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ABSTRACT Histidine kinases are key components of regulatory systems that enable
bacteria to respond to environmental changes. Two major classes of histidine ki-
nases are recognized on the basis of their modular design: classical (HKI) and che-
motaxis specific (HKII). Recently, a new type of histidine kinase that appeared to
have features of both HKIs and HKIIs was identified and termed HKIII; however, the
details of HKIII’s relationship to other two classes of histidine kinases, their function,
and evolutionary history remain unknown. Here, we carried out genomic, phyloge-
netic, and protein sequence analyses that allowed us to reveal the unusual evolu-
tionary history of this protein family, formalize its distinctive features, and propose
its putative function. HKIIIs are characterized by the presence of sensory domains
and the lack of a dimerization domain, which is typically present in all histidine ki-
nases. In addition to a single-domain response regulator, HKIII signal transduction
systems utilize CheX phosphatase and, in many instances, an unorthodox soluble
chemoreceptor that are usual components of chemotaxis signal transduction sys-
tems. However, many HKIII genes are found in genomes completely lacking che-
motaxis genes, thus decoupling their function from chemotaxis. By contrast, all HKIII-
containing genomes also contain pilT, a marker gene for bacterial type IV pilus-based
motility, whose regulation is proposed as a putative function for HKIII. These signal
transduction systems have a narrow phyletic distribution but are present in many
emerging and opportunistic pathogens, thus offering an attractive potential target
for future antimicrobial drug design.

IMPORTANCE Bacteria adapt to their environment and their hosts by detecting sig-
nals and regulating their cellular functions accordingly. Here, we describe a largely
unexplored family of signal transduction histidine kinases, called HKIII, that have a
unique modular design. While they are currently identified in a relatively short list of
bacterial species, this list contains many emerging pathogens. We show that HKIIIs
likely control bacterial motility across solid surfaces, which is a key virulence factor
in many bacteria, including those causing severe infections. Full understanding of
this putative function may help in designing effective drugs against pathogens that
will not affect the majority of the beneficial human microbiome.

KEYWORDS chemotaxis, evolution, genomics, histidine kinase, motility, pathogens,
signal transduction, type IV pili

The transmission of molecular signals in prokaryotes is carried out by the specialized
cellular machinery. The simplest signal transduction systems consist of a single

protein that is capable of both sensing a signal and directly affecting a cellular

Received 23 March 2017 Accepted 28 April
2017

Accepted manuscript posted online 8 May
2017

Citation Adebali O, Petukh MG, Reznik AO,
Tishkov AV, Upadhyay AA, Zhulin IB. 2017. Class
III histidine kinases: a recently accessorized
kinase domain in putative modulators of type
IV pilus-based motility. J Bacteriol 199:e00218-
17. https://doi.org/10.1128/JB.00218-17.

Editor Thomas J. Silhavy, Princeton University

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Igor B. Zhulin,
ijouline@utk.edu.

RESEARCH ARTICLE

crossm

September 2017 Volume 199 Issue 18 e00218-17 jb.asm.org 1Journal of Bacteriology

http://orcid.org/0000-0002-6708-5323
https://doi.org/10.1128/JB.00218-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:ijouline@utk.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00218-17&domain=pdf&date_stamp=2017-5-8
http://jb.asm.org


response, for example, a ligand-binding transcriptional regulator. Such proteins, termed
one-component systems (1), typically use two separate domains: input (also called a
sensory domain) and output (also called a regulatory domain). A more complex mode
of prokaryotic signal transduction involves two functionally dedicated proteins, a
sensor and a response regulator, that make up a two-component system (2). The sensor
is a histidine kinase, which consists of an input domain and a transmitter domain that
communicates with the receiver domain of the response regulator, which in turn
activates the response regulator’s output domain. One- and two-component systems
share a repertoire of input and output domains, but the main difference is that most
one-component systems are known or predicted to detect signals in the cytoplasm,
whereas most two-component systems are known or predicted to detect extracellular
signals (1, 2). Variation in component design can be seen in both one- and two-
component systems. For example, in one-component systems, a single-domain protein
can be a sensor and a regulator (3), or multiple sensory and regulatory domains can be
present in a single protein (4). In two-component systems, multiple sensory and
regulatory domains per system can also exist (5), and additional phosphoacceptor and
phosphodonor proteins can extend the system into a more complex phosphorelay (6).

