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Sugar phosphorylation is an indispensable committed step in a large variety of sugar catabolic pathways, which are major sup-
pliers of carbon and energy in heterotrophic species. Specialized sugar kinases that are indispensable for most of these pathways
can be utilized as signature enzymes for the reconstruction of carbohydrate utilization machinery from microbial genomic and
metagenomic data. Sugar kinases occur in several structurally distinct families with various partially overlapping as well as yet
unknown substrate specificities that often cannot be accurately assigned by homology-based techniques. A subsystems-based
metabolic reconstruction combined with the analysis of genome context and followed by experimental testing of predicted gene
functions is a powerful approach of functional gene annotation. Here we applied this integrated approach for functional map-
ping of all sugar kinases constituting an extensive and diverse sugar kinome in the thermophilic bacterium Thermotoga mari-
tima. Substrate preferences of 14 kinases mainly from the FGGY and PfkB families were inferred by bioinformatics analysis and
biochemically characterized by screening with a panel of 45 different carbohydrates. Most of the analyzed enzymes displayed
narrow substrate preferences corresponding to their predicted physiological roles in their respective catabolic pathways. The
observed consistency supports the choice of kinases as signature enzymes for genomics-based identification and reconstruction
of sugar utilization pathways. Use of the integrated genomic and experimental approach greatly speeds up the identification of
the biochemical function of unknown proteins and improves the quality of reconstructed pathways.

Various carbohydrates play a key role in the diet of many di-
verse microbial species as a primary source of carbon and
energy. The extensive sugar utilization machinery that has evolved
to keep up with this nutritional diversity is characterized by a
matching level of species-to-species variations. Among them are
alternative biochemical routes, nonorthologous gene replace-
ments, and variations of substrate specificity within large and di-
vergent protein families (28). Therefore, although many compo-
nents of the microbial sugar utilization machinery can be
seamlessly recognized at the level of general class function (e.g., a
putative sugar kinase of the FGGY family and a sugar transporter
of the MFS family), an accurate assignment of their substrate spec-
ificity remains a challenging task. Incorrect and imprecise gene
annotations in genomic databases hamper our ability to accu-
rately reconstruct and model metabolic networks beyond a few
well-studied species. To address this important challenge, we use a
subsystems-based approach (31) which combines comparative
genomic reconstruction of respective pathways with the analysis
of genome context (operons, regulons). The efficiency of this ap-
proach was illustrated by our recent studies, in which the sugar
utilization machinery in the group of Shewanella species was re-
constructed and a number of novel gene functions were predicted
(33, 41). An ability to recognize signature components (e.g., spe-
cific enzymes) of metabolic pathways is one of the key factors of
successfully applying this approach. Since phosphorylation is an
indispensable enzymatic reaction in nearly all sugar catabolic
pathways, we would like to address the question whether sugar
kinases are a good choice for signature enzymes. It is expected that
accurate assignment of substrates for all sugar kinases in any ge-
nome (termed here a “sugar kinome”) would help us to confi-
dently infer the entire carbohydrate catabolic machinery in previ-
ously unexplored microbial species and communities.

Substrate preferences of sugar kinases can easily be assessed by
in vitro biochemical assays, and many representatives of this pop-
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ular class of enzymes have been extensively characterized. The
remarkable diversity of carbohydrate-specific kinases includes
several structurally distinct protein families with various partially
overlapping as well as yet unknown substrate specificities (4-6).
The most versatile family, FGGY, characterized by the RNase H-
like fold (5), includes sugar kinases with experimentally demon-
strated preferences toward various C; to Cg substrates, such as
glycerol, L-fuculose, D-gluconate, b-xylulose, L-xylulose, L-rham-
nulose, L-ribulose, and erythritol (45). Among the substrates of
sugar kinases from the PfkB family, featuring the Rossmann-like
fold, are D-ribose, D-glucose, D-fructose, D-fructose-6-phosphate,
D-fructose-1-phosphate, 2-dehydro-3-deoxy-D-gluconate, and
D-tagatose-6-phosphate (5, 40). The GHMP kinase family dis-
plays a broad range of substrate preferences, including carbohy-
drates (D-galactose, L-arabinose, L-fucose) and other intermediary
metabolites, such as homoserine, shikimate, and mevalonate (1,
5). The ROK family includes two functionally distinct groups of
proteins: (i) sugar kinases that are catalytically active on either
aldohexoses (D-glucose, D-allose, b-mannose) or amino sugars
(N-acetyl-D-glucosamine, N-acetyl-D-mannosamine) and (ii)
sugar-responsive transcriptional regulators that are characterized
by an additional N-terminal DNA-binding domain (37).
Although the families to which diverse kinases belong are easily
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recognized by homology, the assignment of their substrates often
requires additional analysis of genomic/functional context and/or
experimental characterization of representatives of previously un-
assigned subfamilies (or cohesion groups on the family tree [3]).
Indeed, biochemical in vitro assays as well as the analysis of close
sequence similarity may be useful to identify substrate specificities
of enzymes. On the other hand, the available genetic data along
with the genomic context and pathway reconstruction point to
actual roles of these enzymes in metabolic pathways. In that re-
gard, an important and frequently debated question is, to what
extent do in vitro substrate preferences of enzymes from function-
ally heterogeneous families reflect their actual physiological sub-
strates in the respective pathways (21, 22, 45)? A systematic map-
ping of substrate preferences across the entire microbial sugar
kinome is expected to yield a reference data set that will enable
automated accurate reconstruction of associated pathways from
genomic and metagenomic data.

