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ABSTRACT

Large and functionally heterogeneous families of
transcription factors have complex evolutionary
histories. What shapes specificities toward
effectors and DNA sites in paralogous regulators is
a fundamental question in biology. Bacteria from the
deep-branching lineage Thermotogae possess
multiple paralogs of the repressor, open reading
frame, kinase (ROK) family regulators that are
characterized by carbohydrate-sensing domains
shared with sugar kinases. We applied an integrated
genomic approach to study functions and
specificities of regulators from this family. A com-
parative analysis of 11 Thermotogae genomes
revealed novel mechanisms of transcriptional regu-
lation of the sugar utilization networks, DNA-binding
motifs and specific functions. Reconstructed
regulons for seven groups of ROK regulators were
validated by DNA-binding assays using purified
recombinant proteins from the model bacterium
Thermotoga maritima. All tested regulators
demonstrated specific binding to their predicted
cognate DNA sites, and this binding was inhibited
by specific effectors, mono- or disaccharides from
their respective sugar catabolic pathways.
By comparing ligand-binding domains of regulators
with structurally characterized kinases from the
ROK family, we elucidated signature amino acid
residues determining sugar-ligand regulator speci-
ficity. Observed correlations between signature
residues and the sugar-ligand specificities provide
the framework for structure functional classification
of the entire ROK family.

INTRODUCTION

DNA-binding transcription factors (TFs) in bacteria are
classified in at least 50 protein families based on sequence
similarity and domain composition (1-5). Prokaryotic TFs
are usually composed of two domains: (i) a DNA-binding
domain that provides the basic function in the recognition
of specific DNA sequences and (ii) an effector-sensing
domain that modulates the TF activity by monitoring
cellular signals and binding specific ligands. The distribu-
tion of TFs by families varies among bacterial lineages,
mainly due to massive lineage-specific expansions of
specific TF families and frequent horizontal gene
transfer of individual TFs (6). Gene duplication followed
by functional diversification of the duplicated genes is a
major driver of evolution. Evolution of diverse
DNA-binding and ligand-binding activities in a given
TF family is a widely observed phenomenon. However,
our understanding of the evolutionary mechanisms
driving the observed diversity in large and functionally
heterogeneous families of TFs is very limited.

Several families of transcriptional regulators in bacteria
possess effector-sensing domains that are homologous to
ligand-binding domains of non-regulatory proteins. For
instance, the sugar-binding domains in regulators from
the Lacl and DeoR families share the fold with
periplasmic binding proteins (PBPs) of sugar uptake
ABC transporters (7) and enzymes from the sugar isom-
erase family (8), respectively. Structural similarity between
the effector-sensing domains of these regulators and the
ligand-binding domains of enzymes and transporters
suggests that the respective protein families are evolution-
arily related. Phylogenetic analysis of PBPs and Lacl
family regulators revealed that the acquisition of the
DNA-binding domain occurred in the last common
ancestor of bacteria, and that both functional groups
have since undergone extensive gene duplication with
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parallel evolution of ligand specificity (7). Whether similar
evolutionary scenarios could explain the origin of func-
tional divergence of ligand specificities in other TF
families remains an open question.

To understand the mechanisms of diversification of
ligand specificity, we selected the ROK (repressor, open
reading frame, kinase) protein family that includes two
functionally diverse groups of proteins: (i) catalytically
active sugar kinases and (ii) sugar-responsive transcrip-
tional  repressors that possess an  N-terminal
DNA-binding fused to a C-terminal sugar-binding
domain from the ROK family (9). The ROK protein
family is characterized by the PF00480 domain that
belongs to the Actin-ATPase clan in the Pfam database
(10). The broad distribution of this family in bacterial
genomes is illustrated by ~9600 proteins in Pfam (on
August 2012). Among these, nearly 1700 proteins (18%)
are potential regulators that possess an N-terminal
DNA-binding domain. Some taxonomic groups of bac-
teria, such as the deep-branching phylum Thermotogae
analyzed in this work, demonstrate lineage-specific expan-
sion of putative regulators from the ROK family.
However, the specificity and functional role of most
ROK regulators remain unknown. The only regulators
in this family that have been characterized so far are
sugar-responsive NagC from Escherichia coli, XyIR
from Bacillus subtilis and CsnR from Streptomyces
lividans. The NagC regulator negatively controls the
N-acetylglucosamine (GIcNAc) utilization pathway (11)
with GIcNAc-6-phosphate being a negative effector (12).
XylR functions as a xylose-responsive repressor of the
xylose utilization pathway (13,14). The transcriptional
repressor CsnR controls the chitosane utilization
pathway by responding to D-glucosamine-containing
oligosaccharides (15).

