyper-
thermophilic monofunctional MPGSs and MPGPs (6, 12, 13).
These results are not unprecedented when comparing meso-
philic and thermophilic homofunctional enzymes (44).
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TABLE 2. Kinetics of recombinant enzymes

Keat (571) K, (mM) kead Ky M71s71)
Enzyme
Both substrates MPG GDP-mannose 3-PGA MPG GDP-mannose 3-PGA MPG
MGSD 3.9 7.9 0.70 2.18 0.63 5.6 1.8 12.5
DeMPGP 7.9 0.35 22.6

The effect of the protein fusion on the catalytic efficiency
(koK) of MGSD was partially examined by the kinetic anal-
ysis of DeMPGP, since we lacked a stable monofunctional
DeMPGS. DeMPGP and MGSD have similar turnover (k,,)
values at 50°C. Nevertheless, a decrease in the K, for MPG
resulted in a twofold-higher catalytic efficiency of the mono-
functional DeMPGP over the bifunctional MGSD. Similar
findings were reported in a comparison between fusion en-
zymes from the aspartate pathway in E. coli and its indepen-
dent domains (24). Conversely, a higher k_,/K,, for fusion
enzymes over their natural independent monofunctional com-
ponents has also been reported and attributed to more efficient
substrate channeling between enzyme domains and tight co-
regulation of expression (3, 41, 46).

The evolutionary success of gene fusions depends on factors
such as the linker extension between domains or the ability of
each of the polypeptides to fold correctly into a bifunctional
enzyme (24, 41). The adaptation to mesophily, if we assume
horizontal transfer of mpgs and mpgp from a thermophilic
organism, may have provided the monofunctional enzymes
with increased flexibility for catalysis at lower temperatures.
However, increased flexibility leads to decreased stability (9).
The fusion between mpgs and mpgp could have provided sta-
bility to the enzyme. The triosephosphate isomerase-phospho-
glycerate kinase fusion protein of Thermotoga maritima is, for
example, more stable than the artificial triosephosphate
isomerase domain (3). The MPGS domains constructed by us
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FIG. 5. Metal ion dependence of the in vitro activity of MGSD.
The assays for determination of activity were performed in the pres-
ence of two different concentrations of cobalt (solid bars), magnesium
(dark shaded bars), and manganese ions (light shaded bars).

were unstable and lost activity during purification. Only the
full-length, bifunctional enzyme was stable enough to charac-
terize, indicating that the whole C-terminal domain (MPGP) is
required to stabilize the MPGS domain in vitro.

MGSD shares most of its in vitro biochemical properties
with its monofunctional thermophilic and hyperthermophilic
counterparts. A notable exception is the thermal profile, be-
cause MGSD is active at temperatures as low as 10°C, has
optimum activity at 50°C, and has no detectable activity at
60°C. MGSD and DeMPGP as well as the MPGSs from T.
thermophilus and R. marinus but not P. horikoshii have absolute
requirements for divalent cations (6, 12, 13). Curiously, other
enzymes involved in the synthesis of other sugar or sugar de-
rivative compatible solutes such as glucosylglycerol-phosphate
and sucrose-phosphate synthases from Synechocystis sp. strain
PCC6803 and trehalose-phosphate synthase from Mycobacte-
rium smegmatis are active in the absence of cations (8, 21, 34).

The identification of a bifunctional mgsD gene in D. etheno-
genes was also unexpected in the sense that all prokaryotes
known to produce MG via the two-step pathway have separate
mpgs and mpgp genes (6, 12, 13). In Pyrococcus spp., mpgs and
mpgp are contiguous, and two extra genes, pmm and mlip-gt/
pmi, encoding enzymes of the MG pathway, are located down-
stream, forming an operon-like structure (12). The gene orga-
nization in 7. thermophilus and A. pernix is different, because
pmm and m1p-gt/pmi are located elsewhere in the genome (13,
26). Another genetic structure was encountered in a crenar-
chaeotal DNA fragment isolated from soil that contained a
putative mpgs gene alone (35). This sequence lacks the adja-
cent mpgp gene that codes for the enzyme that ultimately yields
MG from MPG. The mpgp gene may be located elsewhere in
the genome. A similar organization occurs in Synechocystis sp.
strain PCC6803 for the synthesis of the compatible solute glu-
cosylglycerol, where the genes ggpS and stpA, encoding the
glucosylglycerol-phosphate synthase and phosphatase, respec-
tively, are controlled by individual promoters (20, 28). It is also
possible that, in this uncultured crenarchaeote, the mpgs ho-
mologue is involved in the synthesis of an unknown compound