Here we addressed this problem in the context of the genome-
scale reconstruction of the carbohydrate utilization machinery of
a marine hyperthermophilic bacterium, Thermotoga maritima
(24). The choice of this model organism was dictated by several
considerations. First, the analysis of this deep-branched extremo-
phile with a peculiar evolutionary history, which apparently in-
cluded massive lateral gene transfer from the Archaea and Firmi-
cutes (24, 46), would extend the reference set of sugar kinases
characterized by novel phylogenetically diverse enzymes. Second,
genes for carbohydrate metabolism account for an unusually large
fraction of the T. maritima genome, reflecting access to a large
variety of carbohydrates in its ecological niche (7). Third, a pub-
lished genome-scale reconstruction and structural survey of the T.
maritima metabolic network (44) along with recently sequenced
additional genomes from the group of Thermotogales (10, 36) pro-
vided a solid structure-function and genomic context for this
analysis.

To explore the relationship between the physiological roles de-
duced from the genomic context with their substrate specificities
determined by in vitro assays, we profiled the enzymatic activity of
14 tentatively assigned purified recombinant sugar kinases from
T. maritima with a panel of 45 different mono- and disaccharides.
Remarkably, nearly all of the tested enzymes from the FGGY and
PfkB families displayed a strong preference toward a single phys-
iological substrate consistent with their tentative pathway assign-
ments. A single enzyme from the ROK family, previously known
as the glucose-specific kinase Glk (13), displayed wide substrate
specificity on a panel of tested hexoses and hexosamines, pointing
to its actual role in the carbohydrate utilization network of T.
maritima. Overall, the obtained results strongly supported the
general utility of sugar kinome analysis for genomics-based recon-
struction of carbohydrate utilization machinery and extended the
reference set of confidently assigned subfamilies of sugar kinases.
These findings are expected to impact the analysis of rapidly
amassing genomic data on new microbial species and communi-
ties.

MATERIALS AND METHODS

Genome resources and bioinformatics tools. Genome sequences of the
Thermotogales species were obtained from GenBank (2). Candidate sugar
kinase genes in the T. maritima genome were identified by similarity
searches using representatives of protein families of known sugar kinases
(FGGY, PfkA, PtkB, GHMP, ROK) using NCBI BLAST (43). Identifica-

October 2012 Volume 194 Number 20

Sugar Kinome of Thermotoga

tion of orthologs in closely related genomes and gene neighborhood anal-
ysis were performed using the MicrobesOnline (8) and SEED (31) web
resources. Phylogenetic analyses of proteins from the FGGY and PfkB
families were performed by the maximum likelihood method imple-
mented in PhyML (11). The constructed phylogenetic trees were visual-
ized using Dendroscope (16). Comparative genomic analysis of sugar uti-
lization pathways in 11 Thermotogales species with completely sequenced
genomes was performed and captured in the SEED subsystem Sugar Uti-
lization in Thermotogales, available online (http://pubseed.theseed.org
/seedviewer.cgi?page=_SubsystemSelect). Identification of candidate reg-
ulatory sites in genomic sequences and regulon reconstruction were
performed using RegPredict software (27). The details of the recon-
structed regulons for sugar catabolic genes are displayed in the RegPrecise
database in the collection of regulons in the Thermotogales taxonomic
group (http://regprecise.lbl.gov/) (26).

Bacterial strains, plasmids, and reagents. Escherichia coli strain
DH5a (Invitrogen, Carlsbad, CA) was used for gene cloning, and E. coli
BL21(DE3) (Gibco-BRL, Rockville, MD) was used for protein expression.
The E. coli DL41 strains that carry a pMH2T7-derived plasmid harboring
the T. maritima gene TM1469, TM0067, TM0443, TM1073, TMO0828,
TMO0209, or TM0296 and E. coli HK100 strains that harbor the gene
TMO116, TM0284, TM0415, or TM1280 in the same vector under the
control of the arabinose-inducible T7 promoter were a kind gift from S.
Lesley at the Joint Center for Structural Genomics (20). In addition, the
TM0960, TM0952, TM1430, and TM1190 genes were amplified using spe-
cific primer pairs (see Table SI in the supplemental material) from T.
maritima MSB8 genomic DNA and cloned into the pET28a vector (No-
vagen, Madison, WI) or the pET-derived vector pODC29 (29). The re-
sulting plasmids were transformed into E. coli BL21(DE3) and confirmed
by DNA sequencing. All recombinant proteins were expressed as fusions
with the N-terminal His, tag. Strains overexpressing E. coli genes araA and
rhaA, encoding L-arabinose and L-rhamnose isomerases, respectively, for
the coupled assays (see below) were from the ASKA collection (19). En-
zymes for PCR and DNA manipulations were from New England BioLabs
Inc. (Beverly, MA). Oligonucleotides were synthesized by Sigma-Genosys
(Woodlands, TX). Plasmid purification kits were from Promega (Madi-
son, WI). Other chemicals, including the enzyme assay components
NADH, ATP, phosphoenolpyruvate (PEP), lactate dehydrogenase
(LDH), pyruvate kinase (PYK), and all tested sugars, were from Sigma-
Aldrich (St. Louis, MO).