The chemotaxis system, which is a special case of two-component regulatory
systems, constitutes yet another mode of bacterial signal transduction. Bacteria navi-
gate in chemical gradients by regulating their motility (7). This behavior, known as
chemotaxis, is characterized by high sensitivity and precise adaptation, properties
attributed to an assortment of interactions within the multiprotein signal transduction
system (7, 8). This pathway utilizes principal modules of two-component systems;
however, its design is markedly different. The chemotaxis signal transduction system is
best understood in Escherichia coli. The histidine kinase of this system, the CheA
protein, is sensorless (no input domain), and the cognate response regulator, the CheY
protein, lacks an output domain (9, 10). Although the sequence similarity between the
CheA-CheY pair and other two-component regulatory systems was noted early (2, 9),
the CheA structure revealed such marked deviation from other known histidine kinases
that CheA was proposed to constitute a separate class of histidine kinases, class II (HKII)
(11). All other histidine kinases were assigned to class I (HKI).

While tracing the evolutionary history of class II histidine kinases, Wuichet and
Zhulin described a protein family that exhibits properties of both class I and class II
histidine kinases, which they termed class III histidine kinases (HKIIIs) (12). HKIIIs have
an N-terminal sensory module typical of HKIs, but they also have a histidine phospho-
transfer (HPT) domain that is N terminal to the kinase domain, similar to that in CheA.
A sequence analysis also revealed that the N-box region of the HKIII kinase domain is
more similar to that of CheA than to that of HKI (12). Only 4% of analyzed genomes
contained HKIII genes, and all of these genomes also contained chemotaxis genes. It
was noted that HKIIIs are often encoded near CheY-like proteins and CheX, a CheY
phosphatase (12). HKIIIs have features of both HKIs and chemotaxis kinases and thus
represent functionally intermediate forms, suggesting a gradual progression from
classical two-component systems to the chemotaxis system (12). However, these
conclusions were drawn using a very limited set of only 21 HKIII gene sequences from
17 genomes. In this study, we performed a much more in-depth analysis of this unusual
group of histidine kinases using improved bioinformatics tools and much larger
genomic data sets. While confirming some of the features of HKIII proteins revealed in
the early analysis, we were able to identify their novel features, suggest a new
evolutionary scenario for their emergence, and propose their putative function.

RESULTS
Identification of HKIIIs in genomic data. In the first report describing HKIIIs, they

were identified in a representative set of bacterial genomes using BLAST searches
initiated with CheA sequences (12). In this study, we used the new domain model
(HK_CA:Che) constructed specifically for CheA (13) to search the RefSeq database for all
protein sequences that contain this domain and the histidine phosphotransfer (HPT)
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domain but lack the CheW domain, which is typical of CheA (10, 11). All retrieved
sequences were then submitted to CDvist (14) to identify their complete domain
architecture using a combination of specific and sensitive domain searches imple-
mented in this server. Sequences where the CheW domains were identified as the result
of these searches were then removed. The resulting set contained 253 protein se-
quences identified as HKIIIs (see Data Set S1 in the supplemental material).

