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The chemotaxis machinery of Escherichia coli has served as a model for exploring the
molecular signaling mechanisms of transmembrane chemoreceptors known as methyl-
accepting chemotaxis proteins (MCPs). Yet, fundamental questions about signal trans-
mission through MCP molecules remain unanswered. Our work with the E. coli serine
chemoreceptor Tsr has developed in vivo reporters that distinguish kinase-OFF and
kinase-ON structures in the cytoplasmic methylation helix (MH) cap, which receives
stimulus signals from an adjoining, membrane-proximal histidine kinase, adenylyl
cyclases, MCPs, and phosphatases (HAMP) domain. The cytoplasmic helices of the Tsr
homodimer interact mainly through packing interactions of hydrophobic residues at a
and d heptad positions. We investigated the in vivo crosslinking properties of Tsr mole-
cules bearing cysteine replacements at functionally tolerant g heptad positions in the
N-terminal and C-terminal cap helices. Upon treatment of cells with bismaleimido-
ethane (BMOE), a bifunctional thiol-reagent, Tsr-G273C/Q504C readily formed a
doubly crosslinked product in the presence of serine but not in its absence. Moreover, a
serine stimulus combined with BMOE treatment during in vivo F€orster resonance
energy transfer–based kinase assays locked Tsr-G273C/Q504C in kinase-OFF output.
An OFF-shifting lesion in MH1 (D269P) promoted the formation of the doubly
crosslinked species in the absence of serine, whereas an ON-shifting lesion (G268P)
suppressed the formation of the doubly crosslinked species. Tsr-G273C/Q504C also
showed output-dependent crosslinking patterns in combination with ON-shifting and
OFF-shifting adaptational modifications. Our results are consistent with a helix
breathing-axial rotation-bundle repacking signaling mechanism and imply that in vivo
crosslinking tools could serve to probe helix-packing transitions and their output conse-
quences in other regions of the receptor molecule.
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Motile bacteria efficiently move toward favorable chemical environments and away
from inhospitable ones. Such behaviors play important roles in establishing beneficial
host symbioses and pathogenic infections, highlighting the value of a detailed mecha-
nistic understanding of bacterial chemotaxis machinery (1–4). The chemotaxis system
of Escherichia coli has been most extensively studied and serves as the paradigm molecu-
lar model (5–7). The principal chemoeffector sensors in E. coli are transmembrane
receptors known as methyl-accepting chemotaxis proteins (MCPs). MCP homodimers
form mixed trimers-of-dimers that recruit two cytoplasmic signaling partners, namely,
a signaling autokinase (CheA) and a scaffolding protein (CheW) that couples CheA
activity to receptor control. The minimal signaling unit or core complex is comprised
of two receptor trimers of dimers, one CheA homodimer and two CheW proteins (8).
Core complexes organize into extended hexagonal arrays that monitor the cell’s chemical
environment with high detection sensitivity and response cooperativity (9).
In the absence of an attractant signal, CheA autophosphorylates and donates its

phosphoryl groups to the CheY response regulator. Phospho-CheY interacts with the
base of the rotary flagellar motor to trigger random changes in swimming direction.
Binding of an attractant chemical to the external periplasmic domain of a chemorecep-
tor suppresses CheA activity at the receptor’s cytoplasmic tip (Fig. 1A), which promotes
forward, up-gradient swimming because directional changes subside rapidly due to
action of a dedicated phospho-CheY phosphatase (CheZ). Attractant stimuli also mod-
ulate slower covalent modifications of the chemoreceptors that serve as a memory of
the recently encountered chemical past. By comparing the ligand occupancy and modi-
fication states of its chemoreceptors, the cell is able to assess its direction of travel in a
chemical gradient and respond accordingly. The following two MCP-specific enzymes
control receptor modification state: CheR, a glutamyl methyltransferase, and CheB, a
glutamyl methylesterase and glutaminyl deamidase. CheR and CheB act at conserved
adaptation sites in the receptor cytoplasmic domain (Fig. 1). Attractant-stimulated

Significance

The conformational changes that
accompany signaling events in
transmembrane chemoreceptors
are difficult to follow with
structural methods that cannot
replicate the native cellular
environment. We developed
in vivo cysteine crosslinking
reporters of the Escherichia coli
serine chemoreceptor Tsr that
distinguished its signal-state
structures. Crosslinking treatment
of cells containing marked
receptors produced substantial
amounts of crosslinked forms in
the presence of serine but not in
its absence. Moreover, crosslink
formation during in vivo signaling
assays locked receptor output in
the serine-induced output state.
Output-shifting mutational
changes or adaptational
modifications also altered
crosslinking patterns of Tsr
reporters. These in vivo
crosslinking assays probably
detect transitions in helix-packing
arrangements of the receptor
molecule and may provide
generally applicable tools for
receptor signaling studies.