TABLE 3. Accumulation of organic solutes by
recombinant S. cerevisiae®

Solute accumulation

Growth phase (ODjp) (pnmol/g of cell dry mass)

MG Trehalose Glycerol
Mid-exponential (2.0) 49 ND 17
Early stationary (4.7) 46 2 16
Late stationary (6.5) 28 9 22

“ Cells carried the bifunctional mgsD from D. ethenogenes. Solute concentra-
tions are the mean values for at least two experiments. ND, not detected.
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FIG. 6. Analysis of MGSD activity in cell extracts of S. cerevisiae.
(A) TLC of recombinant S. cerevisiae cell extracts containing MG
synthesized in vivo (lane 1), parental S. cerevisiae cell extracts (lane 2),
and standard MG (lane 3). (B) Autoradiography of the TLC plate after
the addition of radiolabeled GDP-[U-'*C]mannose and 3-PGA to cell
extracts immediately after disruption of the cells. Lanes show radiola-
beled MG obtained with purified recombinant MGSD from E. coli
(lane 4), S. cerevisiae cell extracts incubated for 30 min with radiola-
beled GDP-mannose and unlabeled 3-PGA at 30°C (lane 5), and S.
cerevisiae cell extracts incubated for 30 min with radiolabeled GDP-
mannose and unlabeled 3-PGA cell extracts at 50°C (lane 6). Ori,
origin.

or synthesizes MPG as an intermediate for other macromole-
cules.

The presence of a gene for the synthesis of MG in the
mesophilic bacterium D. ethenogenes may reflect a lateral gene
transfer event. The thermophiles and hyperthermophiles A.
pernix, Pyrococcus spp., Rubrobacter xylanophilus, T. thermophi-
lus, and R. marinus have an insignificant phylogenetic relation-
ship but share the ability to synthesize MG in response to salt
and/or heat stress (6, 13, 40, 42). Transfer of a specific char-
acteristic may occur across vast phylogenetic distances as an
adaptation mechanism for improved colonization of specific
ecological niches (32). Some genes present in D. ethenogenes
and Thermotoga spp. seem to have been acquired from archaea
by lateral gene transfer (33). The archaeal-type gltB gene,
encoding a subunit of glutamate synthase, for example, may
have been acquired by lateral gene transfer from the Archaeo-
globus lineage (33). The mgsD gene has a higher frequency of
purines, especially of adenine, over pyrimidines and a pre-
ferred usage of ATA for isoleucine over ATC or ATT codons.
This nucleotide usage could reflect a thermophilic origin of
mgsD because it is more common to genome sequences of
thermophilic than mesophilic prokaryotes (43). The successful
transfer of a specific gene to a new host is not only a multistep
process but naturally depends on transformation, transfection,
and conjugation events (11). Type IV pilus-related genes found
upstream of mgsD, involved in the natural transformation ma-
chinery of numerous organisms, indicate natural competence
of D. ethenogenes and hence ability for DNA acquisition (2).

Di-myo-inositol phosphate, like MG, is a common compat-
ible solute of hyperthermophilic archaea but also accumulates
in some Thermotoga species (40). The inol gene found in these
Thermotoga spp. encodes myo-inositol-1-phosphate synthase,
which catalyzes a step in di-myo-inositol phosphate biosynthe-
sis (7). The adaptation of some Thermotoga spp. to saline
environments may have relied, in part, on the acquisition of
inol from hyperthermophilic archaea for the synthesis of di-
myo-inositol phosphate (33). The inol gene has a scattered and
restricted distribution in bacteria, being found only in some
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Thermotoga strains and Aquifex aeolicus but also in the meso-
philic bacteria D. ethenogenes, Mycobacterium spp., and Strep-
tomyces spp. (33). The function of inol in D. ethenogenes is
unknown, but it codes for enzymes involved in the synthesis of
cell wall components in Mycobacterium spp. and antibiotics in
Streptomyces spp. (4, 45). The putative acquisition of mgsD by
lateral gene transfer may have provided D. ethenogenes with
the ability to colonize estuarine and deep-sea hydrothermal
vent environments (19, 23).