Structural features of HKIIIs. (i) Sensory domain repertoire. Domain architec-
tures for all HKIII protein sequences identified in this study are shown in Fig. S1.
Representative domain architectures are shown in Fig. 1. Domain combinations and
transmembrane region predictions show that some HKIIIs are transmembrane proteins
and some are cytoplasmic. While HKIIs are sensorless and HKIs have a wide repertoire
of sensory domains (12), the repertoire of sensory domains in HKIIIs is very limited. The
intracellular PAS domain (15) was found in 96% of sequences, always located N terminal
to the HPT domain (Fig. 1; see also Fig. S1). The most prevalent extracellular sensory
domain in HKIIIs is the four-helix bundle (16, 17) exemplified by the 4HB_MCP_1 and
PilJ domain models (Fig. 1; see also Fig. S1). Other sensory domains identified in few
instances include NIT (18), GAF (19), CBS (20), Cache (21), etc. (Fig. 1; see also Fig. S1).
Notably, all sensory domains identified in HKIIIs are the subset of those found in
chemoreceptors (that serve as sensors for HKIIs), which in turn are the subset of those
found in HKIs (12).

(ii) HKIIIs lack a dimerization domain. The key feature differentiating HKIII from
both HKI and HKII is the absence of the dimerization domain. In HKIs and HKIIs, the

4HB_MCP_1 HAMP PAS Hpt HATPase_c

PilJ PAS_4 Hpt HATPase_c

Ammonium_transp HAMP PAS_4 Hpt HATPase_c

SBP_bac_3 PAS_4 Hpt HATPase_cSBP_bac_3

PAS_4 Hpt HATPase_cPAS_4

Hpt HATPase_c

Cache_3 PAS_4 Hpt HATPase_cHAMP

WP_012031190Dichelobacter nodosus

WP_014802335Turneriella parva

NIT PAS_10 Hpt HATPase_cHAMP

Sorangium cellulosum WP_012233436

WP_034606725Desulfovibrio gigas

Teredinibacter turnerae WP_019602200

WP_034205090Burkholderia cepacia

WP_014624014Spirochaeta thermophila

WP_036989969Pseudomonas bauzanensis

PAS_4 Hpt HATPase_cCBS CBS

WP_028585469Desulfobulbus mediterraneus

T2SSE_N HATPase_cHpt Hpt

WP_025308484Bdellovibrio bacteriovorus

FIG 1 Representative domain architectures of HKIII protein sequences. Domain nomenclature is accord-
ing to Pfam. Transmembrane regions are shown as gray rectangles. Sequences are identified by species
names and NCBI accession numbers.
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alpha-helical dimerization domains (detectable by Pfam domain model HisKA and
related models from the same Pfam clan) are always found N-terminally adjacent to the
kinase domains, whereas in HKIIIs, this domain is not found (Fig. 1; see also Fig. S1). HPT
and the kinase domain in HKIIIs are connected by a linker, which can be as short as 4
amino acid residues. Even in longer linkers (e.g., 100 amino acid residues), no domains
were detected by the most sensitive profile-profile search tool HHsearch (22). Further
evidence for the absence of a dimerization domain in HKIIIs was obtained by running
exhaustive iterative PSI-BLAST searches with the sequence corresponding to the long
putative linker identified in an HKIII protein from Burkholderia cepacia (gi 736061708,
residues 513 to 627), which retrieved nearly all HKIII sequences detected in this study,
but failed to retrieve any sequences containing the dimerization domain in the region
of sequence similarity to the query. In some HKIII sequences, other domains, e.g.,
T2SSE_N (Fig. 1), were predicted in this region. Finally, we predicted the secondary
structure for HKIII sequences that had long putative linkers between HPT and the kinase
domain and found that no secondary structure elements were predicted in the largest
half of the interdomain region (see Fig. S2). Taken together, the results strongly suggest
that HKIII proteins lack a dimerization domain typical of histidine kinases.

