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SUMMARY

Bacteria transduce signals across the membrane us-
ing two-component systems (TCSs), consisting of a
membrane-spanning sensor histidine kinase and a
cytoplasmic response regulator. In gram-negative
bacteria, the PhoPQ TCS senses cations and antimi-
crobial peptides, yet little is known about the struc-
tural changes involved in transmembrane signaling.
We construct a model of PhoQ signal transduction
using Bayesian inference, based on disulfide cross-
linking data and homologous crystal structures.
The data are incompatible with a single conformation
but are instead consistent with two interconverting
structures. These states differ in membrane depth
of the periplasmic acidic patch and the reciprocal
displacement of diagonal helices along the dimer
interface. Studies of multiple histidine kinases sug-
gest this repacking might be a common mode of
signal transduction in sensor His-kinase receptors.
Because a similar scissors model has been ruled
out in CheA-linked chemoreceptors, the evidence
suggests that sensor His-kinase and CheA-linked
receptors possess different signaling mechanisms.

INTRODUCTION

The PhoQ sensor histidine kinase belongs to a family of two-
component signal transduction systems, which dominate sig-
naling across prokaryotic membranes (Stock et al., 2000). These
systems respond to diverse environmental signals, such as pH
(Gao and Lynn, 2005), small molecules (Kaspar et al., 1999;
Lee et al., 1999), ions (Garcia Véscovi et al., 1996), and peptides
(Kindrachuk et al., 2007), and regulate critical responses, such as
ion transport and virulence (Miller et al., 1989). A prototypical
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two-component system includes a transmembrane (TM) histi-
dine kinase (HK) receptor and a cytoplasmic response regulator
(Mascher et al., 2006). The periplasmic sensor responds to
environmental signals by promoting autophosphorylation of a
conserved histidine, followed by phosphotransfer to a con-
served aspartate residue on its corresponding cytoplasmic
response regulator. Phosphotransfer activates the response
regulator, which in turn modulates genetic response (Robinson
et al., 2000).

Although two-component systems (TCSs) are diverse (Dutta
et al., 1999), the topology of a canonical HK receptor (Figure 1A)
consists of a periplasmic sensing domain flanked by two TM he-
lices, followed by one or more small cytoplasmic domains. PhoQ
has a HAMP domain (named for the domain’s presence in histi-
dine kinases, adenylyl cyclases, methyl-accepting chemotaxis
proteins, and phosphatases; Galperin et al., 2001) followed by
a kinase domain. The first part of this kinase domain is typically
known as the dimerization and histidine phosphotransfer domain
(DHp), which contains the substrate for autophosphorylation (a
conserved histidine) and mediates phosphotransfer reactions.
The second part is a catalytic, ATP-binding domain (CA) that
is part of the family of highly conserved GHKL domains. A func-
tional histidine kinase is homodimeric (Figure 1B) with an
extended dimer interface along the entire length of the molecule
(Goldberg et al., 2008). Because TCSs frequently reuse these
domains, mechanistic insights into PhoQ can inform general
TCS signal transduction.

Structural efforts have attempted to elucidate the mechanistic
details of signal transduction spanning several domains from the
periplasmic sensors to the cytoplasmic DHp domain, and
numerous structures have been reported. Crystal structures
are now available for multiple domains of two-component and
chemotaxis systems (Albanesi et al., 2009; Ferris et al., 2012;
Lowe et al., 2012; Xie et al., 2010; Zhou et al., 2008), including
a structure of the periplasmic sensor domain of PhoQ (Cheung
et al., 2008). Nuclear magnetic resonance (NMR) and X-ray
structures have been solved for HAMP domains as well as TM re-
gions (Dunin-Horkawicz and Lupas, 2010; Royant et al., 2001).
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Figure 1. Structural Representations of PhoQ

(A) Schematic of the topology of a PhoQ monomer. The numbers indicate
residue numbers for E. coli PhoQ (UniProt ID: P23837).

(B) Crystal structures used for structural comparison of each domain of PhoQ.
The corresponding PDB ID is listed next to the structure. One monomer is
color-coded and the other monomer is in gray.

(C) A model of the first three domains of PhoQ: sensor, transmembrane (TM),
and HAMP domains. The dimerization and histidine phosphotransfer domain
(DHp) and catalytic domain (CA) are added for clarity but were not modeled.

Many recent multidomain crystal structures give us detailed view
of the connections between cytoplasmic domains. A full-length
structure of an engineered, cytoplasmic two-component sensor
(lacking a TM domain) was determined (Diensthuber et al., 2013),
as was the structure of the cytoplasmic region of VicK, from
Streptococcus mutans (Wang et al., 2013). Despite these ad-
vances, several competing proposals still remain for a mecha-
nism of transmembrane signaling.

Early studies focused on the aspartate receptor, Tar, in Salmo-
nella typhimurium. Although Tar is a member of the CheA-linked
receptor class, and not a HK receptor, it shares several domains
with TCS sensor kinases. Chervitz and Falke demonstrated a
swinging piston mechanism for signal transduction in this protein
based on both disulfide-scanning and crystallographic studies
(Chervitz and Falke, 1996). Multiple independent lines of evi-
dence, many obtained using functional, full-length, membrane-
bound receptors in the working complex with CheA kinase,
have supported the importance of the piston displacement of
the signaling helix TM2 in transmembrane signal transduction
and CheA kinase regulation (Chervitz and Falke, 1995; Chervitz
et al.,, 1995; Falke and Hazelbauer, 2001; Hazelbauer, 2012;
Hughson and Hazelbauer, 1996). These studies provide strong
evidence that the subunit interface is largely static during on-
off switching, thereby ruling out an early model (Milburn et al.,
1991) proposing a scissors-type displacement of the two sub-
units in CheA-linked receptors. Other signal propagation models
address the signaling role of the cytoplasmic HAMP domain that
immediately adjoins the TM. The gearbox model is based on a
series of NMR and crystallographic structures of the HAMP
domain (Ferris et al., 2012; Hulko et al., 2006). Alternatively, a
folding/unfolding transition has been proposed for signaling
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through the HAMP domain of CheA-linked receptors (Schultz
and Natarajan, 2013; Zhou et al., 2009). In summary, the piston
mechanism is well established for transmembrane signaling in
CheA-linked receptors. However, current evidence does not
rule out possible contributions of the helix tilt component of the
swinging piston TM2 displacement (Chervitz and Falke, 1996)
in signal transduction in this receptor class.

The hypothesis that a piston displacement could also play a
role in HK receptors was supported by later structural compari-
sons of the TorS (Moore and Hendrickson, 2009, 2012) and NarX
(Cheung and Hendrickson, 2009) HK signaling states. However,
the measured displacements for TorS and NarX in the presence
versus the absence of signaling ligands were small (<1 /0-\) when
compared to those seen in Tar. Other observed motions include
interhelical torqueing (Diensthuber et al., 2013), helix bending
(Wang et al., 2013), or DHp domain cracking (Dago et al.,
2012). Another study posits a combination of these models (Ca-
sino et al., 2009).

Critical to a transmembrane signal transduction model is a
structural model of the TM portions of a sensor HK. Three struc-
tures of monomeric HK TM domains were recently solved using
NMR of isolated domains in micelles (Maslennikov et al., 2010).
All three of the reported structures are limited in their utility for
modeling a physiological dimeric interface, and without struc-
tural analyses from a HK TM domain, the structural starting point
is not obvious. However, one crystal structure has been solved
for the dimeric TM domain of a homologous protein, the Htrll
sensory transducer (Gordeliy et al., 2002). A previous study
used the Htrll X-ray structure as a model for the TM domain in
HKs, and we have also reported similarities between the TM do-
mains of Htrll and PhoQ (Goldberg et al., 2010). We demon-
strated that the same pronounced water hemichannel observed
in Htrll plays an important mechanistic role within PhoQ.

Previously, we explored local changes in the TM domain by
combining molecular dynamics simulations with disulfide cross-
linking data (Lemmin et al., 2013). To elucidate larger scale
changes across the membrane, we incorporate additional cross-
linking data in the HAMP and juxtamembrane regions of PhoQ
with previous data and analyze it using multistate Bayesian
modeling (Rieping et al., 2005). This approach provides an inves-
tigation into the structures of the two signaling states of PhoQ,
which interconvert through a motion in which opposing helices
move toward or away from the bundle axis. Our subsequent
quantitative structural analysis of additional receptor HK do-
mains also divulges similar large and recurring motions of the
helices relative to the central helical bundle axis. Scissoring mo-
tions account for a greater proportion of coordinate variation
between HK receptor structures in distinct states than the swing-
ing piston displacements observed in CheA-linked receptors
(Chervitz and Falke, 1996), which signal in large hexagonal lat-
tices (Liu et al., 2012). Thus, it appears that sensor HKs and
CheA-linked receptors may possess different signal transduc-
tion mechanisms.

