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Abstract

Histidine kinases (HKSs) are major players in bacterial signaling. There has been an explosion of
new HK crystal structures in the last five years. We globally analyze the structures of HKSs to yield
insights into the mechanisms by which signals are transmitted to and across protein structures in
this family. We interpret known enzymological data in the context of new structural data to show
how asymmetry across the dimer interface is a key feature of signal transduction in HKs, and
discuss how different HK domains undergo asymmetric-to-symmetric transitions during signal
transduction and catalysis. A thermodynamic framework for signaling that encompasses these
various properties is presented and the consequences of weak thermodynamic coupling are
discussed. The synthesis of observations from enzymology, structural biology, protein engineering
and thermodynamics paves the way for a deeper molecular understanding of histidine kinase
signal transduction.
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Introduction

Two-component systems represent a critical stimulus-response mechanism abundant in most
bacteria. Stimulus is sensed by a histidine kinase (HK) and transmitted to a response
regulator (RR), which in most cases binds to DNA and mediates a cellular response. A given
bacterium can have tens to hundreds of different two-component systems (Ulrich and
Zhulin, 2010) that allow it to sense and adapt to a variety of environmental signals such as
osmotic changes (EnvZ/OmpR), temperature (DesK/C), small-molecules (NarX/Q, CitA/B)
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and antimicrobials (PhoQ/P) (Aguilar et al., 2001; Albanesi et al., 2009; Cheung and
Hendrickson, 2010; Groisman, 2001; Kaspar et al., 1999; Miller et al., 1989; Rabin and
Stewart, 1992; Russo and Silhavy, 1991; Tanaka et al., 1998). A molecular description of
the structures and conformational dynamics of HKs is therefore fundamental to
understanding bacterial signal transduction.

HKs catalyze the net transfer of a phosphoryl group from ATP to a histidine residue, and
then to an aspartate of a response regulator resulting in signaling. Intriguingly, many HKs
also function as phosphatases, which catalyze the hydrolytic cleavage of the phosphoryl
group from the Asp residue of the response regulator. Sensory input in the form of ligand-
binding or other environmental cues regulates the balance between these two opposing
catalytic states.

The last five years have witnessed an explosion in high-resolution crystal structures of
various domains of histidine kinases in various states (Albanesi et al., 2009; Diensthuber et
al., 2013; Ferris et al., 2014, 2012; Marina et al., 2005; Mechaly et al., 2014; Wang et al.,
2013). Although the structure of a full-length membrane-spanning HK has not yet been
reported, low-resolution models based on disulfide cross-linking have been built (Molnar et
al., 2014). Structural studies of intracellular and extracellular sensors have elucidated how
these domains bind their ligands (Cheung and Hendrickson, 2010). The mechanisms by
which HKs recognize their response regulators have been revealed through bioinformatics,
protein engineering, and structural studies (Casino et al., 2010; Laub and Goulian, 2007;
Podgornaia et al., 2013), and recently two structures of the ATP-bound Michaelis complex
primed for autophosphorylation were reported (Casino et al., 2014; Mechaly et al., 2014).
Despite this recent progress, many questions remain about the structural mechanism by
which signals pass from the extracellular sensors to the cytoplasmic catalytic domain.

Here we compare and analyze the recent high-resolution structures of HK domains to glean
insight into the structural ensembles and perturbations associated with signal transduction.
Cryogenic crystal structures cannot tell us about the kinetics or molecular dynamics of
signal transduction and catalysis, but they likely represent limiting states of conformational
trajectories that can be used to inform various mechanistic models. Signaling can be
understood in terms of thermodynamic coupling between distinct conformational states of
individual protein domains. Transitions between symmetric and asymmetric states appear to
be important in some domains. We explore how transitions within individual domains affect
neighboring domains as signals are transmitted across the protein.

Domain architecture of histidine kinases

Histidine kinases are multi-domain proteins with considerable architectural variety across
the family. The class of HKs discussed here are constitutive homodimers with extracellular
sensors (Capra and Laub, 2012; Gao and Stock, 2009; Jung et al., 2012; Stock et al., 2000).
Other HKs have transmembrane or intracellular sensors. CheA-linked chemo-attractant
receptors are proteins that share some domains with HKs, but have distinct higher order
structures yielding different biochemical properties (Hazelbauer et al., 2008).
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Each subunit of a canonical HK (Fig. 1A) has an antiparallel pair of transmembrane (TM)
helices near the N-terminus with the two helices separated by a periplasmic sensor domain.
We use the term periplasmic (instead of “extracytoplasmic”) to refer to both Gram negative
and Gram positive bacteria (Matias and Beveridge, 2006). A variety of different signal
transducing elements connect the sensor/TM regions to the catalytic regions near the C-
terminus of the protein.

The periplasmic sensor domain is comprised of one or more diverse folds that include a/p
PAS domains such as in CitA (Sevvana et al., 2008) and PhoQ (Cheung et al., 2008), or all
a-helical structures like NarX (Cheung and Hendrickson, 2009) and TorS (Moore and
Hendrickson, 2012) (Fig. 1B, top). The modes by which HK sensors respond to stimuli vary
widely, as do the nature of the stimuli. Generally, stimulus sensing is transmitted through a
key helix, which we define here as a periplasmic helix (p-helix) that connects the sensor to
the transmembrane domain. Some HKs which respond to bilayer stress have only a small
extracellular loop (Mascher, 2006).

The transmembrane domain in many HKs (PhoQ, CitA, LuxQ, EnvZ etc.) forms a 4-helical
bundle in the membrane, with two TM helices from each monomer. In some cases like DesK
and FixL each monomer has multiple helices, forming large transmembrane bundles.