HKIII signal transduction systems. (i) Principal components. Signal transduction
systems anchored by histidine kinases contain response regulators and auxiliary com-
ponents. Both simple two-component (e.g., kinase and regulator only) and much more
complex chemosensory signal transduction systems, such as one controlling bacterial
chemotaxis (kinase, multiple regulators, multiple sensors, and several auxiliary pro-
teins), are encoded in gene clusters. This appears to be true for more than 90% of cases
examined at the genome scale (12, 23). Satisfactorily, we found that more than 93% of
HKIII genes have response regulator genes in their gene neighborhoods (see Data Set
S2). The majority of response regulators associated with HKIIIs are single-domain
proteins similar to the chemotaxis response regulator CheY (24). In addition, two other
types of genes were enriched in the HKIII gene neighborhoods: (i) in 58% of cases, it
was a gene coding for CheX phosphatase, which is known to dephosphorylate CheY
(25), and (ii) in 60% of cases, it was a gene encoding methyl-accepting chemotaxis
protein (MCP) (see Fig. S3 and Data Set S2). HKIII-associated MCPs (termed MCPHKIIIs)
were much shorter than classical chemoreceptors—just over 200 amino acid residues—
and matched the MCPsignal Pfam model depicting a chemoreceptor signaling domain
(26). While being similar in length and domain composition to the soluble MCP TM0014
from Thermotoga maritima (27), MCPHKIII sequences formed a monophyletic cluster on
a phylogenetic tree, indicating their divergence from TM0014 (see Fig. S4).

(ii) HKIII-associated MCPs retain conserved properties of the kinase-interacting
subdomain. To gain insight into the potential functionality of MCPHKIIIs, we assessed
their sequence conservation and built a structural model of a representative protein
using the most closely related structural template, the Tsr chemoreceptor from Esch-
erichia coli. We were particularly interested in finding out whether the MCPHKIII model
retains the homodimer properties of the template. Therefore, we performed molecular
dynamics (MD) simulations of both the model and the template to compare the
stability of their dimers (see Materials and Methods for details). The key results can be
summarized as follows: (i) MCPHKIII has a conserved subdomain corresponding to a
kinase-interacting region in all known MCPs and (ii) as in other MCPs, such as Tsr, this
MCPHKIII subdomain forms a stable homodimer, whereas the N- and C-terminal regions
of the protein are highly dynamic and do not dimerize.

The MCPHKIII structural model was built as a homodimer, similar to the Tsr template
(Fig. 2); however, because its N-terminal region is much longer than the C-terminal
region, dimerization occurs only in the bottom half (approximately throughout residues
94 to 236). We assessed potential contacts maintaining intradimer interactions (salt
bridges and hydrophobic interactions) and found that, while the numbers of salt
bridges are comparable between the model and its template, Tsr has twice as many
pairs of interacting hydrophobic residues (see Fig. S5), which likely contributes to the
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dimer rigidity throughout its length. By contrast, MCPHKIII is much more flexible,
although its tip corresponding to the kinase-interacting domain in Tsr is fairly rigid and
remains dimerized (Fig. 2). Finally, the MCPHKIII tip retains the highest degree of
conservation typical of MCPs (see Fig. S6). Interestingly, not only known intradimer
contacts, e.g., a conserved phenylalanine corresponding to F396 in Tsr (28), but also
some of the contacts critical for the trimer-of-dimer formation, e.g., positions corre-
sponding to E402 and R404 in Tsr (29), are preserved in MCPHKIII (see Fig. S6).

HKIIIs are found predominantly in Betaproteobacteria. To compare the phyletic
distribution of histidine kinases from the three classes, we used the Aquerium tool,
which enables the visualization of both the presence and the absence of proteins and
protein domains on the taxonomically ranked genome tree (30). The observed distri-
bution of HKIs and HKIIs (Fig. 3) is fully consistent with the previous analyses. HKIs are
most widely distributed in prokaryotes and also have representatives in archaea, lower
eukaryotes, and plants, where they have been transferred horizontally (26, 31). HKIIs are
missing from eukaryotes but are found in all bacterial phyla with a substantial number
of sequenced representatives and in archaea, where they also have been transferred
horizontally (12, 32). By striking contrast, HKIIIs are limited to very few bacterial phyla.
Although we searched comparable numbers of genomes of Firmicutes and Proteobac-
teria, more than 75% of all sequences were found in representatives of Betaproteobac-
teria, predominantly in the orders of Burkholderiales and Neisseriales, and less than 2%
of HKIII sequences were found in Firmicutes (Fig. 3; see also Data Set S1).