In contrast to regulators, a number of ROK-family
kinases that are active on various sugar hexoses including
D-glucose, D-allose, b-mannose and D-fructose, as well as
on amino sugars have been biochemically characterized
(9,16). The level of substrate selectivity varies among dif-
ferent ROK kinases, e.g. the B. subtilis fructokinase is
specific toward p-fructose, whereas the glucokinase from
Thermotoga maritima has a broader specificity showing
activity on a range of hexoses including p-mannose and
GIcNAc (17). Tertiary structures of multiple kinases from
the ROK family have been solved, both in a sugar-free
form and in complexes with their natural substrates.
Among structurally characterized ROK-family proteins
are a fructokinase from B. subtilis (18), a glucokinase
from Streptomyces griseus (19), hexokinases from
Arthrobacter sp. (20) and Thermus thermophilus (21) and
human N-acetyl-pD-mannosamine (ManNAc) kinase (22).

The knowledge of exact functions of multiple diverse
family representatives is essential for the analysis of evo-
lution and distribution of substrate specificity in the entire
family. We use an integrative genomic approach for the
analysis of a reference set of regulons associated with a
particular family of TFs (23,24). This approach combining
genomics-based reconstruction of regulons and associated
pathways allows us to accurately identify regulatory DNA
motifs, regulated genes and effectors (25) as previously
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demonstrated for a number of transcriptional regulons
in various groups of bacterial genomes (26,27). Among
them were detailed reconstructions of transcriptional
regulons controlled by two groups of orthologous TFs
from the ROK family, NagC in Proteobacteria (28) and
XyIR in Firmicutes (29,30). Experimental validation of the
predicted TF regulons and effectors provides the basis for
propagation of solid annotations in functionally heteroge-
neous TF families and further analysis of molecular deter-
minants of functional specificities.

In this study, we combined bioinformatics and experi-
mental approaches to identify functions and specificities of
multiple ROK-family regulators present in hyper-
thermophilic bacteria from the Thermotogae phylum.
For the majority of these regulators, we predicted and
verified their candidate DNA-binding motifs, biological
roles and molecular effectors. Using the expanded refer-
ence set of characterized ROK regulators, we established
the signature amino acid residues in their ligand-binding
domains and proposed a model of functional diversifica-
tion in the ROK family in Thermotogae.

MATERIALS AND METHODS
Bioinformatics techniques

Computational tools and resources

Regulators from the ROK protein family were identified
in the Thermotogae genomes based on homology to NagC
from E. coli (REFSEQ: NP_415202) and XyIR from
B. subtilis (REFSEQ: NP_389641) using BLAST with an
E-value threshold 1.0E—5 (Supplementary Table S1).
Multiple sequence alignment of the ROK family proteins
was performed with Clustal Omega (31); the phylogenetic
tree with bootstrap values was computed using RaxML
(32) and visualized with Dendroscope (33). Orthologous
groups of the ROK regulators were identified as bidirec-
tional genome-wide similarity hits using the Genome
Explorer package with a 30% protein sequence identity
threshold (34) and were validated by the analysis of the
phylogenetic tree. The MicrobesOnline database and tools
(http://www.microbesonline.org/) (35) were used for com-
parative analysis of genomic contexts for the ROK-family
regulator genes, as well as for the identified regulon
members. The Thermotogae species tree was constructed
using the concatenated alignment of 78 universal proteins
in MicrobesOnline (http://www.microbesonline.org/cgi-
bin/speciesTree.cgi). Functional annotation of genes
from the predicted regulons and reconstruction of the
associated metabolic pathways was performed in the
SEED genomic platform (http://pubseed.theseed.org/)
(36).