RESULTS
We probed the TM domain and the neighboring HAMP and peri-

plasmic domains of PhoQ using disulfide-scanning mutagen-
esis. Building on our analysis of the periplasmic helix at the dimer
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A , B Figure 2. Comparison of the Crosslinking
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interface (Goldberg et al., 2008), new single cysteine residue mu-
tations were introduced along the TM helices and at selected po-
sitions within the HAMP domain (Figures 2A and 2B). Without the
oxidizing environment of the periplasm, measuring the extent of
disulfide bond formation in these mutants required the presence
of an oxidative catalyst, Cu(ll)(1,10-phenanthroline); (CuPhen).
For each residue in the predicted TM domain, we calculated
the fraction of crosslinking from the measured intensities of
covalent dimer and monomer bands on a western blot.

Comparison of Disulfide Crosslinking Efficiency to
Homologous Crystal Structures
The crosslinking efficiency depends on collisional dynamics of
sulfhydryl groups, relative orientations of Cys side chains, and
their accessibility to oxidants. This dependence leads to a
roughly inverse relationship between crosslinking efficiency
and the distance between the reacting thiol groups (Careaga
and Falke, 1992; Hughson and Hazelbauer, 1996; Metcalf
et al., 2009), so we compared the measured crosslinking effi-
ciency for all three domains against their individual or homolo-
gous structures: periplasmic crosslinking data to the crystal
structure of the PhoQ periplasmic sensor, TM crosslinking data
to the TM structure of Htrll, and cytoplasmic crosslinking data
on the HAMP structure of Af1503 from Archaeoglobus fulgidus
(Figure 1B). These comparisons test how faithfully these in-
dividual domains represent the full-length structure of PhoQ (Fig-
ure 1C). Importantly, the crosslinking data also adds structural
insight by spanning the intact juxtamembrane regions, and sug-
gest how the single domain structures connect.

For the periplasmic linker that connects TM1 to the periplas-
mic helix (residues 42-49), the crosslinking efficiency maintains
a sinusoidal variation with a consistent phase (Figures S1A and

Residue number (TM2 + HAMP)

Color-coding (blue-red-cyan, respectively) is
applied to the regions probed by cysteine muta-
tions. The water hemichannel is shown as in (A).
(C) Intermonomer distances for TM1-periplasm.
The first TM helix is modeled from Htrll (PDB ID:
1H2S) and the periplasmic helix is from E. coli
PhoQ (PDB ID: 3BQ8). The measured distances
are between CB and Cf’ of corresponding resi-
dues (or Ca—Ca for glycine). Black lines indicate
linear fits to each helical segment.

(D) Intermonomer distances for TM2-HAMP. The
second TM helix is from Htrll, and the HAMP helix
is from Archaeoglobus fulgidus (PDB ID: 2ASW).
Distances and fits were done as in (C).

(E) Crosslinking data from the full-length PhoQ
protein in a native membrane for cysteine mu-
tants 22-61.

(F) Crosslinking data from the full-length PhoQ
protein in a native membrane for cysteine mutants
185-226.

Western blot data from (E) and (F) are shown in
Figure S1.

S1B available online), suggesting an uninterrupted helix. The
similarity in the phases can be seen qualitatively (Figure 2E),
but we also fit these data to a sinusoidal function (Figure S1A).
The fit deviates a bit near residue 43, which could reflect a kink-
ing of the helix as it leaves the membrane.

The cytoplasmic linker that connects TM2 to the HAMP (resi-
dues 207-214) is a region of reduced crosslinking and likely cor-
responds to a divergent portion of the bundle. A conserved Pro
residue at position 208 can cause a bend in the helix in this region
(Lemmin et al., 2013; Yohannan et al., 2004). The sinusoidal fit to
the crosslinking data of TM2 are out of phase with the fit for the
HAMP helix (Figures S1C and S1D), suggesting this linker can
access a distorted helical or nonhelical geometry.

To check how faithful a model Htrll is for the PhoQ TM bundle,
we compared the interresidue distances to corresponding
experimental crosslinking data (Figure 2). The topology of the
Htrll bundle is like other HKs, where the helices are antiparallel
and the N terminus of the first TM is toward the cytoplasm (Fig-
ure 1A). The crosslinking fractions agree qualitatively with bundle
being well packed near the periplasm, but diverge slightly near
the cytoplasm. At the periplasmic side (Figure 2, dark blue and
dark red), we observe a periodic pattern of crosslinking effi-
ciency, close to that of an ideal a helix, with a period of 3.6 res-
idues. Fitting a sinusoidal function to the data resulted in a period
of 3.5 residues for TM2 and 3.7 residues for TM1 (Table 1). We
also computed a phase offset to determine if we achieve the ex-
pected inverse relationship between crosslinking and distance
variation for an alpha helix (180°).

At the cytoplasmic end of the TM bundle, there was little
crosslinking observed (Figure 2, light blue and light red). This
low degree of crosslinking near the cytoplasmic side of the
bundle agrees with the presence of a water hemichannel,
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Table 1. Least-Squares Fitting of a Sinusoidal Function to the
Crosslinking Efficiency of PhoQ and the Interresidue Distances of
Htrll and Af1503 Crystal Structures

Helix Period® Phase Offset (°)°
PhoQ TM1 3.67 +0.13 173

Htrll T™M1 3.69 + 0.03

PhoQ TM2 3.53 + 0.30 168

HTrll TM2 3.67 + 0.08

PhoQ HAMP 3.53 £ 0.20 153

AF1503 HAMP 3.54 + 0.02

Number of residues per repeat.

PDifferences in phase for the fitted sinusoidal waves between the exper-
imental crosslinking data and the intermonomer distance data (Cp-Cf’
distance or Ca—Ca! for Gly) taken from corresponding crystal structure.

shown as solvent accessible surface in orange in Figure 2.
However, the complete lack of crosslinking on the cytoplasmic
side of PhoQ TM1 helices suggests a larger separation in the
PhoQ hemichannel compared to that in the Htrll structure. At
the periplasmic side of the TM bundle, the TM1 helices cross-
link as strongly as the TM2 helices, despite the shorter helical
distance in the Htrll TM2 helices. Taken together, these data
indicate that Htrll is only an approximate model for the TM
domain of PhoQ.

Multistate Bayesian Modeling

We collected data using the full-length PhoQ protein in a native
membrane, which was free to structurally fluctuate between
signal transduction states. Therefore, we do not assume that
all crosslinking experiments necessarily probe a single structural
state. For example, one structural state cannot explain both high
TM1-TM1’ (residues 32-45) as well as high TM2-TM2’ crosslink-
ing (residues 192-206; Figures 2E and 2F) without introducing
steric clashes. Consequently, we hypothesize the presence of
multiple, distinct structural states in the sample. We used a multi-
state Bayesian modeling of cysteine crosslinking data, which
simultaneously models several structures based on experi-
mental and prior information (such as available structural in-
formation), and infers additional parameters (e.g., uncertainty
in the data, oo, and population fractions, w;). The Bayesian
approach (Habeck et al., 2006; Rieping et al., 2005) estimates
the probability that a single model or set of models explains
the available information about a system (see Experimental
Procedures).

We divided the PhoQ dimer into six rigid bodies for each
monomer, for a total of 12 rigid bodies in the dimer (Experi-
mental Procedures). A coarse-grained representation of PhoQ
was used, in which each residue is modeled as a bead
centered on the Ca atom. The conformations of the dimer
were explored without imposing any symmetry between the
two chains, using a Gibbs sampling scheme relying on a Monte
Carlo algorithm enhanced by replica exchange (Rieping et al.,
2005). The sampled models were clustered based on the pre-
dicted crosslinked fractions. Thus, members of the same clus-
ter predict similar data, although they might be structurally
different, especially in regions that are not restrained by the
data (Figure 3).

Structure
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We focused the structural analysis on the most populated
cluster, which corresponds to the peak with the greatest proba-
bility in the posterior probability distribution of states, given the
crosslinking data and domain models. Cluster representatives
and predicted cross-linked fractions for all clusters with a popu-
lation greater than 3% are reported in Table S1. To predict
the minimal number of states that best explain the crosslinking
data, the Bayesian approach was applied independently for
one, two, and three states.

One-State Modeling

The cluster analysis of the sampled models (Table S1) revealed
that the experimental data could not be fully explained by a sin-
gle structure. The one-state model was in good agreement with
the predicted crosslinked fractions in the periplasmic side of
TM1 (residues 13-45) and cytoplasmic side of TM2 (residues
205-215). However, the model does not match a large region
of data with a high crosslinked fraction—the periplasmic side
of TM2 (residues 195-205). A single structure cannot simulta-
neously reconcile high crosslinking on the periplasmic side of
both TM1 and TM2. Instead, for the TM2 periplasmic region,
the model predicted crosslinked fractions equal to zero. There-
fore, in the one-state model, proximity between the periplasmic
region of TM2 and TM2' is not observed due to steric exclusion
by the TM1 and TM1’ helices.

Two-State Modeling

The most populated cluster of two states found by the two-state
modeling approach explained crosslinking data better than one-
state modeling, as shown by the lower likelihood score (Table S1)
and the improved agreement between the model and the data for
the periplasmic TM2 region and surrounding residues (185-205;
Figure 3). By postulating the existence of a mixture of states, the
two-state model explains the presence of conflicting crosslink-
ing data observed within the periplasmic side of the TM domain.
The inferred population fractions of State-1 and State-2 were
40.5% and 59.5%, respectively. The two computed structures
deviate from symmetry, although it is not possible to determine
whether the deviations are significant given the precision of the
ensemble of models. Overall, the two models differ at the dimeric
interface in the arrangement of the helices from each domain. We
assessed the robustness of the two-state modeling Bayesian
approach with data jackknifing (Figure S2).

