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Abstract

Escherichia coli and Salmonella enterica are models for many experiments in molecular
biology including chemotaxis, and most of the results obtained with one organism have
been generalized to another. While most components of the chemotaxis pathway are
strongly conserved between the two species, Salmonella genomes contain some chemore-
ceptors and an additional protein, CheV, that are not found in E. coli. The role of CheV was
examined in distantly related species Bacillus subtilis and Helicobacter pylori, but its role in
bacterial chemotaxis is still not well understood. We tested a hypothesis that in enterobacte-
ria CheV functions as an additional adaptor linking the CheA kinase to certain types of che-
moreceptors that cannot be effectively accommodated by the universal adaptor CheW.
Phylogenetic profiling, genomic context and comparative protein sequence analyses sug-
gested that CheV interacts with specific domains of CheA and chemoreceptors from an
orthologous group exemplified by the Salmonella McpC protein. Structural consideration of
the conservation patterns suggests that CheV and CheW share the same binding spot on
the chemoreceptor structure, but have some affinity bias towards chemoreceptors from dif-
ferent orthologous groups. Finally, published experimental results and data newly obtained
via comparative genomics support the idea that CheV functions as a “phosphate sink” pos-
sibly to off-set the over-stimulation of the kinase by certain types of chemoreceptors. Over-
all, our results strongly suggest that CheV is an additional adaptor for accommodating
specific chemoreceptors within the chemotaxis signaling complex.

Author Summary

Due to the overwhelming complexity and diversity of biological systems, the functional
roles of the majority of proteins encoded in sequenced genomes remain unknown or
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poorly understood. The multi-protein pathway controlling chemotaxis in bacteria and
archaea is an example of such complexity and diversity. Chemotaxis pathway in E. coli is
one of the best understood signal transduction networks in nature; however, this model
organism lacks some of the system components, such as CheV, that are found in many
other species. The biological role of CheV is still under avid debate. CheV is an auxiliary
component of many chemotaxis systems and is present in important human pathogens,
such as Salmonella and Helicobacter, where chemotaxis is being studied as an important
virulence trait. Here we established the evolutionary history of the chemotaxis pathway in
enterobacteria and combined a computational genomics approach with available struc-
tural information to propose a role for CheV. Our results show that CheV in enterics
evolved as an adaptor for a specific type of chemoreceptors. Furthermore, we propose that
some CheV-associated chemoreceptors might increase the kinase activity above the base
level, and in these cases CheV acts as an attenuator.

Introduction

Bacteria navigate in chemical gradients by regulating their flagellar motility. This behavior,
known as chemotaxis, is characterized by high sensitivity and precise adaptation that are attrib-
uted to the underlying molecular machinery, which is best understood in the model organism
Escherichia coli [1, 2]. Dedicated chemoreceptors (methyl-accepting chemotaxis proteins or
MCPs), the CheW adaptor protein and the CheA histidine kinase form a self-organized protein
complex [3-5]. Upon changes in concentrations of specific chemical cues, chemoreceptors
modulate the kinase activity which in turn controls the flagella rotation via phosphorylation of
the response regulator CheY [6]. Thus, MCPs, CheW, CheA, and CheY comprise an excitation
pathway in chemotaxis which delivers the signal from a stimulus to the flagellar motor. The
CheR methyltransferase and the CheB methylesterase that covalently modify MCPs encompass
an adaptation pathway. Methylation enhances CheA activity, whereas demethylation reduces it
[6]. The system also has the CheZ phosphatase, which dephosphorylates CheY leading to signal
termination. E. coli has five chemoreceptors. Tar mediates attractant responses to aspartate
and maltose [7, 8] and negative chemotaxis to metals [9]. Tsr governs attractant responses to
serine [7] and quorum sensing autoinducer AI-2 [10], as well as chemotaxis to oxygen, redox,
and oxidizable substrates [11, 12]. Trg mediates attractant responses to ribose and galactose
[13]. Tap initiates attractant responses to dipeptides [14] and pyrimidines [15]. Aer mediates
responses to oxygen and energy taxis [11, 12, 16]

Because of its close relatedness to E. coli, Salmonella enterica serovar Typhimurium has
been a model for many experiments in chemotaxis and most of the results obtained with one
organism have been generalized to another (reviewed in [1, 2, 17, 18]. The functional similarity
among components of the chemotaxis system in the two species is remarkable [19]. However,
there are also some noticeable differences. S. enterica has the CheV protein, which is not found
in E. coli, and it also has a larger number of chemoreceptor genes than E. coli does. CheV is a
fusion of the CheW domain with a response regulator domain similar to CheY. It is postulated
to interact with chemoreceptors and CheA as a docking protein similarly to CheW and might
play a role in signaling adaptation, as shown in another model organism, Bacillus subtilis [20,
21]; however, the precise role of CheV is not understood [22] despite of being present in
approximately 60% of all sequenced genomes with chemotaxis systems. In fact, all chemotaxis
systems identified in prokaryotes contain either CheW or CheV or both [23] and experimental
evidence established their role as coupling proteins (also referred to as adaptors or scaffold
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proteins) in several model organisms including E. coli [24], S. enterica [25], B. subtilis [20], and
Helicobacter pylori [26]. The CheW domain is topologically similar to SH3 domains [27] from
eukaryotic scaffold proteins that also play a key role in signal transduction [28].

S. enterica lacks Tap, but has five chemoreceptors that are not present in E. coli. Tcp medi-
ates attractant responses to citrate and repellent responses to phenol [29]. McpB and McpC
mediate repellent responses to cysteine [30]. Function of two other chemoreceptors, Tip [31]
and McpA [32] remains unknown. Why does E. coli have one adaptor and S. enterica has two?
Is there a connection between having an extra adaptor (CheV) and extra MCPs that are present
in Salmonella? We hypothesized that the function of CheV might be in accommodating certain
types of MCPs that cannot be effectively accommodated by CheW. Here, we set up a series of
comparative genomics studies to explore this hypothesis and to gain new insights about evolu-
tion and the biological function of the CheV protein in the chemotaxis protein complex.

Results and Discussion

CheV and the number of MCPs are the two major variances in
Enterobacteriales chemotaxis machinery

In order to understand the differences that are observed in E. coli and S. enterica, we have ana-
lyzed the set of chemotaxis machinery components in all of their close relatives for which
genome information was available. The 213 complete genomes of Enterobacteriales available in
the MiST2.2 database [33] were collected and analyzed for the presence of chemotaxis genes
(S1 Table). Essentially all the genomes contain one copy of each of the key chemotaxis proteins:
CheA, CheW, CheB, CheR and CheZ. The only exception was a subset of eight closely related
Erwinia and Enterobacter species, where an apparent duplication of the nearly entire chemo-
taxis operon took place (S1 Table). Consequently, these genomes were excluded from analysis.
A non-redundant set of 43 genomes (one representative of each species, randomly chosen,
except for E. coli and S. enterica strains used as models in chemotaxis studies) was analyzed fur-
ther (SI Table). The only two variances among the chemotaxis systems of enterobacteria mir-
ror those seen in E. coli and S. enterica: (i) the presence of CheV in some genomes and (ii) the
number of MCP genes per genome (S1 Table). On average, the analyzed genomes of Enterobac-
teriales contain 15 chemoreceptor genes per genome (ranging from 2 in Enterobacter aerogenes
and few other species to 42 in Pantoea ananatis). However, there was a major difference
between genomes encoding CheV and genomes without CheV. Genomes without CheV con-
tain on average only 5 chemoreceptor genes (ranging from 2 to 9); whereas genomes with
CheV contain on average 23 chemoreceptor genes (ranging from 3 to 42) (Fig 1). The direct
relationship between the large number of chemoreceptors and the presence of CheV suggests
the hypothesis that the CheV adaptor might be necessary to accommodate certain chemore-
ceptors. This hypothesis is in line with the previous report that CheV might be a preferential
adaptor for the aspartate chemoreceptor in Campylobacter jejuni [34].

