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Abstract

Sensor histidine kinases regulate adaptive cellular responses to changes in the chemical or physical
state of the environment. HWE/HisK A2-family kinases comprise a subset of histidine kinases that
is defined by unique sequence motifs in both the catalytic and non-catalytic regions. Recent crystal
structures have defined conserved intramolecular interactions that inform models of kinase
regulation that are unique to the HWE/HisKA2 superfamily. Emerging genetic, biochemical and
genomic data indicate that, unlike typical histidine kinases, HWE/HisKA2 kinases do not
generally signal via classical DNA-binding response regulators. Rather, these unusual kinases are
often part of atypical regulatory pathways that control changes in gene expression via modulation
of protein-protein interactions or transcription anti-termination.

Introduction

Sensor histidine kinases (HKs) are important regulators of environmental adaptation that are
conserved across bacteria, archaea, fungi, and plants. Thousands of members of this diverse
group of protein sensors have been annotated in genomes and classified into sequence
families [1-5]. Among these is the HWE family, which has several unusual features that
distinguish its primary structure from other sensor HKs. HWE was initially described as an
atypical histidine kinase family often located on the same polypeptide as light-responsive
phytochrome sensory domains, and that is enriched in the Rhizobiaceae family of
Alphaproteobacteria [6]. Like typical histidine kinases, HWE family kinases bear a two-
helix DHp (dimerization and histidine phosphotransfer) domain followed by a CA (catalytic
ATP-binding) domain, and have demonstrated ATP hydrolysis and autophosphorylation
activities [6-15]. However, several conserved sequence motifs are unique to this family,
while motifs present in most other HKs are missing in HWE kinases. As a result, HWE
family members were historically not classified as histidine kinases in several sequence
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databases. Even today, HK domain models may fail to identify the CA domain of many
HWE kinases.

Recent biochemical analyses provide evidence that HWE kinases may exist in unusual
oligomeric states, and high-resolution crystal structures have shed light on structural roles of
sequence features specific to the HWE family. Histidine kinases are typically postulated to
participate in two-component phosphoryltransfer pathways with cognate DNA-binding
response regulators that regulate transcription initiation. This canonical signaling modality
appears to be the exception for HWE kinases. Specifically, there is increasing evidence that
HWE kinases are often part of signaling systems with multiple sensory kinase inputs that
converge to regulate a common gene expression output by controlling protein-protein
interactions, such as a/anti-o, or by directly regulating proteins that control transcription
termination. Here, we highlight distinguishing features of this atypical class of histidine
kinases, with respect to their primary structures, taxonomic distribution and genomic
context. We further review recent data on the structure and functional roles of HWE and
related HisK A2 kinases.

Distinguishing features of HWE/HisKA2 histidine kinase primary structure

Given that classification of HWE kinases is based on amino acid sequence, it is worth
discussing the key features of primary structure that distinguish this group. The
nomenclature “H-W-E” refers to three residues in the catalytic domain, namely a histidine in
the N-box and a WxE motif near the G1-box [6] (Figure 1A). However, the Pfam and
SMART sequence models bearing the HWE name are based on motifs in the DHp domain,
not the catalytic domain (Pfam: PF07536 and SMART: SM00911) [1,4]. Two key features in
the DHp domain distinguish HWE-family kinases from typical HisKA kinases (Pfam:
PF00512 and SMART: SM00388): 1) a unique set of residues that surround the phosphoryl-
accepting histidine (H-box), and 2) a conserved arginine present in the second helix that is
not found in other histidine kinases (R-box)(Figure 1A). The DHp domain model known as
HisKA2 (Pfam: PF07568) shares both of these features and, together with HWE, form a
superfamily (CDD: Cl06527) [16]. The shared H-box motif has resulted in the moniker,
HRxxN kinases [9,17]. Indeed this is the most easily identified sequence characteristic of
this kinase superfamily. We collectively refer to this group as HWE/HisKA2 kinases.