For the periplasmic region, State-2 resembles the crys-
tallographic structure of the PhoQ sensor domain, 3BQ8 (Co;
root-mean-square deviation = 3 A), previously proposed to
correspond to the activated state (Cheung et al., 2008). In
contrast, in State-1, the periplasmic helices are closer to a par-
allel configuration. The periplasmic helices transition between
a parallel (State-1) and a crossing configuration (State-2); this
transition corresponds to a scissoring motion. A consequence
of the scissoring motion is a displacement of the periplasmic
acidic patch (residues 145-154) from resting on the surface of
the membrane in State-1 to a position deeper in the membrane
in State-2. Also, the two-state model suggests that the reorien-
tation of the periplasmic domain due to the scissoring motion
propagates to remodel the TM and HAMP helical bundles.

The scissoring motion of the periplasmic, interfacial dimer
helices induces a different type of structural change to the TM
domain. This motion is best seen on the periplasmic side of
the TM bundle (top down view of helical bundle in Figures 3B
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Sensor

State-1

State-2

Figure 3. Analysis of the Most Populated
Cluster Found in Two-State Modeling

(A-F) Backbone ribbon representation of the
cluster representative of: (A) sensor domain in
State-1; (B) TM domain in State-1 as viewed
from the sensor domain looking into the cyto-
plasm; (C) HAMP domain in State-1; (D) sensor
domain in State-2; (E) TM domain in State-2,
viewed from periplasm looking into the cyto-
plasm; (F) HAMP domain in State-2. The cluster
structural variability is represented by the
transparent density volumes calculated using
the VMD VolMap tool (Humphrey et al., 1996).
The color-coding for (A-F) is: periplasmic sensor
helices (residues 45-61) are green; the Mg?*-
binding, acidic patch (residues 137-150) is
magenta; the TM1 and TM2 helices of the TM
domain are blue and red, respectively; and the
HAMP domain is cyan.

(G) Overlay of model data, predicted by the high-
est likelihood model of the cluster (gray bars), and
experimental crosslinked fractions, color-coded
by the domain definition above.

Model robustness assessment is summarized in
Figure S2.
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and 3E), where the diagonal pairs of helices take turns displacing
each other. State-1 predicts that the TM1 and TM1’ helices (blue)
pack close and displace the TM2 and TM2' helices (red),
whereas in State-2, the TM2 and TM2' helices move toward
the center of the bundle and displace the TM1-TM1’ intersubunit
helical contacts. More specifically, all the helices in the bundle
undergo a collective rearrangement, because the movement
toward the bundle center of one helix pair accompanies the
outward displacement of the other pair.

The large changes seen in the TM domains are coupled with
smaller changes in the HAMP domains. Specifically, the diag-
onal displacement seen in the TM domain is also observed
for the HAMP helices. In State-1, the helix 1-helix 1’ distance
is shorter than the helix 2-helix 2’ distance near the N-terminal
end of the bundle; this relationship reverses in State-2 (Figures
3C and 3F). Presumably, this conformational change is
coupled to additional, previously characterized changes in
the catalytic and DHp domains (Albanesi et al., 2009; Ferris
et al., 2012).

Three-State Modeling
Models in the most populated clusters in three-state modeling
do not improve the fit relative to the two-state model, as indi-

Selecting the Best Model

The two-state model fits the data signifi-
cantly better than the one-state model,
whereas the three-state model does not
improve the fit. Therefore, the two-state model is the most parsi-
monious explanation of the data.

Functional Measurements of Cys Mutants Explain Most
of the Deviations between Crosslinking Data and the
Two-State Model
Although the two-state model best fits the experimental obser-
vations, a few data points still could not be explained. In partic-
ular, isolated deviations were observed at residues 52, 195, 199,
208, 209, and 218 (Figure 3G). These discrepancies can originate
from computational inaccuracies of the Bayesian model
(including the forward model, noise model, sampling, and the
assumed number of states) or the representation of the system.
Alternatively, the Cys mutations could induce a nonnative struc-
ture with disruption of function. To discriminate between these
possibilities, we investigated the phenotypes of the cysteine mu-
tants, by measuring transcriptional activity at low and high Mg®*
concentration (Figure 4C and Figure S3), as described previously
(Soncini et al., 1996).

Three of the outliers were associated with mutations that greatly
decreased the function of PhoQ. The mutants P208C and
L209C have low B-galactosidase activity at both high and low

Structure 22, 1239-1251, September 2, 2014 ©2014 Elsevier Ltd All rights reserved 1243
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Figure 4. Change in Crosslink Fraction for the Periplasmic Helix of
PhoQ at Low and High [Mg?*]

(A) X-ray structure of the periplasmic domain of PhoQ (3BQ8) with the dimer
interfacing helices (residues 49-60) colored according to change in crosslink
fraction. Red represents higher crosslinking at low Mg?* conditions, white
indicates no Mg-dependent change, and blue represents higher crosslinking
under high Mg?* (key at right).

(B) Crosslinking data from the full-length PhoQ protein in a native membrane
for cysteine mutants 49-60 under both high and low [Mg?*] conditions at mid-
log phase growth. The green curve is data reproduced elsewhere (Goldberg
et al., 2008).

(C) Activity response of B-galactosidase reporter in whole cells for the mutants
involved (data for extended region in Figure S3).

Error bars represent the SE of three replicate experiments.

concentrations of Mg®*. In contrast, the wild-type protein activity
changes 2- to 5-fold between these Mg?* concentrations. Inter-
estingly, a kink in TM2 occurs between P208 and L209 in an MD
model of the TM domain of PhoQ (Lemmin et al., 2013), suggesting
this region is a fulcrum of movement. It is possible that these
cysteine mutations abolish signal transduction by tampering
with the helical kink. Similarly, mutant L218C, which lies at a con-
necting loop between the periplasmic and the TM domains,
shows low activity at both low and high Mg?* concentrations.
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However, the deviation for the final outlier, F195C, could not
be explained by a structural disruption that results in loss of func-
tion. This mutant resides in the TM2 helix where the helical period
between experimental and model data is shifted, indicating a
potential helical rotation or bending in that region (residues
195-199). TM2 was modeled as a rigid body extending from
194 to 205, but the discrepancy at F195C suggests that two rigid
bodies or a flexible chain might be more appropriate representa-
tions for this helix.

Residue 52 has robust activity, but does not agree with the two-
state model; it is also the first of three consecutive residues that
shows high crosslinking (Figure 4B, green curve). High crosslink-
ing at three consecutive residues is inconsistent with the known
a-helical structure in this region of the protein (Cheung et al.,
2008), as it would require residues on both sides of a helix to
crosslink to a neighbor efficiently. This discrepancy encouraged
us to repeat the previously published crosslinking experiments
for a portion of the periplasmic helix at the dimer interface. In
this region, disulfide crosslinks occur spontaneously and do not
require the aid of an oxidant like CuPhen, as is required for
HAMP and TM domains. The previous periplasmic crosslinking
experiments (Goldberg et al., 2008) used long, overnight incuba-
tions in Luria broth (LB) media. However, when we incubated for
shorter periods (to avoid spurious crosslinks) in minimal media
(for precise control of Mg2* concentration), we found that residue
50 does not crosslink nearly as much as residue 51, and the extent
of crosslinking at 52 depended on the Mg?* concentration (Fig-
ure 4B). Activity measurements also showed that, although the
mutants had somewhat lower transcriptional activity than wild-
type, they were still responsive to changes in the Mg®* concentra-
tion. The reduced crosslinking at position 50 improves agreement
between the crosslinking data and an ideal helical period.

An unexpected finding of this crosslinking experiment is that
the extent of crosslinking in the first periplasmic helix depended
very markedly on the concentration of Mg?*, particularly at resi-
dues 52 and 60 (Figure 4). This finding is in contrast with the ef-
fect of activating ligands on crosslinking of Tar, in which there is
very little change in crosslinking in the first TM and periplasmic
helices (Chervitz and Falke, 1995; Chervitz et al., 1995; Pakula
and Simon, 1992). Instead, Tar helix «1 and o1’ interact to form
a static homodimeric core that supports a piston-shift of peri-
plasmic a4 and TM «2 during signaling.

In summary, Bayesian modeling helped us rationalize flaws
originating from artifactual disulfide formation (residue 50), inac-
tive constructs (residues 208, 209, and 218), and a potential
representation inaccuracy (residue 195). In traditional modeling,
these points would be considered as outliers and removed from
the data set. In the Bayesian framework, such a manual interven-
tion is not necessary because an uncertainty parameter is asso-
ciated to each data point, thus allowing those points that are not
consistent with the bulk of the data to be properly downweighted
in the construction of the model. In contrast to traditional
modeling, the two-state model motivated additional functional
experiments to explain the large differences between the
observed and predicted data.

