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Figure 3. Functional and genomic context of ROK-family regulons in 7. maritima. Validated and predicted effectors of regulators are listed in red
and black, respectively. Regulator binding sites and downstream regulated genes are shown by circles and arrows, respectively. Sequence logos
representing the consensus binding site motifs were built using all candidate sites in the Thermotogae genomes. Genes encoding transcriptional
regulators and components of sugar uptake transporters are shown in black and pink, whereas the genes encoding the secreted and intracellular sugar
catabolic enzymes are in yellow and light green, respectively. Hypothetical genes are in gray. The 7. maritima gene 1Ds are given inside the genes.
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regulators in Thermotogae (Supplementary Table S1). In
contrast with DNA motifs, specific effectors cannot be
unambiguously predicted solely from genome analysis.
Suggested candidate effectors of seven regulators from
T. maritima were experimentally tested (as described in
the next section), providing the basis for the analysis of
structural determinants of effector specificity.

Experimental assessment of predicted DNA motifs and
effectors of ROK regulators

Seven ROK-family regulators from 7. maritima—
BgIR/TM0032, ManR/TM1224, XylR/TMO0110, ChiR/
TMO0808, TreR/TMO0393, GIluR/TM1847 and IolR/
TMO0411—were assessed in vitro for their ability to recog-
nize the predicted DNA operator sites and effectors. Each
regulator gene was cloned and overexpressed in E. coli,
and the recombinant protein was purified by Ni*'-
chelating chromatography. We used EMSA to test
specific DNA binding of the purified ROK proteins to
the synthetic DNA fragments containing the predicted
23-bp DNA sites from 7. maritima. The results of all
EMSA experiments are available in Supplementary
Figure S3 and are briefly described below.

DNA motif binding specificities

All tested ROK regulators demonstrated a concentration-
dependent formation of shifted DNA bands when tested
with DNA fragments containing their predicted
regulator-binding sites (Figure 4A; the complete results
are provided in Supplementary Figure S3). As determined
by EMSA experiments, the minimal effective concentra-
tion (MEC) of protein that is required to shift at least 80%
of target DNA was in the 0.5-25nM range (Table 1). The
ChiR protein demonstrated the complete band shift at
minimal concentration of 0.5nM. For the XylR protein,
the band shift for all five target sites was essentially
complete at protein concentrations above 2.5-5.0nM.
The BgIR and IolR proteins demonstrated similar
affinities to their cognate DNA sites, producing a
complete shift at 2.5nM. For the ManR regulator, a
high-scoring binding site at the manB gene and the
low-scoring site at the mtpE gene showed the complete
band shifts at protein concentrations above 10 and
25nM, respectively. In summary, the results of in vitro
binding assays provide experimental validation for all 14
predicted DNA binding sites of seven ROK-family regu-
lators in 7. maritima.

Effector specificities

To test the effects of various mono- and disaccharides on
DNA binding of each ROK regulator, we performed
additional EMSA experiments with a selected subset of
DNA fragments containing regulator-binding sites
(Supplementary Figure S3). The specific DNA-binding
ability of all tested ROK regulators except IolR was abol-
ished by one or several carbohydrates in a concentration-
dependent manner (Table 2). The binding assays confirm
that a disaccharide chitobiose but not monosaccharide
GIcNAc is a specific effector of ChiR, a predicted regula-
tor of the chitobiose utilization operon. The XylR regula-
tor of xylan/xyloside utilization pathways in Thermotoga
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spp. demonstrated broader effector specificity: in addition
to p-xylose (MEC 0.02mM), the specific DNA-binding of
XyIR was also suppressed by p-glucose (but with MEC
>0.2mM). Interestingly, it was previously shown that
D-glucose is weakly active as an inducer for the
xylose-responsive repressor XylR in B. subtilis (62). The
specific binding of the laminarin/B-glucosides utilization
regulator BglR to its cognate DNA operator was
affected by both monosaccharide p-glucose and disacchar-
ide cellobiose with MEC 0.2 and 2.0mM, respectively.
The trehalose utilization regulator TreR showed strict
preference for this disaccharide (MEC 0.2mM) and did
not respond to D-glucose, even at much higher concentra-
tions. The predicted glucose-responsive regulator GluR,
which controls the glucose and trehalose ABC trans-
porters in T. maritima, was affected by D-glucose at
2mM but was not affected by other tested sugars.
Finally, the inositol catabolism regulator IolR did
not respond to any tested sugars including myo-inositol,
myo-inositol-1-phosphate, scyllo-inositol, the myo-inositol
catabolic pathway intermediates (2-keto-myo-inositol,
5-keto-p-gluconate) and D-glucose  (Supplementary
Figure S3).