Author affiliations: aSchool of Biological Sciences,
University of Utah, Salt Lake City, UT 84112

Author contributions: C.E.F. and J.S.P. designed
research; C.E.F. performed research; C.E.F. and J.S.P.
analyzed data; and C.E.F. and J.S.P. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
parkinson@biology.utah.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2204161119/-/DCSupplemental.

Published July 5, 2022.

PNAS 2022 Vol. 119 No. 28 e2204161119 https://doi.org/10.1073/pnas.2204161119 1 of 11

RESEARCH ARTICLE | MICROBIOLOGY

https://orcid.org/0000-0001-9200-4575
https://orcid.org/0000-0001-8788-7844
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:parkinson@biology.utah.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204161119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204161119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2204161119&domain=pdf&date_stamp=2022-06-30


receptors in the kinase-OFF output state are good substrates for
CheR; ligand-free receptors in a kinase-ON output state are
good substrates for CheB. Thus, as the cell swims about in a
chemical gradient, sensed chemoeffectors modulate the relative
activities of the CheR and CheB adaptation enzymes to bring
about net changes in receptor modification state, ensuring per-
sistent travel in favorable directions as chemoeffector levels
fluctuate.

Although the E. coli chemotaxis system is well-studied, fun-
damental questions remain about the mechanism(s) of signal
propagation through chemoreceptor molecules. The MCP
superfamily is defined by a highly conserved cytoplasmic
domain that can operate with a wide array of periplasmic sens-
ing domains (10). The two high-abundance E. coli receptors,
namely, Tsr (serine sensor) and Tar (aspartate and maltose
sensor), have predominantly α-helical secondary structures
organized into a ligand binding domain; a four-helix trans-
membrane bundle; a parallel coiled-coil HAMP (histidine
kinase, adenylyl cyclases, MCPs, and phosphatases) domain;
and an extended antiparallel four-helix coiled-coil domain com-
prising a methylation helix (MH) bundle with adaptation sites,
a flexible bundle, and a membrane-distal protein interaction
hairpin tip (Fig. 1A). The HAMP-proximal cap (Fig. 1A) of
the MH bundle receives conformational input from HAMP
and relays it to the adaptation sites, flexible region, and hairpin
tip. Achieving a clear mechanistic understanding of how
HAMP transmits attractant-induced signals through the MH
cap and bundle is currently the focus of many research groups.

Prevailing models posit that adjacent signaling elements in
the MCP cytoplasmic domain couple in conformational oppo-
sition such that enhanced stability in one induces more
dynamic behavior of its adjoining neighbors. Dynamics-based
mechanisms of this sort could allow small input energies from
ligand binding to propagate over the ∼200-Å distance to the
CheA-controlling hairpin tip (5, 6, 11–13). Experiments that
have been used to investigate structural and dynamic changes
in the chemoreceptor signaling domain include hydrogen-
deuterium exchange mass spectrometry (14–16), solid-state
NMR (17, 18), and tagging receptor molecules with electron
paramagnetic resonance (EPR) reporters (19–21) or reporters
for measuring F€orster resonance energy transfer (FRET) inter-
actions (22). Those studies were exclusively done in vitro using
full-length Tar or soluble Tar chimeras or fragments. Although
that work has documented dynamics changes in different heli-
ces or segments of the receptor cytoplasmic domain, the mecha-
nistic basis for those changes is not yet apparent. What is
needed is a way to detect, ideally in vivo, stimulus-dependent
changes in helix-packing arrangements that might influence
receptor conformational dynamics. This report describes a
promising approach toward that goal.