Genomic reconstruction of regulons

For reconstruction of regulons for ROK-family TFs, we
used the established approach based on the comparative
genomic analysis of candidate TF-binding sites (TFBSs) in
closely related genomes [reviewed in (37)]. For each group
of TF orthologs, a probabilistic model of a putative TFBS
motif was constructed and used to search for additional
candidate binding sites in a set of related genomes and to
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perform further cross-genomic comparison of regulons.
The RegPredict web server tool (regpredict.lbl.gov) (38)
was used for identification and further comparative
analysis of candidate TFBSs of ROK-family regulators.
The regulon inference started from construction of
training sets of potentially co-regulated genes from
conserved genomic neighborhoods of the analyzed TF
genes. In each of the seven studied groups of orthologous
ROK regulators, the training sets of upstream non-coding
regions of potentially regulated operons were
extracted and used in the iterative motif detection proced-
ure ‘Discovery Profile’ implemented in RegPredict.
Candidate motifs of palindromic symmetry were
analyzed, as it is known that ROK-family TFs bind to
palindromic motifs (13,39). For each predicted regulatory
motif, a nucleotide frequency positional weight matrix
(PWM) was calculated as previously described (40). At
the next stage, the constructed PWMs were used by the
‘Run Profile’ procedure to search for candidate TFBSs in
the genomes that had orthologs of a particular ROK regu-
lator and to find additional genes with the same DNA
motif in upstream regions. PWM scores of candidate
sites were calculated as the sum of positional nucleotide
weights. TFBS motifs were visualized as sequence logos
using WebLogo (41). The details of the reconstructed
ROK-family regulons are captured in the RegPrecise
database (http://regprecise.lbl.gov/) (42) as part of the
Thermotogae collection.

Prediction of signature residues

For identification of specificity-determining residues
(SDRs) in effector-binding domains of ROK-family regu-
lators, we used a computational method that relies on the
assumption that binding specificity is conserved among
orthologous proteins and is different in paralogous
proteins (43). Analysis of SDRs in a protein family
starts from the selection of groups of orthologous
proteins (the specificity subgroups) and proceeds with
identification of residues that can better discriminate
between these specificity groups. Candidate SDRs for
the analyzed regulators from the ROK family in
Thermotogae were identified using the SDPfox tool (44),
which requires as input a multiple sequence alignment and
a grouping of proteins based on their specificity. As an
output, the SDR prediction tool provides a list of
rankings for each individual alignment position, and the
ranking indicates the significance of the position in distin-
guishing different isofunctional groups. The ranked list of
potential SDRs identified in the analyzed ROK regulators
was truncated using the recommended threshold
(Supplementary Table S2). To exclude false-positive pre-
dictions of SDRs, we filtered out the SDRs located within
the hydrophobic core of a protein and SDRs weakly
conserved within the specificity groups. The solvent acces-
sibility of residues was calculated using the DSSP tool (45)
and the available tertiary structure of the ROK-family
regulator TM 1224 (PDB code 2HOE). The conservation
score for SDRs was calculated using the previously
described method (46). The applied thresholds for the
solvent accessibility and the conservation score were 20
and 0.9, respectively. The selected seven SDRs were

mapped onto the available tertiary structures of the
TM1224 regulator and two ROK kinases including the
S. griseus glucokinase in complex with p-glucose (3VGL)
and human ManNAc kinase in complex with ManNAc
(2YHW) (Supplementary Figure S1). The signature
residues were visualized on the protein structures using
the Chimera tool (47).

Experimental procedures

Bacterial strains, reagents and gene cloning

The E. coli DL41 strains that carry a pMH2T7-derived
plasmid harboring 7. maritima genes TM0393, TM0808
or TM1224 under control of the arabinose-inducible T7
promoter were a kind gift from Dr S. Lesley at the Joint
Center for Structural Genomics (48). The T. maritima
genes TMO0032, TMO0110, TM0411 and TM1847 were
amplified by polymerase chain reaction (PCR) using
specific primer pairs from 7. maritima MSB8 genomic
DNA and cloned into the expression vectors pET28a
(Novagen, Madison, WI, USA), pODC29 (49) or
pSMT3 (50) (Supplementary Table S3). The pSMTS3
expression vector (50) used for the expression of
TM1847 was a kind gift from Dr Lima from Cornell
University. The resulting plasmids were confirmed by
DNA sequencing and transformed into E. coli BL2I
(DE3) (Gibco-BRL, Rockville, MD, USA). Enzymes for
PCR and DNA manipulations were from New England
Biolabs Inc. (Beverly, MA, USA). Plasmid purification
kits were from Promega (Madison, WI, USA). PCR puri-
fication kits and nickel-nitrilotriacetic acid (Ni—-NTA)
resin were from QIAGEN Inc. (Valencia, CA, USA).
Oligonucleotides for PCR and sequencing were
synthesized by Sigma-Genosys (Woodlands, TX, USA).