The small number of sequences from genes involved in the
synthesis of MG that are currently available are not sufficient
to confirm lateral gene transfer, but the overall absence of
these genes from mesophilic bacteria, the scattered distribu-
tion of MG in prokaryotes and eukaryotes, and its relevance to
osmotic adaptation in saline environments lead us to envision
lateral gene transfer for acquisition of mgsD by D. ethenogenes.

The biosynthesis and role of MG in D. ethenogenes remain
elusive. We did not obtain synthesis of MG in the MGSD-
containing E. coli, perhaps because the required substrates
were not available. Similar findings were observed in E. coli
strains expressing the mpgs gene from T. thermophilus, R. ma-
rinus, and P. horikoshii (6, 12, 13). Trace amounts of MG were
synthesized by a recombinant E. coli strain expressing the R.
marinus MGS gene only after genetic manipulation to increase
the flux to the synthesis of GDP-mannose (39). Moreover,
mgsD was expressed in this metabolically engineered E. coli
strain, but MG was not detected (M. M. Sampaio and H.
Santos, unpublished data). However, after expression of mgsD
in S. cerevisiae in an attempt to produce an enzyme with higher
specific activity, we found that the recombinant yeast cells
accumulated MG. This remarkable result showed that MGSD
synthesizes MG in vivo and argues for a role in the osmotic
adaptation of the D. ethenogenes to salt stress. However, we
were unable to measure MGSD activity in the S. cerevisiae cell
extracts. Similar results have been obtained previously for het-
erologous gene expression in this yeast (31). The in vivo half-
life of a protein is extremely variable and depends on numer-
ous factors, namely, the N-terminal residue, specific sequences
or domains, and posttranslational modifications that are rec-
ognized by components of the ubiquitin proteolytic pathway
that target proteins for destruction (18). A ubiquitin-mediated
high turnover of MGSD could explain the absence of activity in
the yeast cell extracts.

S. cerevisiae strains overproducing MG provide a good in
vivo model and a valuable tool for unraveling the specific role
of MG in osmotic and thermal protection of biomolecules and
cells. Ongoing studies with double-knockout mutants on the
genes leading to the synthesis of glycerol, the canonical com-
patible solute of S. cerevisiae, will also elucidate the role of MG
in the osmotic adjustment of this yeast. Whatever the results,
the fact remains that a mannosylglycerate synthase with low
optimal temperature for activity, encoded by a gene from a
mesophilic bacterium, produces this rare compatible solute in
S. cerevisiae.

ACKNOWLEDGMENTS

This research was funded by the European Commission 5th Frame-
work Program, project QLK3-CT-2000-00640, and FCT/FEDER project
POCTI/35715/B10/2000. Preliminary D. ethenogenes sequence data
were obtained from the Institute for Genomic Research website. Se-



VoL. 186, 2004 BIFUNCTIONAL MG SYNTHASE FROM D. ETHENOGENES 4083

quencing of D. ethenogenes was accomplished with support from the
U.S. Department of Energy. N. Empadinhas acknowledges a Ph.D.
grant from FCT (PRAXIS XXI/BD/21665/99). S. Zinder acknowl-
edges support from the NSF Metabolic Biochemistry program.

We thank Ana Isabel Mingote (ITQB, Oeiras, Portugal) for quan-
tification of intracellular solutes by NMR.

REFERENCES

1. Adrian, L., U. Szewzyk, J. Wecke, and H. Gorisch. 2000. Bacterial dehalo-
respiration with chlorinated benzenes. Nature 408:580-583.

2. Averhoff, B., and A. Friedrich. 2003. Type IV pili-related natural transfor-
mation systems: DNA transport in mesophilic and thermophilic bacteria.
Arch. Microbiol. 180:385-393.

3. Beaucamp, N., A. Hofmann, B. Kellerer, and R. Jaenicke. 1997. Dissection of
the gene of the bifunctional PGK-TIM fusion protein from the hyperther-
mophilic bacterium Thermotoga maritima: design and characterization of the
separate triosephosphate isomerase. Protein Sci. 6:2159-2165.