Intracellular signal transducing domain(s) include a variety of domains like HAMP1, PAS?,
GAFS3 (Fig. 1B, bottom) and coiled-coils that reside in the cytoplasm just below the
transmembrane domain. Transducing domains often exist as combinations or tandem-repeats
and are generic signal transducers found in many other bacterial and mammalian proteins.

The dimerization and histidine phosphotransfer (DHp) domain is the site of the three
catalytic reactions: Histidine phosphorylation, phosphotransfer to the response regulator,
and, for bifunctional HKs, a phosphatase reaction (not a simple reversal of the
phosphotransfer reaction). The DHp forms a homodimeric antiparallel 4-helical bundle with
two helices connected by a hairpin loop (Fig. 1C, top). The catalytic histidine is located a
few turns down the bundle on the solvent exposed side of helix 1. It begins a seven amino
acid stretch of conserved sequence (Fig. 2A)

Residue # :1 23 456 7
AA sequence: H- (DE) - (L/1) - (KR - (T/N - P- L

The sidechain of the Asp or Glu (residue 2) is positioned to serve as a hydrogen bond
acceptor or general acid/base while the Lys or Arg interact with acidic phosphoryl groups
during phosphotransfer. The conserved (T/N)-P dipeptide (residues 5,6) is a locus for helix
bending that allows the N-terminal end of helix 1 to adopt multiple conformations during
catalysis (Fig. 2B). The bottom of the DHp bundle hosts the binding interface for the

1HAMP domains are named for being present in Histidine kinases, Adenylate cyclases, Methyltransferases and Phosphodiesterases.
PAS domains are named for being first discovered in Periodic circardian proteins, Aryl hydrocarbon nuclear translocator protein and
Single-minded protein.
GAF domains are named after being present in cGMP-specific phosphodiesterases, Adenylyl cylases and Formate hydrogenlases.
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cognate response regulator as discussed previously (Capra and Laub, 2012; Podgornaia et
al., 2013). The DHp is connected via a flexible loop to the catalytic domain.

Examination of DHp domains from distantly related proteins reveal regions of high
conformational conservation as well as high variability (Fig. 2B). These regions are also
mirrored in comparisons of different catalytic states in a single HK. The top third of the
bundle, above the conserved proline, is the docking site for the catalytic domain during
autophosphorylation. It switches between symmetric and asymmetric conformations, which
appear to correlate with phosphatase and kinase states of the enzyme, respectively. In
contrast, the central core of the bundle is highly symmetric and conformationally
homogeneous over a large number of HKs and catalytic states. Finally, the lowest part of the
bundle is highly variable in length and handedness of the interhelical loop, fitting its role of
providing sequence-specific interactions for cognate response regulator recognition.

The cisvs. trans autophosphorylation propensity of different histidine kinases stems from
the intrinsic handedness of the hairpin loop between the two DHp helices (Ashenberg et al.,
2013). If this loop turns right (Fig. 2C, right), then the catalytic domain of one monomer is
closer to the catalytic histidine of the dimeric partner, and autophosphorylation proceeds in
trans. In the alternate case (Fig. 2C, left), the loop turns left and the catalytic domain is
closer to its own histidine and autophosphorylation occurs in cis. Altering the handedness of
the loop between the helices can interconvert cis- and trans-kinases (Ashenberg et al., 2013;
Casino et al., 2014).

The catalytic domain (CA), also known as the ATP binding domain, is a highly conserved
a/p sandwich with three alpha helices packed against five anti-parallel beta strands (Fig. 1C,
bottom). The nucleotide binds between two helices, and is held by a loop known as the ATP
lid. Conserved nucleotide binding sequences that comprise the binding site are called the N,
G1, G2 and F boxes named for critical residues within these sites (Kim and Forst, 2001).

We also define a “Gripper” helix in the CA domain, which works in conjunction with a Phe
in the F-box to bind to the DHp domains in different manners as the protein transitions from
one catalytic activity to the next (Fig. 4). It associates with the DHp using surface-exposed
sidechains arranged along one face of the helix (at positions i, i+4, i+8, i+11), which differ
from one kinase to another, but tend to be primarily hydrophobic. These sidechains are
arranged like four sticky fingers, while the Phe serves as thumb. The length and orientation
of the Gripper helix adjusts in response to the bound nucleotide.

The response regulator (RR) is typically a separate soluble protein with mixed a/B structure
and a conserved aspartate that is phosphorylated during catalysis (Bourret, 2010). In some
cases, a receiver domain can be fused directly to the HK.

Catalytic properties and enzyme mechanistic investigations of HKs

Autophosphorylation involves transferring the terminal phosphate from ATP to the Ne atom
of the catalytic histidine to form a high-energy N-P bond. In vitro biochemical assays show
that the Ky, for ATP for the autokinase reaction is ~10-200 UM across various HKs. This
reaction is slow, with reported ke values in the regime of 0.1-5 min~1 (Gutu et al., 2010;
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Jiang et al., 2000; Trajtenberg et al., 2010; Yeo et al., 2012). The binding constant (Kp) for
ATP is estimated to be tight, ~10 uM, from binding-studies of the non-hydrolyzable
analogue ANP-PNP (Casino et al., 2014). The Kp for ADP binding is weaker; ~80-100 pM
based on isothermal calorimetry and photo-affinity labeling (Yeo et al., 2012). For
reference, a typical bacterial cell has an ambient ATP concentration of ~1 mM (Buckstein et
al., 2008); the ADP concentration is generally constant at about one tenth this value. Given
these nucleotide affinities, it follows that at least one binding site of a typical HK is
saturated with ATP/ADP at any given time in a cell.