Structural determinants of effector specificity in the
ROK family of regulators

Based on the combined bioinformatic and experimental
analysis, we selected seven presumably isofunctional
groups of orthologous ROK regulators in Thermotogae
to study the residues that determine specificity of regula-
tors toward their molecular effectors (Figure 1). The high
sequence similarity between the ligand-binding domains of
the studied regulators and four structurally characterized
sugar kinases within the ROK family allows us to assume
that the active site in kinases corresponds to the
effector-binding site in the regulators from this protein
family (Figure 4). Various orthologous groups of ROK
regulators in Thermotogae have distinct patterns of
residues compared with those that are present in the
active site of kinases (Supplementary Table S5). Thus,
the catalytically important ATP-binding motif of kinases
(DxGxT) is altered in all but two groups. However,
another feature important for kinase activity, the
zinc-binding motif (CxCGxxGCxE/D), 1is largely
conserved throughout the ROK family. Remarkably, the
most significant variations among different groups of
ROK regulators were observed for the residues implicated
in sugar binding.

Using a multiple sequence alignment of the ligand-
binding domains of 47 selected ROK regulators, we
computed the SDRs that distinguish regulators from dif-
ferent groups (Supplementary Table S2). Seven SDRs that
are presumably involved in effector recognition were
selected by mapping into the tertiary structure of
TM1224/BgIR  (Supplementary Figure S1). We also
selected five additional sugar-binding residues conserved
in the active site of ROK kinases that were not identified
as SDRs but which are substituted in some groups of the
analyzed ROK regulators (Supplementary Figure S4). The
identified two groups of residues in the putative
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Figure 4. EMSA with T. maritima ROK-family regulators and their predicted DNA target fragments. Titration of ROK regulators for binding of

their target DNA fragments (0.1 mM). EMSA was performed in the absence (lane 1) and in the presence of increasing protein concentrations.

Table 1. Validated binding motifs of ROK-family regulators in 7. maritima

Regulator Regulator-binding DNA motif Regulated target gene® EMSA validation
Binding site sequence Distance PWM DNA label® MECS, nM
to ATG score
TMO0110/XyIR GAAATTTCTTTAGAGGAAAAAAT —45 5.28 TMO0309/xtpN biotin 2.5
AATATTTCCCGAAAGGAAAAAAT —53 5.67 TM0071/xloE biotin 5.0
ATAATTGATTGATAGAAAAAATT —38 491 TMI1667/xylA biotin 5.0
ATTATTTCCTGCATATAATTAAT —61 5.33 TM0110) xylR biotin 2.5
ATTTTTTCTTTACAAAAAATAAC —87 5.61 TM0061 xynA biotin 2.5
TMO0808/ChiR AAGTTGTTTGCGGCATGCAACTA -27 6.85 TMO808/chiR biotin 0.5
TMO0032/BgIR AATTTCTTTCTGAGGAAGATAGA —45 6.80 TM0032/bglR biotin 2.5
TMO0411/IolR GTTGGTTAGTTAACGATAACAAA -39 6.04 TM0411/iolR biotin 2.5
TM1224/ManR AAATAAGTAAAGTTTACTAATTA —38 7.51 TM1227/manB biotin 10
TTATTAGTAAGTGTTATTTATTA —-50 5.15 TM1746/mtpE biotin 25
TMO0393/TreR ATTaATTCAagTTACGAATAAAT -39 5.99 TMO0392/treT biotin 10
tTaTtTTCATTTAACGAAaAAAa —138 5.80 Thema_1380/treE fluo. 200
TM1847/GluR ATTTAATTCCITTGGAAaTTAAT —121 6.28 Thema_1377/gluE fluo. 100
ATTTgATTACAACGTCATTTAAC —47 5.98 Thema_1380]treE fluo. 100