Protein purification. Recombinant proteins containing an N-termi-
nal His, tag were overexpressed in E. coli and purified using Ni*" -chelat-
ing chromatography. The E. coli strains DL4land HK100 carrying the
respective expression plasmids were grown in Terrific broth (TB) medium
(50 ml containing 24 g/liter yeast extract and 12 g/liter tryptone) supple-
mented with 1% glycerol and 50 mM MOPS (morpholinepropanesulfo-
nic acid; pH 7.6), induced by 0.15% L-arabinose at 37°C, and harvested
after 4 h of shaking. The E. coli BL21(DE3) strains carrying other expres-
sion plasmids were grown in LB medium (50 ml), induced by 0.2 mM
isopropyl-B-p-thiogalactopyranoside, and harvested after 12 h of shaking
at 20°C. A rapid purification of recombinant proteins on Ni-nitrilotri-
acetic acid (NTA) agarose minicolumns was performed as described pre-
viously (30). Briefly, cells were harvested and resuspended in 20 mM
HEPES butffer, pH 7, containing 100 mM NaCl, 2 mM B-mercaptoetha-
nol, and 0.03% Brij 35 with 2 mM phenylmethylsulfonyl fluoride and a
protease inhibitor cocktail (Sigma-Aldrich). Cells were lysed by incuba-
tion with lysozyme (1 mg/ml) for 30 min, followed by a freeze-thaw cycle
and sonication. After centrifugation, Tris-HCl buffer (pH 8) was added to
the supernatant to a final concentration of 50 mM. The supernatant was
then loaded onto an Ni-NTA agarose minicolumn (0.2 ml) from Qiagen
Inc. (Valencia, CA). After bound proteins were washed with 50 mM Tris-
HCl buffer (pH 8) containing 1 M NaCl and 0.3% Brij 35, they were eluted
with 0.3 ml of the same buffer supplemented with 250 mM imidazole.
Protein size, expression level, distribution between soluble and insoluble
forms, and extent of purification were monitored by SDS-PAGE (see Fig.
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S1 in the supplemental material). All proteins were obtained with high
yield (>1 mg) and purity (80 to 90%).

Enzyme assays. Activities of the purified recombinant T. maritima
enzymes were routinely assayed in a 96-well plate format at 37°C using the
standard enzymatic coupling assay as described previously (42). Briefly,
an ATP-dependent sugar kinase activity was assayed by coupling the for-
mation of ADP to the oxidation of NADH to NAD™ via PYK and LDH
with continuous monitoring at 340 nm in a Beckman DTX-880 plate
reader. Typically, 0.2 to 0.4 g of the tested kinase was added to 200 p.l of
a reaction mixture containing 50 mM Tris-HCI buffer (pH 7.5), 10 mM
MgSO,, 1.2 mM ATP, 1.2 mM PEP, 0.3 mM NADH, 1.2 U of PYK, 1.2 U
of LDH, and 5 mM individual sugar substrate. The observed rates (calcu-
lated using an NADH extinction coefficient of 6.22 mM ™' cm ™ ') were
compared to those for the two sets of control samples: one control without
the tested enzyme and one without the sugar substrate. The initial screen-
ing for potential substrates was performed using the following series of
cocktails: (i) pentoses, (ii) hexoses, (iii) amino sugars; (iv) phosphosugars,
(v) sugar acids, (vi) sugar polyols, and (vii) disaccharides (see Table 2).
The final concentration of each sugar in the reaction mixture was 5 mM.
Individual substrates from the cocktails revealing enzymatic activity were
retested one by one using the same protocol. L-Ribulose and L-rhamnu-
lose, which were not commercially available, were obtained in situ from
L-arabinose and L-rthamnose, respectively, by adding excessive amounts of
recombinant purified arabinose isomerase (AraA) or rhamnose isomerise
(RhaA) from E. coli.

For selected sugar kinases (e.g., GIk/TM1469), the activity was mea-
sured at 80°C using a discontinuous assay. After incubation of the assay
mixture containing 50 mM Tris-HCI, 20 mM MgCl,, 2 mM ATP, and 5
mM substrate (at a 200-pl volume) for 5 min at 80°C, the reaction was
stopped by the addition of 20 pl of ice-cold 50% (vol/vol) perchloric acid.
After vortexing, the mixture was kept on ice for 10 min, neutralized with
30% KOH, and centrifuged. One hundred microliters of the supernatant
was mixed with 400 pl of 50 mM Tris-HCl buffer (pH 7.5) containing 2
mM PEP and 0.25 mM NADH. The amount of ADP released by the sugar
kinase reaction was quantified by the endpoint measurement of NADH
formed after incubation with a mixture of the PYK and LDH coupling
enzymes at 340 nm.