Structural Variation between Signaling States
The two-state model proposes conformational changes be-
tween State-1 and State-2 in which the helices show larger
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Figure 5. Measure of Coordinate Displace-
ments between Four-Helix Bundle Crystal

Table of coordinate displacements between 4-helix bundle crystal structures
Displacements in coordinate system (A)

Comparison PDB IDs Chain Helix
p AG® A0 A9 Ar Az 26° Structurgs . . .
Each helix was parameterized as described in
" 2LIG-1LTH A 1 (42-57) -0.18 037048 024 -0.12 -0.20 Fiaure 54, F h domai vzed pairs of
I8 = Aspbound B 1 (4257) -009 020 0.12 0.09[E0BE -0.15 igure 54. For each domain, we analyzed pairs o
g - toapo A 2 (155174) 009 o.oc[E 030 1.06 0.14 helical bundles believed to correspond to different
) B 2 (155_174) 0.00 0.07 0.07 0.10 0.09 signaling states, and the differences in the
g 301H-301I A 1 (52-67) -0.10 -0.04 0.38 -0.71 0_21- computed parameters associated with helical
4| @ TorT/TMAO bound B 1 (52-67) 0.38 0.04 -0.14088 -0.14 -0.38 phase, tilts, rotation, and displacements, and
3 2 toapo TorT A 2 (300-317) 0.400%2 055 -0.19 0.05 0.8 translations were compared. Angular valves for
B 2 (300-317) -0.22 0.22 -0.22 0.25 0.61 Ay, Agq, Agy, and A0 are listed in Table S4. The
. WT to AZG1F 3ZRX-3zZRV. A 1 (280-297) | -0.30 -0.24 0.1 -0.19  0.07 coordinate displacement associated with these
s to A29 B 1(280-297) -0.03 -049 -024 0.1 0.05NEONE angular displacements was determined from these
c I A 2 (310-328) 0.83l95 1.11 -1.73 -0.73 0.32 following equations:
Sk B 2 (310-328) -0.08 -0.04 -0.75 025 0.09 a4+ sin(A '
o b 3ZRX-3zZRW A 1 (280-297) -0.36 001 027 -0.37 -0.06 . i'”( ¥) L
= < WTtoA201v B 1 (280-297) [MEOBH -0.40| -042 029 -0.39 0.09 1.5 (helix length)/2 * sin(Ag)
c H * H
T A 2 (310-328) o.6o[ B 054 114 -0.16 0.05 (Average radius) * sin(A6)
B 2 (310-328) 0.33065 0.27 -1.08 0.1 0.10 The cell color indicates the largest (red or blue) and
3zRX-3zRv A 1 (333-345) 1.39 -1.50 1.51Ei60 -0.06 -0.90 second largest (salmon or light blue) value in each
WT to A291F B 1 (333-345) 0.92 -2.062H9 -1.17 0.11 -1.20 row.
A 2 (373-385) -0.23 -0.79[iI8] 090 -0.01 065 See also Figure S4 and Tables S2 and S3.
N B 2 (373-385)  0.63 -1.51 0.57  0.51 0.70
& 3zRx-3zRW A 1 (333-345) 142 -1.02 238 022 -197
WT to A291V B 1(333-345) 0.11 -1.32 0.80[E#80 -0.20 -0.92
A 2 (373-385) 051584 o076 129 -0.07 0.3
@ B 2 (373-385)  0.31 -1.32 1.21 -0.21  0.21
‘T 3EHF-3GIG A 1 (182-198) -0.19 -1.06 0.51 -0.02 0.41 hase = y) corresponds to the gearbox
£ WT to WT B 1 (182-198) -0.10 -0.18 -0.60EGN#E -0.03 -0.06 s"nodel Th)e remaiFr)ﬂn four de %ees of
a +ADP  +AMPPCP A 2 (224-238) -0.18I86] 1.09 -0.70 044 1.12 : S 9 9
& B 2 (224-238) 0.36 181 -123 -014 167 freedom are helix tilt toward the bundle
o < 3EHF-3ERH A 1 (182-198) 268l 1.07 1.84 236 046 -0.89 axis (toward tilt = ¢4), helix tilt perpendic-
% WT to Hissy B 1 (182-198) [E2M6| 037 141 1.95 -0.86 -0.81 ular to the toward tilt (sideways tilt = ¢,),
& +ADP  +ADP A 2 (224-238) 112 174 065286 039 0.69 dial displ tof th tral
B 2 (224-238) 147 111 120 073 o031  radial displacement irom fine centra
3EHF-3GIF A 1 (182-198) -0.37 -0.93 -0.63 -0.10 1.27 bundle axis (radius = r), and global rota-
WT to H188E B 1 (182-198) 0.14[lBA 079 081 037 003  tion of individual helices relative to their
+ADP  +ADP A 2 (224-238) [0%2] 022 -022 -025 0.11 -0.06 ;
B 2 (224-238) [OB8 038 -0.07 -047 020 -0.17 neighbors around the central bundle

displacements (relative to the helical bundle axis) than the antic-
ipated motions from either the swinging piston or gearbox
models. To test whether or not these diagonal bundle displace-
ments are unique to PhoQ, we quantified the structural variability
among known structures of other two-component HK domains.
We selected several homodimeric four-helix bundles where each
dimer contributes two helices and required that the domains be
crystallized as physiologically relevant dimers. These states
represent distinct signaling states, either by virtue of having a
bound signaling ligand or a mutation that modulated the degree
of activation (Figure 5). We examined the structures used to pro-
pose the piston shift found in the aspartate sensor, Tar (Chervitz
and Falke, 1996), and the gearbox model proposed based on
HAMP structures including a HAMP(Af1503)/DHp(EnvZ) chimera
(Ferris et al., 2012). We also quantified the structural variability
seen in two crystallographically determined signaling states of
the sensor domain of TorS (Moore and Hendrickson, 2009) as
well as DesK DHp structures believed to represent different
signaling states (Albanesi et al., 2009).

We describe the changes in helix orientation by relying on six
degrees of freedom that define a convenient coordinate system,
previously used to analyze four-helix bundles (Lombardi et al.,
2000; Summa et al., 1999), as described in Figure S4. Two de-
grees of freedom match previous signaling models; a transla-
tional motion parallel to the bundle axis (height = z) corresponds
to the piston model, and a rotation around the helix axis (helix

axis (bundle phase = 6; Figure S4). Of
these degrees of freedom, radial dis-
placements (r), toward tilt (p4), and sideways tilt (o) define lateral
displacements of individual helices, which might apply tension
that alters the conformation/energy landscape of neighboring
domains.

The position of each helix in the four-helix bundles was
analyzed using this parameterization. For each helix in the
four-helix bundle, we then measured the contribution of the
six parameters to the coordinate variation between two states
believed to comprise different signaling states of the domains.
The calculated values for the parameters are listed in Table
S8, and the displacements along these modes are listed in
Figure 5.

The computed changes for the aspartate sensor domain agree
with the analysis of Falke (Chervitz and Falke, 1996), who docu-
mented a downward shift (z) along with a “swinging” (¢,) piston
shift motion that was localized to a single helix. We also exam-
ined structural changes in TorS. Although an early report (Moore
and Hendrickson, 2009) suggested that this protein signaled via
a piston motion, subsequent crystallographic investigations of
TorS complexed with its partner protein TorT in the presence
and absence of the signaling ligand trimethylamine-N-oxide
showed less pronounced piston motions (Moore and Hendrick-
son, 2012). These structural changes are dominated by changes
in helix tilt and bundle radius; changes in the z parameter for each
helix were below 0.3 A, ruling out a shift as large as was observed
in Tar.
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Figure 6. Comparison of Displacements be-
tween Crystal Structures in Different States
(A) Graph of measured displacements for Tar
Sensor (2LIG-1LIH), Af1530 HAMP (3ZRX-3ZRV),
and EnvZ DHp (8ZRX-3ZRV) domains. Each of
the four helices in the bundle is color-coded
differently.

(B) Head-on view of four-helix bundles. The heli-

T T T T T T 1d T T T T T 1 T T T T T T 1
Ay Apl A2 Ar Az AO | Ay Apl A2 Ar Az AO | Ay Apl Ap2 Ar Az A0
EnvZ DHp Domain

I Af1503 HAMP Domain !
B2
_Q

Tar Sensor Domain

Our analysis of the HAMP(Af1503)/DHp(EnvZ) chimera is
also consistent with the analysis of Ferris and colleagues,
who proposed a helical rotation as well as other changes in
packing. Structures of the chimeric wild-type were compared
to those of single-site mutants in the HAMP domain that
strongly modulate the degree of activation when introduced
into the corresponding full-length hybrid receptors. In accord
with the gearbox model, we compute that the helices indeed
move in a con-rotary manner as anticipated by the gearbox
motion (Figure 5). These changes in helical phase underlie
large structural changes, which our analysis associates with
helical tilting around (p4) and rigid body shifts that change
the radius of the bundle (Figure 6). Together, these changes
lead to differences in interhelical distance as large as 5-6 A
near the end of the bundle leading to the neighboring DHp
domain.

The largely symmetric displacements of the diagonally
opposed helix 2 and 2’ of the HAMP lead to asymmetric buckling
of the C-terminal helices at the junction between the HAMP and
DHp domains, and remodeling of the N-terminal end of the DHp
domain. The changes in bundle geometry reflect large changes
in helical tilt (¢4, ¢2) and bundle radius (r) (Figure 6A, middle),
which are believed to control the ability of the ATP-binding
domain to dock onto and phosphorylate the His residue on the
surface of the DHp domain (Ferris et al., 2012), as seen in recent
structures of DHp-CA domains (Diensthuber et al., 2013; Me-
chaly et al., 2014; Wang et al., 2013).