Several HKSs exhibit an intrinsic asymmetry across the dimer in the autokinase reaction.
Early enzymological studies of NRII showed that in the presence of physiological
concentrations of ATP and ADP, the protein is predominantly phosphorylated on only one
of its two identical subunits. Both subunits are phosphorylated equally only when ADP is
continuously recycled back to ATP (Jiang et al., 2000). Similar half-of-sites reactivity was
reported for the kinase HK853, which showed fast accumulation of the hemi-phosphorylated
form when treated with excess ATP (Casino et al., 2014). These observations propose that
ADP inhibits the autokinase reaction by competing with ATP.

Further characterization of nucleotide-binding kinetics is required to understand how
different nucleotides influence the kinase and phosphatase states. It has been known for a
long time that HK phosphatase activity is stimulated by ADP as well as by ATP and non-
hydrolyzable analogs (lgo et al., 1989). Recently, Groisman and coworkers have proposed a
kinetic mechanism by which ADP inhibits kinase activity in PhoQ, analogous to end-
product inhibition in enzymes. While they also propose that asymmetry is important, they
predict that the release of ADP from the kinase is remarkably slow (t¥2 ~ 30 min) and limits
turnover (Yeo et al., 2012). Indeed their model predicts that a single turnover occurs on a
time scale slower than that of the doubling time for E. coli. These studies, however, were not
performed under a constant ADP/ATP ratio, nor corrected for the build-up of ADP during
the course of the reaction. Thus, it would be of interest to directly measure the off-rate of
ADP following ATP hydrolysis for PhoQ.

His-to-RR phosphotransfer involves transfer of the phosphoryl group from phospho-His to
an aspartate on the bound response regulator. The affinity (Kp) between a HK and its
cognate RR is of the order of 1 uM. Phosphotransfer is faster than the autophosphorylation,
with reported ke values on the order of 20—100 min~1 (Fisher et al., 1996; Yeo et al., 2012).
Comparative studies show that non-cognate RRs have both a lowered affinity and slower
phosphotransfer kinetics, which inhibits cross-talk between different two-component circuits
invivo (Fisher et al., 1996; Laub and Goulian, 2007). Unlike the autokinase reaction,
enzymatic studies of phosphotransfer do not report any asymmetry across the dimer. RRs
are typically present in greater abundance their cognate HKs (Li et al., 2014). For example it
was estimated that in E. coli the steady state concentration of the kinase EnvZ is ~0.1 uM
whereas its RR, OmpR, exists at 3.5 uM (Russo and Silhavy, 1991). Corresponding numbers
for the kinase PhoQ and its response regulator PhoP are ~0.5 uM and 2.7 uM under non-
inducing conditions (Yeo et al., 2012). Thus, since a given RR is not in large molar excess
over its cognate HK, only a few turnovers are required to change the fractional population of
phosphorylated response regulators, a fact consistent with relatively slow kinetic rates for in
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vitro autophosphorylation. Furthermore since many HKs exhibit both phosphatase and
kinase activity, two hurdles are crossed with one leap and a single turnover affects both the
production and the consumption of the phosphorylated response regulator.

The lifetime of the phosphorylated response regulator is typically on the order of seconds to
days (Bourret et al., 2010) and is controlled by both auto-dephosphorylation and intrinsic
phosphatase activity from the HK. The phosphatase reaction is mechanistically distinct from
the phosphotransfer step, and in some cases does not require the catalytic histidine. In cases
where the catalytic histidine is required, it likely acts as a base to assist the attack of water or
hydroxide on the phosphoryl-aspartyl group.

Is half-of-sites reactivity reflected in structures?

Individual domains of HKs adopt both symmetric and asymmetric conformations in
different catalytic states, and there is now good reason to believe that some of these
symmetry-asymmetry transitions are important for function.

Structural Analysis of Recent Structures of DHp and CA domains

The structures and symmetry of DHp and CA domains depends markedly on the catalytic
act in which they have been crystallized. There are over 20 different structures of linked
DHp-CA domains deposited in the PDB. In addition, there are several structures of DHp
domains without the catalytic domains.

Structures with response regulator bound are believed to be in either the phosphotransfer or
the phosphatase states. In both states, two RRs bind symmetrically to each dimeric DHp-CA
unit and occupy the bottom half of the DHp bundle. The CA domain occupies the top half
and also forms sparse contacts with the bound RR (Casino et al., 2009) (Fig. 2A). The
phospho-accepting Asp group of the RR is bound to a structurally invariant and sequentially
conserved region of the DHp near the catalytic His (Casino et al., 2010) and ADP
nucleotides are bound to both catalytic subunits, consistent with the observation that ADP
stimulates phosphatase activity. Overall, the structures with bound RRs are highly
symmetric.

DHp-CA constructs crystallized in the absence of RR domains are much less symmetric
(Casino et al., 2014; Diensthuber et al., 2013; Mechaly et al., 2014; Wang et al., 2013). We
structurally aligned all the known structures using the middle of the DHp bundle as an
anchor because this yielded the best overall alignment (see supplement for details). We then
defined a coordinate system in which the dimeric axis of the DHp was coincident with the z-
axis and the Ca atoms of the conserved proline were on the x-axis. Each structure was
transformed into this coordinate system (see supplement for details).

Asymmetry in CA-DHp distances

We noticed marked asymmetry in our aligned ensemble. To distil a parameter that defines
the structural state of each monomer, we measured the distance between the catalytic His
and a conderved ATP-binding Asn in the CA domain, and constructed a correlation plot of
this distance in chain A versus B (Fig. 3A). The autophosphorylation Michaelis complex is
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defined by a close approach between the CA and DHp domains; about 10-15 A in the
Michaelis complex versus 20-30 A in other states, including the doubly ADP-bound states.
The approach is asymmetric in that it occurs on only one side of the homodimer in all
known structures. The other, inactive subunit shows an interaction more typical of the ADP-
bound state. In contrast, structures representative of the phosphatase or phosphotransfer to
the response regulator are much more symmetric.