RESULTS AND DISCUSSION

Combined bioinformatics and experimental analysis of T. ma-
ritima sugar kinome. Homology-based scanning of the T. mari-
tima genome revealed the presence of at least 20 genes encoding
possible sugar kinases (Table 1). Among them, the most abundant
were members of the FGGY and PfkB families, including six pre-
viously uncharacterized subfamilies within each family. The re-
maining eight enzymes from other protein families included rep-
resentatives of six well-known subfamilies mainly implicated in
the central carbon metabolism (Glk, PfkA1, PfkA2, Pgk, Pyk, and
GckA) and two enzymes of unknown specificity, TM1280 and
TM1190. The scope of our bioinformatics analysis of these en-
zymes was in tentative assignment of physiological roles (e.g.,
their likely physiological substrates) by combining homology with
functional and genomic context analyses in 12 Thermotogales spe-
cies (Table 2). We used the subsystems-based approach (illus-
trated in reference 33) to reconstruct the pathway context for 14
putative sugar kinases in T. maritima (see Fig. 1 for an example of
pentose utilization pathways). These proteins, as well as the Glk
and PfkA1 enzymes, were individually purified and tested for en-
zymatic activity using in vitro assays.

The substrate specificity of the 14 proteins was characterized by
screening with a panel of 48 commercially available pentoses,
hexoses, amino sugars, phosphosugars, sugar acids, and sugar
polyols, as well as three disaccharides. We used a general colori-
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metric assay coupling ADP production to enzymatic conversion
of NAD to NADH, which was carried out in a 200-l volume in a
96-well plate format. The screening results for 14 enzymes are
summarized in Table 3.

For the scope of this study, the comparison of specific activities
(in lieu of genuine steady-state kinetic parameters) provided a
reasonable approximation of the relative substrate preferences of
each tested T. maritima kinase. The initial activity screen was per-
formed using mixtures (cocktails) of several similar sugars (such
as hexoses and pentoses; Table 3). Proteins with identified cata-
lytic activity against cocktails then passed on to secondary screens
with individual substrates. Although T. maritima enzymes are
usually thermophilic, most of the analyzed sugar kinases were suf-
ficiently active to collect the necessary data at 37°C using the con-
tinuous coupled assay format. For selected enzymes (including
those showing only low or no activity at 37°C), the measurements
were repeated at 80°C using a discontinuous endpoint assay. As
illustrated for the example of TM1469, the substrate selectivity
profile at 80°C generally remained the same as that at 37°C, despite
the ~10-fold higher observed activity (Table 4).

Overall, for nine analyzed kinases (TMO0116, TMO0284,
TM0443, TM1073, TM1430, TM0067, TM0960, TM0296, and
TM1190), the experimentally observed narrow substrate specific-
ity matched precisely the physiological role inferred by the bioin-
formatics analysis, whereas for a single kinase (TM1280), the ex-
perimental screening determined a novel specificity that was not
predicted by bioinformatics (Table 1). Among them, TM0284 and
TM1280 are novel kinases that are only distantly related to char-
acterized enzymes according to the phylogenetic analysis (see be-
low). For Glk (TM1469), the observed broader substrate specific-
ity allowed us to suggest a previously unknown dual physiological
role in the D-mannose and N-acetyl-D-glucosamine utilization
pathways. For PfkA1 (TMO0209), we confirmed the specific activity
on D-fructose-6-phosphate that was reported previously (9, 12).
For two enzymes, TM0952 and TMO0828, the predicted activity
could not be tested because of substrate availability. Below, we
describe the results of both bioinformatics and experimental anal-
yses for all enzymes grouped by sugar kinase families.

FGGY family. We revealed orthologs of each of six FGGY-
family kinases from T. maritima in the genomes of other Thermo-
togales (Table 2) and also determined their best similarity hits in
the UniProt database of experimentally characterized proteins
(Table 1). Phylogenetic analysis of the identified proteins from the
FGGY family performed here, as well as in our previous study
(45), provided first clues on their possible substrate preferences
(Fig. 2). These results, supplemented by genome context analysis,
allowed us to reconstruct the cognate sugar utilization pathways
and predict the specificities of the associated sugar kinases (Table
1) (45). In vitro enzymatic assays over a panel of diagnostic sugar
substrates confirmed stringent preferences toward the respective
physiological substrates for five FGGY kinases in T. maritima,
namely, AraB, XylB, GlpK, GntK, and RhaB (Table 3).