To further investigate this hypothesis, we employed a series of comparative genomic
approaches. Interpretation of results obtained by these methodologies strongly depends on the
evolutionary history of the analyzed genes and the suitability of the dataset. For example, phy-
logenetic profiling would strongly benefit from independent events of gene loss in an analyzed
dataset, because if the products of two genes interact, then the loss of one gene should coincide
with the loss of another. Consequently, we analyzed the evolutionary history of the chemotaxis
pathway in Enterobacteriales to ensure the dataset is suitable for this type of analysis.

We have compared topologies of the maximum-likelihood phylogenetic trees built from
ribosomal 16S gene and CheA protein sequences. The nearly identical overall tree topologies
and consistency within corresponding clades on both trees strongly suggest that the chemotaxis
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Fig 1. Number of MCP genes in 43 enterobacterial genomes with and without CheV. Each dot
represents a genome. The dashed lines indicate the average number of MCPs for each distribution.

doi:10.1371/journal.pcbi.1004723.g001

system in Enterobacteriales evolved vertically without any instances of a horizontal transfer of
the cheA gene (S1 Fig). To understand the CheV evolution within Enterobacteriales, we have
constructed a maximum-likelihood tree from aligned CheV protein sequences and compared
its topology with that generated from CheA sequences (S2 Fig). The nearly identical topology
and consistency within clades indicate the ancestral origins and vertical evolution of CheV in
Enterobacteriales suggesting that CheV was present in their last common ancestor. This means
that enterobacterial genomes without the cheV gene lost it during the course of evolution. We
took advantage of this relatively balanced sample of closely related genomes to perform com-
parative analysis of sequence profiles in order to gain insights into CheV biological function
and to identify its potential interacting partners within the chemotaxis pathway.

Interaction between CheV and CheA

CheV has a response regulator domain (CheVyg), which is homologous to CheY protein [20,
22]. CheY can bind to P1 and P2 domains of CheA (here called CheAp, and CheAp, respec-
tively). The P1 domain (also known as the histidine phosphotransfer or Hpt domain) contains a
conserved histidine, from which a phosphate group is transferred to CheY; the P2 domain was
proposed to be a docking module for CheY [35]. Consequently, we considered the hypothesis
that CheVyg can potentially bind to the same domains. The absence of CheV in the genome
should change the conservation pattern in its interaction partners, CheA and MCPs, due to
relaxing evolutionary pressure on residues that are involved in interaction with CheV. Analysis
of multiple sequence alignment of CheAp, domains of CheA (S3 Fig) shows that there is no sig-
nificant difference in conservation pattern between sequences from genomes with and without
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CheV (54 Fig). This suggests that CheV does not interact with CheAp,. Furthermore, CheAp; is
absent from many CheA proteins. We have analyzed more than 3000 bacterial and archaeal
genomes for the presence and absence of CheV and the CheAp, domain. We found no correla-
tion between the presence of CheV and CheAp,. There are 2252 genomes with at least one
CheAp, domain in the CheA sequences and 1772 genomes with at least one CheV. Only 729 of
these genomes contain both CheAp, and CheV, which provides evidence that CheV and
CheAp, do not co-evolve. Because interacting proteins and domains are likely to co-evolve (36),
observed distribution suggests that CheV does not interact with the CheAp, domain.

On the other hand, the analysis of conservation patterns in multiple sequence alignment of
the CheAp; domain (S5 Fig) in genomes with and without CheV shows a nearly absolute con-
servation between the two groups with only one position significantly different (Fig 2A). The
position 55 (numbers for CheA protein in E. coli) is occupied by a glycine in organisms with
CheV, which is changed to an alanine in organisms without CheV. This observation indicated
that the CheVyg domain might interact with CheAp,. To explore this possibility further, we
aligned the CheY proteins (known to interact with CheAp;) from the genomes with CheV pro-
tein and compared with the alignment of the CheVyr domain from the same organisms (S6
Fig). The conservation within each group (CheY and CheVyy) is very high, however, only 21
out of 127 positions (less than 20% identity) are shared by both groups and only 11 of these
positions are accessible to solvent and thus may participate in the interaction (Fig 2B). We
mapped the relevant residues into the proposed interaction model between CheY and CheAp,
for E. coli [35](PDB code: 2LP4) as a model interaction between CheVyg and CheAp,; (Fig 2C).
The only significantly different position in CheAp; domains from genomes with and without
CheV, the Gly55, lays on the C-terminal part of the second o-helix of the structure of CheAp,
close to the active site for CheY, His48, within the known binding region of CheY in E. coli.
Moreover, mapping the solvent exposed residues that are common to both CheY and CheVgg
onto the CheY structure shows that they are localized primarily around the CheAp; binding
region (Fig 2). Taken together, these results support the hypothesis that CheVyy interacts with
CheA via its P1, but not P2, domain.

In addition to the response regulator domain, CheV also contains an adaptor domain CheW
(CheVyy). Interestingly, the P5 domain of the histidine kinase (CheAps), also known as the regu-
latory domain, is a CheW domain as well [17, 27]. The current model for the arrangement of
the chemotaxis protein complex encompassing CheA-CheW-MCP proposes two distinct inter-
action surfaces between CheAps domain and the CheW protein forming a CheW domain hex-
agonal ring with three CheA proteins and three CheW proteins [36, 37]. As postulated above,
we assume that CheV is an adaptor protein similarly to CheW. Then, it is reasonable to assume
that CheVyy would be a part of the same CheW domain network in the chemotaxis complex
patch. Surprisingly, using the computational approach described above, we did not identify any
significant difference in conservation pattern between the sequences of CheW proteins from
genomes with and without CheV (S7 Fig). The same result was obtained for the CheAps protein
domain (S7 Fig). Thus, these results do not support the idea that CheV participates in the com-
plex array as a part of the CheW-CheAps hexagonal ring. On the other hand, it has been shown
previously that CheW from evolutionarily distant species can rescue a system with a cheW
knockout, despite the low level of identity between the homologs [38] Thus, an alternative
explanation, which opens the possibility for CheVyy to be a part of the array, is that the CheW
fold evolved to maintain interactions between the adaptor domains CheVyy, CheW and CheAps
despite the low level of conservation at the residue level. This scenario is further supported by
the facts that CheW is evolutionarily the most recent fold in the chemotaxis pathway [23] and
that the CheW protein is highly dynamic [39]: both properties correlate with high evolvability
and robustness—the molecule’s ability to evolve neutrally [40, 41].
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Fig 2. Analysis of patterns in sequence conservation suggests interaction between CheVgg domain and CheA-P1. A) Comparison between
sequence logos of CheAp4 from genomes with and without CheV. The CheAp, active site His48 (black dot) and the only different position between the two
sets Gly55 (red dot) are marked. B) Comparison between sequence logos of CheY and the CheVgrg domain. Positions that are conserved in both sets are
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111)). C) Cartoon representation of the CheY (white) and CheAp, (blue) [35]. Solvent exposed positions conserved in CheY and CheVgg datasets localize to
the protein interface region (blue spheres). The single position that is different between the sets of CheAp; with and without CheV, Gly55 (red sphere), lays in
the C-terminal part of the second a-helix involved in the interaction protein region that also contains the active site His48 (white CPK representation).

doi:10.1371/journal.pcbi.1004723.9002

Interaction of CheV with chemoreceptors

Similarity of the CheVyy domain with CheW and CheAps suggests that CheV also interacts
with chemoreceptors. In Enterobacteriales, chemoreceptors are the only genes of the chemo-
taxis pathway that are present as multiple homologs in a single genome. This may be a result of
both ancestral and recent gene duplications as well as horizontal gene transfer. Therefore, in
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order to perform a meaningful phylogenetic profile analysis, it is necessary to classify all 644
chemoreceptor sequences in the analyzed enterobacterial pan-genome into orthologous
groups.