Moreover, similar changes were observed for the DesK DHp
domains. Lateral translations consistently dominate, with the

ces in state 1 (2LIG and 3ZRX) are colored vividly,
whereas state 2 (1LIH and 3ZRV) are colored a
corresponding lighter shade.

(C) Side-view of four-helix bundles, with helices
colored as in (B).

exception of a single pair of helices in
DesK, where helical rotations dominate
and lateral translations come in a close
second (Figure 5). However, this helical
rotation is observed in a mutant in which
the His residue involved in phosphotrans-
feris mutated to Val, and is not seen when
the mutation is to Glu.

In summary, in the majority of the do-
mains we studied, one of the two largest
changes is either a radial displacement
(r) or toward tilt (p4), both resulting in dis-
placements of the helices relative to the
bundle axis. However, this does not imply
that the relatively small gearbox and/or
piston shift motions might propel the larger changes in other de-
grees of freedom.

DISCUSSION

We present a model of HK signal transduction through the
membrane and use structural data taken from the full-length,
dimeric protein in a native membrane. We generated this model
using disulfide scanning mutagenesis and existing homologous
crystal structures. Disulfide scanning mutagenesis allowed us to
study the full-length protein in its native membrane environ-
ment, without relying on isolated domains in micelles or other
membrane mimetics. We found good agreement between the
crosslinking data and existing structures of HAMP, TM, and
periplasmic domains, indicating that the isolated domain struc-
tures are reasonable models for the corresponding domains
within the full-length protein in a native membrane environment,
as well as that the crosslinking data are accurate. The crosslink-
ing data are almost 180° out of phase with distances derived
from homologous crystal structures (Table 1), which is ex-
pected, because crosslinking efficiency decreases over greater
distances.

The crosslinking data cover the juxtamembrane regions con-
necting the TM domain to the sensor and HAMP domains (Fig-
ure 2). These data provide evidence for an uninterrupted helix
spanning TM1 to the N-terminal helix of the sensor domain. Addi-
tionally, the crosslinking data spanning the TM2-HAMP bound-
ary indicates a possible interruption, which may be either a
kinked helix or a disordered linker connecting the two domains.
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Figure 7. Cation-Binding, Acidic Patch Movements Predicted by the
Bayesian Multistate Modeling

Electrostatic surface representation of the two states of the acidic patch as it
moves out of (State-1) and into (State-2) the membrane bilayer. Surface rep-
resentation made with UCSF Chimera (Pettersen et al., 2004).

This interrupted structure may be necessary to form the previ-
ously described water hemichannel on the cytoplasmic face of
the TM four-helix bundle (Goldberg et al., 2010).

Bayesian modeling revealed that the crosslinking experiments
likely probed two structural states. We anticipated at least two
states for the following two reasons. First, PhoQ must respond
to its environment by relying on a thermodynamic equilibrium be-
tween its two signaling states, a prediction that is consistent with
the similar proportions of the two modeled states present in the
sample (40.5% State-1 and 59.5% State-2). Experimental data
also support signaling states near equilibrium, where we see a
degree of activation of only 2- to 5-fold in low Mg?* concentra-
tions. These results are in agreement with the electron para-
magnetic resonance studies of Trg from Escherichia coli, which
identified a dynamic and loosely packed TM domain (Barnakov
etal., 2002). Second, two structural states could explain conflict-
ing crosslinking data within the TM domain, where TM1-TM1’
crosslinks are sterically inconsistent with TM2-TM2’ crosslinks.

These two alternative conformations suggest large displace-
ments of the sensor domains that insert or remove the periplas-
mic acidic patch within the membrane (Figure 7). This patch is
known to bind divalent cations (Waldburger and Sauer, 1996),
which are believed to bridge to acidic lipids in the membrane
(Cho et al., 2006), allowing the patch to insert into the membrane
in the high Mg?* signaling state. This insertion is coupled to scis-
soring transitions in the sensor, and remodeling of the helical
bundles in the TM, HAMP, and DHp domains (Figure 8), ulti-
mately changing catalytic domain activity. Whereas the highly
simplified diagram in Figure 8A is symmetrical, asymmetric
version are equally likely, particularly in cases of negative coop-
erativity. In addition, a transition within one domain need not
require an all-or-nothing transition in the neighboring subunit,
as is the case with rigid coupling. Rather, a structural transition
changes the energetics or probability that the neighboring
domain will transition from one state to another. The modeling
predicts conformational rearrangements in the TM domain mo-
tion (Figures 3B and 3E), in which two opposing helices move
inward and displace the other two opposing helices that move
outward (Figure 8A). We observed similar diagonal displace-

@

)
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Figure 8. Diagonal Scissoring Motions across Several Two-Compo-
nent Domains

(A) A helix bundle exhibits orthogonal scissoring if two opposing helices move
inward and the other two opposing helices simultaneously move outward.
(B) Citrate sensor domain, residues 12-25 and 45-51 (green: 1P0Z, red: 2J80).
(C) HAMP domain from AF1503-EnvZ chimera, residues 283-297 (green:
2L7H, red: 2Y21).

(D) DesK DHp domain, residues 182-198 and 224-238 (green: 3GIG, red:
3EHH).

For graphical representation of helix displacements, see Figure S5.

—

ments across several two-component systems (Figures 8B-
8D). Diagonally opposing displacements were observed in
sensor, HAMP, and DHp domains; furthermore, these motions
are consistent with the torque motion proposed recently for the
blue-light sensing HK, YF1 (Diensthuber et al., 2013). Indeed,
the HAMP domain, in which the gearbox model was discovered,
also exhibits large lateral changes (Dunin-Horkawicz and Lupas,
2010) that induce correlated motions in the phosphor-accepting
DHp domain. The diagonal displacements can involve transla-
tion of helices within the bundle, bending, or tilting motions.
When they involve a change of the crossing angle, the cores of
the domains can remain relatively fixed between different states,
engaging in limited motions that amplify near the ends of the
helices to propagate into the neighboring domains. Indeed, the
transmitted conformational changes are largest near the N-ter-
minal end of a DHp bundle adjacent to the phosphorylated His
residue (as in Figure 6, EnvZ DHp).

We place these qualitative observations on a more quantita-
tive footing by measuring the variation between pairs of struc-
tures along six orthogonal degrees of freedom representing: (1)
gearbox rotation around the helix axis, (2) piston shifts that verti-
cally displace helices, (3 and 4) tilting toward and perpendicular
to the bundle axis, (5) radial displacement of the helix from the
bundle axis, and 6) rotation of the individual helices relative to
the others around the bundle axis. In every examined case, we
find that these domains, including the two-state model, are not
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purely described by one pure motion, yet the tilting and radial
displacements are the dominant change in almost every two-
component domain that we analyzed (Figure 5).

Whereas the piston shift mechanism is well documented in the
CheA-linked chemoreceptor, Tar, and our independent compo-
nent analysis is in complete agreement with the original analysis
of Falke and coworkers, this motion was not observed to
contribute significantly to two-component HK receptor proteins
we examined. Although there were many similarities between
our cross linking profiles and those of Tar, there were also
many significant differences. Both TM1 and TM2 formed intersu-
bunit crosslinks near the periplasmic end of the bundle, but inter-
subunit crosslinks were not observed at corresponding positions
in TM2 of Tar (Chervitz and Falke, 1996; Pakula and Simon,
1992). We observed a loss of crosslinking near the cytoplasmic
half of the membrane for PhoQ, whereas the opposite behavior
was observed for Tar. Moreover, the efficiency of crosslinking
in the periplasmic helix of PhoQ showed a strong dependence
on the concentration of its signaling ligand (Mg?*, Figure 4), but
not for the Tar helix («1-21") and varying amounts of aspartate
(Chervitz et al., 1995). These proteins have vastly different in vivo
interaction partners, where PhoQ is regulated by some small
proteins (Eguchi et al., 2012; Lippa and Goulian, 2009) and Tar
forms large hexagonal lattices with CheA and CheW (Liu et al.,
2012). Thus, the mechanism by which information transmits
from the sensor domain to the HAMP must be significantly
different for the two proteins, and it is unlikely that a piston shift
is a significant component of the signaling transition for the HK
receptor structures studied here.