AraB/TM0284 and XylB/TMO0116 kinases are involved in the
catabolism of two pentose sugars, L-arabinose and D-xylose, re-
spectively. The proposed metabolic pathways for utilization of
these sugars and their oligosaccharide/polymer precursors are il-
lustrated in Fig. 1A. Genomic loci encoding the arabinose and
xylose utilization genes are present in all analyzed Thermotoga spp.
(Table 2), where they are controlled by the cognate transcriptional
regulators AraR and XylR, respectively (Fig. 1A). T. maritima XylE
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TABLE 1 Sugar kinases encoded in the T. maritima genome

Source or
Family Gene Name Functional role EC no. Sugar utilization pathway Homologs with known function® In vitro specificity reference(s)
FGGY/COG1070 ~ TMO0116 xyIB Xylulokinase 2.7.1.17  Xylose Xylulokinase, XYLB_BACSU (38) p-Xylulose This work
FGGY/COG1070 TM0284 araB L-Ribulokinase 2.7.1.16  Arabinose Gluconokinase, GNTK_BACSU (32) L-Ribulose This work
FGGY/COG1070 TM0443  gntK Gluconokinase 2.7.1.12 5-Ketogluconate Gluconokinase, GNTK_BACSU (37) D-Gluconate This work
FGGY/COG1070 TM1073  rhaB Rhamnulokinase 2.7.1.5 Rhamnose Rhamnulokinase, RHAB_ECOLI (36) L-Rhamnulose This work
FGGY/COG0554  TM1430 glpK  Glycerol kinase 2.7.1.30  Glycerol Glycerol kinase, GLPK_BACSU (67) D-Glycerol This work
FGGY/COG0554  TM0952 drlK Putative p-ribulokinase 2.7.1.47%  Putative b-arabinose Glycerol kinase, GLPK_BACSU (45) Not determined (weak activity on p-glycerol) — This work
PfkB/COG0524 TMO0067 kdgk  KDG kinase 2.7.1.45  Glucuronate 5-Dehydro-2-deoxyglucono-kinase, KDG This work
IOLC_BACSU (24)

PkB/COG0524 TM0960  rbsK Ribokinase 2.7.1.15 Ribose Ribokinase, RBSK_ECOLI (39) p-Ribose This work
PfkB/COG0524 TM0296  scrK Fructokinase 2.7.1.4 Mannitol Fructokinase (SCRK1_ARATH (40) D-Fructose This work
PfkB/COG0524 TM0415  iolK Putative sugar kinase Inositol Not determined This work
PfkB/COG0524 TMO0795 Putative sugar kinase Unknown Ribokinase, RBSK_BACSU (24) Not tested
PfkB/COG1105 TM0828  lacC Putative tagatose-6- 2.7.1.144  Unknown Tagatose-6-phosphate kinase, LACC_STRPN (32)  Not determined (weak activity on ManNac) This work

phosphate kinase
GHMP/COGO0153  TM1190  galK Galactokinase 2.7.1.6 Galactose Galactokinase, GAL1_PYRFU (42) D-Galactose This work
ROK/COG1940 TM1469  glk Glucokinase, hexokinase = 2.7.1.2 Glycolysis Glucokinase, GLK_BACSU (34) D-Glucose, b-mannose, GIcNAc, GIcN 13 and this work
PfkA/COG0205 TM0209 pfkAl  6-Phosphofructokinase  2.7.1.11  Glycolysis 6-Phosphofructokinase, K6PF_BACSU (55) p-Fructose-6-phosphate 9, 12, and this work
PfkA/COG0205 TM0289 pfkA2  6-Phosphofructokinase,  2.7.1.90  Glycolysis, gluconeogenesis ~ 6-Phosphofructokinase, K6PF_BACSU (35) D-Fructose-6-phosphate 9

polyphosphate

dependent
COG2971 TMI1280 bgIK  Glucosamine kinase 2.7.1.8 B-Glucoside? N-Acetylglucosamine kinase, NAGK_RAT (22) GIeN, p-gluconate This work
COG0469 TMO0208  pyk Pyruvate kinase 2.7.1.40  Glycolysis Pyruvate kinase, KPYK1_ECOLI (42) Pyruvate 17
COGO0126 TM0689  pgk Phosphoglycerate kinase ~ 2.7.2.3 Glycolysis Phosphoglycerate kinase, PGK_BACSU (62) 3-Phosphoglycerate 34
COG2379 TM1585 gckA  Glycerate-2-kinase 2.7.1.165  Serine utilization pathway ~ Glycerate-2-kinase, GLCK_PYRHO (45) D-Glycerate 42