HKIII kinase domain is an intermediate evolutionary step between HKI and
HKII. HKIII relatedness to CheA was initially inferred from H-box and N-box similarity
(12). New domain models developed for histidine kinases (13) clearly identify the kinase
domain of HKIIIs as more similar to that of HKIIs; both are specifically recognized by the
HK_CA:Che model. To further verify these observations, we have compared all histidine
kinase domain sequences (matching the Pfam HATPase_c model and the correspond-
ing E. coli CheA sequence WP_024189213, amino acid residues 323 to 506) from HKIIIs
to a representative set of those from HKIs and HKIIs by constructing their multiple-

Kinase
interaction,
Tsr residues
350-430

0

10

20

Tsr MCP HKIII

FIG 2 Comparison of dynamic properties of Tsr and MCPHKIII model. The values of root mean square
fluctuations (RMSF; a measure of the average atomic mobility) for each residue backbone atom during
10-ns MD simulations are shown on the structure of the Tsr signaling domain and the model. Scale, 0
to 20 Å.
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sequence alignment and maximum likelihood phylogenetic tree (Fig. 4). The tree
suggests that the HKIII domain evolved as an intermediate step in the transition from
HKI to HKII. Though HKIIIs are more similar to HKIIs than to HKIs, they form a separate
monophyletic group distinct from both HKIs and HKIIs. The sequence logo of HKIIIs
shows extensive similarity to the one of HKIIs; however, a few conserved positions that
are shared by HKIIIs and HKIs are not observed in HKIIs (see Fig. S7). Moreover, no
sequence features that are shared by HKIs and HKIIs are found to be missing from HKIIIs.

FIG 3 Phyletic distribution of three classes of histidine kinases. Presences of class I, II, and III histidine kinases (shown in the blue, orange, and red outmost rings,
respectively) on the taxonomic tree were revealed using the Aquerium tool (see Materials and Methods for details). Taxonomic ranks are shown in gray. Phyla
that contain representatives with HKIIIs are highlighted in pink.
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HKIII genes are found only in genomes containing type IV pilus motility genes.
We have found a single report suggesting the role for the HKIII signal transduction
system. Kennan et al. identified a two-component signal transduction system, TwmSR,
with features similar to those of both HKIs and HKIIs in Dichelobacter nodosus and
showed that its inactivation resulted in a reduced rate of type IV pilus (TFP)-mediated
motility due to an overall loss of twitching directionality (33). The earlier report on HKIIIs
stated that their genes are found exclusively in genomes that contain chemotaxis
genes (12). To determine whether the presence of HKIII genes correlates with the
presence of type IV pilus motility and chemotaxis genes, we have searched all genomes
that had HKIII genes for the following markers: genes for PilT, a key component of
TFP-mediated motility (34), CheA, a chemotaxis (HKII) histidine kinase, which controls
flagellar mediated motility, and TFP-type CheA-like (HKII) histidine kinase (12), which
mediates TFP motility in many bacterial species, e.g., Pseudomonas aeruginosa, where
it is known as ChpA protein (35). We have found that HKIII genes are present in
genomes with or without the flagellar CheA gene and with or without the TFP-type
CheA gene in various combinations, including, both present, one present, and both
absent (Data Set S1). By striking contrast, the PilT gene was found in all HKIII-containing
genomes. Although, the opposite was not true; many bacterial genomes that contain
the PilT gene lack HKIII genes.