In addition to unique features in the DHp domain, HWE/HisKA2 kinases bear several
notable features in the catalytic domain. These kinases lack the F-box found in HisKA
kinases and have a short ATP lid. In addition, the first asparagine in the N-box is replaced by
a glutamate (Figure 1A) [6]. Two recent structures of HWE/HisK A2 kinases provide insight
into the function of these distinguishing primary structure features [18,19].

Biochemical properties of HWE/HisKA2 kinases

Oligomeric state

Histidine kinases function almost exclusively as homodimers that can autophosphorylate
either in cisor in trans depending on the tertiary and quaternary organization of the
dimerized DHp domains [20,21]. Typical HK dimers are specific and stable: homodimer
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affinities range from mid-nanomolar to low micromolar [22]. While the oligomeric state of
HWE/HisKAZ2 kinases has not been systematically investigated, studies point to diversity in
intermolecular interactions in this family. For example, EsxG of Rhizobium, Agrobacterium
and related genera is reported to form a stable hexameric structure composed of a trimer of
dimers [13]. The kinase domain of Brucella LovhK appears to be dimeric in a crystal lattice,
but these dimers are unstable in solution [18]. Finally, multiple lines of evidence show that
Erythrobacter litoralis kinase EL346 is monomeric in crystals and in solution [19]. The
monomeric nature of this particular kinase is enforced by a structure in which the sensory
domain occludes the typical HK homodimer interface.

Catalytic residues

The fundamental chemistry required to transfer ATP -y-phosphate to a nitrogen on the
imidazole ring of histidine is certainly similar between HisK A-family kinases and HWE/
HisKA2-family kinases. However, the residues that participate in this catalysis are
apparently not shared between these families. In HisKA kinases, a conserved acidic residue
(E or D) directly adjacent the site of histidine phosphorylation (H+1 in the H-box) is
proposed to act as a catalytic base that deprotonates histidine and enhances its
nucleophilicity. This proton abstraction step promotes histidine nucleophilic attack on the -
phosphate of ATP. Furthermore, the first asparagine in the N-box interacts with the H+1
acidic residue to both enhance histidine nucleophilicity and facilitate close positioning of the
ATP to the H-box [21,23-25].

In HWE/HisK A2-family kinases, an arginine rather than an acidic residue is found at the H
+1 position. While there is evidence for arginine serving as a general acid/base catalyst in
some proteins [26,27], it is rare. Recent structures of the kinase domain of Brucella abortus
LovHK [18] and full length Erythrobacter litoralis EL346 [19] provide testable models with
regard to residues that participate in phosphoryltransfer chemistry. These structures suggest
that either a conserved glutamic acid at the H minus 3 position of the H-box, or the
conserved glutamic acid in the N-box could function as a general base to deprotonate
histidine [18,19]. It remains unclear whether differences in the residues that catalyze
phosphoryltransfer chemistry reflect higher order structural differences between HWE/
HisKA2 and other HKSs such as oligomeric state. Differences in catalytic residues may also
be shaped by unique interactions between HWE/HisKA2 kinases and associated receiver
domain substrates, such as those containing the so-called FATGY motif [28,29].

Structural control of kinase activity

A fundamental feature of sensory histidine kinases is their ability to regulate
phosphoryltransfer activity in response to signal detection. Structural mechanisms by which
signals may be transduced from sensory domain(s) to kinase domain in the more studied
HisKA family proteins have been recently reviewed [30,31]. The HWE/HisKA2 kinase
family, which exhibits atypical oligomeric states, catalytic residues and interdomain
interactions, may utilize different kinase control mechanisms.

HK crystal structures show conformational flexibility in the orientation of the CA domain
with respect to the DHp domain. The relative orientation of these domains determines kinase
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activity. Specifically, stabilization of conformations that position the ATP binding pocket of
the CA domain proximal to the H-box of the DHp domain are predicted to promote histidine
phosphorylation, while conformations that separate these domains likely reduce kinase
activity.