Chemoreceptors in the enterobacteria pan-genome belong to the same
major length-class, but many different orthologous groups

By matching all 644 chemoreceptor sequences in the non-redundant genome set to hidden
Markov models designed for various length-classes of the chemoreceptor signaling domain
[42] we determined that 599 chemoreceptor sequences belong to the 36H class (the signaling
domain consists of 36 helical heptads) while 19 sequences belong to the 24H class (the signal-
ing domain consists of 24 helical heptads) and 26 sequences remained unclassified. There was
no correlation between the presence of CheV and chemoreceptors of a specific length-class.
We then employed a principle of clusters of orthologous groups of proteins (COGs) [43] to
obtain a higher resolution classification of chemoreceptors in enterobacteria (see Materials and
Methods for details). Resulting chemoreceptor COGs in enterobacteria are visualized in Fig 3
and COG assignments of E. coli K12 and S. enterica LT2 chemoreceptors are specified in
Table 1. The largest cluster of chemoreceptors (COG1) contains Tsr, Tar and Tap, whereas the
other two E. coli chemoreceptors belong to separate groups: Trg in COG6 and Aer in COG3,
which is consistent with recent phylogenetic studies [44]. The citrate sensor Tcp in S. enterica
was found in COG1 (Fig 3, Table 1), which is also consistent with previous findings showing
its relatedness to Tsr and Tar [45]. As a final result, all 644 chemoreceptor sequences in the
pan-genome of analyzed enterobacteria were assigned to 99 GOGs that contained from 161
member sequences (COGL1) to a single member sequence (COG44 to COG99) (S1 Dataset).

Phylogenetic profiling reveals co-evolution of CheV and a specific
chemoreceptor COG

We employed a principle of phylogenetic profiling to test a hypothesis that specific chemore-
ceptor COGs are linked to CheV. This method is based on the assumption that proteins that
function together in a pathway or structural complex are likely to co-evolve [46]. We mapped
instances of the presence and absence of CheV and all 99 chemoreceptor COGs onto the CheA
phylogenetic tree in order to determine whether the presence of genes from any of the COGs
correlate with presence of CheV in the genomes of Enterobacteriales (S8 Fig). As a result, we
have found the strongest correlation (r = 0.77) between CheV and the second largest ortholo-
gous group—-COG2, exemplified by the S. enterica McpC chemoreceptor (Fig 4), which suggests
that chemoreceptors of COG2 need CheV to function optimally. We have further tested this
hypothesis by using genomic context methods postulating that if two proteins interact, then in
some genomes their genes can be fused or located adjacent to each other on the chromosome
[47]. While we detected no fusion events between cheV and mcp genes in Enterobacteriales, the
gene neighborhood analysis revealed that in two Pantoea genomes the cheV gene was adjacent
to the mcp gene (locus tags Pat9b_0852/Pat_9b_0851 and Pvag_0292/Pvag 0291). Both mcp
gene products belong to COG2 (S1 Dataset, S9 Fig), which further strengthens our hypothesis.
No other cases of cheV and mcp gene neighborhood were found in the analyzed dataset.

We also mined a rich transcriptomic compendium for S. enterica serovar Typhimurium
[48] in search for co-expression patterns between cheV and any of the mcp genes. We found no
correlation between expression levels of a specific adaptor (CheW or CheV) and any MCP;
however, interestingly, McpC appears to be a high-abundance chemoreceptor in Salmonella,
similarly to Tar and Tsr (S2 Dataset).
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from E. coli (blue) and S. enterica (red) are labeled by name and a corresponding COG number. See S1 Dataset and Materials and Methods for details.
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Table 1. COG assignment of chemoreceptors in E. coli and S. enterica.

Protein Locus COG number
E. coli S. enterica
Tar Y75_p1862 STM1919 1
Tsr Y75_p4240 STM4533 1
Trg Y75_p1397 STM1626 6
Tap Y75_p1861 1
Aer Y75_p2997 STM3217 3
Tep STM3577 1
Tip STM1657 18
McpA STM3138 25
McpB STM3152 1
McpC STM3216 2

doi:10.1371/journal.pcbi.1004723.1001
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If our hypothesis is correct, we expect that the COG2 group of receptors has unique features
detectable as specific conservation patterns in chemoreceptor sequences from this group rela-
tive to other groups. Comparing chemoreceptors from COG2 and those from other COGs
known to work with CheW might suggest which of these unique features are related to the
interaction with CheV. We can assume with confidence that receptors from COGI utilize
CheW as an adaptor—E.coli has three out of five receptors from COGI and does not have
CheV. Thus, if COGI1 chemoreceptors utilize CheW and not CheV, but COG2 chemoreceptors
utilize CheV instead of or in addition to CheW, then COG1 and COG2 chemoreceptors should
have group-specific conserved positions in their signaling domains responsible for the interac-
tion with different adaptors.

Differences in the signaling domains of chemoreceptors from COG1 and
COG2

We constructed multiple sequence alignment of the signaling domains from COG1 and COG2
sequences, as well as from COG6 sequences (S9 Fig). We used COG6, the group containing the
product of the trg gene from E. coli and S. enterica, as a control, because Trg is known to only
utilize CheW and it has the same membrane topology as COG1 and COG2, in contrast to
COGS3 (exemplified by the E. coli Aer chemoreceptor), which is also known to interact with
CheW but has a different membrane topology. In order to avoid evolutionary bias, we selected
sequences only from organisms that have chemoreceptors from COG1, COG2 and COG6 as
well as CheV proteins, (see Materials and Methods). Positions that are highly conserved
(>90% identity) in COG1 and COG®, but differently highly conserved (>90% identity) in
COG2 are likely to be important for the interaction between COG2 receptors and CheV.

Surprisingly, there is only one position in the alignment that has the aforementioned char-
acteristics: position 278 (numbers are given for the E. coli Tar chemoreceptor) is conserved in
COG1 and COGS as a glycine, and is also conserved in COG2 but as an alanine (Fig 5A,

S2 Table). The position Gly278 lays away from the postulated adaptor binding site in the che-
moreceptor structure: approximately from Asp365 to Leu415 [49, 50, 51] and is unlikely to be
the CheV binding site on the chemoreceptor. Interestingly, this position has been a target of
intense mutagenesis and is known to dramatically increase the kinase activity upon mutation
to any other amino acid. In fact, mutations at the Gly278 site, including the alanine substitu-
tion, show the highest activation of the kinase in E.coli/Samonella chemotaxis system to date
[52]. In addition, our recent molecular dynamic simulation study showed Gly278 as the site of
the chemoreceptor with highest propensity for bending [53]. The bending mechanism of the
chemoreceptor has been proposed to influence and even control the kinase activity in several
studies [54, 55]. Thus, we predict that McpC and other chemoreceptors from COG2 that have
Ala instead of Gly in position 278 tend to naturally increase the level of kinase activity in com-
parison to other chemoreceptors.