FIG 4 Relationship between HKI, HKII, and HKIII kinase domains. The maximum likelihood phylogenetic
tree was built using representative histidine kinase sequences (see Materials and Methods for details).
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DISCUSSION
Key structural features of HKIIIs. HKIIIs combine features of both HKIs and HKIIs,

resulting in a unique domain architecture. With very few exceptions, HKIIIs contain at
least one (usually more than one) sensory domain, as is typical of HKIs; however, their
kinase domains are much more similar to those of HKIIs than HKIs. Similar to HKIIs,
HKIIIs contain the HPT domain with a conserved phosphodonor histidine; however, HPT
in HKIIs is always located at the very N terminus and is separated from the kinase
domain by CheY-binding and dimerization domains, whereas in HKIIIs, the HPT domain
is located centrally between the sensory domain(s) and the kinase domain. These
features can be used routinely for annotating HKIII gene sequences in bacterial ge-
nomes. Currently, all these sequences are erroneously annotated as CheA or as hypo-
thetical proteins. The most remarkable molecular characteristic of HKIIIs is the lack of
the dimerization domain, which is a key attribute in both HKIs and HKIIs. One unusual
way in which transmembrane HKIIIs perhaps can dimerize is by interacting with
MCPHKIII (comprised of a shortened signaling domain), which is encoded by a separate
gene usually located in the same operon. Homology modeling suggests that a highly
conserved tip of MCPHKIII is likely to form a homodimer, similar to that in conventional
MCPs (36). Interestingly, in many HKIII kinases, three to four short alpha helices are
predicted in the region between HPT and the catalytic domain. Potentially, this region
may play the role of an unorthodox dimerization domain. Another potential site for
HKIII dimerization is the periplasmic four-helix bundle domain, which is also known to
dimerize in conventional MCPs (16). Finally, some cytoplasmic histidine kinases are
known to be able to function as monomers (37–39), and this might be the case for
HKIIIs.

Evolutionary scenario for HKIII emergence. Unusual CheA-like proteins that were
termed class III histidine kinases were proposed to be intermediate forms in the
evolution of HKIs, yielding HKII (12). The rationale behind this argument was based on
the observation of the HKIII features that were common to both class II and III histidine
kinases. However, at least some of the results obtained in the current study seem to
contradict this hypothesis. Several facts support the idea that HKIIIs are a recent
innovation in bacterial signal transduction. First, the phyletic distribution of HKIIIs is
extremely narrow; they are prevalent in Betaproteobacteria, primarily in the order
Burkholderiales, whereas their occurrence in other phyla is limited to a few instances.
This distribution favors a recent emergence of HKIIIs in Betaproteobacteria and their
horizontal transfer to other species. Second, the sensory domain repertoire in HKIIIs is
very limited. In essence, it is a small subset of those in MCPs that are in turn a subset
of those found in HKIs. Consequently, because MCPs are evolutionarily younger than
HKIs (12), HKIIIs appear to be evolutionarily younger than MCPs based on this feature
(the lesser diversity and the younger the system). On the other hand, at least two other
lines of evidence support the alternative scenario, where, according to the original
proposal (12), HKIIIs predate HKIIs and the associated chemotaxis system. First and most
important, the maximum likelihood phylogenetic tree built from HKI, HKII, and HKIII
kinase domains (Fig. 4) clearly places HKIII between HKI and HKII. Second, the com-
plexity of the component design in HKIII-based signal transduction systems is inter-
mediate between HKI and HKII, and a gradually increasing level of complexity in
signaling systems in evolution is well documented (1, 40). This apparently contradictory
view on the evolutionary history of HKIIIs is reconcilable. We propose that the HKIII
core—its kinase domain—is indeed an evolutionary intermediate between HKI and
HKII. HKIs and HKIIs are extremely successful in what they do, namely, controlling gene
expression and motility, correspondingly. HKIII appears to be a “nearly extinct species”
that led from HKI to HKII and survived as an evolutionary reservoir for the occasional
development of new features. One such new feature was its recent fusion with the MCP
four-helix bundle sensory domain and the recruitment of the MCP tip (easily imaginable
as an insertion of the HKIII gene into an MCP gene followed by a deletion of half of the
MCP gene and its separation). This particular event has likely occurred in the recent
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ancestor of Burkholderiales, and its success manifests itself in the proliferation of this
newly born signal transduction system within this bacterial order. When more bacterial
genomes become available, we will most certainly witness other cases of such suc-
cessful recent accessorizing of the otherwise fairly ancient histidine kinase domain.