Our study employed in vivo crosslinking of engineered cyste-
ine residues at the HAMP-MH bundle junction in full-length
Tsr, the E. coli serine chemoreceptor. The N-terminal (MH1)
and C-terminal (MH2) helices of the Tsr bundle cap probably
form a dynamic four-helix bundle through hydrophobic packing
interactions of heptad a and d residues (Fig. 1B). A Tsr structural
model (23) indicated that cysteines at heptad g positions in the
MH1 and MH2 cap helices should be close enough to crosslink,
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Fig. 1. Structural features of the Tsr MH cap. (A) Topology and signaling
elements of a Tsr homodimer. Subunits are depicted in light and dark blue;
cylinders represent α-helices. Circles ([1] to [5]) indicate substrate residues
(glutaminyl, gray; glutamyl, white) for the adaptation enzymes CheB and
CheR. (B) Helical wheel diagrams of a possible packing arrangement for the
antiparallel, four-helix coiled-coil MH cap bundle. Heptad positions a to g
denote the residues in two helical turns, as follows: a and d are typically
hydrophobic packing residues; positions e and g are residues at the bundle
edges; and positions b, c, and f are fully solvent-exposed residues. The
close proximity of residues at heptad g positions on MH1 and MH2' (or
MH2 and MH1') suggested promising targets for cysteine-directed cross-
linking studies. (C) Structural model of the Tsr MH cap (23). Single white
(MH1) and black (MH2) spheres show the α-carbon of some g position side-
chains; residues G273, Q504, and A511 are shown as cysteines with sulfhy-
dryl groups colored yellow. (D) Sequence conservation Weblogo (59) of the
MH cap region in 2,428 nonredundant members of the 36H class of MCP
chemoreceptors (10, 49, 60). Tsr residue numbers and amino acids are
listed just below (MH1) or above (MH2) their sequence logo. Residue

heptads are shown with packing positions a and d shaded as in B. Other
relevant features include an alanine tract, flanked by modification sites [4]
and [5]; a four-residue phase stutter at the junction between the HAMP
AS2 helix and the MH1 helix; and the positions and residue changes of Tsr
MH cap mutants used in this study.
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either through disulfide bonds or with a longer bifunctional thiol
reagent (Fig. 1C). In addition, the cap g-position residues are not
as highly conserved as the hydrophobic a and d residues, suggest-
ing that they might tolerate cysteine replacements with little effect
on Tsr signaling performance (Fig. 1D). Accordingly, we sur-
veyed cysteine reporters at g-heptad positions for significant stim-
ulus- or output-dependent changes in crosslinking behavior. Our
results indicate that transitions between kinase-ON and kinase-
OFF output states in the Tsr MH cap entail changes in helix-
packing arrangements that could in turn reflect the dynamic
structural properties seen in previous in vitro receptor studies.

Results

Crosslinking at g Heptad Residues in the MH Bundle Cap. The
MH1 and MH2 helices of the MH cap engage in antiparallel
coiled-coil packing interactions through hydrophobic residues at
a and d heptad positions (Fig. 1B). Residues at e- and g-positions
border the helix-packing residues (Fig. 1B) but are less highly
conserved (Fig. 1D). Thus, cysteine replacements at those edge
positions might not disrupt hydrophobic packing of the MH cap
bundle and could report on changes in helix-packing arrange-
ments. In this study, we exploited g-position MH cap residues
because crosslinking between cysteines at g sites in the MH1 and
MH2 helices should produce easily detected dimeric crosslinking
products (Fig. 1B).
We created Tsr single-cysteine replacements at g sites in

MH1 (G273C, G280C, G287C) and MH2 (L490C, A497C,
Q504C, A511C) (Fig. 1D) in compatible expression plasmids
pRR53 and pPA114 (24). We then constructed five MH1/
MH2 double reporters chosen for the probable proximity of
their sites in adjacent packing layers of the MH cap bundle.
For example, G273C (MH1) was combined with A511C or
Q504C (MH2) (Fig. 1 C and D). Two additional double cyste-
ine reporters were constructed at nonadjacent sites for control
purposes (G273C/A497C and G273C/L490C). All single- and
double-mutant receptors exhibited steady-state intracellular
amounts within twofold of wild-type Tsr (SI Appendix, Table S1).
Moreover, all single cysteine mutant receptors, one of the adjacent
double reporters (G273C/Q504C), and both of the nonadjacent
double reporters exhibited fully wild-type chemotaxis performance
in soft agar assays (SI Appendix, Fig. S1A).
Plasmids carrying single- or double-reporter constructs were