4. Besra, G. S., and P. J. Brennan. 1997. The mycobacterial cell wall: biosyn-
thesis of arabinogalactan and lipoarabinomannan. Biochem. Soc. Trans.
25:845-850.

5. Borges, N., A. Ramos, N. D. Raven, R. J. Sharp, and H. Santos. 2002.
Comparative study of the thermostabilizing properties of mannosylglycerate
and other compatible solutes on model enzymes. Extremophiles 6:209-216.

6. Borges, N., J. D. Marugg, N. Empadinhas, M. S. da Costa, and H. Santos.
2004. Specialized roles of the two pathways for the synthesis of mannosyl-
glycerate in osmoadaptation and thermoadaptation of Rhodothermus mari-
nus. J. Biol. Chem. 279:9892-9898.

7. Chen, L., E. T. Spiliotis, and M. F. Roberts. 1998. Biosynthesis of di-myo-
inositol-1,1’-phosphate, a novel osmolyte in hyperthermophilic archaea. J.
Bacteriol. 180:3785-3792.

8. Curatti, L., E. Folco, P. Desplats, G. Abratti, V. Limones, L. Herrera-
Estrella, and G. Salerno. 1998. Sucrose-phosphate synthase from Synecho-
cystis sp. strain PCC6803: identification of the sps4 gene and characterization
of the enzyme expressed in Escherichia coli. J. Bacteriol. 180:6776-6779.

9. D’Amico, S., P. Claverie, T. Collins, D. Georlette, E. Gratia, A. Hoyoux,
M. A. Meuwis, G. Feller, and C. Gerday. 2002. Molecular basis of cold
adaptation. Phil. Trans. R. Soc. London B Biol. Sci. 357:917-925.

10. Del Tito, B. J., Jr., J. M. Ward, J. Hodgson, C. J. Gershater, H. Edwards,
L. A. Wysocki, F. A. Watson, G. Sathe, and J. F. Kane. 1995. Effects of a
minor isoleucyl tRNA on heterologous protein translation in Escherichia
coli. J. Bacteriol. 177:7086-7091.

11. Eisen, J. A. 2000. Horizontal gene transfer among microbial genomes: new
insights from complete genome analysis. Curr. Opin. Genet. Dev. 10:606—
611.

12. Empadinhas, N., J. D. Marugg, N. Borges, H. Santos, and M. S. da Costa.
2001. Pathway for the synthesis of mannosylglycerate in the hyperthermo-
philic archaeon Pyrococcus horikoshii. Biochemical and genetic characteriza-
tion of key enzymes. J. Biol. Chem. 276:43580-43588.

13. Empadinhas, N., L. Albuquerque, A. Henne, H. Santos, and M. S. da Costa.
2003. The bacterium Thermus thermophilus, like hyperthermophilic archaea,
uses a two-step pathway for the synthesis of mannosylglycerate. Appl. Envi-
ron. Microbiol. 69:3272-3279.

14. Faria, T. Q., S. Knapp, R. Ladenstein, A. L. Macanita, and H. Santos. 2003.
Protein stabilization by compatible solutes: effect of mannosylglycerate on
unfolding thermodynamics and activity of ribonuclease A. Chembiochem
4:734-741.

15. Fennell, D. E., A. B. Carroll, J. M. Gossett, and S. H. Zinder. 2001. Assess-
ment of indigenous reductive dechlorinating potential at a TCE-contami-
nated site using microcosms, polymerase chain reaction analysis, and site
data. Environ. Sci. Technol. 35:1830-1839.

16. Garrity, G. M., and J. G. Holt. 2001. Bergey’s manual of systematic bacte-
riology, 2nd ed., vol. 1, p. 427-446. Springer, New York, N.Y.

17. Gietz, R. D., R. H. Schiestl, A. R. Willems, and R. A. Woods. 1995. Studies
on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG pro-
cedure. Yeast 11:355-360.

18. Glickman, M. H., and A. Ciechanover. 2002. The ubiquitin-proteasome pro-
teolytic pathway: destruction for the sake of construction. Physiol. Rev.
82:373-428.

19. Gogarten, J. P., W. F. Doolittle, and J. G. Lawrence. 2002. Prokaryotic
evolution in light of gene transfer. Mol. Biol. Evol. 19:2226-2238.