Within the proposed adaptor binding region, which shows overall extreme conservation not
only among enterobacteria, but across prokaryotes [42], only one position, 406, has a unique
type of distribution-conserved glutamine in COG2 and a glutamine/serine mix in COGI and
COGé (Fig 5B)-which contrast to the norm that overall, COG®6 is more conserved than COGI,
which is more conserved than COG2. It is striking that among 50 amino acid positions in this
highly evolutionarily constrained region, 49 positions had higher information content in
COGl1 and only 1 position had higher information content in COG2 (S10 Fig). We hypothesize
that having a serine in the position 406 might increase the binding affinity between CheV+y
and the chemoreceptor. This single difference among the highly conserved region of protein
interaction suggests that CheVy, must have a mix of highly conserved residues in common
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amino-acid region around the Gly278 (A) and Ser406 (B), both marked with a star. The sequence is inverted in the B panel (right to left) to depict the
difference in helix where the two positions are found. Gly278 is found in the descending helix and S406 is found in the ascending helix of the receptor. C)
Cartoon representation based on the crystal structure (PDB code: 1QU7) [56] of the chemoreceptor signaling domain (white ribbons) and the methylation
sites (blue spheres) with mapping of the 10 amino-acid region (red ribbons) around the two positions (yellow spheres) with significantly different pattern in
sequences from COG2 compared to sequences from COG1 and COG6.

doi:10.1371/journal.pcbi.1004723.9005

with CheW protein and some that must be different and yet conserved among CheV proteins
in the vicinity of the adaptor binding region for chemoreceptors due to some specificity
towards receptors from COG2.

Interactions between the adaptor domain of CheV and chemoreceptors

We aligned sequences of CheW proteins and CheV+y domains from the non-redundant set of
Enterobacteriales genomes (S11 Fig). Only sequences from organisms with CheV and CheW
genes were selected to build sequence logos used to identify conservation patterns between
these two groups (Fig 6A). We then mapped positions that are 100% conserved between and
within CheW and CheVyy sequences onto the CheW NMR model (PDB code: 2HO9) [57](Fig
6B). Both types of residues are located in the solvent exposed central groove between the two
B-barrel subdomains, which has been implicated in the interaction of CheW with chemorecep-
tors [24, 50, 58]. Residues forming the Arg62-Glu38 salt bridge, which was suggested to main-
tain a specific geometry between chemoreceptor and kinase binding sites on CheW [39], were
universally conserved in CheW and CheV+y (Fig 6). These results suggest that the predicted
chemoreceptor interaction region of the adaptor structure is conserved in both CheW and
CheVyy domains and contains a set of residues conserved in both adaptors and a set of residues
uniquely conserved in each adaptor family. This is line with the previous findings [22, 26] and
supports the hypothesis that CheW and CheV+y share the same binding spot on chemorecep-
tors, but have some affinity bias towards chemoreceptors from different orthologous groups.
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doi:10.1371/journal.pcbi.1004723.9g006

CheV as an alternative signal termination mechanism

It is known that mixed teams of chemoreceptors come together to form a single cluster in
organisms with a single chemotaxis array [59]. Based on our findings we suggest that CheV is
necessary to accommodate chemoreceptors from COG2 in the chemotaxis array. Because of
the uniquely conserved alanine in the position 278 in COG2 chemoreceptors, we propose that
as these receptors are incorporated into the chemotaxis protein cluster, the base level of kinase
activity increases, because position 278 in these receptors is occupied exclusively by alanine (a
change from a uniformly conserved glycine to alanine in this position in COG1 chemorecep-
tors elevates the kinase activity). As previously shown, the presence of CheV in other chemo-
taxis systems influences the levels of phosphorylated CheY (CheY-P) [22] and our results
suggest that in enterobacteria, CheVyg specifically interacts with CheAp; a known CheY-inter-
acting domain. Thus, we propose that CheV might work as a phosphate sink [60] “stealing” the
extra phosphor groups from CheAp; (resulting from over-stimulation of the kinase by COG2
chemoreceptors) before they can reach CheY and consequently normalizing the overall
CheY-P concentration downstream of the system. Interestingly, based on experimental
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Fig 7. Schematic models of possible integration of CheV into the chemoreceptor array. Top-view of the arrangement of the array components showing
the known and proposed interaction sites between chemoreceptor trimers (blue), CheA (yellow) and CheW (red) [36, 37], as well as potential locations of
CheV (green). Chemoreceptors that interact with CheV are marked with asterisks. A) CheV occupies the proposed empty ring and does not interact with
CheAps or CheW. B) CheV might be incorporated with CheW and CheAps into the hexagonal ring.

doi:10.1371/journal.pcbi.1004723.9007

evidence the role of a phosphate sink for CheV was previously suggested in H. pylori [61] and
mentioned as a possibility in B. subtilis [20].

In order for this mechanism to work, we anticipate that precise positioning of CheV relative
to CheA and CheW might not be essential given the stochastic nature of the chemotaxis system
and that only the overall concentration of CheY-P needs to be controlled. Our lack of support
for a hypothetical CheVv—CheW/CheAps interaction appears to be in contrast with our find-
ings strongly suggesting that CheV interacts with chemoreceptors in the same binding region
as CheW and CheAps. However, the latest model for chemotaxis array assembly predicts an
“empty” chemoreceptor hexagonal ring neighboring a CheA-CheW filled hexagonal ring with
three kinases and three CheWs [36, 37]. In line with this model and our findings, we propose
two competing models that differ solely on whether the CheVv—CheW/CheAps interaction
takes place or not. We propose that CheV is incorporated in the chemotaxis array, by either (i)
fully occupying one of the “empty” rings (Fig 7A) or (ii) mixing with the hexagonal ring made
of CheW and CheAp;s (Fig 7B). In fact, the conservation of position 406 in COG2 chemorecep-
tors suggests that this position might determine whether the chemoreceptor will be facing the
kinase/CheW or CheV. Clearly, only experimental verification can provide support for or
against this hypothesis and help distinguishing between the two competing models for CheV
positioning with the signaling array.

In summary, we tested a hypothesis that in enterobacteria CheV functions as an additional
adaptor linking the CheA kinase to certain types of chemoreceptors that cannot be effectively
accommodated by the universal adaptor CheW. Phylogenetic profiling, genomic context and
comparative protein sequence analyses suggested that CheV interacts with chemoreceptors
from an orthologous group COG2 exemplified by the Salmonella McpC protein. The biological
function for CheV proposed here should be taken with caution when extrapolated to organisms
outside enterobacteria. The chemotaxis system of F7 class (classification according to [23]) in
enterobacteria differs dramatically from the F1 system in B. subtilis or the F3 system in H.
pylori, both are model organisms to study CheV [20-22, 26, 61]. While we observed the direct
relationship between the large number of chemoreceptors and the presence of CheV in entero-
bacteria, outliers are present both in and outside this group of organisms, For example, the
model organism H. pylori has only four chemoreceptors and three CheV proteins [26]. Never-
theless, while the model for CheV interaction with the signaling array proposed here might not
be generally applicable to other systems, the postulate that an additional adaptor, such as
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CheV, is necessary to incorporate certain types of chemoreceptors into the signaling array is
likely to be broadly relevant.