Regulation of twitching motility is a likely role for HKIIIs. The information about
a potential function of the HKIII system is limited to a single study, where the HKIII
protein in Dichelobacter nodosus was implicated in regulating TFP-mediated twitching
motility (33). Our genomic survey shows that HKIII genes are found exclusively in
genomes that contain a key component of TFP-based motility, the PilT protein (34).
Remarkably, this rule holds for representatives of such distant phyla as Proteobacteria,
Spirochaetes, Planctomycetes, Firmicutes, and Fibrobacteres. At the same time, we found
no correlation between the presence of HKIII and chemotaxis genes, as was reported in
a previous analysis that involved a much smaller number of genomes (12). For example,
all representatives of the family Neisseriaceae in Betaproteobacteria and all representa-
tives of Moraxellaceae in Gammaproteobacteria that have HKIIIs lack any components of
the chemotaxis machinery. Our survey of HKIIIs is still very limited, and the apparent
correlation between HKIII and PilT might as well be by pure chance. However, this
hypothesis has a foundation and provides an excellent opportunity for verification,
because many of the organisms where it was found are being studied in experimental
laboratories around the world.

HKIII in emerging and opportunistic pathogens. The list of genomes that contain
HKIII genes is enriched with plant, animal, and human pathogens, providing additional
support for a hypothesis that these signal transduction systems control TFP-mediated
motility, a well-known virulence factor (41–46). Many of the species that contain HKIIIs
are associated with infections in cystic fibrosis and immunocompromised patients,
including Burkholderia cepacia (47), B. cenocepacia (48), B. contaminans (49), B. gladioli
(50), B. multivorans (50, 51), B. vietnamiensis (50), Pandoraea apista (50), P. pulmonicola
(50), P. sputorum (52), and Ralstonia pickettii (50), among others. Other HKIII-bearing
human pathogens include Kingella kingae, which is linked to septic arthritis, osteomy-
elitis, spondylodiscitis, meningitis, endocarditis, and lower respiratory tract infections
(53), as well as Burkholderia ferrarie and B. fungorum, which are implicated in synovial
tissue infection and vaginosis (54, 55). Burkholderia ginsengisoli, a plant endosymbiotic
bacterium, has recently been reported as a causative agent of bacteremia in a patient
with Crohn’s disease (56). In a similar fashion, bacteremia caused by the plant-
associated bacteria Herbaspirillum huttiense and Acidovorax oryzae were reported in
immunocompetent patients (57, 58). Kingella oralis and Neisseria sp. oral taxon 020 are
inhabitants of the human oral cavity (59), and Neisseria shayeganii and N. wadsworthii
were isolated from clinical specimens (60). HKIII-containing animal pathogens include
Dichelobacter nodosus, the causative agent of footrot disease (61) in which HKIII control
of TFP-based motility was demonstrated (33), and Moraxella species associated with
periodontitis (62) and epistaxis (63). Plant pathogens include Acidovorax avenae and
Burkholderia glumae (64), Acidovorax citrulli (65), and Herbaspirillum rubrisubalbicans
(66). As the prevalence of antibiotic-resistant strains demands new therapeutic ap-
proaches, targeting bacterial functions that inhibit pathogenesis is the future of anti-
virulence therapies (42). If indeed the key role of HKIII signal transduction systems is to
control TFP-mediated motility, they have a potential to become future drug targets.

MATERIALS AND METHODS
Databases and sequence similarity search tools. The RefSeq database (downloaded on 6 August