Protein purification

Recombinant proteins TMO0393, TMO0808, TM1224,
TMO0032, TMOI110 and TMO0411 containing an
N-terminal Hisg tag were overexpressed in E. coli in
50-ml volume culture and purified using Ni*'-chelating
chromatography, as previously described (51). TM 1847
was produced as the Smt3-Hisg-tagged recombinant
protein by the same procedure. After purification,
N-terminal poly-histidine Smt3 fusion tag was removed
from the recombinant TM1847 protein by incubation
with the Ulp-4 protease. Protein size, expression level, dis-
tribution between soluble and insoluble forms and extent
of purification were monitored by SDS-PAGE. Protein
concentration was determined by the Quick Start
Bradford Protein Assay kit from Bio-Rad. All proteins
were obtained with high vyield (>1mg) and purity
(80-90%).

DNA-binding assays

The interaction of the purified recombinant tagged
proteins with their cognate DNA-binding sites in
T. maritima was assessed using the -electrophoretic
mobility shift assay (EMSA). Two sets of 3'-labeled
DNA oligonucleotides containing the predicted 23-bp
DNA-binding sites from 7. maritima were synthesized
by Integrated DNA Technologies. DNA fragment se-
quences, sizes and labels used for testing of candidate
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regulator binding sites are given in Supplementary Table
S4. Biotin-labeled DNA oligonucleotides were obtained
for 11 candidate binding sites of six ROK regulators
and included the surrounding genomic regions of
these sites. Oligonucleotides with a fluorescence
label (6-carboxyfluorescin) were synthesized for one
TreR-binding site and two GluR-binding sites. The
double-stranded labeled DNA fragments were obtained
by annealing the labeled oligonucleotides with unlabeled
complementary oligonucleotides at a 1:10 ratio. The
biotin-labeled DNA fragments (0.1 nM) were incubated
with increasing concentrations of the purified regulator
protein (0.25-100nM) in a total volume of 20 ul of the
binding buffer containing 20mM Tris—HCl (pH 8.0),
150mM KCIl, SmM MgCl,, ImM DTT, ImM EDTA,
0.05% NP-40 and 2.5% glycerol. Poly(dI-dC) was added
to the reaction mixture as a non-specific competitor DNA
at 1pg to suppress non-specific binding. After 30 min of
incubation at 60°C, the reaction mixtures were separated
by electrophoresis on a 5% native polyacrylamide gel. The
DNA was transferred by electrophoresis onto a
Hybond-N" membrane and fixed by UV cross-linking.
Biotin-labeled DNA was detected with the LightShift
chemiluminiscent EMSA kit (Thermo Fisher Scientific
Inc, Rockford, IL, USA). The fluorescence-labeled DNA
fragments (2nM) were tested using the same assay and
detected with the FLA-5100 fluorescent image analyzer.
To assess DNA motif specificity, each regulator was
tested for binding with DNA fragments containing regu-
latory sites of another 7. maritima regulator from the
ROK family. To identify effectors of the characterized
ROK-family transcriptional regulators, additional
EMSA experiments were performed to test the effect of
various mono- and disaccharides on the DNA-binding
affinity of regulators. For each regulator, one target
DNA fragment containing a regulator binding site was
selected, and the effect of carbohydrates was tested by
their addition to the incubation mixture.

RESULTS

Genomic reconstruction of regulons for ROK-family
regulators in Thermotogae

To investigate the functional diversification of ROK-
family regulators in the Thermotogae phylum, we start
with the analysis of genomic context and reconstruction
of associated regulons and pathways that allowed us to
infer biological functions of these regulators and predict
their specificities at two levels: DNA-binding sites and
possible effectors.