20. Hagemann, M., A. Schoor, R. Jeanjean, E. Zuther, and F. Joset. 1997. The
stpA gene form Synechocystis sp. strain PCC 6803 encodes the glucosylglyc-
erol-phosphate phosphatase involved in cyanobacterial osmotic response to
salt shock. J. Bacteriol. 179:1727-1733.

21. Hagemann, M., U. Effmert, T. Kerstan, A. Schoor, and N. Erdmann. 2001.
Biochemical characterization of glucosylglycerol-phosphate synthase of Syn-
echocystis sp. strain PCC 6803: comparison of crude, purified, and recombi-
nant enzymes. Curr. Microbiol. 43:278-283.

22. Hendrickson, E. R., J. A. Payne, R. M. Young, M. G. Starr, M. P. Perry, S.
Fahnestock, D. E. Ellis, and R. C. Ebersole. 2002. Molecular analysis of

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Dehalococcoides 16S ribosomal DNA from chloroethene-contaminated sites
throughout North America and Europe. Appl. Environ. Microbiol. 68:485—
495.

Holoman, T. R., M. A. Elberson, L. A. Cutter, H. D. May, and K. R. Sowers.
1998. Characterization of a defined 2,3,5,6-tetrachlorobiphenyl-ortho-de-
chlorinating microbial community by comparative sequence analysis of genes
coding for 16S rRNA. Appl. Environ. Microbiol. 64:3359-3367.

James, C. L., and R. E. Viola. 2002. Production and characterization of
bifunctional enzymes. Domain swapping to produce new bifunctional en-
zymes in the aspartate pathway. Biochemistry 41:3720-3725.

Karsten, U., J. A. West, G. C. Zuccarello, R. Engbrodt, A. Yokoyama, Y.
Hara, and J. Brodie. 2003. Low molecular weight carbohydrates of the
Bangiophycidae (Rhodophyta). J. Phycol. 39:584-589.

Kawarabayasi, Y., Y. Hino, H. Horikawa, S. Yamazaki, Y. Haikawa, K.
Jin-no, M. Takahashi, M. Sekine, S. Baba, A. Ankai, H. Kosugi, A.
Hosoyama, S. Fukui, Y. Nagai, K. Nishijima, H. Nakazawa, M. Takamiya, S.
Masuda, T. Funahashi, T. Tanaka, Y. Kudoh, J. Yamazaki, N. Kushida, A.
Oguchi, H. Kikuchi, et al. 1999. Complete genome sequence of an aerobic
hyper-thermophilic crenarchaeon, Aeropyrum pernix K1. DNA Res. 6:83-
101, 145-152.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680-685.

Marin, K., E. Zuther, T. Kerstan, A. Kunert, and M. Hagemann. 1998. The
ggpS gene from Synechocystis sp. strain PCC 6803 encoding glucosyl-glycerol-
phosphate synthase is involved in osmolyte synthesis. J. Bacteriol. 180:4843—
4849.

Martins, L. O., N. Empadinhas, J. D. Marugg, C. Miguel, C. Ferreira, M. S.
da Costa, and H. Santos. 1999. Biosynthesis of mannosylglycerate in the
thermophilic bacterium Rhodothermus marinus. Biochemical and genetic
characterization of a mannosylglycerate synthase. J. Biol. Chem. 274:35407-
35414.

Maymo-Gatell, X., Y. Chien, J. M. Gossett, and S. H. Zinder. 1997. Isolation
of a bacterium that reductively dechlorinates tetrachloroethene to ethene.
Science 276:1568-1571.

Morton, C. L., and P. M. Potter. 2000. Comparison of Escherichia coli,
Saccharomyces cerevisiae, Pichia pastoris, Spodoptera frugiperda, and COS7
cells for recombinant gene expression. Application to a rabbit liver carboxy-
lesterase. Mol. Biotechnol. 16:193-202.