“TM IDs and names of the first genes in candidate-regulated operons are indicated.
®Biotin-labeled 49-bp DNA fragments (0.1 nM) and fluorescence-labeled 33-bp DNA fragments (2nM) were used in EMSA assays.
“Minimal effective concentration of regulators that is required to shift at least 80% of target DNA in EMSA experiments. For details,

Supplementary Figure S3.

ligand-binding site of ROK regulators are represented as
motif logos in Figure 1. The projection of these residues
onto available tertiary structures of ROK kinases solved
in complex with their cognate substrates, p-glucose or
ManNAc, provides insights into the structural basis of
their sugar ligand specificity (Supplementary Table S6
and Supplementary Figure S1).

The identified carbohydrate effectors of ROK
regulators can be classified by their molecular size (e.g.
mono- or disaccharide), structure (e.g. the type of the
glycosidic bond in disaccharides) and orientation of
hydroxyl groups (Supplementary Figure S5). Some
of the observed variations in the ligand-binding site of
ROK regulators were correlated with these features of
sugar ligands (Figure 1). Thus, Asp226, which is
involved in the recognition of the 6'-OH group of the

sugar ligand (Supplementary Table S6), is conserved in
all analyzed proteins with the exception of the XyIR and
IolR groups of regulators. In the xylose-responsive regu-
lator XylR, Asp226 is substituted by glutamic acid that
has a longer side-chain, thus compensating for the absence
of the 6'-OH group in the xylose effector. In the inositol
catabolism regulator IolR, the negatively charged Asp226
is substituted by the neutral asparagine. Prol81 in the
active site loop is conserved in all analyzed proteins with
the exception of TreR, where it is substituted by serine.
The effector of TreR is an a-linked glucose disaccharide,
trehalose, making it distinct from the effectors of other
regulators. In the tertiary structure of TM1224 (2HOE),
Prol81 interacts with residues in the sugar-binding B6-B7
loop, likely contributing to coordination of this loop for
ligand recognition.
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Table 2. Effectors of ROK-family regulators in 7. maritima tested by EMSA

Regulator (Protein) nM Regulator target gene Tested potential ligands
containing upstream
binding site tested Sugar (Sugar) mM Effect®
TMO0808/ChiR 1 TMO0808/ chiR Chitobiose 2-20 Partial to full
Cellobiose >20 None
Gentibiose >20 None
p-Glucose >20 None
GIlcNAc >20 None
TMO0110/XyIR 2.5 TM1667] xylA D-Xylose 0.02-0.2 Partial to full
D-Glucose 0.2-2.0 Partial to full
D-Mannose 2-20 Partial to full
TMO0032/BglR 2.5 TM0032/ bglR D-Glucose 0.2 Full
Cellobiose 0.2-2.0 Partial to full
Chitobiose >2 None
Gentibiose >20 Partial
TMO0411/IolR 2.5 TM0411] iolR myo-Inositol >2 No
scyllo-Inositol >2 No
MI-Phosphate >2 No
2-Keto-MI >2 No
D-Glucose >2 No
TM1224/ManR 50 TM1227] manB D-Mannose 2.0 Full
D-Xylose >20 No
D-Glucose >20 No
TMO0393/TreR 50 TMO0392| treT Trehalose 0.2 Full
D-Glucose >20 No
Sucrose >20 No
TM1847/GluR 50 Thema_1377] gluE D-Glucose >2.0 Partial
D-Mannose >20 No
Trehalose >20 No
D-Xylose >20 No

“Potential effectors of ROK regulators were tested for their ability to abolish the protein-dependent shift of a target DNA fragment using EMSA

experiments. For details, see Supplementary Figure S3.