Genomic repertoire and features of ROK regulators

in Thermotogae

Putative transcriptional regulators from the ROK protein
family were identified in the genomes by homology-based
scanning with two previously characterized ROK-family
regulators, NagC from E. coli and XyIR from B. subtilis.
As the ROK protein family contains both DNA-binding
regulators and kinases (9), we checked the identified
proteins for the presence of putative N-terminal DNA
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binding domains. Among 66 protein candidates identified
by similarity searches, 13 proteins were filtered out as
lacking a DNA-binding domain and containing solely
the ROK kinase domain. Hence, we identified 53
putative ROK-family regulators that are unevenly
distributed among 11 analyzed genomes (Supplementary
Table S1). The phylogenetic tree of the ROK-family regu-
lators (Figure 1) identified eight distinct groups of
orthologous proteins in Thermotogae, with seven groups
present in the model bacterium 7. maritima (Figure 2).
The largest group containing the TM0393 regulator has
representatives in all but one of the Thermotogae
genomes, whereas the representatives of the TMO0808
group are present in all Thermotoga and Thermosipho
species but not in other Thermotogae. Five groups of
ROK regulators—including TM0032, TMO0110, TM0411,
TM1224 and TMI1847—were found only in the
Thermotoga spp. The last group contains only two
orthologs found in the genomes of Thermotoga lettingae
(Tlet_1225) and Kosmotoga olearia (Kole 1973). Further
analysis was aimed at reconstruction of the ROK-family
regulons and associated metabolic pathways that allowed
us to predict DNA motifs and possible effectors for ROK
regulators in Thermotogae.

Reconstruction of regulons and prediction of DNA motifs
Analysis of genomic context revealed that all studied
ROK-family regulators are located within gene loci
encoding components of carbohydrate utilization
pathways such as sugar ABC transporters and
carbohydrate-active enzymes. To find sets of genes
regulated by ROK regulators, we used the standard com-
parative genomics procedure for de novo regulon inference
implemented in the RegPredict tool (38) that was previ-
ously used for the genomic reconstruction of multiple
novel TF regulons (23,24,52-54). For each group of
orthologous ROK regulators, we collected training sets
of DNA upstream regions of prospective target operons
identified by the genomic context analysis, and applied the
DNA motif recognition program to derive a conserved
23-bp palindromic motif. Then, we used the identified
regulatory motifs to search for additional sites in
genomes encoding the orthologous regulators. Multiple
alignment of non-coding regulatory regions of
orthologous genes from closely related Thermotoga
genomes (phylogenetic footprinting) confirms a high
degree of conservation of the predicted regulatory sites
(Supplementary Figure S2).

The predicted ROK regulator-binding motifs and
the content of reconstructed regulons in 7. maritima
are illustrated in Figure 3. Detailed information
about binding sites and downstream regulated
genes is provided within the Thermotogae collection in
the RegPrecise database (http://regprecise.1bl.
gov/RegPrecise/collection_tax.jsp?collection_id=4). The
reconstructed TF regulons vary both by number of
cognate binding sites and by number of genes within
candidate-regulated operons. Each of the three local regu-
lators, TM0032, TM0411 and TMO0808, has a single target
DNA site per genome and controls one operon containing
five to nine genes. The other three regulators, TM 1224,
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Figure 2. Distribution of eight ROK-family regulators encoded in 11 Thermotogae genomes.

TM1847 and TMO0393, have two target DNA sites per
genome and control two target operons each. In the case
of TM 1847, the target operons are adjacent to each other.
In contrast, the TMO0110 regulator exhibited a more global
pattern of gene regulation, with each genome bearing five
to six binding sites controlling seven or eight target
operons containing up to 27 target genes. The predicted
DNA motifs were experimentally tested as described in the
‘Materials and Methods’ section.