Nelson, K. E., R. A. Clayton, S. R. Gill, M. L. Gwinn, R. J. Dodson, D. H.
Haft, E. K. Hickey, J. D. Peterson, W. C. Nelson, K. A. Ketchum, L. Mc-
Donald, T. R. Utterback, J. A. Malek, K. D. Linher, M. M. Garrett, A. M.
Stewart, M. D. Cotton, M. S. Pratt, C. A. Phillips, D. Richardson, J. Hei-
delberg, G. G. Sutton, R. D. Fleischmann, J. A. Eisen, O. White, S. L.
Salzberg, H. O. Smith, J. C. Venter, and C. M. Fraser. 1999. Evidence for
lateral gene transfer between Archaea and Bacteria from genome sequence
of Thermotoga maritima. Nature 399:323-329.

Nesbo, C. L., S. L’Haridon, K. O. Stetter, and W. F. Doolittle. 2001. Phylo-
genetic analyses of two “archacal” genes in Thermotoga maritima reveal
multiple transfers between archaea and bacteria. Mol. Biol. Evol. 18:362-
375.

Pan, Y. T., R. R. Drake, and A. D. Elbein. 1996. Trehalose-P synthase of
mycobacteria: its substrate specificity is affected by polyanions. Glycobiology
6:453-461.

Quaiser, A., T. Ochsenreiter, H. P. Klenk, A. Kletzin, A. H. Treusch, G.
Meurer, J. Eck, C. W. Sensen, and C. Schleper. 2002. First insight into the
genome of an uncultivated crenarchaeote from soil. Environ. Microbiol.
4:603-611.

Ramos, A., N. D. H. Raven, R. J. Sharp, S. Bartolucci, M. Rossi, R. Cannio,
J. Lebbink, J. Van der Oost, W. M. De Vos, and H. Santos. 1997. Stabiliza-
tion of enzymes against thermal stress and freeze-drying by mannosylglyc-
erate. Appl. Environ. Microbiol. 63:4020-4025.

Reed, D. W., Y. Fujita, M. E. Delwiche, D. B. Blackwelder, P. P. Sheridan, T.
Uchida, and F. S. Colwell. 2002. Microbial communities from methane
hydrate-bearing deep marine sediments in a forearc basin. Appl. Environ.
Microbiol. 68:3759-3770.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Sampaio, M. M., H. Santes, and W. Boos. 2003. Synthesis of GDP-mannose
and mannosylglycerate from labeled mannose by genetically engineered
Escherichia coli without loss of specific isotopic enrichment. Appl. Environ.
Microbiol. 69:233-240.

Santos, H., and M. S. da Costa. 2002. Compatible solutes of organisms that
live in hot saline environments. Environ. Microbiol. 4:501-509.

Seo, H. S., Y. J. Koo, J. Y. Lim, J. T. Song, C. H. Kim, J. K. Kim, J. S. Lee,
and Y. D. Choi. 2000. Characterization of a bifunctional enzyme fusion of
trehalose-6-phosphate synthetase and trehalose-6-phosphate phosphatase of
Escherichia coli. Appl. Environ. Microbiol. 66:2484-2490.

Silva, Z., N. Borges, L. O. Martins, R. Wait, M. S. da Costa, and H. Santos.
1999. Combined effect of the growth temperature and salinity of the medium
on the accumulation of compatible solutes by Rhodothermus marinus and
Rhodothermus obamensis. Extremophiles 3:163-172.



4084

43.

44,

45.

EMPADINHAS ET AL.

Singer, G. A., and D. A. Hickey. 2003. Thermophilic prokaryotes have char-
acteristic patterns of codon usage, amino acid composition and nucleotide
content. Gene 317:39-47.

Sterner, R., and W. Liebl. 2001. Thermophilic adaptation of proteins. Crit.
Rev. Biochem. Mol. Biol. 36:39-106.

Walker, J. B. 1995. Enzymatic synthesis of aminocyclitol moieties of amino-

46.

J. BACTERIOL.

glycoside antibiotics from inositol by Streptomyces spp.: detection of glu-
tamine:aminocyclitol aminotransferase and diaminocyclitol aminotransfer-
ase activities in a spectinomycin producer. J. Bacteriol. 177:818-822.
Yanai, L., Y. I. Wolf, and E. V. Koonin. 2002. Evolution of gene fusions:
horizontal transfer versus independent events. Genome Biol. 3:re-
search0024. [Online.] http://genomebiology.com/2002/3/5/research/0024.


genomebiology.com/2002/3/5/research/0024