Two signature residues located in the ligand recognition
B6-B7 loop (positions 194 and 196) are presumably
responsible for recognition of the 1’- and 2’-OH groups
of the sugar ligand (Supplementary Table S6). Large vari-
ations in these two residues in the analyzed ROK regula-
tors are correlated with the differences in the 1’- and 2’-
OH groups of their corresponding effectors. The three
groups of glucose-responsive regulators GluR, XylR and
BglIR have identical Alal194 and Asnl196, whereas other
groups of ROK regulators are characterized by other
specific patterns of residues in these positions. Hence,
the mannose-responsive regulator ManR is characterized
by proline in position 194, whereas mannose differs from
glucose in the orientation of the 1’- and 2'-OH groups
(Supplementary Figure S5). Three signature residues in
positions 116, 117 and 254, which are located in the
ATP-binding loops in close vicinity to the ligand-binding
site, demonstrate the patterns of variation throughout the
specificity groups that correlate with particular properties
of effectors. Glyl16 is conserved in all studied regulators
except ChiR and BgIR that respond to B-linked disacchar-
ides, whereas Gly254 is substituted by arginine in the
GluR and XylR regulators, both of which respond to
monosaccharides but not to disaccharides.

Among five sugar-binding residues conserved in the
active site of ROK kinases, Glyl182, Asn225, Glu277,
His280 and Glu301, the first three are absolutely
conserved in all studied ROK regulators, whereas the
last two residues are substituted in two groups of

regulators, ManR and ChiR (Figure 1). The conserved
His280 contacts with the 2'-OH group of glucose in
ROK kinases (Supplementary Table S6). The His280 sub-
stitution correlates with the replacement of the 2'-OH
group with the acetylated 2’-NH group in chitobiose (for
ChiR), and with an opposite orientation of the 2’-OH
group in mannose (for ManR). Another conserved
residue, Glu301 that contacts the 1’-OH group, is
substituted by aspartic acid in five out of seven ChiR
proteins, thus likely contributing to recognition of the
chitobiose effector.

DISCUSSION

Sugar catabolic pathways in bacteria are often directly
regulated by carbohydrate-responsive TFs that mediate
induction of target catabolic operons in the presence of
their cognate effectors, usually mono- or disaccharides
(27,30,37,54,63,64).  Marine  bacteria  from  the
Thermotogae phylum provides us with a remarkable
case of a lineage-specific expansion and diversification of
the carbohydrate catabolic machinery (17), where several
families of sugar-related transcriptional regulators, such
as ROK and Lacl, are represented by multiple paralogs.
The ROK family is the largest family of regulators in
Thermotoga spp., and the model bacterium 7. maritima
alone has seven distinct ROK regulators (Figure 2).
Analysis of distant homologs of the ROK regulators did
not reveal their potential functional orthologs outside of
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the Thermotogae phylum. A large-scale phylogenetic
analysis of ROK-family regulators suggests that all
Thermotogae-specific regulators are likely monophyletic
(Supplementary Figure S6). These observations allowed
us to propose that the expansion of ROK-family regula-
tors in Thermotogae was likely due to massive duplica-
tions and subsequent specializations to take control over
distinct sugar catabolic pathways. The knowledge of
specific functions within a reference set of divergent
family members is essential for understanding the molecu-
lar mechanisms of functional diversification in large
families of regulators. Therefore, in this study, we
combined cross-genome context analysis and experimental
techniques to assess functions and specificities of the
carbohydrate-responsive regulators from the ROK
family in Thermotogae. As a result of the combined
in vitro and in silico analyses, the identified and validated
novel functional roles and effectors of ROK-family regu-
lators in Thermotogae allowed us to largely expand the
reference set of characterized regulators in this family
(Figure 3). Interestingly, the phylogentic analysis of the
ROK regulators with experimentally characterized
specificities or the regulators whose functions were
predicted via the comparative genomic analysis
(Supplementary Figure S6) suggests a convergent evolu-
tion of regulators for certain sugar catabolic pathways.
Thus, the phylogenetic tree of ROK regulators suggests
that different non-orthologous regulators were independ-
ently recruited for transcriptional control of the xylose
utilization pathways in Thermotogae, Firmicutes and
a-proteobacteria, as well as for the N-acetylglucosamine
and chitin utilization pathways in Thermotogae,
y-proteobacteria and Actinobacteria.