Gripper Helix mediates CA-DHp interactions

The Gripper helix, which is at the edge of the ATP lid near the G2 box (Fig. 4), adopts
different orientations relative to the DHp in different catalytic states. The local structure of
Gripper also varies with the bound nucleotide; when ATP is bound, Gripper is shortened by
a turn, which allows the G2 box to form a P-loop like motif to bind the beta phosphate of
ATP. Frequently, the hydrophobic residues on Gripper and/or the Phe from the F-box insert
between DHp helices 1 and 2 (or 2’, depending on the bundle topology) wedging them apart.

We correlated the distance between the CA and DHp domains with the angle of the Gripper
helix relative to the first helix of the DHp. For catalytically competent states the Gripper
helix is close to the DHp helix (less than 15 A) and oriented about 60 degrees from the DHp
helix (Fig. 3B, red circle). This tight cluster is in direct contrast with the broad range of
orientations adopted by the Gripper in the apo- and inactive states (Fig. 3B, blue circle).

Asymmetry of the DHp bundle

We see a large variation in the plasticity of the DHp bundle: the central core is highly
invariant whereas the top and the bottom of the bundle vary significantly depending on the
catalytic state.

To quantify the variation we extracted Ca coordinates at four inward-facing positions along
the bundle (Fig. 5A). Slice 1 corresponds to positions that had the closest distance between
Cp atoms across the dimer. At each slice, we computed the inter-monomer distance, and the
distance to the bundle axis (z). In general, helix 1 is closer to its dimeric partner (8-16 A)
than helix 2 (10-25 A). The variance of the distance distributions increased from 1.1 A and
0.4 A in the conserved core to 4.6 A and 12.9 A near the top of the bundle for helices 1 and
2 respectively. This is a remarkable change in variance across the bundle.

The large variance at the top of the bundle is presumably because of conformational
transitions associated with docking the CA domain in different catalytic states. Projections
in the x and y plane of coordinates at the top of the DHp (slice 4) reveal that in apo and
ADP-bound states, the bundle forms a symmetric diamond-like shape whereas in ATP- and
ATP-analogue bound structures, the bundle is more distorted (Fig. 5B). In some extreme
cases like DesK, the helical crossing angles at the top of the DHp switch from being left-
handed (in kinase-competent states) to right-handed (in phosphatase-competent states).

We and others (Mechaly et al., 2014; Wang et al., 2013) propose that the signal triggers
catalysis by inducing an asymmetric bend in the DHp stem that promotes strong interactions
between the Gripper and the DHp bundle on the inactive side of the dimer while
concomitantly releasing the Gripper from the active side of the dimer. In general, the
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consequence of ligand-induced activation involves remodeling the energetic landscape of
the DHp stem so that it preferentially populates an asymmetric structure. Thus structural
asymmetry is directly mirrored in functional asymmetry (half-of-sites reactivity discussed
above).

Signal transducing elements: HAMP, PAS and polar linkers

Stimulus-dependent remodeling of the DHp bundle relies on the extracellular signal
reaching the top of the DHp bundle. Commonly the signal must pass through a HAMP1,
PASZ or GAF3 domain, and exit C-terminal helices that encode the output signal.

Structural topology of a HAMP domain

HAMP domains are parallel 4-helical bundles with two helices from each monomer. A
highly conserved glycine marks the end of the first helix and the beginning of a loop that
wraps around the structure (Fig. 6A). A conserved glutamate marks the beginning of the
second HAMP helix. When viewed from the top, the bundle has two interfaces: a close
inter-subunit interface (Fig. 6E, Ca-Ca distance 4.0-5.5 A) and a far intra-subunit interface
(Ca-Ca distance 7.0-8.5 A).

Proposed models for signal transduction via HAMPs

Different mechanisms have been proposed to describe HAMP mediated signaling; these are
not always mutually exclusive (Fig. 6B).

The gear-box mechanism suggests that the HAMP is a bi-stable structure with two nearly
iso-energetic states that interconvert via helical rotations. This model was proposed because
the original structure of the Af1503 HAMP showed knobs-to-knobs coiled-coil packing that
differed from what is typically seen in four-fold symmetric homotetrameric coiled-coils, so
the authors postulated that a second state with a more canonical knobs-to-holes packing
must also exist (Hulko et al., 2006). More recent studies provided some support for this
hypothesis, but also showed that the structures deviate significantly from ideal coiled-coils
(as reflected in deviations in Crick angles). Thus, the precise formalism of coiled coil
registry change envisioned in the gearbox mechanism is restrictive, and might be expanded
to include additional changes in helical packing and dynamics.

The diagonal scissoring mechanism proposes that the HAMP alternates between one state in
which the helices are tightly packed, and a second in which they splay out at the C-terminal
and form a loose bundle. These states have been crystallized in structures of tandem HAMP
repeats (Fig. 6E) (Airola et al., 2010). Further evidence comes from disulfide cross-linking
studies of Tar, which show that interactions across the close interface are critical for
function. Stapling these helices together yielded the kinase-on or kinase-off state of the
protein depending on the position of the staple (Swain and Falke, 2007; Swain et al., 2009).

The dynamic bundle model proposes that one signaling state of the HAMP has significantly
more disorder than the other (Parkinson, 2010; Stewart, 2014). In its most extreme form,
controlled local unfolding of the HAMP has been proposed as the final signal transduction
event (Schultz and Natarajan, 2013). Specifically, a folded and tightly packed HAMP
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domain restrains the downstream domain in an inactive state, whereas an unfolded, loosely
packed HAMP allows the subsequent domain to access all the necessary signaling states.
The rationale for this model comes from HAMP-adenylate cyclase proteins, which show
localized unfolding of a few helical turns between the HAMP and the enzyme in structures
of the active state (Tews et al., 2005). There is no direct evidence for HAMPs unfolding in
HKs, although a number of mutational studies on NarX (Appleman et al., 2003), Af1503
(Ferris et al., 2012, 2011), Tsr (Ames et al., 2008) and Tar (Swain and Falke, 2007) reveal
that adding large sidechains to the core of the HAMP has a striking effect on kinase activity.