Materials and Methods
Data sources and bioinformatics software

The primary source of data in this study is the MiST2.2 database [33] including pre-computed
domain counts, classification of chemotaxis genes, protein and ribosomal 16S sequences. CheA
and CheV proteins were assigned to chemotaxis classes [23] using previously described hidden
Markov models [62] and the HMMER v3.0 software package [63]. Chemoreceptors were
assigned to heptad classes using previously described hidden Markov models [42] using
HMMER v2.0 [64]. Sequence alignments were built using L-INSI-I algorithm from MAFFT
v6.864b package [65]. Phylogenetic trees were constructed using PhyML v3.0 [66]. Figures and
calculations were produced by custom made scripts using ggplot2 [67] package for R language
and NetworkX v1.8.1[68] and Numpy [69] modules for Python. Information content logos
were built using Weblogo 3.0 [70].

Phylogenetics

Maximum likelihood phylogenetic trees of protein sequences were built using PhyML with the
following options: JTT model, empirical amino acid frequencies, 4 substitution categories, esti-
mated gamma distribution parameter and subtree pruning and regrafting (SPR) topology
search. Maximum likelihood phylogenetic tree of the ribosomal 16S DNA sequences was built
using PhyML with the following options: GTR model, 20 substitution categories, estimated
gamma distribution parameter and subtree pruning and regrafting (SPR) topology search.

Genomic context analyses

Potential gene fusion events and gene neighborhoods of cheV genes were visualized and ana-
lyzed using the MiST database [33]. Expression data for chemotaxis genes was compiled from
the Salmonella gene expression compendium [48].

MCP COG construction and visualization

To obtain clusters of orthologous groups of MCPs, all chemoreceptor sequences were com-
pared to each other using all-versus-all BLAST [71]. Two sequences were merged into a cluster
if the E-value of the reciprocal best BLAST hit was below selected threshold of 10E-30 with
95% length coverage. Any given sequence with a reciprocal best BLAST hit to a sequence from
a cluster became a member of this cluster. If a sequence had BLAST hits to sequences from two
clusters, the clusters were merged. In a graphical representation of clustering, each cluster
(COQ) is represented independently of each other using the algorithm Neato from the Net-
workX module for Python, where distances between nodes (sequences) are calculated based on
connectivity within the cluster (number of reciprocal best BLAST hits with the other members
of the cluster). The edges connecting the nodes are all equivalent, reflecting the binary (recipro-
cal best BLAST hit or not) nature of the graph. Thus, nodes with high connectivity are central
while nodes with less connectivity tend to be placed in peripheral regions of the graph.
Position specific amino-acid content analysis per COG. In order to compare the
sequences from COG1, COG2 and COGS6 in organisms with CheV, we selected 178 sequences
from COG1(101 sequences), COG2 (51 sequence) and COG6 (26 sequences) from the total
of 246 sequences present in COG1 (161 sequence), COG2 (55 sequences) and COG6 (30
sequences). In addition, to avoid redundancy, we applied a 90% identity filter and the final
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dataset contained 126 sequences from COGI1 (73 sequences), COG2 (37 sequences) and COG6
(16 sequences).

Supporting Information

S1 Table. Number of chemotaxis genes in Enterobacteriales genomes. Genomes comprising
a non-redundant set used for comparative analysis (43 in total) are shown in bold.
(PDF)

$2 Table. Highly conserved positions that distinguish COG1 chemoreceptors from COG2
chemoreceptors. Positions that are 100% conserved within each group and highly conserved
group-specific positions are shown. Residue numbers indicated positions in the multiple
sequence alignment. Position 280 corresponds to Gly278 in the E. coli Tar chemoreceptor.
(PDF)

S1 Fig. Vertical evolution of CheA in Enterobacteriales. Maximum likelihood phylogenetic
trees of 16S ribosomal RNA and CheA proteins have nearly identical topology. Each sequence
tag contains the first two letters of the genus, the first three letters of the species and the organ-
ism id in the MIST database, followed by the locus (for CheA) and accession number. The tag
also includes the chemotaxis class for CheA (e.g. F7).
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S2 Fig. Vertical evolution of CheV in Enterobacteriales. Comparison of the CheA and CheV
phylogenetic trees suggests vertical evolution of CheV and supports the hypothesis that CheV
was present in the common ancestor of Enterobacteriales. Each sequence tag contains the first
two letters of the genus, the first three letters of the species and the organism id in the MIST
database, followed by the locus and accession number. The tag also includes the chemotaxis
class (e.g. F7).

(PDF)

$3 Fig. Multiple sequence alignment of CheAp, sequences from the non-redundant Entero-
bacteriales genome set. Each sequence tag contains the first two letters of the genus, the first
three letters of the species and the organism id in the MiST database, followed by the locus and
accession number. The tag also includes the chemotaxis class for CheA (e.g. F7) and shows the
presence (1CheV) or absence (0CheV) of cheV genes in a corresponding genome.

(PDF)

S4 Fig. Conservation patterns in the CheAp, domain in organisms with CheV and without
CheV. Sequence logos were generated from the multiple sequence alignment shown in S3 Fig
(PDF)

S5 Fig. Multiple sequence alignment of CheAp, sequences from the non-redundant Entero-
bacteriales genome set. Each sequence tag contains the first two letters of the genus, the first
three letters of the species and the organism id in the MIST database, followed by the locus and
accession number. The tag also includes the chemotaxis class for CheA (e.g. F7) and shows the
presence (1CheV) or absence (0CheV) of cheV genes in a corresponding genome.

(PDF)

S6 Fig. Multiple sequence alignment of CheY and CheVyy sequences from the non-redun-
dant Enterobacteriales genome set. Each sequence tag contains the first two letters of the
genus, the first three letters of the species and the organism id in the MIST database, followed by
the locus and accession number. The tag also includes the chemotaxis class for CheV (e.g. F7)
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in COG2 than COGL.
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non-redundant Enterobacteriales genome set. Each sequence tag contains the first two letters
of the genus, the first three letters of the species and the organism id in the MiST database, fol-
lowed by the locus and accession number. The tag also includes the chemotaxis class for CheV
(e.g. F7)
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(XLSX)

Acknowledgments
We thank Joe Falke, Ariane Briegel, Chris Rao, and Tom Shimizu for helpful discussions.

Author Contributions

Conceived and designed the experiments: DRO IBZ. Performed the experiments: DRO. Ana-
lyzed the data: DRO IBZ. Wrote the paper: DRO IBZ.

References
1.  Wadhams GH, Armitage JP. Making sense of it all: Bacterial chemotaxis. Nat Rev Mol Cell Bio. 2004;
5:1024-1037.