“ The best homologs with known function were determined by BLAST analysis versus the UniProt database. The functional role, UniProt identifier (percent identity with the T. maritima kinase, in parentheses) are shown. Organism

abbreviations: BACSU, Bacillus subtilis; ECOLL, Escherichia coli; ARATH, Arabidopsis thaliana; STRPN, Streptococcus pneumoniae; PYRFU, Pyrococcus furiosus; RAT, Rattus norvegicus; PYRHO, Pyrococcus horikoshii.
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is a component of the ABC-type xylose transporter that has sub-
strate specificity to D-xylose (23). The ortholog of araA in Ther-
motoga neapolitana encodes functional L-arabinose isomerase
(18). Our experimental results confirmed the proposed activity of
the recombinant T. maritima AraB and XylB enzymes on L-ribu-
lose and D-xylulose, respectively (Table 3). Interestingly, the Ther-
motoga-specific branch of AraB proteins is distant from other
known AraB proteins on the phylogenetic tree, suggesting their
early divergence in the evolution of FGGY kinases (45).
GlpK/TM1430 kinase is encoded in the glycerol utilization
gene cluster containing glycerol-3-phosphate dehydrogenase and
glycerol operon antiterminator. GlpK is the only kinase from the
FGGY family that is conserved in all Thermotogales genomes (Ta-
ble 2). On the phylogenetic tree, GlpK proteins from the Thermo-
togales cluster with known glycerol kinases from other bacterial
lineages such as Bacillus subtilis (Fig. 2) (45). However, the initial
screening of TM1430 enzymatic activity on all tested substrates
revealed very low activity on D-glycerol (0.32 U/mg). Alignment of
orthologous GlpK proteins from Thermotoga spp. showed that the
T. maritima TM1430 gene is truncated due to a single nucleotide
nonsense mutation resulting in a protein product that lacks the
last 14 amino acids (see Fig. S2 in the supplemental material). We
confirmed this mutation by resequencing from genomic DNA,
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showing that it was not due to gene cloning or sequencing error.
The premature stop codon TGA in the TM1430 gene (a likely
result of isolation or cultivation under nonselective conditions)
was replaced by TGG (which occurs in the orthologs from other
Thermotogales) using site-directed mutagenesis. The repaired re-
combinant protein, TM1430%, was purified, and its activity and
substrate specificity were assessed in vitro. The TM1430* protein
has 43-fold higher activity on p-glycerol than the original trun-
cated TM 1430 protein (14 U/mg) and is not active on other tested
substrates (Table 3).

GntK/TMO0443 and RhaB/TM1073 kinases are encoded by gene
clusters that are implicated in the catabolism of 5-keto-D-gluconate
and L-rhamnose, respectively. The D-gluconate kinase GntK is func-
tionally coupled with 5-keto-D-gluconate reductase TM0441 (I. A.
Rodionova, unpublished data). The L-rhamnulose kinase RhaB is
linked to the characterized L-rhamnose isomerase RhaA/TM1071
(32). Orthologs of both T. maritima kinases were identified in four
closely related Thermotoga genomes, where they have the same
genomic and functional context (Table 2). Our experimental results
confirmed the proposed substrate specificities of the recombinant T.
maritima GntK and RhaB enzymes on D-gluconate and L-rhamnu-
lose, respectively (Table 3).

Predicted p-ribulose kinase DrlK/TM0952 is encoded by a pu-
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TABLE 4 Specific activity of TM1469 on various hexoses at 37°C and
80°C

Spact (Umg™ ")

Substrate® 37°C 80°C

p-Glucose 10.69 = 4.03 (100)" 104.9 = 3.5 (100)
2-Deoxy-D-glucose 3.74 = 0.52 (35) 33 (32)
N-Acetyl-D-glucosamine 0.95 + 0.57 (8.8) 18.68 (18)

D-Glucosamine 2.29 + 1.52 (21) 12.13 = 1.59 (11.5)

D-Mannose 0.99 £ 0.13 (9.2) 4.99 * 1.41 (1.9)
D-Mannosamine 0.25 (2.3) 0.57 *= 0.36 (0.5)
N-Acetyl-D-mannosamine 0.58 (5.4) 0.082 (0.07)

“ Substrates were used at 5 mM.
b Data in parentheses represent percentage of total activity.

Sugar Kinome of Thermotoga

tative D-arabinose catabolic gene cluster, which is colocalized with
the D-ribose utilization genes (Fig. 1). The putative two-subunit
transketolase TktAB encoded in this gene cluster is solely dedi-
cated to the predicted D-arabinose utilization pathway, as the pri-
mary transketolase from the pentose phosphate pathway is also
present in all Thermotogales genomes (TM1762 in T. maritima).
Interestingly, the predicted p-arabinose catabolic genes are pres-
ent in 3 out of 9 Thermotogales genomes possessing the D-ribose
catabolic operons (see Fig. S3 in the supplemental material). Ex-
perimental testing of TM0952 did not reveal activity on any tested
substrates except for a relatively low activity on D-glycerol and
D-glycerate (Table 3). However, the predicted p-ribulose kinase
activity could not be tested, as this compound was not commer-
cially available. The observed low activity of DrlK on D-glycerol is
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FIG 2 Maximum likelihood phylogenetic tree of FGGY-family kinases in the Thermotogales. The numbers represent bootstrap values (in percent) obtained from
1,000 replicates. TRQ2, Thermotoga sp. strain RQ-2; Tpet, Thermotoga petrophila RKU-1; Tnap, Thermotoga naphthophila RKU-10; CTN, Thermotoga neapoli-
tana DSM 4359; Tlet, Thermotoga lettingae TMO; Theth, Thermotoga thermarum DSM 5069; Tmel, Thermosipho melanesiensis B1429; Fnod, Fervidobacterium

nodosum Rt17-B1; Pmob, Petrotoga mobilis S]95.
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FIG 3 Maximum likelihood phylogenetic tree of PfkB-family kinases in the Thermotogales. The numbers represent bootstrap values (in percent) obtained from
1,000 replicates. TRQ2, Thermotoga sp. strain RQ-2; Tpet, Thermotoga petrophila RKU-1; Tnap, Thermotoga naphthophila RKU-10; CTN, Thermotoga neapoli-
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consistent with the observation that DrlK is the closest paralog of
the glycerol-specific GlpK kinases (Fig. 2).