Finally, it is important to end on a note of caution against over-
interpretation of our analysis. Ironically, the helical scissoring
motion seen here in the periplasmic domain of PhoQ is similar
to the mechanism initially proposed by Koshland and coworkers
for the Tar receptor (Milburn et al., 1991). This mechanism, how-
ever, fell out of favor following several studies: (1) crys-
tallographic studies from the same investigators of a disulfide
crosslinked mutant of Tar that was fully functional but did not
show the large scissor-like motion seen in earlier constructs
(Yeh et al., 1993), (2) an improved method of coordinate analysis
introduced by Falke (Chervitz and Falke, 1996), (3) the observa-
tion that disulfide bonds across the subunit interface do not per-
turb receptor function (Chervitz et al., 1995), and (4) the lack of
effect of attractant binding on disulfide formation rates across
the subunit interface (Hughson and Hazelbauer, 1996). Similar
caveats also apply to our analysis. The isolated domains that
we analyze here might have similar flexibility unrelated to func-
tion. Moreover, while our crosslinking is carried out on full-length
protein, our structural analysis is intrinsically coarse grained due
to the errors associated with Cys disulfide crosslinking, particu-
larly in flexible domains (Careaga et al., 1995). Nevertheless, di-
agonal displacements at the dimer interface are a common
feature of many recent symmetric and asymmetric models,
including interhelical torqueing (Diensthuber et al., 2013), helix
bending (Wang et al., 2013), DHp domain cracking (Dago et al.,
2012), or a combination of these motions (Casino et al., 2009).
More generally, helical bundle remodeling provides a mecha-
nism for interdomain communication of a receptor protein and
provides a signal transduction pathway from the outside of the
cell to the phospho-accepting response regulator.
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EXPERIMENTAL PROCEDURES

Plasmids
phoQ-Hise Cys mutant plasmids were created and then transformed into a
AphoQ AlacZ strain (TIM206) as described previously (Goldberg et al., 2010).

Cell Propagation

For crosslinking reactions in the TM and HAMP domains, cells were grown on
LB agar orin LB medium at 37°C. For periplasmic mutants, cells were grown in
MOPS minimal medium (Neidhardt et al., 1974) supplemented with 0.4%
glucose, MEM vitamins, and 0.2% casamino acids at 37°C. In both cases,
the plasmid was maintained with 100 ng/ml ampicillin.

Envelope Preparations

Freshly plated colonies were picked by sterile loop and used to inoculate 5 mi
LB + 100 pg/ml ampicillin. Cultures were grown at 37°C for 24 hr with vigorous
shaking (220 rpm) and pelleted by centrifugation at 3,700 x g for 10 min at 4°C.
Cells were washed by resuspension in 30 mM Tris, pH 8 and pelleted as above.
Next, cells were treated with 20% sucrose in 30 mM Tris, pH 8 for osmotic
shock and 10 mg/ml lysozyme to remove the cell wall. After 30 min incubation
at 4°C, the cell envelopes were resuspended in 3 ml of 3 mM EDTA, pH 8, and
sonicated briefly. TM and HAMP samples were spun at 16,000 x g for 30 min
at 4°C to pellet membranes. The membrane fraction was resuspended in
200 pl of 2 mM Tris, pH 7.5, and stored for use at —80°C. Periplasmic mutants
were collected with a 10 min ultracentrifuge spin (489,000 X g) and then resus-
pended in 150 pl of 8 M urea, and 20 mM N-ethylmaleimide (NEM). Samples
were stored at —80°C until run.

Crosslinking Reactions

The oxidative catalyst, Cu(ll)(1,10-phenanthroline);, a small, membrane-
permeable reagent was used to efficiently catalyzes disulfide bond formation
in the TM and HAMP domains (Lynch and Koshland, 1991). We combined a
10 pl sample of cell envelopes with 10 ul of buffer containing 2 mM or
0.2 mM CuPhen for a final concentration of either 1 mM or 0.1 mM. Reac-
tions proceed for 30 min at 25°C. Reactions were stopped with of 20 mM
NEM and 20 mM EDTA, and reactions were spun at 16,000 x g at 4°C to
concentrate membranes. For the periplasmic domain mutants, we used
the natural oxidizing environment of the periplasm to promote disulfide
bond formation.

Western Blotting and Analysis

Oxidized membranes were reconstituted in 20 ul of loading buffer (Invitrogen
LDS buffer, 8 M urea, 0.5 M NEM) and heated for 10 min at 70°C. Five mi-
croliters of sample was loaded onto either a 7% or 3%-8% gradient Tris Ac-
etate gel (NuPage, Invitrogen). Proteins were separated by electrophoresis
and dry-transferred to a nitrocellulose membrane (iBlot, Invitrogen). For
crosslinking reactions in the TM region, membranes were washed with
Tris-buffered saline with Tween (TBST) buffer (10 mM Tris, pH 7.5, 2.5 mM
EDTA, 50 mM NaCl, 0.1% Tween 20) and blocked with 3% BSA in TBST.
PhoQ was probed using a penta-His antibody (QIAGEN). The antibody
was probed with HRP-conjugated sheep antimouse IGg (Pierce). Proteins
were depicted by exposure to ECL reagent (Amersham, GE Health Sciences)
for 1 min and exposure to film for 30-60 s. For crosslinking reactions in the
periplasmic region, membranes where blocked with TBST and 1% BSA
(SNAP i.d., Millipore), then probed with penta-His HRP conjugate (QIAGEN).
Pixel density histograms were generated using the Imaged software, freely
available from the NIH (Abramoff et al., 2004), and crosslinking efficiency
was determined using the ratio of crosslinked dimer to total visible protein
(dimer/(dimer + monomer)).

Multistate Bayesian Modeling

The modeling and analysis were carried out with the open source Integrative
Modeling Platform package (IMP; http://www.integrativemodeling.org; Alber
etal., 2007; Russel et al., 2012). IMP can construct structural models of macro-
molecular protein complexes by satisfaction of spatial restraints from a variety
of experimental data. Model analysis is described in the Supplemental Exper-
imental Procedures.
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Representation of the System and Initial Model

We generated a Ca. model of the PhoQ dimer by assembling the models of
HAMP, TM, and periplasmic domain. A comparative model of the HAMP
domain dimer was created by using the dimeric HAMP-DHp fusion A291V
mutant (Protein Data Bank [PDB] ID: 3ZRW) as a template. A comparative
model of the TM monomer was built by using the two helices in the crystal
structure of Htrll (PDB ID: 1H2S), corresponding to residues 23-82 of chain
B, as a template. The model of the TM dimer was then obtained by applying
the crystallographic C, symmetry around the dimer axis, observed in 1H2S.
The dimer models of the three domains were positioned relative to each other
into an initial dimer model of the whole PhoQ using UCSF Chimera (Pettersen
et al., 2004), subject to the polypeptide chain connectivity between the three
domains in each monomer (Figure 1A). For the subsequent sampling, each
monomer was decomposed into six rigid bodies and five short intervening flex-
ible segments. Rigid bodies included the following segments: 13-41 (TM1),
45-184 (periplasmic rigid body), 194-205 (N terminus of TM2), 208-217 (C ter-
minus of TM2), 220-233 (N-terminal HAMP domain rigid body), and 245-265
(C-terminal HAMP domain rigid body). TM2 was divided into two rigid bodies
due to a potential kink at P208. The two chains of the PhoQ dimer were
sampled without enforcing any symmetry.

Bayesian Model of Cysteine Crosslink Data

The Bayesian approach (Habeck et al., 2006) estimates the probability of a
model, given information available about the system, including both prior
knowledge and newly acquired experimental data. When modeling multiple
structural states of a macromolecular system, the model M includes a set X
of N modeled structures {X}, their population fractions in the sample {w},
the calibration parameters {a,}, and the uncertainty in the data {c,}. Using
Bayes theorem, the posterior probability p(M|D,l) of model M, given data D
and prior knowledge /, is

P(MID,1)e<p (DM, 1)-p(M]l),

where the likelihood function p(D|M,/) is the probability of observing data D,
given M and /; and the prior p(M|l) is the probability of model M, given /. To
define the likelihood function, one needs a forward model f(X) that predicts
the data point that would have been observed for structure(s) X, and a noise
model that specifies the distribution of the deviation between the observed
and predicted data points. The Bayesian and likelihood scores are the negative
logarithm of p(D|M,/)-p(M|l) and p(D|M.,]), respectively. Detailed methods on
the forward model, likelihood function, and prior information are described in
the Supplemental Experimental Procedures.

Sampling

A Gibbs sampling scheme based on Metropolis Monte Carlo (Rieping et al.,
2005) enhanced by replica exchange was used to generate a sample of coor-
dinates {X}} as well as parameters «,, and w; from the posterior distribution of a
given number of structures (N). The moves for {X;} included random translation
and rotation of rigid parts (0.15 A and 0.03 radian maximum, respectively),
random translation of individual beads in the flexible segments (0.15 A
maximum), as well as normal perturbation of the parameters «,, and w;. To facil-
itate the sampling of the posterior probability, we eliminated its dependence
on the uncertainties ¢, by numerical marginalization (Sivia and Skilling, 2006).

Quantitative Structural Analysis

We gathered structures from TCSs with multiple structures of the same
domain, listed in Figure 5. For each domain, we define the bundle axis by first
selecting two pairs of equivalent residues, one from each chain, calculating the
Ca-Ca vector between those two residues for both chains, and then summing
these two vectors to create the axis vector. We define the bundle axis vector
for one structure (the first PDB ID in each row) to be the z-axis, arbitrarily
specify an x-axis orthogonal to the z-axis, and define the y-axis perpendicular
to x- and z-axes, using a right-handed coordinate system. We then align the
remaining domains to the first structure using CEAlign (Shindyalov and
Bourne, 1998) along the domain boundaries listed in Table S2.