expressed in host strain UU2610 (SI Appendix, Table S2),
which lacks all chromosomally encoded MCPs and the CheR
and CheB adaptation enzymes, thus ensuring a homogeneous
modification state for the plasmid-encoded receptor molecules.
The cells were treated with bismaleimidoethane (BMOE), a
bifunctional thiol-reactive crosslinking reagent that readily per-
meates E. coli. Cell lysates were evaluated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and
anti-Tsr immunoblotting. Receptors with adjacent Cys reporter
pairs exhibited two prominent dimer-sized bands that were not
present in any of the single-cysteine samples, which showed
only minor amounts of discrete dimer-sized products (SI
Appendix, Fig. S1B). We designate these crosslinked species by
the helices involved. MH1-Cys reporters can only form 1-1'
products; MH2-Cys reporters can only form 2-2' products.
The bands unique to the double-Cys receptors should be subu-
nits joined by one or two heterologous crosslinks (see Fig. 1 B
and C). Coexpression of two single-cysteine receptors in cells
(G273C+Q504C or G273C+A497C) produced, in addition
to 1-1' and 2-2' products, the upper of those prominent bands,
which must be the 1-2' species (SI Appendix, Fig. S2 A and C).

The lower prominent band in double-Cys reporter samples
is, therefore, the doubly linked species 1-2'/1'-2. Formation of
that crosslinking product depends on the spatial proximity of
the cysteine sites because the nonadjacent G273C/A497C and
G273C/L490C reporter pairs produced minimal amounts of
1-2' crosslinking product and none of the doubly linked form
(SI Appendix, Figs. S1C and S2 A–C). Taken together, these
initial findings suggested that the MH cap retains a substantial
coiled-coil structure in native receptor signaling complexes. To
pursue this lead, we focused on the G273C/Q504C adjacent
reporter pair, which produced robust crosslinking signals and
supported wild-type chemotaxis performance. For convenience,
we designate this double reporter receptor as Tsrgg.

BMOE-Induced Tsrgg Crosslinks Are Not Disulfide Bonds.
BMOE has an 8 Å spacer length, whereas disulfide bond
lengths are 2 to 3 Å. We found that Cu++-phenanthroline,
which promotes cellular disulfide bond formation, also cross-
linked Tsrgg molecules (SI Appendix, Fig. S2C), indicating that
the reporter cysteines in Tsrgg dimers can achieve the close
proximity required for disulfide bond formation. All of the
Cu++-phenanthroline-induced Tsrgg crosslinking products
reverted to monomer size upon reduction with 175 mM dithio-
threitol (DTT), confirming that they were linked exclusively by
S-S bonds (SI Appendix, Fig. S2D). In contrast, BMOE cross-
linking products of both Tsrgg and the nonadjacent G273C/
A497C cysteine pair were unaffected by DTT treatment (SI
Appendix, Fig. S2B). We conclude that BMOE links Tsrgg sub-
units directly rather than through disulfide bond formation.

Tsrgg Crosslinking Is Attractant Dependent. In initial tests,
cells treated with serine, the principal attractant chemoeffector
for Tsr, produced greater amounts of Tsrgg crosslinking prod-
ucts than untreated cells (SI Appendix, Fig. S1C). Tsrgg cross-
linking time courses revealed substantial rate differences in the
presence and absence of a serine stimulus. Without serine,
the 1-2' and 1-2'/1'-2 products slowly increased over 120 s,
but the majority of Tsrgg subunits remained as monomers
(Fig. 2A). In the presence of serine, the monomer fraction
dwindled rapidly, with early accumulation of the 1-2' product.
At later times, the 1-2'/1'-2 product predominated (Fig. 2A).
A stacked bar graph shows the relative amounts of each species
over the time course (Fig. 2B). With serine, nearly all (>96%)
of the Tsrgg subunits were in a crosslinked form by 2 min. This
extent of crosslinking was not observed in either of the single
cysteine receptors (G273C or Q504C) even after 10 min (SI
Appendix, Fig. S3 A–D). In a longer Tsrgg time course, the
1-2'/1'-2 species reached its maximal amount (∼20%) by
1.5 min in the absence of serine (SI Appendix, Fig. S3 E and
F). In the presence of serine, Tsrgg showed faster crosslinking
kinetics and by 1.5 min had reached a higher maximal amount
(∼60%) of the 1-2'/1'-2 species (SI Appendix, Fig. S3 E and F).

To confirm that the serine effects on Tsrgg crosslinking were
due to its chemoeffector action, we introduced a serine
binding-site lesion into the periplasmic domain of the Tsrgg

receptor. The R69E replacement in the binding pocket sub-
stantially reduces the affinity of Tsr for serine (SI Appendix,
Fig. S4A) (25, 26). Crosslinking dose responses showed almost
complete crosslinking of Tsrgg at 1 mM serine, whereas its
R69E derivative required 10 mM serine for complete crosslink-
ing (SI Appendix, Fig. S4B), roughly a 10-fold reduction in ser-
ine sensitivity. This result demonstrates that the crosslinking
changes observed in the presence of serine are due to its bind-
ing interaction with the periplasmic ligand binding domain of
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Tsrgg and, therefore, that an attractant stimulus triggers confor-
mational changes in the MH cap region that are detectable
with Tsrgg crosslinking assays.