2. Hazelbauer GL, Falke JJ, Parkinson JS. Bacterial chemoreceptors: high-performance signaling in net-
worked arrays. Trends Biochem Sci. 2008; 33: 9-19. doi: 10.1016/j.tibs.2007.09.014 PMID: 18165013

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004723 February 4,2016 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004723.s015
http://dx.doi.org/10.1016/j.tibs.2007.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18165013

B PLOS | Suryanonat

Evolutionary Genomics Suggests a Role for CheV in a Chemotaxis Pathway

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Briegel A, Ortega DR, Tocheva El, Wuichet K, Li Z, Chen S, et al. Universal architecture of bacterial
chemoreceptor arrays. Proc Natl Acad Sci USA. 2009; 106: 17181-17186. doi: 10.1073/pnas.
0905181106 PMID: 19805102

Briegel A, Li X, Bilwes AM, Hughes KT, Jensen GJ, Crane BR. Bacterial chemoreceptor arrays are hex-
agonally packed trimers of receptor dimers networked by rings of kinase and coupling proteins. Proc
Natl Acad Sci USA. 2012; 109: 3766—-3771. doi: 10.1073/pnas.1115719109 PMID: 22355139

Shimizu TS, Le Novere N, Levin MD, Beavil AJ, Sutton BJ, Bray D. Molecular model of a lattice of sig-
nalling proteins involved in bacterial chemotaxis. Nat Cell Biol. 2000; 2: 792-796. PMID: 11056533

Hazelbauer GL, Lai WC. Bacterial chemoreceptors: providing enhanced features to two-component
signaling. Curr Opin Microbiol. 2010; 13: 124-132. doi: 10.1016/j.mib.2009.12.014 PMID: 20122866

Springer MS, Goy MF, Adler J. Sensory transduction in Escherichia coli: two complementary pathways
of information processing that involve methylated proteins. Proc Natl Acad Sci USA. 1977; 74: 3312—
3316. PMID: 333433

Hazelbauer GL. The binding of maltose to 'virgin' maltose-binding protein is biphasic. Eur J Biochem.
1975; 60: 445-449. PMID: 1107043

Tso WW, Adler J. Negative chemotaxis in Escherichia coli. J Bacteriol. 1974; 118: 560-576. PMID:
4597449

Hegde M, Englert DL, Schrock S, Cohn WB, Vogt C, Wood TK, et al. Chemotaxis to the quorum-sens-
ing signal Al-2 requires the Tsr chemoreceptor and the periplasmic LsrB Al-2-binding protein. J Bacter-
iol. 2011; 193: 768-773. doi: 10.1128/JB.01196-10 PMID: 21097621

Rebbapragada A, Johnson MS, Harding GP, Zuccarelli AJ, Fletcher HM, Zhulin IB, et al. The Aer pro-
tein and the serine chemoreceptor Tsrindependently sense intracellular energy levels and transduce
oxygen, redox, and energy signals for Escherichia coli behavior. Proc Natl Acad Sci U S A. 1997; 94:
10541-10546. PMID: 9380671

Greer-Phillips SE, Alexandre G, Taylor BL, Zhulin IB. Aer and Tsr guide Escherichia coli in spatial gradi-
ents of oxidizable substrates. Microbiology. 2003; 149: 2661-2667. PMID: 12949190

Harayama S, Palva ET, Hazelbauer GL. Transposon-insertion mutants of Escherichia coli K12 defec-
tive in a component common to galactose and ribose chemotaxis. Mol Gen Genet. 1979; 171: 193—
203. PMID: 375029

Manson MD, Blank V, Brade G, Higgins CF. Peptide chemotaxis in E. coli involves the Tap signal trans-
ducer and the dipeptide permease. Nature. 1986; 321: 253-256. PMID: 3520334

Liu X, Parales RE. Chemotaxis of Escherichia coli to pyrimidines: a new role for the signal transducer
tap. J Bacteriol. 2008; 190: 972—979. PMID: 18065551

Bibikov SI, Biran R, Rudd KE, Parkinson JS. A signal transducer for aerotaxis in Escherichia coli. J Bac-
teriol. 1997; 179: 4075-4079. PMID: 9190831

Wuichet K, Alexander RP, Zhulin IB. Comparative genomic and protein sequence analyses of a com-
plex system controlling bacterial chemotaxis. Methods Enzymol. 2007; 422:1-31. PMID: 17628132

Stock JB, Surette MG. Chemotaxis. In: Neidhardt FC, Curtiss Rl, Ingraham JL, Lin ECC, Low KB,
Magasanik B, et al., editors. Escherichia coli and Salmonella: cellular and molecular biology. 2nd ed.
Washington, D.C.: American Society of Microbiology Press; 1996.

DeFranco AL, Parkinson JS, Koshland DE Jr. Functional homology of chemotaxis genes in Escherichia
coli and Salmonella typhimurium. J Bacteriol. 1979; 139: 107—-14. PMID: 378950

Karatan E, Saulmon MM, Bunn MW, Ordal GW. Phosphorylation of the response regulator CheV is
required for adaptation to attractants during Bacillus subtilis chemotaxis. J Biol Chem. 2001; 276:
43618-43626. PMID: 11553614

Walukiewicz HE, Tohidifar P, Ordal GW, Rao CV. Interactions among the three adaptation systems of
Bacillus subtilis chemotaxis as revealed by an in vitro receptor-kinase assay. Mol Microbiol. 2014; 93:
1104-1118. doi: 10.1111/mmi.12721 PMID: 25039821

Alexander RP, Lowenthal AC, Harshey RM, Ottemann KM. CheV: CheW-like coupling proteins at the
core of the chemotaxis signaling network. Trends Microbiol. 2010; 18: 494-503. doi: 10.1016/j.tim.
2010.07.004 PMID: 20832320

Wuichet K, Zhulin IB. Origins and diversification of a complex signal transduction system in prokary-
otes. Sci Signal. 2010; 3: ra50. doi: 10.1126/scisignal.2000724 PMID: 20587806

Boukhvalova MS, Dahlquist FW, Stewart RC. CheW binding interactions with CheA and Tar. Importance
for chemotaxis signaling in Escherichia coli. J Biol Chem. 2002; 277: 22251-22259. PMID: 11923283

Wang Q, Mariconda S, Suzuki A, McClelland M, Harshey RM. Uncovering a large set of genes that
affect surface motility in Salmonella enterica serovar Typhimurium. J Bacteriol. 2006; 188: 7981-7984.
PMID: 16980469

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004723 February 4,2016 17/19


http://dx.doi.org/10.1073/pnas.0905181106
http://dx.doi.org/10.1073/pnas.0905181106
http://www.ncbi.nlm.nih.gov/pubmed/19805102
http://dx.doi.org/10.1073/pnas.1115719109
http://www.ncbi.nlm.nih.gov/pubmed/22355139
http://www.ncbi.nlm.nih.gov/pubmed/11056533
http://dx.doi.org/10.1016/j.mib.2009.12.014
http://www.ncbi.nlm.nih.gov/pubmed/20122866
http://www.ncbi.nlm.nih.gov/pubmed/333433
http://www.ncbi.nlm.nih.gov/pubmed/1107043
http://www.ncbi.nlm.nih.gov/pubmed/4597449
http://dx.doi.org/10.1128/JB.01196-10
http://www.ncbi.nlm.nih.gov/pubmed/21097621
http://www.ncbi.nlm.nih.gov/pubmed/9380671
http://www.ncbi.nlm.nih.gov/pubmed/12949190
http://www.ncbi.nlm.nih.gov/pubmed/375029
http://www.ncbi.nlm.nih.gov/pubmed/3520334
http://www.ncbi.nlm.nih.gov/pubmed/18065551
http://www.ncbi.nlm.nih.gov/pubmed/9190831
http://www.ncbi.nlm.nih.gov/pubmed/17628132
http://www.ncbi.nlm.nih.gov/pubmed/378950
http://www.ncbi.nlm.nih.gov/pubmed/11553614
http://dx.doi.org/10.1111/mmi.12721
http://www.ncbi.nlm.nih.gov/pubmed/25039821
http://dx.doi.org/10.1016/j.tim.2010.07.004
http://dx.doi.org/10.1016/j.tim.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20832320
http://dx.doi.org/10.1126/scisignal.2000724
http://www.ncbi.nlm.nih.gov/pubmed/20587806
http://www.ncbi.nlm.nih.gov/pubmed/11923283
http://www.ncbi.nlm.nih.gov/pubmed/16980469