Based on the expanded reference set of ROK regulators,
we performed the structure functional analysis aiming to
understand the mechanisms of carbohydrate recognition
by these regulators (Figure 1). Using multiple alignment of
sugar-binding domains of ROK regulators and homolo-
gous sugar kinases, we inferred the signature SDR
residues and the conserved residues that presumably
play a key role in the recognition of the carbohydrates
in the effector-binding site of the ROK family transcrip-
tional regulators. Comparison with the available tertiary
structures of ROK kinases bound to their sugar substrates
allows us to propose that the sugar effector is surrounded
by two groups of conserved residues and two groups
of SDRs that are presumably located in the protein
loops on the opposite sides of the ligand-binding site
(Supplementary  Figure S1). Two out of four
SDR-containing loops (B4-B5 and B6-B7) are known to
move toward the sugar-binding site when protein
undergoes the conformational change upon ligand
binding (19). Previous mutagenesis studies with the AlsK
and NanK kinases have proved the importance of the
latter two loops for the substrate specificity of these
enzymes (65). We speculate that new specificities (except
the XyIR group) evolved without disturbing the conserved
residues in the buried part of the binding site (positions
225 and 226) and the first side wall of the binding site
formed by the conserved residues of the large domain
(positions 277 and 280). The substitutions in the moving

part of the binding site located in the B4-B5 and B6-B7
loops of the small domain apparently bring the major
contribution into the effector specificity. Another group
of SDRs located within the B1-B2 and B9-f10 loops in
close vicinity to the sugar-binding site could be involved
in the recognition of mono- and disaccharides serving as
the gates for the sugar-binding site.

We combined the obtained results on the signature
residues with phylogenetic analysis of the ROK family
proteins and suggested the overall scenario for the evolu-
tion of ROK family TFs in the Thermotogae phylum. The
largest group of TreR regulators has representatives in all
but one Thermotogae genome (Figure 2). Conservation of
this regulator suggests that it likely existed in the last
common ancestor of Thermotogae. Representatives of
the ChiR group of regulators are present in all
Thermotoga and Thermosipho species but not in other
Thermotogae, suggesting it has possibly emerged in the
common ancestor of these two related lineages. Five
other groups of ROK regulators were found only within
the Thermotoga spp., suggesting their likely emergence by
gene duplication in the common ancestor of this genus.
Interestingly, three glucose-responsive regulators, GIluR,
XylR and BgIR, form a single cluster on the phylogenetic
tree and are characterized by highly similar SDR patterns
(Figure 1). The established common response of these
regulators to glucose (in addition to more specialized ef-
fectors) suggests that an ancestral regulator for this cluster
has likely responded to glucose. The glucose-responsive
GluR and xylose/glucose-responsive XylR proteins differ
only in an SDR in position 226. We speculate that the
Asp226-Glu226 substitution in the last common
ancestor of XylR has expanded its specificity toward
xylose. Similarly, the ability to recognize cellobiose by
BglR can be attributed to concurrent substitutions in
two SDRs in positions 116 and 254 (Figure 1). Thus, the
specialization of duplicated ROK regulators in
Thermotogae likely occurred via functional divergence
of certain SDRs and conserved residues within the
ligand-binding site. These results support the scenario of
independent recruitment of non-orthologous regulators
for the control of xylose and GIcNAc catabolic
pathways in various taxonomic groups of bacteria.

The carbohydrate recognition by proteins is important
to many biological processes including enzymatic reac-
tions, transcriptional regulation and metabolite uptake.
The determined specificities of ROK regulators in
Thermotogae and the established correlations between
the signature residues and the sugar ligands provide a
framework for understanding the specificity of yet
uncharacterized kinases and regulators in the ROK
family. Site-directed mutagenesis of the identified SDRs
and structural characterization of the ROK regulators in
complexes with their cognate effectors are important dir-
ections for the future studies. The results of this analysis
will enable the structure functional classification and evo-
lutionary analysis of specificities for the entire ROK
family, as it was recently performed for the FGGY
family of sugar kinases (66). The integrated approach,
which combines comparative structural and evolutionary
analyses with other predictive bioinformatic techniques
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such as reconstruction of pathways and regulons and
focused experiments to test predicted functions, is gener-
ally applicable to other families of transcriptional regula-
tors with diverse specificities.

SUPPLEMENTARY DATA
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Supplementary Tables 1-6 and Supplementary Figures
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