In HisK A-family kinases two conserved hydrophobic residues, a phenylalanine in the F-box
and a leucine in the G2 box are buried in the hydrophobic pocket between a1 and a.2 of the
DHp domain (see Figure 1C) [23,24,32]. HisKA crystal structures provide evidence that
these conserved residues function as a pivot point that affects CA-to-DHp interdomain
orientation. Structures of inactive conformations reveal variable polar and non-polar DHp-
to-CA interdomain interactions [23,25,33]. Active forms of these kinases, in which the CA
ATP binding pocket is proximal to DHp, are apparently stabilized by conserved interactions
between the N-box asparagine and the acidic residue at position H+1 (Figure 1C) [21,23-
25].

HWE/HisKAZ2 kinases lack the F-box. However, conserved hydrophobic residues present in
the G2 box may fulfill the same function. Although only two crystal structures for this
family are available, both support a model in which the N-box glutamic acid toggles
between the conserved arginine at H+1 in the active conformation (Figure 1C), and a
conserved arginine on the opposing helix of the DHp domain (i.e., the R-box [18]) in the
inactive conformation [18,19]. The inactive conformation is further stabilized by a polar
interaction between the H+1 arginine and an acidic residue outside of the N-box (Figure
1C). This regulatory switching model is consistent with data showing that mutation of the R-
box of E. /itoralis EL346 increases kinase activity, presumably by destabilizing the inactive
conformation. Mutation of the H+1 arginine to alanine impairs kinase activity, consistent
with a role for this residue in stabilizing the active conformation [19].

What about the WXE motif?

Based on their high conservation, it was initially hypothesized that the W and E residues
may be involved in catalysis. Indeed, mutation of either residue to alanine abolished auto-
phosphorylation in the kinase BphP2 [6]. However, these residues facilitate packing of p5
against a4 and thereby stabilize the fold of the CA domain [18]. In HisKA kinases, these
positions are occupied by less bulky V and D residues, which enables closer p5- a4 packing.
The functional role of these particular conserved residues remains undefined.

The genomic context of HWE kinases

HisKA-family HKs are often encoded adjacently to DNA-binding response regulators,
which directly regulate transcription (Figure 2) [5]. Such adjacent genes typically comprise
classical two-component systems, whereby a sensor kinase phosphorylates a single, cognate
response regulator to regulate its DNA-binding activity. Examination of the genes
surrounding HWE/HisKA2 kinases, on the other hand, reveals that HWE/HisKA2 is rarely
adjacent to DNA-binding response regulators (Figure 2C). Rather, these genes are most
likely found a) as orphans (i.e. no adjacent response regulator gene), ) adjacent to genes
encoding a single domain response regulator (SDRR) that has no ‘output” domain, or ¢) at
chromosomal loci that contain multiple two-component signaling genes including other

Curr Opin Microbiol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herrou et al. Page 5

histidine kinases - often hybrid histidine kinases (Figure 2C). This hints at a model in which
HWE/HisKAZ2 kinases function in a manner that is distinct from archetypal two-component
systems.

Phylogenetic distribution and function

Alphaproteobacteria

Classical HiskK A-family sensor histidine kinases are broadly distributed among bacteria,
eukarya, and archaea [1], while HWE/HisK A2-family kinases are confined to a subset of
bacteria and archaea [1,5,6,34] (Figure 2A and B). The majority of HWE/HisKA2 kinases
are found in Alphaproteobacteria, which typically encode at least one and often ten or more
members of this superfamily [17,34,35]. Emerging studies of alphaproteobacterial cell
physiology have defined a central role for HWE/HisK A2 kinases as environmental sensors
in the general stress response (GSR) transcriptional regulatory pathway. GSR transcription is
triggered by phosphorylation of an unusual response regulator known as PhyR, which in turn
activates an EcfG-family alternative sigma factor (reviewed in [17,35]). Staron and Mascher
[34] noted that genomes containing PhyR and EcfG also contain HWE/HisKA2 kinases, and
suggested this family of kinases as candidate regulators of GSR. Indeed, all histidine kinases
demonstrated to phosphorylate PhyR and/or regulate GSR transcription to date are HWE/
HisKA2 kinases [7,9-11,36—40]. The only histidine kinase known to signal to the GSR
pathway that is not HWE/HisKA2 does so indirectly via an HWE/HisKA2 kinase that
directly phosphorylates PhyR [9,41].