We fit each helix to a straight ideal helix (2.3 A a-carbon radius, 3.6 residues/
turn, 1.5 A rise/residue) and extract six geometric parameters that define the
helix’s position and orientation by fitting a sequence of six motions (Figure S4)
using the Levenberg-Marquardt algorithm from the GNU scientific library (Gal-

assi and Gough, 2005; 10~ absolute tolerance, 10~* relative tolerance,
maximum 20 iterations). For each helix and for all six motions, we measured
the maximum variation (range) of the fitted parameter. We normalize all rota-
tions to distances by converting degrees to subtended arcs using a radius
equivalent to the distance of an ideal B-carbon at a helix endpoint from the
focal point of the rotation. This corresponds to an arc radius of 4 Afor rotations
around the helix axis and an arc radius of 1.5 A x (# of helix residues)/2 for tilt-
ing motions. The full set of calculated displacements is given in Table S3.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three tables and can be found with this article online at
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Supplementary Figure 1 (Related to Figure 2): Analysis of the fractional crosslinking of PhoQ residues.
(A) Fractional crosslinking of PhoQ residues 20-62 (black lines with circles) are fitted using a sine wave
over the regions that correspond to the domains of PhoQ (dashed lines) the colors are maintained from
Figure 2: dark blue is the well-packed domain, red are residues that line the cytoplasmic cavity and
green are the HAMP residues. These data demonstrate a right-handed helix (w=3.62) for TM1 that is in
phase with the previously reported data. (B) Representative western blots of PhoQ residues reported in
A. Each lane represents the data point directly above it in A. Arrows on the right of the figure indicate 1)
the crosslinked PhoQ dimer band 2) an E coli lysate band 3) PhoQ monomer band. (C) Fractional
crosslinking of PhoQ residues 192-226 are fitted using a sine wave over the regions that correspond to
the domains of PhoQ (dashed lines) the colors are maintained from Figure 2: dark blue is the well-
packed domain, red are residues that line the cytoplasmic cavity and light blue is the HAMP. These data
demonstrate TM2 is a left-handed helix (w=3.29) with a striking lack of continuity with the first HAMP
helix due to a disturbance in the phase of the helix which arises from residue P208. (D) Representative
western blots of PhoQ residues reported in (C). The numbering of the arrows on the right is identical to

(B).
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Supplementary Figure 2 (Related to Figure 3): Assessing the robustness of the two-state modeling
Bayesian approach by data jackknifing. (A-C) Data predicted by the model (grey bars) with highest
likelihood in the most populated cluster using the whole dataset of 85 cross-links (A) and randomly
discarding 10% of the data points (9 data points in panel B and 8 data points in panel C, represented by
black stars). Experimental data is represented by continuous line color-coded according to the PhoQ
domains defined in the caption of Fig. 3 in the main text. (D, E) Two-state structural model with highest
likelihood in the most populated cluster obtained by removing 10% of data points. The two states
correspond to State-1 (D) and State-2 (E) in Fig. 3 in the main text. The inferred population fractions of
State-1 and -2 are 25% and 75%, respectively.
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Supplementary Figure 3 (Related to Figure 4): Phenotypic changes in response to Cys mutations in
PhoQ. We assessed the activity of Cys mutants by the Miller assay (Miller, 1972). TIM206 (mgtA::lacZ
AphoQ) cells were transformed with a plasmid encoding PhoQ and a Cys mutation at a single position.
Mutation to Cys was tolerated at most positions. Positions known to have a critical function also have no
activity when mutated (e.g., 202). Many positions where the Bayesian model does not explain the data
(residues 195,208, 209, and 218) also do not respond to Mg?*.
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Supplementary Figure 4 (Related to Figure 5): The six degrees of motion in the order they are applied
to fit any given helix: : first rotation about Z axis; ¢1: rotation about Y axis; ¢2: rotation about X axis; r:
translation along X axis; z: translation along Z axis; 8: second rotation about Z axis.
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Supplementary Figure 5

(Related to Figure 8): Measured
differences between equivalent helices in
two component systems. Each chart
corresponds to a single set of domains
referenced by domain type (e.g. Sensor or
HAMP) and protein (e.g. AF1503 or DesK).
Each chart groups the differences by
direction, with four measured differences
per direction, one for each helix in a four-
helix bundle: H1A) Helix 1 - Chain A, H1B)
Helix 1 — Chain B, H2A) Helix 2 — Chain A,
H2B) Helix 2 — Chain B. All measurements
are calculated maximum displacements
along each degree of freedom for an ideal
B-carbon at a helix endpoint.



Supplemental Data (Tables)

Supplemental Table 1 (Related to Figure 3): Properties of the clusters with population greater than 3%

found with 1-state, 2-state and 3-state modeling: cluster population, average and best )(2 and likelihood
score (-log p(D|M,1)).

Center Best
Number of states Cluster id Cluster population 2 ! ) !
X X
1 0.16 0.85 | -33.70 | 0.75 | -46.64
2 0.06 094 | -30.47 | 0.79 | -39.69
1 3 0.05 091 | -35.26 | 0.80 | -43.99
4 0.04 0.78 | -43.38 | 0.66 | -57.33
5 0.03 0.79 | -39.72 | 0.71 | -50.21
1 0.12 0.65 | -59.60 | 0.54 | -67.78
2 0.10 0.84 | -2991 | 0.70 | -49.31
3 0.06 0.73 | -38.59 | 0.64 | -57.11
2 4 0.05 0.83 | -31.29 | 0.69 | -44.36
5 0.04 0.71 | -48.21 | 059 | -61.72
6 0.04 0.79 | -26.59 | 0.69 | -44.70
7 0.04 0.77 | -33.16 | 0.67 | -44.82
1 0.16 0.79 | -23.85 | 0.69 | -43.50
2 0.06 0.64 | -48.47 | 0.55 | -62.76
3 3 0.06 0.84 | -31.42 | 0.65 | -53.75
4 0.05 0.82 | -16.56 | 0.73 | -45.09
5 0.04 0.76 | -36.36 | 0.65 | -51.36

Supplemental Table 2 (Related to Figure 5). Parameters used for domain fitting.

Domain Aligning
Domain Protein Organism Boundary Helix Residues Residues
Sensor Tar S. typhimurium 42-174 42-57,155-174 50, 61
domain
Sensor TorS V. parahaemolyticus 283-318 52-67,300-317 297,308
domain
HAMP Af1503 A. fulgidus 279-328 280-297,310-328 284,295
DHp EnvZ S. flexneri 335-385 333-345,373-385 376, 383

DHp DesK B. subtilis 191-232 182-198, 224-238 187,198




Supplemental Table 3 (Related to Figure 5). Geometric parameters® describing positions of individual
helices relative to the bundle axis.

PDBID Chain  Helix O() 1) 200 r(A) z(A) 8()

2LIG A 1 (42-57) 123 2.58 -6.13 6.21 -8.80 53.5

B 1 (42-57) 127 -0.06 -7.39 6.39 -887 -129

A 2 (155-174) 144 298 -7.16 11.9 2.69 149

P B 2 (155-174) 141 3.55 -10.4 11.6 1.92 -29.2

o F o1 A 1(42-57) 125 080 -842 598 -868 55.3
= B 1 (42-57) 128 092 -796 630 -862 -127
g A 2 (155-174) 142 275 -11.4 11.6 1.63 149
e B 2 (155-174) 141 3.27 -10.7 11.5 1.68 -29.6
) 301H A 1(52-67) -983 -0.46 -6.65 6.53 -44.2 -105
§ B 1 (52-67) -98.3 -0.46 -6.65 6.53 -44.1 74.8
A 2 (300-317) 2.86 -3.21 264 880 485 128

‘g B 2 (300-317) 2.86 -3.21 2.64 8.80 48.5 -51.6

= 3011 A 1 (52-67) -96.8 -0.29 -8.48 7.23 -444 -99.3

B 1 (52-67) -104 -0.63 -5.96 570 -44.0 78.4

A 2 (300-317) -2.92 -6.25 0.29 8.99 48.5 127

B 2 (300-317) 6.02 -4.13 -0.52 9.01 48.3 -55.6

3ZRV A 1 (280-297) -22.2 -2.98 -8.37 6.80 -0.30 -122

B 1 (280-297) -29.2 -2.35 -8.71 7.32 -0.73 63.4

A 2(310-328) -166 -1.55 -9.74 7.77 3.05 -24.3

c B 2 (310-328) -158 3.15 -6.30 6.81 216  -202
'g w JZRW A 1(310-328) -197 -246 -7.85 712 -0.12 -121
8 E B 1 (310-328) -19.9 -2.69 -7.96 7.14 -0.29 58.6
% 2 A 2 (280-297) -164 1.03 -7.45 7.18 247 -22.0
< B 2 (280-297) -164 1.15 -7.56 7.14 230 -202
L 37ZRX A 1 (280-297) -26.4 -401 -7.91 7.38 -0.49 -122
B 1 (280-297) -29.6 -4.41 -9.74 7.43 -0.68 59.3