Functional content of reconstructed regulons and
prediction of possible effectors

We assessed the functional content of the reconstructed
regulons to tentatively predict possible biological func-
tions and effectors of ROK-family regulators in
Thermotoga spp. Metabolic reconstruction of the respect-
ive sugar catabolic pathways, and prediction and refine-
ment of functions of co-regulated genes were performed
using the subsystem-based approach implemented in the
SEED genomic platform (36). The results of this analysis
are captured in the SEED subsystem ‘Sugar utilization in
Thermotogae’, which is available online (http://pubseed.
theseed.org/). Overall, the analyzed regulons are
associated with specific sugar catabolic pathways that
include components of three functional types: (i) secreted
enzymes for breakdown of poly- and oligosaccharides; (ii)
sugar uptake transporters and (iii) intracellular enzymes
constituting a sugar catabolic pathway. Thus, the pre-
dicted regulons in 7. maritima comprise 34 components
of ABC-type transporters for mono- and oligosaccharides,
19 intracellular sugar catabolic enzymes, 6 secreted sugar
hydrolases, 7 ROK-family regulators (that are subject to
autoregulation) and 3 proteins of unknown function
(Figure 3). Each of these novel regulators was functionally
annotated and named using an abbreviation of the target
sugar catabolic genes as described below.

The ChiR/TMO0808 regulon contains seven genes that
are organized in a single operon, chiR-cbsA-chiEFG-
nagBA. The B-N-acetylglucosaminidase CbsA is a cyto-
plasmic enzyme catalyzing hydrolysis of GIcNAc in
chitobiose and other chitin-derived oligosaccharides (55).
NagA and NagB are homologous to the GIlcNAc-6-P

deacetylase and GIcN-6P isomerase from Shewanella
oneidensis, respectively (28). Based on tentative pathway
reconstruction, the ChiR regulon is responsible for utiliza-
tion of chitin and/or products of its degradation,
chitobiose and GIcNAc. The physiological studies
suggest that 7. maritima is unable to grow on GlcNAc
or chitin as a single carbon source (V. Portnoy, personal
communication). Thus, we propose that the ChiR-
controlled catabolic pathway is responsible for utilization
of chitobiose. An ABC-type sugar transporter encoded in
the ChiR-regulated operon (termed ChiEFG) is likely
involved in the chitobiose uptake. Chitobiose can be
largely available in natural habitats populated by
Thermotoga spp. (e.g. the geothermally heated sea floors)
due to: (i) chitin-rich sediment rain to the sea floor and (i1)
chitinolytic activity of the microbial community in the sea
floor (56).

XylR/TMO110 in 7. maritima co-regulates multiple
gene operons encoding enzymes and transporters for the
utilization of xylose and xylose-containing xylosides
(17,57,58). ManR/TM1224 co-regulates two operons
involved in the degradation of B-mannan and the utiliza-
tion of resulting mannose-containing oligosaccharides
(57,58). BgIR/TMO0032 regulates an operon involved in
the utilization of f-linked glucose polymers (e.g.
glucans), and the utilization of resulting B-glucosides
such as cellobiose (57,58). TreR/TMO0393 co-regulates
the trehalose transporter operon treEFG (59), and the
treTR operon encoding the trehalose degradation
enzyme TreT (60). GluR/TM1847 co-regulates the
glucose transporter gluEFK (59) and the trehalose trans-
porter treEFG. The trehalose and glucose transporters are
significantly upregulated in 7. maritima grown on glucose
(61), and the treEFG transporter is also upregulated on
trehalose (V. Portnoy, personal communication), thus
confirming the GluR and TreR regulons. Finally, IolR/
TMO0411 regulates an operon encoding a novel variant
of the myo-inositol catabolic pathway (I. Rodionova,
personal communication).

Based on the metabolic pathway reconstruction and the
knowledge of pathway metabolites, a range of possible
molecular effectors was suggested for most ROK-family
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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

€T0Z ‘ez aunr uo 1s8nb Aq /B1o'seulnolpioyxo reu//:dny wody papeojumoq


http://nar.oxfordjournals.org/

798 Nucleic Acids Research, 2013, Vol. 41, No. 2

— — el ‘ _——
-
s e W w ) Y-
0 025 05 1.0 0 05 10 25 50 0 025 05 10 25 50 0 25 0 025 05 10 25 50 10
[ChiR], nM [XyIR], nM [BgIR], nM [lollR], nM [ManR], nM
Target DNA: TM0808 TMO0061 TM0032 TM0411 TM1227

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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