Ligand-Dependent Tsrgg Crosslinking Occurs within a Dimer;
Core Signaling Complexes Are Unnecessary. Chemoreceptors
alone can assemble trimers of dimers (27, 28) but require their
CheA and CheW partners to form core signaling units (8). In
vitro studies have shown that receptor molecules are more
mobile in the absence of bound CheA/CheW (14, 29). By
contrast, the formation of core signaling units enhances the
propagation of conformational changes between the sensory
adaptation sites and the periplasmic sensing domain of Tsr (30)
and Tar (31) receptors. To test whether core unit assembly
influenced Tsrgg crosslinking patterns, we compared BMOE
crosslinking products from strains UU2610 (cheA+W+) and
UU2806 (ΔcheAW). The crosslinking patterns were quite simi-
lar; both strains exhibited serine-enhanced formation of the
1-2'/1'-2 species in comparable amounts (SI Appendix, Fig.
S5A). This result implies that the serine-induced conforma-
tional changes that influence crosslinking can propagate
through Tsrgg molecules that are not organized into core signal-
ing units. It seems unlikely that trimer-of-dimers organization
is necessary for the serine crosslinking effect because attractant
stimuli clearly influence the CheR/CheB substrate properties of
isolated receptor dimers in nanodiscs (32).
The absence of core units could conceivably create opportu-

nities for crosslinking between Tsrgg subunits in different
dimers. We explored this possibility with a D36C reporter site
that resides at the membrane-proximal dimer interface in the
receptor periplasmic domain. This Tsr reporter (and its Tar
counterpart) forms a disulfide crosslink between the two subu-
nits within a dimer and has been used to stabilize receptor
homodimers for structural studies and to test for higher-order

crosslinking products (29, 33–35). Although Tsr-D36C alone
supported chemotaxis, it did not in combination with single-
or double-cysteine MH cap reporters (SI Appendix, Fig. S5B).
Nevertheless, the D36C/MH cap reporters did not produce
crosslinking products larger than dimers in either the ΔcheAW
(SI Appendix, Fig. S5C) or cheA+W+ strain (SI Appendix, Fig.
S5D). Most crosslinking bands were little changed by DTT
treatment with the exception of some preexisting disulfide-
bonded products in the D36C constructs (SI Appendix, Fig. S5
C and D). We conclude that in both the presence and absence
of core units, Tsrgg crosslinking occurs within the receptor
dimer. The nonadjacent reporter pair G273C/A476C showed
similar behavior (SI Appendix, Fig. S5D).

ON- and OFF-Shifting Lesions Have Opposing Effects on Tsrgg

Crosslinking Patterns. Because serine stimuli shift Tsr output
toward the kinase-OFF state (30, 36), serine-induced accumu-
lation of the 1-2'/1'-2 Tsrgg crosslinking product presumably
reflects the OFF-state structure of the MH cap. If so, then
OFF-shifting mutational changes should also promote Tsrgg

crosslinks. Conversely, ON-shifting structural changes should
disfavor Tsrgg crosslinks. We tested this prediction with MH1
proline replacements that lock wild-type Tsr into a kinase-ON
(G268P) or kinase-OFF (D269P) output state. We docu-
mented the output behaviors of these mutant receptors in two
ways, as follows: by examining their substrate properties for the
CheR and CheB adaptation enzymes and by measuring the
in vivo kinase activities of their signaling complexes.