B PLOS | Suryanonat

Evolutionary Genomics Suggests a Role for CheV in a Chemotaxis Pathway

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Lowenthal AC, Simon C, Fair AS, Mehmood K, Terry K, Anastasia S, et al. A fixed-time diffusion analy-
sis method determines that the three cheV genes of Helicobacter pylori differentially affect motility.
Microbiology. 2009; 155: 1181-1191. doi: 10.1099/mic.0.021857-0 PMID: 19332820

Bilwes AM, Alex LA, Crane BR, Simon MI. Structure of CheA, a signal-transducing histidine kinase.
Cell. 1999; 96: 131-141. PMID: 9989504

Reebye V, Frilling A, Hajitou A, Nicholls JP, Habib NA, Mintz PJ. A perspective on non-catalytic Src
homology (SH) adaptor signalling proteins. Cell Signal. 2012; 24: 388—-392. doi: 10.1016/j.cellsig.2011.
10.003 PMID: 22024281

Yamamoto K, Imae Y. Cloning and characterization of the Salmonella typhimurium-specific chemore-
ceptor Tcp for taxis to citrate and from phenol. Proc Natl Acad Sci U S A. 1993; 90: 217-221. PMID:
8419927

Lazova MD, Butler MT, Shimizu TS, Harshey RM. Salmonella chemoreceptors McpB and McpC medi-
ate a repellent response to L-cystine: a potential mechanism to avoid oxidative conditions. Mol Micro-
biol. 2012; 84: 697—711. doi: 10.1111/j.1365-2958.2012.08051.x PMID: 22486902

Russo AF, Koshland DE Jr,. Identification of the tip-encoded receptor in bacterial sensing. J Bacteriol.
1986; 165: 276-282. PMID: 3001027

Frye J, Karlinsey JE, Felise HR, Marzolf B, Dowidar N, McClelland M, et al. Identification of new flagel-
lar genes of Salmonella enterica serovar Typhimurium. J Bacteriol. 2006; 188: 2233—-2243. PMID:
16513753

Ulrich LE, Zhulin IB. The MiST2 database: a comprehensive genomics resource on microbial signal
transduction. Nucleic Acids Res. 2010; 38: D401-D407. doi: 10.1093/nar/gkp940 PMID: 19900966

Hartley-Tassell LE, Shewell LK, Day CJ, Wilson JC, Sandhu R, Ketley JM, et al. Identification and char-
acterization of the aspartate chemosensory receptor of Campylobacter jejuni. Mol Microbiol. 2010; 75:
710-730. doi: 10.1111/1.1365-2958.2009.07010.x PMID: 20025667

Mo G, Zhou H, Kawamura T, Dahlquist FW. Solution structure of a complex of the histidine autokinase
CheA with its substrate CheY. Biochemistry. 2012; 51: 3786-3798. doi: 10.1021/bi300147m PMID:
22494339

Briegel A, Wong ML, Hodges HL, Oikonomou CM, Piasta KN, Harris MJ, et al. New insights into bacte-
rial chemoreceptor array structure and assembly from electron cryotomography. Biochemistry. 2014;
53: 1575-1585. doi: 10.1021/bi5000614 PMID: 24580139

Briegel A, Ladinsky MS, Okonomou C, Jones CW, Harris MJ, Fowler DJ, et al. Structure of bacterial
cytoplasmic chemoreceptor arrays and implications for chemotacitc signaling. eLife. 2014; 3: e02151.
doi: 10.7554/eLife.02151 PMID: 24668172

Alexandre G, Zhulin IB. Different evolutionary constraints on chemotaxis proteins CheW and CheY
revealed by heterologous expression studies and protein sequence analysis. J Bacteriol. 2003; 185:
544-552. PMID: 12511501

Ortega DR, Mo G, Lee K, Zhou H, Baudry J, Dahlquist FW, et al. Conformational coupling between
receptor and kinase binding sites through a conserved salt bridge in a signaling complex scaffold pro-
tein. PLoS Comp Biol. 2013; 9: e1003337.

Ferrada E, Wagner A. Protein robustness promotes evolutionary innovations on large evolutionary
time-scales. Proc Biol Sci. 2008; 275: 15951-602.

Tokuriki N, Tawfik DS. Protein dynamism and evolvability. Science. 2009; 324: 203—-207. doi: 10.1126/
science.1169375 PMID: 19359577

Alexander RP, Zhulin IB. Evolutionary genomics reveals conserved structural determinants of signaling
and adaptation in microbial chemoreceptors. Proc Natl Acad Sci USA. 2007; 104: 2885-2890. PMID:
17299051

Tatusov RL, Koonin EV, Lipman DJ. A genomic perspective on protein families. Science. 1997; 278:
631-637. PMID: 9381173

Borziak K, Fleetwood AD, Zhulin IB. Chemoreceptor gene loss and acquisition via horizontal gene
transfer in Escherichia coli. J Bacteriol. 2013; 195: 3596-3602. doi: 10.1128/JB.00421-13 PMID:
23749975

Iwama T, lto Y, Aoki H, Sakamoto H, Yamagata S, Kawai K, et al. Differential recognition of citrate and
a metal-citrate complex by the bacterial chemoreceptor Tcp. J Biol Chem. 2006; 281: 17727-17735.
PMID: 16636062

Pellegrini M, Marcotte EM, Thompson MJ, Eisenberg D, Yeates TO. Assigning protein functions by
comparative genome analysis: protein phylogenetic profiles. Proc Natl Acad Sci U S A. 1999; 96:
4285-4288. PMID: 10200254

Huynen M, Snel B, Lathe W 3rd, Bork P. Predicting protein function by genomic context: quantitative
evaluation and qualitative inferences. Genome Res. 2000; 10: 1204-1210. PMID: 10958638

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004723 February 4,2016 18/19


http://dx.doi.org/10.1099/mic.0.021857-0
http://www.ncbi.nlm.nih.gov/pubmed/19332820
http://www.ncbi.nlm.nih.gov/pubmed/9989504
http://dx.doi.org/10.1016/j.cellsig.2011.10.003
http://dx.doi.org/10.1016/j.cellsig.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22024281
http://www.ncbi.nlm.nih.gov/pubmed/8419927
http://dx.doi.org/10.1111/j.1365-2958.2012.08051.x
http://www.ncbi.nlm.nih.gov/pubmed/22486902
http://www.ncbi.nlm.nih.gov/pubmed/3001027
http://www.ncbi.nlm.nih.gov/pubmed/16513753
http://dx.doi.org/10.1093/nar/gkp940
http://www.ncbi.nlm.nih.gov/pubmed/19900966
http://dx.doi.org/10.1111/j.1365-2958.2009.07010.x
http://www.ncbi.nlm.nih.gov/pubmed/20025667
http://dx.doi.org/10.1021/bi300147m
http://www.ncbi.nlm.nih.gov/pubmed/22494339
http://dx.doi.org/10.1021/bi5000614
http://www.ncbi.nlm.nih.gov/pubmed/24580139
http://dx.doi.org/10.7554/eLife.02151
http://www.ncbi.nlm.nih.gov/pubmed/24668172
http://www.ncbi.nlm.nih.gov/pubmed/12511501
http://dx.doi.org/10.1126/science.1169375
http://dx.doi.org/10.1126/science.1169375
http://www.ncbi.nlm.nih.gov/pubmed/19359577
http://www.ncbi.nlm.nih.gov/pubmed/17299051
http://www.ncbi.nlm.nih.gov/pubmed/9381173
http://dx.doi.org/10.1128/JB.00421-13
http://www.ncbi.nlm.nih.gov/pubmed/23749975
http://www.ncbi.nlm.nih.gov/pubmed/16636062
http://www.ncbi.nlm.nih.gov/pubmed/10200254
http://www.ncbi.nlm.nih.gov/pubmed/10958638

B PLOS | Suryanonat

Evolutionary Genomics Suggests a Role for CheV in a Chemotaxis Pathway

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.
68.