Studies of GSR regulation in Alphaproteobacteria have also revealed an important role for
SDRRs, which interact biochemically and/or genetically with HWE/HisKA2 kinases to
modulate GSR transcription [7,9,36,41-43]. Though the mechanistic basis by which SDRRs
execute this function remains undefined, they have been hypothesized to function as
allosteric regulators of HWE/HisKA2, competitive kinase inhibitors, phospho-sinks, or as
components of parallel regulatory pathways. We note that data focused on SDRRs in
regulation of GSR transcription do not support linear phosphorelay models. Instead, the data
are more consistent with branched signaling pathways whereby HWE/HisKA2 kinases
phosphorylate multiple receiver domains to control PhyR activity and GSR transcription.

Firmicutes and Actinobacteria

In Gram-positive phyla, Firmicutes and Actinobacteria, many species encode a single HWE/
HisKA2 kinase with a conserved domain structure. These proteins are comprised of
cytoplasmic GAF-PAS sensory domains at the N-terminus and a C-terminal HWE/HisKA2
kinase domain [44]. The genomic context of these GAF-PAS-kinase genes in each phylum is
highly conserved, implying a specialized function that has not expanded or diversified
within either group.

Among Firmicutes that encode ethanolamine utilization (euf) genes, the eutWHWE/
HisKA2 kinase is always encoded adjacent to eutV; a response regulator that contains an
RNA-binding output domain (ANTAR) rather than a DNA-binding output domain (Figure
2C). EutW and EutV regulate expression of ethanolamine utilization genes via
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phosphorylation-dependent control of RNA binding and transcription termination ([8,45];
reviewed in [46]).

In both sporulating and non-sporulating Actinobacteria, a single HWE/HisKA2 kinase gene
is very often (85%) encoded opposite a WhiB-like (Wbl) family transcriptional regulator
(Figure 2C). Whbl-family transcription factors do not contain a receiver domain. These small
(~100 aa) proteins are unique to this phylum [47], regulate transcription in response to redox
changes via an iron-sulfur cluster, and control cellular development [48,49]. The Wbl family
protein adjacent to HWE/HisKA2 kinase gene is called WhbIE, and is widely distributed
throughout Actinobacteria [50]. The WbIE homolog in Mycobacterium tuberculosis H37RV
(Rv3219), also named WhiB1 or WhmE [50], is an essential, nitric oxide-responsive
transcription factor [51,52]. To our knowledge, a functional relationship between the HWE/
HisKA2 kinase and WhIE has not been reported. Nonetheless, co-occurance and co-location
of these genes across diverse Actinobacteria suggests a functional connection.

We note that PdtaS, the HWE/HisKA2 kinase encoded adjacently to wb/Ein M.
tuberculosis, also phosphorylates an RR-ANTAR protein, PdtaR, though pdtaSand pdtaR
are not adjacent on the chomosome [53]. The sensor domains of PdtaS are related to EutW,
but there is no evidence that this system responds to ethanolamine [44]. The transcripts
controlled by PdtaR are unknown. Nevertheless, the connection between HWE/HisKA2 and
RR-ANTAR proteins in Firmicutes and Actinobacteria demonstrate a conserved mode of
regulation in these phyla in which HWE/HisKA2 kinases exert control on gene expression
via phosphorylation of RNA-binding anti-termination proteins.

HWE/HisKAZ2 kinases are not common in the Archaea, though two classes of Euryarchaeota
(Methanobacteria and Methanomicrobia) contain species with a large number of these
kinases. Some species in these classes have no histidine kinases (e.g. Methanobrevibacter
spp.), while others have dozens of histidine kinases, the majority of which are HWE/
HisKA2 [5]. Enrichment of this superfamily among select Archaea in these classes may
have occurred via lateral gene transfer followed by duplication. Indeed, many HWE/HisKA2
kinases in these species have similar domain structures and are located in tandem on the
chromosome, which is consistent with recent duplication events. The vast majority of
archaeal HWE/HisKA2 kinase genes are not located adjacent to other two-component
signaling genes. This is reminiscent of the Alphaproteobacteria, in which multiple orphan
kinases appear to converge on and control a single transcriptional regulatory pathway. It is
tempting to speculate that HWE/HisKA2 kinases function in a similar manner in these select
species of the Euryarchaeota. Such a model is consistent with the observation that kinases
outnumber receiver proteins at least 2:1 in archaeal species encoding many HWE/HisKA2
kinases [5]. The vast majority of receiver domains in these species are either SDRR or are
located on the same polypeptide as the kinase (i.e. hybrid HWE/HisKA2 kinases).