Recent structures of CpxA suggest that the bottom of the HAMP might also be involved in a
tertiary interaction with the catalytic domain on the inactive side of the asymmetric
autokinase state. The generality of this interaction remains to be seen. Consensus in the field
is that HAMPs are highly malleable structures that occupy a relatively shallow energy
landscape allowing them to shuttle between different conformations very easily. This
marginal stability is a key feature of signal transduction.

Symmetric, anti-correlated helical displacement in HAMPs

Although the HAMP often connects directly to the highly asymmetric stem of the DHp
bundle, all known structures of HAMP domains are relatively symmetric homodimers: the
Ca RMSD between monomeric chains is < 1A on average. In order to quantify the
symmetry, we generated an aligned ensemble of 26 reported HAMP structures in a manner
analogous to the DHp and extracted the X and Y coordinates for inward facing Ca atoms at
the top and the bottom of the bundle (see supplement for technical details).

Unlike the DHp (Fig. 5A), the HAMP (Fig. 6C) does not have distinct regions of structural
variability; instead the coordinates suggest smaller rigid body shifts that are concerted over
the whole bundle. Earlier analysis showed that helical rotation is a small component of the
observed variance across structures (Molnar et al., 2014). Remarkably, displacements in the
two HAMP helices are anti-correlated: in structures where helix 1 tilts outwards, helix 2
moves inwards (Fig. 6D) suggesting that helical tilts are a large component of the input-
output signaling through HAMPs. Distance distributions show a variance of ~2 A at both the
top of helix 1 and the bottom of helix 2, consistent with these regions being important for
signal input and output.

The variance in Ca coordinates from the aligned HAMPs is much smaller than the variance
at the DHp stem, so some sort of signal amplification must occur between the HAMP and
the DHp. Furthermore since the HAMP conformations are all symmetric, whereas the
autokinase states of the DHp and CA are decidedly asymmetric, a symmetry-asymmetry
transition must also occur between the HAMP and the DHp.

Structure and signal transduction through PAS domains

The canonical PAS domain is a mixed a/p structure containing a central antiparallel 5-

stranded beta sheet (Fig. 1C) surrounded by several helices. This central beta sheet is curved
like a baseball glove and the two faces make contacts critical in signaling. The inner surface,
or palm of the glove, is responsible for binding cofactors or ligands (e.g. heme, tricarboxylic
acids) while the outer surface makes contacts between dimers or with flanking output helices
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(via a conserved Asp-lle-Thr (DIT) motif). The PAS architecture allows ligand-binding to
alter the packing and dynamics of the flanking alpha helices that transmit the signal. PAS
domains are found as linkers as well as periplasmic sensors; they are the dominant sensor
domains for HKs in B.subtilis (Chang et al., 2010; Cheung and Hendrickson, 2010).

Structural alignments of all known PAS domains, and details of their signaling mechanisms
have been reviewed extensively elsewhere (Henry and Crosson, 2011; Méglich et al.,
2009b), so we highlight only a few results from the laboratory of Mdglich and Moffat. These
coworkers have shown that the length of the helical linker between the PAS domain and the
catalytic histidine is tightly controlled and varies by multiples of seven across the family,
indicating that a heptad register is involved in transmitting signals downstream of the PAS
(Méglich et al., 2009a). Using these principles, they engineered a blue light sensitive HK by
adding a light sensing PAS domain above the DHp of FixL (Diensthuber et al., 2013).
Recently, the structure of the CovS histidine kinase has provided the first structural view of
a natural HK connected to a PAS domain (Wang et al., 2013). The structure is remarkably
asymmetric, especially in the PAS output helices that connect it to the DHp.

Symmetry-Asymmetry transitions through polar linkers

The short helical linkers between the HAMP/PAS and the DHp have special properties that
facilitate asymmetric signaling. The HAMP and DHp domains are typical helical bundles
with hydrophobic interiors and polar exteriors yielding a regular pattern of polar and apolar
residues in their sequences. This pattern is interrupted in the short linker, often by insertion
of a single residue such that an ideal coiled-coil cannot smoothly connect the two domains.
Biochemical studies on several HKs show that systematically manipulating the helical
registry in these linkers can completely alter signaling (Mdglich et al., 2009a; Stewart and
Chen, 2010; Winkler et al., 2012). Furthermore, these linkers are often rich in polar residues
(Fig. 7A), which must be buried (at the thermodynamic cost of dehydration) at the dimer
interface. The net result is conformational strain such that no single symmetric state presents
a deep energy well, and the linker helices are free to bend asymmetrically as seen in
structures of DesK (Fig. 7B) and the AF1503-EnvZ chimera (Fig. 7C). Thus the symmetric
conformational of the HAMP is converted into an asymmetric conformation in the DHp.

Sensory elements: Periplasmic and Transmembrane domains

Sensor domains are the most diverse part of histidine kinases. They can be extracellular,
transmembrane or intracellular and they differ in their structures and ligand binding modes
(Cheung and Hendrickson, 2010; Mascher et al., 2006).