2015) of complete nonredundant protein sequences was used in this study. HKs were identified based
on the presence of the histidine kinase domain. The histidine kinase domains were classified into HKI and
HKII using MiST (13) histidine kinase domain models HK_CA and HK_CA:Che, respectively, and similarity
searches with the HMMER v2.4 package (67). Sequences containing the HK_CA:Che domain and HPT
domain but lacking CheW domains were considered HKIIIs. Pfam_scan tool (HMMER v3) (68) was used
to identify Pfam domains (68). Because domains may not always be sensitively identified by HMMER, the
CDvist server (14) was used to perform more sensitive HMM-HMM searches with HHsearch tool (22)
against the Pfam 29 database to confirm the absence of CheW domains. Sequences found to contain
CheW domains were excluded from the HKIII set.
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For the comparative analysis of HK classes, representative sets of HKIs and HKIIs were used against
the complete set of HKIII sequences. To select representative HKIs, we retrieved sequences matching only
one of the 23 HK subfamily domains retrieved from the MiST database (Agfam1 domains in SeqDepot)
(13, 69). Up to five representatives for each subfamily were selected, if available. In the case of HKII
domains, representatives were obtained by using CD-Hit (70) at 70% identity to reduce redundancy.

Multiple-sequence alignment and phyletic analyses. Multiple-sequence alignments were con-
structed using the MAFFT (v7.154b) E-INSI algorithm (71). The initial HKII phylogenetic tree was built with
FastTree (72) with default parameters. A representative set of HKII sequences was chosen from the
phylogenetic tree by using a custom script. The final HK tree was built with PhyML (73) with default
parameters, and the tree was rooted at the middle point using the Python ETE2 package (74).

The phyletic distribution figure was produced using the Aquerium tool (30), which uses NCBI
taxonomic ranks (75) to build the tree. Eukaryotes and Archaea were excluded from the tree, because no
HKIIIs were identified in these domains of life.

Gene neighborhoods. The corresponding nucleotide sequence for each HKIII protein sequence was
retrieved from NCBI. Because some protein records became obsolete in the updated NCBI database, the
missing sequences were identified by running BLASTp (76) against the nonredundant protein database
(December 2015) (see Data Set S2 in the supplemental material). To retrieve gene neighborhoods, six
genes upstream and downstream of each HKIII gene were retrieved by parsing the nucleotide files using
a custom script.

Structure modeling and MD simulation. The amino acid sequence of MCPHKIII from Paraburkhold-
eria (formerly, Burkholderia) fungorum (NCBI accession WP_028195998.1) was submitted to I-TASSER (77),
which identified the Tsr MCP from Escherichia coli (Protein Data Bank no. 3ZX6, chain A, 303 amino acids)
as the best template for modeling (overall sequence identity, �20%; C score � 0.45; TM score � 0.77 �
0.10). The initial crystal structure of the template protein (homodimer, chains A and B) was obtained from
the Protein Data Bank (78). The MCPHKIII homodimer was built by duplicating chain A with chain B and
transferring coordinates of both chains obtained by the structural alignment between the model and the
template. To rebuild coordinates of missing heavy atoms, the profix module from the Jackal package was
used with a “heavy atoms model” option (79). The hydrogen atoms were added to the structures with
VMD software v.1.9.1 (topology file from CHARMM27 force field) (80). Then, both structures were
subjected to independent structural refinement by NAMD (v.2.9, CHARMM27 force field parameters) (81).
For the minimization procedure, we used the generalized born implicit solvent (GBIS) model, imple-
mented in NAMD. The dielectric constant of the implicit solvent was set to 80, and 1 for the protein
20,000-steps conjugate gradient algorithm implemented in NAMD was used to obtain the relaxed
configuration with optimized geometric and steric clashes. Both structures were equilibrated for 1 ns
followed by the molecular dynamic (MD) simulations for another 10 ns. The temperature of MD
simulations was set to 298 K. The snapshots of the protein structures taken every 0.2 ns were used to
estimate the probability of proteins to maintain the homodimeric form based on the following param-
eters: (i) the root mean square fluctuation (RMSF) of residues, (ii) the average number of hydrophobic
contacts between monomers estimated by calculating the distance between side chains of hydrophobic
residues at a �4-Å cutoff, and (iii) the average number of salt bridges between monomers, estimated
based on the distance (�3.2 Å) between oxygen atoms of the COO� group of acidic residues and the
nitrogen atoms of the NH3

� group of basic residues.
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