HWE/HisKA2 as protein photosensors

Like all histidine kinases, HWE/HisKA2 kinases are appended to a diverse array of N-
terminal signal input domains, and can exist as either membrane bound sensors or as soluble
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cytoplasmic sensors. There is a clear connection between HWE/HisK A2 kinases and
bacterial photoperception. Indeed, much of the research on this kinase superfamily has been
driven by an interest in bacterial photobiology and protein photosensors. The HWE motif
was first described in a subset of kinases with red light-sensing bacteriophytochrome
domains [6,15]. Though the hexameric EsxG HWE/HisKA2 kinase does not itself sense
photons, phosphorylation of its N-terminal receiver domain is controlled by a
bacteriophytochrome [13]. Furthermore, interest in blue light-sensing LOV domains has
fueled many biochemical and physiological studies on LOV HWE/HisKA2 kinases in
Alphaproteobacteria [7,10-12,14,36]. Indeed, the only crystal structures of HWE/HisKA2
domains to date are from LOV kinases [18,19]. Emerging data provide evidence that HWE/
HisKA2 kinases containing photosensory LOV domains serve to regulate transcription of the
general stress response (GSR) regulon in Alphaproteobacteria [7,9-11,36]. The functional
connection between LOV domains, blue light, and GSR transcription remains largely
undefined, though data point to a model in which light serves as an environmental signal that
modulates the alphaproteobacterial general stress response.

Conclusion

HWE histidine kinases were described as an atypical sensor histidine kinase family over a
decade ago. Features of HWE primary structure are largely shared with the HisKA2 family.
Together, HWE and HisKA2 are classified as a superfamily. Recent studies have revealed
other unusual features of this understudied group of sensor kinases including: 1) HWE/
HisKA2 kinases are not typically involved in signaling pathways with classical DNA-
binding response regulators. Rather, these kinases are associated with response regulators
that have unusual output domains such as anti-anti-o domains or RNA-binding anti-
termination (ANTAR) domains. 2) In the Alphaproteobacteria, multiple HWE/HisKA2
kinases can coordinately control phosphorylation of a single receiver domain to regulate
transcription of a stress response regulon; single domain response regulators both activate
and repress this response. 3) There is evidence that HWE/HisKA2 kinases can adopt unusual
oligomeric states (e.g. monomer or hexamer). 4) Recent crystal structures of HWE/HisK A2
kinases suggest unique conserved residues in the H- and N- boxes are involved in catalysis.
Specifically, these structures inform a regulatory model in which a conserved glutamate in
the N-box stabilizes either active or inactive conformations via interactions with conserved
arginines in the H-box and R-box of the DHp helices.
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Highlights
. HWE and HiskK A2 domain families comprise an unusual subset of sensor
histidine kinases
. HWE/HisKA2 possess unique sequence motifs and structural features
. This kinase superfamily is involved in atypical two-component signaling