The structurally elusive transmembrane domains

There is no crystal structure for any TM in this family. A set of NMR structures for the
monomeric transmembrane units from ArcB, QseC and KdpD (Maslennikov et al., 2010)
have been solved in detergent micelles at high temperature, however these structures have
limited utility because the dimer interface is not obvious. Instead, the structure of a
phototaxis sensory rhodopsin Il- transducer complex (Htrll) is often used as a model for the
HK transmembrane four-helical bundle (Moukhametzianov et al., 2006).
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Site-directed mutagenesis, disulfide cross-linking and molecular dynamics simulations have
been used to characterize structure and helical periodicity in the TM domain of PhoQ
(Goldberg et al., 2010; Lemmin et al., 2013). These studies show that a polar residue, which
forms a small water pocket in the core of the TM domain, is critical for signal transduction.
Remarkably, this residue can be moved up or down a turn or even moved to a neighboring
TM helix without significant perturbations to the function. Replacements with other polar
residues (e.g. Asn, GIn, Arg, His) at that position maintain the phenotype, while a
hydrophobic mutation switches the protein to a phosphatase state. Thus, the helical bend
induced at the water pocket allows the TM helices to switch between left- and right-handed
crossing angles in the two signaling states.

Recent data on PhoQ in which ligand-dependent disulfide cross-linking experiments were
interpreted using a Bayesian framework, showed that two different structural states were
required to adequately fit the data (Molnar et al., 2014). The main difference between these
states is a diagonal displacement of the TM helices (Fig. 8A).

Diversity in Extracellular Sensory mechanisms

Sensory mechanisms are diverse across the HK family. Many sensors bind to a ligand
directly, but the binding modes vary. For example nitrate binds in a cavity at the dimer
interface of NarX (Cheung and Hendrickson, 2009); magnesium ions bind to an acidic patch
at the periphery between the PhoQ sensor and the lipid bilayer (Cheung et al., 2008), and in
CitA and DctB, the ligands (citrate and malonate) bind inside the PAS domain (Fig. 1B, top)
(Sevvana et al., 2008; Zhou et al., 2008). Other HK sensors sense the state of a secondary
protein that binds to the ligand; for example the sensor domain of LuxQ interacts with LuxP,
which binds directly to the ligand Al-2 (Neiditch et al., 2006).

Despite this diversity, all sensors couple ligand-binding/stimulus-sensing to a
conformational change that propagates across the receptor. The p-helix (defined earlier) is
often found at the dimer interface of the sensor. Many of the known ligand binding sites are
proximal to the p-helix and trigger structural rearrangements in it that propagate to the TM
domains.

Asymmetry in sensor domains

Asymmetry is often a critical feature of HK stimulus sensing, but the details of the
asymmetry vary. LuxQ, for example, forms an asymmetric 2:2 complex upon binding to its
cognate periplasmic protein, LuxP (Neiditch et al., 2006). TorS begins in an asymmetric 2:2
complex with its periplasmic partner, TorT, in the apo-state, and the activated complex
becomes symmetric upon TMAO binding (Moore and Hendrickson, 2012). The
homodimeric aspartate receptor, closely related to sensor HKs, binds two Asp ligands with
negative cooperativity, and signals from the asymmetric, singly-bound state (Chervitz and
Falke, 1996; Yu and Koshland, 2001). Even in cryogenic crystal structures of dimeric sensor
domains, large deviations from 2-fold rotational symmetry exist. For example, the PhoQ
sensor domain forms a number of asymmetric interactions across the dimer interface, which
suggests they are important for signaling and cannot be maintained in a two-fold
symmetrical structure (Cheung et al., 2008).
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Proposed models for stimulus-structure coupling

Given the diversity in stimulus-sensing mechanisms across different HKs, a number of
models have been proposed for ligand-induced structural perturbations.

The piston model (Fig. 8B, left), which was based on the chemoreceptor Tar (Chervitz and
Falke, 1996), proposes that ligand binding generates an ~1 A piston-like downward
displacement in the p-helix that propagates into the TM bundle along an axis normal to the
bilayer plane. Pistoning has generally been discussed within a rigid-coupling framework,
with many papers suggesting that the 1A displacement propagates to the TM helices in an
all-or-nothing fashion (Chervitz and Falke, 1996; Falke and Erbse, 2009). The scissor-blade
model (Fig. 8B, middle), was also initially proposed for Tar based on crystallography
(Milburn et al., 1991), but fell out of favor after disulfide crosslinking supported pistoning.
Here, the ligand/signal induces a scissor-blade like diagonal displacement of the p-helices
relative to the membrane normal, such that they splay out as they enter the membrane.
Recently there has been renewed interest in scissoring since the sensor domains of the
heparin binding hybrid kinase BT4663 (Lowe et al., 2012) and the magnesium sensitive
PhoQ (Molnar et al., 2014) were both proposed to scissor. A third model suggests that
helical rotations are the primary conformational motion required for signaling (Fig. 8B,
right). This is based on the LuxP-LuxQ complex in which the asymmetric ligand-bound
state requires rotation of the transmembrane helices (Neiditch et al., 2006).

Pistoning and Scissoring in Tar and DctB

We analyzed the sensors of the aspartate receptor, Tar and the dicarboxylate receptor DctB
which have physiologically relevant dimeric structures in both apo-and ligand-bound states.
We aligned all structures to a z-axis, normal to the membrane, and measured changes in the
X,y and z coordinates of Ca atoms to evaluate ligand-induced pistoning and scissoring
(details in supplement). Structural alignments between two distinct conformations of other
sensors have been analyzed in detail elsewhere (Cheung and Hendrickson, 2009; Molnar et
al., 2014).

Two general results emerged. First, diagonal displacement explains a large component of the
variance between apo- and ligand-bound structures. While Tar shows a greater vertical
displacement compared to DctB, consistent with the long-standing idea that ligand-binding
induces a piston-like vertical displacement in Tar, for both DctB and Tar the lateral xy
displacement is much more pronounced than the vertical displacement and increases as the
p-helix approaches the membrane (Fig. 8C). There is no appreciable change in helical phase
or rotation. Pistoning and scissoring cannot be completely decoupled in a simple x-y-z
coordinate system, but this simple analysis qualitatively recapitulates results from a full
parameterization using an orthogonal basis set (Molnar et al., 2014). Additionally, the
conformational changes are highly asymmetric across the dimer interface; in both Tar and
DctB, the magnitude of the shifts was generally larger on chain A of the dimer, than on
chain B (Fig. 8C).