69.
70.

71.

Kroger C, Colgan A, Srikumar S, Handler K, Sivasankaran SK, Hammarlof DL, et al. An infection-rele-
vant transcriptomic compendium for Salmonella enterica Serovar Typhimurium. Cell Host Microbe.
2013; 14: 683—-695. doi: 10.1016/j.chom.2013.11.010 PMID: 24331466

Li X, Fleetwood AD, Bayas C, Bilwes AM, Ortega DR, Falke JJ, et al. The 3.2 A resolution structure of a
receptor:CheA:CheW signaling complex defines overlapping binding sites and key residue interactions
within bacterial chemosensory arrays. Biochemistry. 2013; 52: 3852—-3865. doi: 10.1021/bi400383e
PMID: 23668907

Vu A, Wang X, Zhou H, Dahlquist FW. The receptor-CheW binding interface in bacterial chemotaxis. J
Mol Biol. 2012; 415: 7597-67.

Pedetta A, Parkinson JS, Studdert CA. Signalling-dependent interactions between the kinase-coupling
protein CheW and chemoreceptors in living cells. Mol Microbiol. 2014; 93:1144-55. doi: 10.1111/mmi.
12727 PMID: 25060668

Trammell MA, Falke JJ. Identification of a site critical for kinase regulation on the central processing
unit (CPU) helix of the aspartate receptor. Biochemistry. 1999; 38: 329-336. PMID: 9890914

Ortega DR, Yang C, Ames P, Baudry J, Parkinson JS, Zhulin IB. A phenylalanine rotameric switch for
signal-state control in bacterial chemoreceptors. Nat Commun. 2013; 4: 2881. doi: 10.1038/
ncomms3881 PMID: 24335957

Coleman MD, Bass RB, Mehan RS, Falke JJ. Conserved glycine residues in the cytoplasmic domain of
the aspartate receptor play essential roles in kinase coupling and on-off switching. Biochemistry. 2005;
44:7687-7695. PMID: 15909983

Vaknin A, Berg HC. Direct evidence for coupling between bacterial chemoreceptors. J Mol Biol. 2008;
382:573-577. doi: 10.1016/j.jmb.2008.07.026 PMID: 18657546

Kim KK, Yokota H, Kim SH. Four-helical-bundle structure of the cytoplasmic domain of a serine chemo-
taxis receptor. Nature. 1999; 400: 787—-792. PMID: 10466731

LiY,HuY, FuW, Xia B, Jin C. Solution structure of the bacterial chemotaxis adaptor protein CheW
from Escherichia coli. Biochem Biophys Res Commun. 2007; 360: 863-867. PMID: 17631272

Underbakke ES, Zhu Y, Kiessling LL. Protein footprinting in a complex milieu: identifying the interaction
surfaces of the chemotaxis adaptor protein CheW. J Mol Biol. 2011; 409: 483—-495. doi: 10.1016/j.jmb.
2011.03.040 PMID: 21463637

Ames P, Studdert CA, Reiser RH, Parkinson JS. Collaborative signaling by mixed chemoreceptor
teams in Escherichia coli. Proc Natl Acad Sci USA. 2002; 99: 7060-7065. PMID: 11983857

Sourjik V, Schmitt R. Phosphotransfer between CheA, CheY1, and CheY2 in the chemotaxis signal
transduction chain of Rhizobium meliloti. Biochemistry. 1998; 37: 2327-35. PMID: 9485379

Pittman MS, Goodwin M, Kelly DJ. Chemotaxis in the human gastric pathogen Helicobacter pylori: dif-
ferent roles for CheW and the three CheV paralogues, and evidence for CheV2 phosphorylation. Micro-
biology. 2001; 147: 2493-2504. PMID: 11535789

Wisniewski-Dye F, Borziak K, Khalsa-Moyers G, Alexandre G, Sukharnikov LO, Wuichet K| et al. Azos-
pirillum genomes reveal transition of bacteria from aquatic to terrestrial environments. PLoS Genet.
2011;7: €1002430. doi: 10.1371/journal.pgen.1002430 PMID: 22216014

Eddy SR. Accelerated Profile HMM Searches. PLoS Comput Biol. 2011; 7: €1002195. doi: 10.1371/
journal.pcbi.1002195 PMID: 22039361

Eddy SR. Profile hidden Markov models. Bioinformatics. 1998; 14: 755-763. PMID: 9918945

Katoh K, Toh H. Recent developments in the MAFFT multiple sequence alignment program. Brief Bioin-
form. 2008; 9: 286—298. doi: 10.1093/bib/bbn013 PMID: 18372315

Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by maxi-
mum likelihood. Syst Biol. 2003; 52: 696—704. PMID: 14530136

Wickham H. ggplot2: elegant graphics for data analysis: Springer New York; 2009.

Hagberg AA, Schult DA, Swart PJ, editors. Exploring Network Structure, Dynamics, and Function using
NetworkX. Proceedings of the 7th Python in Science Conference; 2008; Pasadena, CA USA.

Oliphant TE. Python for scientific computing. Comput Sci Eng. 2007; 9:10-20.

Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo generator. Genome Res.
2004; 14: 1188-1190. PMID: 15173120

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215: 403—410. PMID: 2231712

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004723 February 4,2016 19/19


http://dx.doi.org/10.1016/j.chom.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24331466
http://dx.doi.org/10.1021/bi400383e
http://www.ncbi.nlm.nih.gov/pubmed/23668907
http://dx.doi.org/10.1111/mmi.12727
http://dx.doi.org/10.1111/mmi.12727
http://www.ncbi.nlm.nih.gov/pubmed/25060668
http://www.ncbi.nlm.nih.gov/pubmed/9890914
http://dx.doi.org/10.1038/ncomms3881
http://dx.doi.org/10.1038/ncomms3881
http://www.ncbi.nlm.nih.gov/pubmed/24335957
http://www.ncbi.nlm.nih.gov/pubmed/15909983
http://dx.doi.org/10.1016/j.jmb.2008.07.026
http://www.ncbi.nlm.nih.gov/pubmed/18657546
http://www.ncbi.nlm.nih.gov/pubmed/10466731
http://www.ncbi.nlm.nih.gov/pubmed/17631272
http://dx.doi.org/10.1016/j.jmb.2011.03.040
http://dx.doi.org/10.1016/j.jmb.2011.03.040
http://www.ncbi.nlm.nih.gov/pubmed/21463637
http://www.ncbi.nlm.nih.gov/pubmed/11983857
http://www.ncbi.nlm.nih.gov/pubmed/9485379
http://www.ncbi.nlm.nih.gov/pubmed/11535789
http://dx.doi.org/10.1371/journal.pgen.1002430
http://www.ncbi.nlm.nih.gov/pubmed/22216014
http://dx.doi.org/10.1371/journal.pcbi.1002195
http://dx.doi.org/10.1371/journal.pcbi.1002195
http://www.ncbi.nlm.nih.gov/pubmed/22039361
http://www.ncbi.nlm.nih.gov/pubmed/9918945
http://dx.doi.org/10.1093/bib/bbn013
http://www.ncbi.nlm.nih.gov/pubmed/18372315
http://www.ncbi.nlm.nih.gov/pubmed/14530136
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://www.ncbi.nlm.nih.gov/pubmed/2231712