A 2 (310-328) -154 6.30 -5.27 6.04 231 -21.6

B 2(310-328) -159 7.79 -6.47 6.06 241 -201




3ZRV A 1(333-345) 413 218 103 750 -3.74 -55.1
B 1(333-345) 285 3.09 -837 757 -462 136

A 2 (373-385) 101 -5.73 -9.28 7.43 -1.32 635

B 2 (373-385) 86.3 0.00 -10.2 7.69 -2.06 -120

3zZRW A 1(333-345) 409 -0.63 097 828 -359 -46.7

N B 1(333-345) 401 -1.32 -006 830 -432 133

S A 2(373-385) 90.8 -1.26 -7.10 7.04 -1.26 64.3

B 2 (373-385) 91.0 -1.09 -579 7.06 -1.34 -116

3ZRX A 1(333-345) 61.6 -6.65 19.1 590 -3.81 -62.9

B 1(333-345) 417 -9.11 464 640 -452 126

A 2 (373-385) 98.0 -104 -2.64 834 -133 683

» B 2 (373-385) 954 -888 367 826 -155 -115
£ 3EEF A 1(182-198) 877 458 -350 7.49 -3.13 96.6
§ B 1(182-198) 879 -166 -573 635 -3.62 -82.8
g A 2(224-238)  -115 -0.52 -7.73 715 050 4.24
= B 2(224-238) -111 -498 -951 723 060 178
3EHH A 1 (182-198) 47.6 -023 -11.8 513 -359 105

B 1(182-198) 131 -3.32 -12.1 440 -2.77 -74.1

A 2(224-238)  -132 -9.40 -11.1 951 011 -0.52

§ B 2(224-238) -128 -10.7 -156 975 -0.13 176

O 3GIF A 1(182-198) 93.0 877 372 812 -3.03 872
B 1(182-198) 859 -859 -9.28 554 -400 -83.1

A 2(224-238)  -123 -166 -659 739 039 470

B 2(224-238) -120 -693 -9.17 7.70 040 179

361G A 1(182-198) 90.4 -28 126 698 -3.11 933

B 1(182-198) 89.4 -0.86 -3.04 7.08 -3.60 -82.3

A 2(224-238)  -113 -7.45 -133 784 006 -4.35

B 2(224-238) -116 -17.6 -188 846 074 166

® parameters were defined as described in Supplementary Figure 4




Supplemental Data (Methods)

Forward model. The forward model predicts the cross-linked fraction of cysteine pair n after a reaction
time t, for a mixture of N states {X;}:

N
Ful(Xwi) = ) wi (1= e~ p(w)

where a,, = k, t is the product of the unknown intrinsic reaction rate of cysteine pair n and the total
reaction time. p(1;,) is an efficiency term that depends on the distance 7;, between the cysteine Ca
atoms and it is computed by considering (i) the uncertainty in the position of the residue centroids along
the main chain due to the limited precision in determining the position of the residues, (ii) the cost of
having a disulfide bond geometry far from the ideal one, and (iii) the reduction of the reaction volume
due to the presence of proximal components and moieties.

Likelihood function. The likelihood function p(D|M, I') for dataset D = {d,,} of Ny, independently
measured cross-linked fractions is a product of likelihood functions for each data point. Because the
cross-linked fractions vary between 0 and 1, we modeled the noise with a normal distribution truncated
to this interval. The likelihood for data point d,, can thus be written as:

dn — fn({Xi:Wi})]2>

- [
p(dnl{Xu Wi}! Ay, o-n) =7 1eXp (— > >
O-TL

where the uncertainty o, shapes the likelihood function and Z is the normalization factor. To account
for varying levels of noise in the data, each data point has an individual o;,.

Furthermore, to encode template structure information for the HAMP dimer domain (residues 227-263),
a likelihood function with log-normal noise was defined based on the distances 7j; between all Ca atoms

that are below 8 A in the template (PDB code 2Y20):

2 .. .
(1| (X}, on) = HZ eXp< M)

207
where 1j; ; is the distance between atom j and k in the modeled structure X; and oy is the uncertainty.

Prior Information. The prior on a structure is defined as p({X;}) < exp (— X; V(X;)) where V is a sum of
spatial restraints: V' = Vexcl. vol. T VCa bonds T VCa angles + VCa dihedrals t VEZ + Vlayer-

The excluded volume restraint Veyvo, Was implemented as a pairwise hard-sphere repulsive potential,
where the volume of each Ca particle equals the volume of the corresponding amino acid residue
(Pontius et al., 1996). The bond, angle, and dihedral terms Vc,, bonds; Vo angles, aNd Ve dihedrals,
respectively, are statistical potentials that enforce the correct stereochemistry, as well as the correct
secondary structure propensity, of the flexible backbone [see below]. The Vg, potential (Senes et al.,
2007) was used to model the membrane environment. Furthermore, residues F17 of the two PhoQ



chains were confined inside a layer representing the inner leaflet of the membrane, by using a flat
bottom harmonic restraint acting on the z coordinate between -17 A and -13 A, Viayer-

Crosslinking data was collected in three separate experiments for the periplasmic, membrane, and
cytoplasmic domains. We used three a,, parameters to model experimental variation between these
three data subsets. The priors for a,, are bounded uniform distributions: the lower bound was
determined by the highest observed fraction in the subset and the upper bound by the highest
detectable fraction. The priors for g,, are unimodal distributions (Sivia and Skilling, 2006): p (g, |0,) =

209
Vro?
allows for outliers. The priors for w; were uniform distributions over the range from 0 to 1, with the

2
exp (— %), where g, is an unknown experimental uncertainty; the heavy tail of the distribution
n

constraint ).; w; = 1. Furthermore, a lower bound at 0.2 was enforced on each w; to avoid visiting
conformations already sampled at smaller N values. A Jeffrey’s prior p(oy) = 1/0y was used for the
uncertainty parameter of the likelihood used to incorporate template structure information.

Analysis. The set of sampled models {M;} were clustered (Daura et al., 1999) based on the value of the

forward model f,, (M), using the following data-based metric:

Nxp, 2
2 1 [fn(Ml) _fn(MZ)]
||M1 - M2|| = No» 2 2
XL ne1 O-n,l + o-n,Z

where g, ; is the inferred measurement error associated with data point n in model j, and Ny, is the
total number of crosslinks. A cutoff of 0.05 was used. In multi-state modeling, data-based clustering is
preferred to structure-based clustering (e.g., using Ca-RMSD as the distance metric) because it reflects
the degeneracy of models that would generate the same data and because it provides a natural way of
mixing X;, w;, and of that is not possible in structure-based clustering. Because the sample is drawn
from the posterior distribution, the cluster population is proportional to the average posterior
probability of its members. We focused our analysis on the clusters with a population greater than 3%.
The structural model precision of a given cluster was defined as the median of the RMSD distribution
calculated on all pairs of cluster members.



Stereochemistry scoring terms. The bond, angle, and dihedral terms Vcq bondss Vo angless aNd Veq dinedralss
respectively, are statistical potentials that enforce the correct stereochemistry, as well as the correct
secondary structure propensity, of the flexible backbone. The input information is the predicted
secondary structure (using DSSP secondary structure symbols (Kabsch and Sander, 1983)) for a given
protein segment. These terms were calculated by estimating the probability that residues in a given
secondary structure sequence adopt a given configuration, defined by distances, angles and torsion
angles. The probabilitys are derived from the MRS database of crystallographic structures with assigned
secondary structure (Hekkelman and Vriend, 2005). For each sequence-contiguous residue pair
(n,n+ 1), triplet (n,n+ 1,n+ 2) and quintuplet (n,n+ 1,n+ 2,n+ 3,n+ 4), the potentials are
calculated as:

k
2 it — ri( ))5sn,si(k) 6sn+1.s.(")

i+1
2 k 2 (S k 6 k
t Sn,Si( ) Sn+1,S.( )

i+1

Ve, —Bondas(Tn,; SnySne1) = —log

k)
18 — a8 (08w B e
22 8(an i) SpSM0s 1,889 s, ,,5%)

i+2

VCa—Angle(an; SnSn+1,Sne2) = —log Y X 6. w0 o 6 ®©
Kot U8, 81 Snen,SE)  SnsasS|

i+2
VCa—Dihedral (an Tn+1s Snr Sn+1’ Sn+2’ Sn+3' Sn+4-) =

k) ()
 8(tn = TN (Tpe1 = TENE (08, 0085 w08 w8
L 2i8(tn = 7 )8(Tnss — T131)8g 008 00 & w8 00 o

= —log
8 151 ) 0o 00 k
2L wb w8 w08 w

where 1, , &, and 7, are respectively the distance, the angle and the torsion angle between sequence-
contiguous residue pairs, triplets and quadruplets starting from residue n; n, i and k are respectively
indexes for the residue in the model, the residue in the database structure and the structure number in
the database; & is the Kronecker delta function; S,, € {H, E,C} is the secondary structure symbol for
residue n, where H, E, C correspond to helical, beta and random coil. The denominator in the left side of
each equation is the normalization term over the given secondary structure sequence.

The dihedral term corresponds to the joint probability of having the torsion angles t,, and 7,41 at given
values, given that the secondary structure sequence is Sy, Sn+1, Sn+2, Sn+3, Snta. This term enforces the
secondary structure geometry on the €, model more effectively that a term that depend on a single
torsion angle t,,.

Sequence-structure threading and model manipulation. To generate electrostatic maps, we threaded
PhoQ’s sidechains on to our 2-state models using Scwrl (Canutescu et al., 2003) and minimized the side-

chain using Rosetta fast-relax (Khatib et al., 2011). Structure visualization and manipulation was

performed using PyMol molecular viewer (Schrodinger).
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