Many more structures of sensors are required to assess if there is any generality in sensory
mechanisms across the HK family. It is especially useful to think of the sensor-TM as a
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thermodynamically coupled equilibrium because it is the energetic effect of the ligand-
induced structural change rather than the mechanical details that dictates how the signal is
transduced.

Statistical-Thermodynamic Model and Coupling of Conformational
Transitions

Given the multi-domain architecture of histidine kinases, and the relatively independent
nature of each domain, it is helpful to think of signal transduction as a series of equilibria
between thermodynamically linked protein domains. These equilibria could be tightly
coupled leading to a switchable cooperative two-state system, or they can be weakly
coupled, leading to the population of many intermediates.

To illustrate this conceptually, consider an isolated catalytic domain that can sample two
states, an active state (X) or an inactive state (0) (Fig. 9A). The fractional population of the
active state dictates the maximal response of the protein to a stimulus and is dependent on
the free energy difference (AG;) between the two states and temperature. If this catalytic
domain is linked to a transmembrane domain, which can also be either active (X) or inactive
(0) (Fig. 9B), the system has 22 = 4 states and the population of the active catalytic unit is
governed not only by it’s own energy gap (AG), but also by the energy gap of the linked
domain (AG,) and the strength of the coupling (AG12). Three such domains yield 23 = 8
states and so on. Formally, the fractional population of a given state is the statistical weight
of that state divided by the sum of the statistical weights for all the states, or the partition
function. Each additional linked domain contributes an intrinsic energy gap, and a coupling
energy to the partition function. These additional energetic terms can alter the basal
population of the active kinase, thereby modulating the inducible response (Grigoryan et al.,
2011).

Why is a thermodynamic coupling framework useful for HKs?

Thermodynamic linkage is particularly appropriate for multi-domain proteins like HKs
because it allows each domain to access independent conformational states and dynamics.
The entire protein need not utilize the same mode of motion in order to transmit a signal. As
long as each domain has an energetic input and output, it will sense the state of a
neighboring domain and populate conformational states accordingly.

This energetic effect of one domain on its neighbors is called a coupling energy. The
molecular origin of coupling can be enthalpic (via the formation of new bonds or the
removal of steric hindrance) or entropic (via increased dynamics or release of solvent).
Indeed, it is not always necessary for a large AG¢oypling t0 Yield a large structural change or
vice versa. In the strong coupling limit, the coupling interaction is larger than the intrinsic
energy gap of a given domain, intermediates are sparsely populated and a multi-state system
is effectively reduced to a 2-state (on-off) system (Fig. 9C). Conversely, in the non-rigid or
weak coupling limit, the effect of turning “on” one domain is to alter the equilibrium
constant between the different states of the coupled domain. Weak thermodynamic coupling
allows for the accrual of multiple domains capable of binding different ligands and
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populating intermediates along the way. For example VirA binds sugars via the periplasmic-
binding protein, ChvE, as well as phenolics. Moreover, both VirA (Lin et al., 2014) and
ChvE (Hu et al., 2013) are regulated by pH. PhoQ responds to divalent cations, protons and
antimicrobials. In both cases each ligand can alter the signaling response (Bader et al., 2005;
Vescovi et al., 1996).

The same framework also explains why domains from different HKs can be combined to
form functional chimeric proteins when the energetic input and output for each domain is
preserved (Utsumi et al., 1989). It can easily be extended to include additional domains,
asymmetric conformations of individual domains, and ligand binding (Grigoryan et al.,
2011). The challenge is to molecularly understand how proteins achieve weak-
thermodynamic coupling and whether allosteric networks and mechanisms are conserved
across the family (Kuriyan and Eisenberg, 2007).

Universal Themes in HK Signal Transduction

Recent structures of HKs yielded many general insights into bacterial signal transduction.
Symmetric to asymmetric transitions within the homodimer, appear to be ubiquitous in
many HK domains and also in their enzymological function. A similar connection between
half-of-sites reactivity and asymmetry is seen in homodimeric receptor tyrosine kinases like
EGFR (Leahy, 2010) and in chemoreceptors (Li and Hazelbauer, 2014), suggesting that this
might be a general strategy for signal transduction. In HKs, asymmetric transitions are often
encoded into structures via the fundamental properties of helical bundles such as their
hydrophobic registry and side-chain packing propensities. Diagonal displacement of 4-helix
bundles where pairs of helices slip in opposing directions is a general mode of helical-
bundle malleability. This allows HKSs to have shallow but a finely tuned energy landscapes
such that small changes induced by stimuli, can propagate via thermodynamic coupling to
yield a significant physiological response. The controlled reshuffling of the populations of
different conformers as a consequence of thermodynamic coupling is at the heart of
transmembrane signal transduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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C Conserved Domains
DHp Domain

(A) Schematic representation of a canonical TCS. Many of these domains are repeated in
other protein classes. The DHp is the catalytic core of Histidine Kinases. (B) Variable
domain structures from three sensor and signal transducing domains colored to highlight key
features. The yellow helix (top) shows the dimeric interface. The white and black helices
(bottom) show input and output helices. (C) Structures of conserved domains, DHp and
catalytic, colored to highlight various features. DHp dimeric structure (top) has the N-
terminal helix colored in orange and the C-terminal helix in blue. Critical regions for

function are labeled and color-coded in the CA structure (bottom).
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Helix 2
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Regulator