[Processes

. HWE/HisKA2 are found in Alphaproteobacteria, select Gram-positives and
archaea
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Figure 1. Characteristic features which distinguish HWE/HisKA2 histidine kinases
(A) Primary structure features. Domain organization (top) highlights conserved histidine

kinase boxes (H, R, N, G1, F, G2, G3). Distinguishing sequence motifs in Pfam:HisKA,
Pfam:HisKA_2 or Pfam:HWE_HK kinases are highlighted below the domains. HisKA2 and
HWE_HKSs motifs are closely related. (B) Structural organization of a classical HisKA-
family histidine kinase based on the crystal structure of 7hermotoga maritima HK853 (PDB:
2C2A)[24]. The DHp domain (blue) forms two alpha helices that mediate dimerization and
contain the phosphorylated histidine (dark blue). The catalytic ATPase (CA) domain (green)
adopts the same basic globular fold as other GHKL ATPase superfamily domains [54].
Highlighted regions correspond to conserved boxes colored as in panel A. Sensory input
domains are N-terminal to the DHp domain. (C) Conserved interdomain interactions in
active and inactive conformations in HisKA and HWE/HisKA2 kinases. The CA domain is
cartooned as a shell around the ATP binding pocket. The approximate positions of the
conserved boxes are colored as in A and B. Key regulatory residues are marked with letters
within the structure models. Residues involved in catalyzing histidine phosphorylation are
highlighted with an asterisk. Conserved polar interactions between DHp and CA domains
are shown as black lines in the inactive conformations and red lines in the active
conformations.
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A  Species encoding HWE/HisKA2 kinases B HWE/HisKA2 kinase sequences
(n=184) (n=610)

Other Proteobacteria

Euryarchaeota
Cyanobacteria
Bacteroidetes

Euryarchaeota

Firmicutes

Cyanobacteria

Bacteroidetes
Firmicutes

Actinobacteria

Actinobacteria

c RR-TX SDRR TCS GSR RR-ANTAR RR-other whiB  Orphan
HisKA (823) 59 4 4 - - 2 - 31
HWE/HisKA2 (610) 3 12 13 7 4 2 8 51

Proteobacteria (299)

alpha (265) 0.4 17 11 17 - - - 55

non-alpha (34) 12 35 15 - 12 9 - 17
Actinobacteria (55) - - - 2 - 85 13
Firmicutes (23) - - - 100 - - -
Bacteroidetes (18) 65 5 5 - 2 - 33
Cyanobacteria (13) 15 8 77 - - - - -
Euryarchaeota (140) 9 9 - - 4 - 78
Others (62) 5 32 - - 6 - 57

Figure 2. Phylogenetic distribution and genomic context of HWE/HisKA2 histidine kinases
(A) Distribution of species encoding at least one HWE/HisKA2 kinase, grouped by phylum.

(B) Distribution of HWE/HisKA2 kinase sequences, grouped by phylum. Pie charts are
comprised of sequences containing either HisKA2 or HWE_HK domains in the Microbial
Signal Transduction (MiST) Database version 2.2 (mistdb.com) [5]. Given that these domain
models are highly similar, queries with either domain returned sets of sequences that
overlapped by ~70%. The distributions in panels A and B reflect the first 610 sequences in
the Mist2.2 database that match either or both domain models. Supplemental File 1 lists the
species included in this analysis. (C) Genomic neighborhoods of HWE/HisKA2 kinase
genes. We identified the genes adjacent to each HWE/HisKA2 kinase gene tallied in panels
A and B. The number in parentheses is the number of kinase genes identified in each
phylogenetic group. Numbers in the table are the percentage of sequences identified in each
genomic context (e.g. 100% of 23 tallied Firmicute HWE/HisKA2 kinase genes are adjacent
to an RR-ANTAR gene). RR-TX: traditional response regulator with receiver domain and a
DNA-binding transcriptional regulatory ‘output’ domain; SDRR: single domain response
regulator; TCS: two-component locus encoding at least one other histidine kinase; RR-
ANTAR: response regulator fused to a RNA-binding antiterminator domain[55,56]; RR-
other: receiver domain fused to other ‘output’ domains such as a diguanylate cyclase,
phosphodiesterase, or uncharacterized domains; Orphan: no adjacent genes with two-
component receiver or kinase domains; w/iB: a subset of orphan kinases adjacent to whiB-
family transcriptional regulators. In this analysis, hybrid kinases (with a C-terminal receiver
domain) were counted with together with non-hybrid kinases. For comparison, we
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conducted the same analysis on 823 HiskKA kinases. Of the classical non-hybrid HisKA
kinase genes, 75% are adjacent to a RR-TX gene.
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