PfkB family. The P{kB family in T. maritima is represented by
six proteins (Table 1). Orthologs of the PfkB-family kinases deter-
mined in 12 Thermotogales species (Table 2) form six distinct clus-
ters on the phylogenetic tree, each containing 6 to 12 proteins (Fig.
3). The specificities of RbsK/TM0960, KdgK/TM0067, ScrK/
TMO0296, and LacC/TMO0828 could initially be predicted by the
significant similarity of these proteins with the kinases character-
ized from model organisms supported by their clustering on the
phylogenetic tree. The genome context analysis confirms the ho-
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mology-based functional assignments for RbsK, KdgK, and ScrK.
The predicted ribulokinase gene rbsK in T. maritima is colocalized
with genes encoding the ribose-specific ABC transporter (23) (Fig.
1), and this gene arrangement is conserved in other Thermotogales
(see Fig. S2 in the supplemental material). The predicted 2-keto-
3-deoxy-gluconate (KDG) kinase gene kdgK in five Thermotoga
genomes is located within the kdgAK-uxuBA (TMO0066 to
TMO0069) gene cluster encoding enzymes that are 27 to 40% iden-
tical to the D-glucuronate catabolic enzymes from E. coli. The pre-
dicted fructokinase scrK was found in a conserved chromosomal
cluster with a gene encoding the D-mannitol dehydrogenase
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MtID/TMO0298 (35). Thus, the Mtl b-dependent oxidation of D-
mannitol produces D-fructose, which is further phosphorylated
by ScrK. The experimental assessment of T. maritima RbsK, ScrK,
and KdgK kinases confirmed their stringent substrate preferences
for p-ribose, D-fructose, and KDG, respectively (Table 3). Al-
though the specific activity of ScrK on D-fructose was very low at
37°C (0.27 U/mg), it increased ~100-fold at a higher temperature
(28 U/mg at 80°C), while the enzyme remained inactive on all
other sugars tested.

In contrast, the putative sugar kinase lacC in T. maritima and
its orthologs in other Thermotogales are located in the conserved
gene cluster TM0828 to TM0838 encoding some essential cellular
functions such as DNA gyrase, cell division proteins, and tRNA
modification enzymes. The observed genomic context of lacC ho-
mologs and the absolute conservation of orthologous kinases in all
Thermotogales were suggestive of a role in central metabolism
(rather than in catabolic feeding pathways). Experimental screen-
ing for the specific activity of the TM0828 kinase with our panel of
sugars showed very low activity with N-acetylmannosamine at
37°C (0.28 U/mg), which was not confirmed at the higher temper-
ature (80°C). TM0828 is an ortholog of the D-tagatose-6-phos-
phate kinase LacC from Firmicutes, and it is reasonable to suggest
the same enzymatic function in Thermotogales, although the met-
abolic pathway context for this proposed function is unknown in
Thermotoga. However, this tentative assignment could not be
tested since D-tagatose-6-phosphate is not commercially available
and could not be easily generated in situ.

The remaining two putative PfkB-type kinases in T. maritima,
TMO0415 and TM0795, are only distantly related to the character-
ized kinases from the PfkB family (Table 1). These two kinases and
their orthologs in other Thermotogales form two separate and di-
vergent branches on the PfkB-family phylogenetic tree (Fig. 3).
The genome context analysis allowed us to suggest possible in-
volvement of the TM0415 kinase in a novel inositol catabolic
pathway (Rodionova, unpublished); however, its specific sub-
strate specificity is yet unknown.

Other families of sugar kinases. Glk/TM1469 is a single rep-
resentative of the ROK kinase family in T. maritima which was
previously characterized as ATP-dependent glucokinase with
stringent substrate specificity on D-glucose and, to some extent,
on 2-deoxyglucose (13). Our study confirmed the glucokinase ac-
tivity of GIk/TM 1469 but also revealed its rather broad substrate
specificity, which also includes N-acetyl-D-glucosamine, b-glucos-
amine, D-mannose, and D-mannosamine. The specific enzymatic
activity of Glk on these substrates was 2- to 20-fold higher at 80°C
than at 37°C, while it showed essentially the same preference pro-
file (Table 4).