Catalytic ' _ '
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DHp Stem
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Compact : helix B to the /eft of helix A Extended : helix B to the right of helix A
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Examples: Examples:
HK853, VicK, YF1, PhoR, ArcB AgrC, AtoS, CheA, CpxA, DesK, EnvZ, NtrB

Figure 2. Catalytic core of Histidine Kinases
A) Surface representation of the catalytic domain (green) and the response regulator (blue)

are shown on their respective docking sites on the DHp bundle (left). Structural alignment of
DHp bundles from various HKs (right) show that the core of the bundle is highly symmetric
and conserved while the ends of the bundle vary. B) A sequence logo for the helices of DHp
domains (based on Pfam 00512) with conserved positions. An acidic residue always follows
the catalytic histidine. There is a loop of variable length between the two helices. C) A
schematic showing how the handedness of the loop between the two DHp helices determines
auto-phosphorylation geometry in the DHp bundle.
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A) The distances between the catalytic His (on the DHp) and an ATP-binding Asn (on the
CA) on each side of the dimer are correlated for all known HK structures. Structures
representing the autophosphorylation Michaelis complex show significant asymmetry B)
The DHp-CA distance is correlated with the angle between the Gripper helix and the DHp
helix. The Gripper helix shows a very specific angular preference in in the autokinase

Michaelis structures.
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Figure 4. Nucleotide dependent placement of the Gripper helix
Structural representations of the DHp and CA domains are shown in ADP- (left) and ATP-

(right) bound states show different associations with the Gripper. On the inactive side,
Gripper residues interact with the DHp stem to form a 3 helix bundle, with the Phe (cyan)
wedged into the dimeric interface. This conformation is also seen on both monomers in the
ADP-bound state. On the active side, Gripper is released to facilitate autokinase activity.
This conformation is only seen in one monomer of the ATP-bound state. DHp helices are
colored as before. Gripper residues are conserved across several HKs.
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DHp helix 2
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A) 23 structures of DHp domains were structurally aligned such that the z-axis coincided
with the dimer axis (see supplement). X,Y coordinates extracted at 4 different slices across
the bundle show that the core of the bundle is highly invariant whereas the top of the bundle

varies significantly. Inter-monomer Ca-Ca distance distributions are also shown. B)

Structures that represent ADP-bound, Apo and inactive states show a symmetric diamond
like geometry (blue) in the XY coordinates at slice 4, whereas ATP-bound Michaelis
complex structures show a distorted kite-like geometry (red). C) A third correlation plot of
distances from the central helical axis to chain A vs. chain B shows that slice 2 is highly

symmetric whereas slice 4 is asymmetric.
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Figure 6. HAMP Domains
A) Sequence alignment of six HAMP domains of known structure show a conserved Gly

and a semi-conserved Glu. B) Three different mechanisms proposed for HAMP signaling
are described in cartoon form. C) An aligned ensemble of 26 HAMP domains was used to
extract XY coordinates and distance distributions at 2 locations as in Fig. 5. The distribution
for helix 1 (orange) is skewed outwards at the bottom of the bundle whereas helix 2 is
skewed inwards (blue). D) The negative slope of the correlation between intermonomer Ca-
Ca distances show that displacements in helix 1 and 2 are anti-correlated. E) The two
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overlaid structures, from Af1503 (2LFR,dark) and Aer2 (1144, light) show a diagonal
displacement of helices.
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Figure 7. Symmetry-asymmetry transitions through polar linkers
A) Polar clusters located a few residues above the catalytic histidine are present in several

HKs. Alternate packing arrangements of the polar clusters result in asymmetric bending of
the linker as seen in structures of the temperature-sensitive DesK (B, left) and Af1503-EnvZ
chimera (C, left). The asymmetry profiles (B,C right) plot the Ca RMSD of computed over
a 7-residue moving window for chains A and B superimposed on chains B and A
respectively, and the Ca-Ca distance for each residue across the dimer. There is striking
asymmetry in the linker in many HK structures.

Structure. Author manuscript; available in PMC 2016 June 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bhate et al. Page 27
A
Splayed state Tight state
of PhoQ of PhoQ
B Rotating
Piston Scissor helices
—\ —\ — A\
S S S
z z
,v!yx X
Membrane
Tar helix 4 (156-174) DctB helix 1 (residue 58-76) ® chain A
m chainB
2 | ligand-binding lipid membrane —— lipid membrane ligand-binding
N Ly s o
S0 b b
0 O_J_-_L_llJ_l_n.._.-__I_.__l._.__l_-__l_
2 -
= L
< 1
hl
0 — 0
155 160 165 170 175 60 62 64 66 68 70 72 74 76

Residue Residue

Figure 8. The TM and periplasmic sensory elements
A) Two structural states of the transmembrane bundle of PhoQ inferred using Bayesian

modeling of disulfide crosslinking data. The states differ in their helical packing by a
diagonal or reciprocal displacement of the helices. B) A simplified cartoon of three proposed
models for conformational changes in the sensor domain. C) The magnitude of the
displacement in the z and xy coordinates of the p-helices of Tar (left) and DctB (right) upon
ligand binding. A small z-shift (pistoning) and a larger xy-shift (scissoring) are seen in both
cases as the helix enters the membrane.
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Figure 9. A thermodynamic framework for signal transduction
A) shows a single domain that has two states, an active state (X) or an inactive state (0). The

population of the active state is directly related to the energy difference between these two
states i.e. the equilibrium constant. B) shows two thermodynamically coupled domains. The
fraction of the active state depends on two equilibrium constants and a coupling energy. C)
extends this formalism to three linked domains. In the limit of rigid, all-or-nothing coupling

Sructure. Author manuscript; available in PMC 2016 June 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bhate et al.

between the domains, the system reduces to a 2 state system but in the limit of weak
coupling, multiple intermediates contribute to the active population.
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