The determined broad substrate specificity of the Glk kinase in T.
maritime is corroborated by the genomic reconstruction of the sugar
utilization metabolic pathways. Thus, the pathway for utilization of
chitobiose, a disaccharide of N-acetyl-pD-glucosamine, which is en-
coded by the TM0808 to TM814 gene cluster, lacks N-acetyl-D-glu-
cosamine-specific kinase (Fig. 1B). Similarly, D-mannose-specific ki-
nase is absent from the reconstructed pathway for utilization of
mannan and mannosides, which is encoded by the TM1224 to
TM1227 gene cluster. Therefore, the respective activities of TM 1469
may potentially fill in the missing steps in these two pathways
(Fig. 1B).

The GalK/TM1190 protein belongs to the GHMP family and
is similar to galactokinase from Pyrococcus furiosus (14). GalK
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is encoded in the lactose-induced TM1201 to TM1190 gene
cluster in T. maritima (25), which also contains galactose-1-
phosphate uridylyltransferase (GalT/TM1191), a-galactosi-
dase (GalA/TM1192), two P-galactosidases (LacZ/TM1193
and LacA/TM1195), secreted arabinogalactan endo-1,4-B-ga-
lactosidase (GanA/TM1201), and a predicted ABC-type galac-
toside transporter (LtpEFGK/TM1194 to TM1199). Orthologs
of the galK gene are present in all Thermotogales species, where
they are always colocalized with the galT genes (Table 2). Sub-
strate screening with the purified GalK protein confirmed its
strong preference for D-galactose and determined D-galac-
tosamine to be a secondary possible substrate with 14-fold
lower activity (Table 3).

The TM0209 and TM0289 kinases belong to the PfkA family,
which includes solely 6-phosphofructose-specific kinases from
various microorganisms. Both PfkA-type kinases in T. maritima
were previously characterized as 6-phosphofructokinases that are
involved in the glycolysis pathway (9, 12). Here we screened
TMO0209 on the panel of 45 different sugars and showed its strong
substrate preference for D-fructose-6-phosphate (Table 3). The
TM0209 gene is highly conserved in all Thermotogales and clusters
on the chromosome with another central metabolic enzyme, the
pyruvate kinase gene pyk/TMO0208.

The hypothetical sugar kinase TM1280 belongs to the
COG2971 protein family, which is represented by the character-
ized N-acetyl-D-glucosamine-specific kinases NagK from both
bacteria (e.g., from Shewanella oneidensis [41]) and eukaryotes
(e.g., from human and rat [15]). However, the sequence similarity
between different NagK proteins and TM1280 is weak (20 to 22%
identity), suggesting a possible functional divergence. The
TM1280 orthologs were found in six other Thermotoga spp.,
where they were always located in a putative operon with down-
stream gene TMI281, encoding the 6-phospho-B-glucosidase
BglT (38). The genomic context suggests that TM 1280 may be
involved in the phosphorylation of B-glucosides, thus providing
6-phospho-B-glucosides for the BglT hydrolase. This kinase was
therefore tentatively named BglK. However, the screening for spe-
cific kinase activity of BgIK with three (3-glucosides, namely, cel-
lobiose, gentibiose, and chitobiose, did not confirm this predic-
tion. Instead, the TM1280 kinase was found to be active on
D-glucosamine and D-gluconate (Table 3), although the physio-
logical implication of these observed activities for Thermotoga me-
tabolism is not clear.

Conclusions. The marine hyperthermophilic bacterium T.
maritima has extensive and highly diversified carbohydrate utili-
zation machinery. In this study, we applied the integrated ap-
proach to infer and experimentally assess biochemical functions
of sugar kinases involved in a variety of carbohydrate utilization
pathways in this bacterium. Using genome context analysis, we
were able to tentatively assign biological roles in reconstructed
pathways and infer substrate preferences for a substantial fraction
of the analyzed sugar kinome (Table 1). For 5 of these enzymes,
namely, TM0116/XylB, TM0284/AraB, TM1073/RhaB, TM0952/
DrlK, and TM0415/I0lK, the bioinformatic analysis predicted
their biochemical functions for the first time in this study. Bio-
chemical assays with purified recombinant proteins identified the
kinase activity with a panel of 45 diagnostic mono- and disaccha-
rides. Remarkably, nearly all of the 14 experimentally character-
ized enzymes displayed a strong preference toward a single sub-
strate corresponding to their respective biological functions. The
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scope of experimental analysis was limited to primary screening,
which was performed under suboptimal temperature conditions
for T. maritima enzymes (37°C). However, our detailed analysis of
one enzyme, the hexokinase Glk/TM 1469, suggested a full corre-
lation of substrate relative preference between two compared tem-
peratures (37°C and 80°C), which is also consistent with other
reports (39, 42).

Overall, the integrative sugar kinome analysis combining the
subsystem-based bioinformatic approach, phylogenetic analysis,
and experimental substrate screening revealed a high level of con-
sistency between the physiological roles of the T. maritima sugar
kinases and their in vitro substrate preferences. The results of this
analysis confirm that sugar kinases may indeed be used as signa-
ture genes/enzymes for the inference of respective catabolic path-
ways from genomic data.
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