Receptors in the kinase-OFF state are typically good sub-
strates for CheR and poor substrates for CheB, whereas kinase-
ON receptors are good substrates for CheB and poor substrates
for CheR (6, 37, 38). The G268P receptor was modified well
in CheB-containing cells and poorly by CheR-containing cells,
consistent with an ON-shifted output (Fig. 3A). By contrast,
the D269P receptor was modified well in CheR+ hosts but
poorly in CheB+ hosts, indicating OFF-shifted behavior (Fig.
3A). In vivo FRET kinase assays confirmed these output assign-
ments (Fig. 3B). This assay follows the CheA-dependent pro-
duction of phospho-CheY through a FRET interaction between
YFP-tagged CheY and CFP-tagged CheZ, its phosphatase part-
ner (36, 39). The YFP/CFP signal reflects CheA activity
because autophosphorylation of CheA is the rate-limiting step
in the phosphorylation of CheY. In this assay, Tsr-G268P
showed no FRET change in response to a 10 mM serine stimu-
lus, but KCN treatment, which can stop CheA autophosphory-
lation by depleting the cellular ATP pool, produced a drop in
the YFP/CFP signal, which is indicative of locked-ON kinase
activity (Fig. 3B) (40). Tsr-D269P also failed to respond to
10 mM serine, but it was also unable to respond to KCN, con-
sistent with a locked-OFF output (Fig. 3B). The inability of
G268P and D269P derivatives of wild-type Tsr to respond to
serine in FRET kinase assays is mirrored in their nonchemotac-
tic behaviors in soft agar plates (SI Appendix, Fig. S6 A and B).

G268P and D269P derivatives of Tsrgg exhibited different cross-
linking time course behaviors (SI Appendix, Fig. S6 C and D).
Even at the shortest time point, Tsrgg-D269P showed substantial
crosslinking in the absence of serine, although serine fur-
ther increased the amount of crosslinked products (SI Appendix,
Fig. S6D). Overall, Tsrgg-G268P exhibited slower crosslinking
rates, particularly in the absence of serine (SI Appendix, Fig. S6C).
These findings strengthen the idea that the 1-2'/1'-2 crosslinking
product reflects the kinase-OFF structure of the MH cap, regard-
less of whether the OFF state is induced by an attractant stimulus
or a structure-perturbing lesion.
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Fig. 2. Tsrgg (G273C/Q504C) crosslinking in the presence and absence of the
attractant serine. (A) Crosslinking time course. Plasmid-encoded Tsrgg proteins
were expressed in host strain UU2610 (ΔcheRB), and cells were treated with
BMOE for the indicated times either in the presence or absence of serine.
Whole-cell lysates were analyzed by SDS-PAGE, and Tsr bands were identified
by immunoblotting. Single-cysteine controls in the left lanes define positions
for the 1-1' and 2-2' crosslinked species; the G273C+Q504C coexpression
sample defines the 1-2' crosslinked species. The doubly crosslinked 1-2'/1'-2
species is present only in the Tsrgg (G273C/Q504C) double-cysteine reporter
samples. SER, serine. (B) Quantification of the crosslinking time courses.
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We chose a 1.5-min reaction time (see SI Appendix, Fig. S6
C and D) for additional experimental replicates to quantify
these crosslinking behaviors, following production of the 1-2'/
1'-2 species (Fig. 3 C and D). Both with and without serine,
Tsrgg- D269P crosslinked to the same high extent as did Tsrgg

in the presence of serine, consistent with D269P creating a
kinase-OFF structural condition. Tsrgg and Tsrgg-G268P cross-
linked to a similar low extent in the absence of serine, consis-
tent with G268P creating a kinase-ON output state. A serine
stimulus enhanced crosslinking of Tsrgg-G268P (Fig. 3D), indi-
cating that its ON-shifted MH cap can still undergo attractant-
induced structural changes.

Adaptational Modification State Also Influences Tsrgg Crosslinking
Behavior. The high-abundance E. coli chemoreceptors Tsr and
Tar have four methylation sites in common; Tsr has a fifth site
(E502) not used in Tar (41, 42). Wild-type Tsr subunits have a
[QEQEE] residue pattern at their five sites, with the Q sites
mimicking the signaling properties of methylated E sites. Tsr
[EEEEE] has strongly OFF-shifted signaling behavior, whereas
Tsr [QQQQE] has strongly ON-shifted signaling behavior (SI
Appendix, Table S3). We examined crosslinking patterns of
these Tsrgg derivatives in UU2610, which lacks both CheR and
CheB and so cannot alter the modification patterns. In a host
with the adaptation enzymes, both Tsrgg derivatives supported
wild-type chemotaxis performance (SI Appendix, Fig. S7 A
and B). In BMOE crosslinking time courses, Tsrgg [EEEEE],

the OFF-shifted receptor, crosslinked more extensively than its
ON-shifted [QQQQE] counterpart in the absence of serine (SI
Appendix, Fig. S7 C and D). Both receptors showed extensive
crosslinking in the presence of serine, but Tsrgg [EEEEE] had a
faster rate (SI Appendix, Fig. S7 C and D), behavior that is
again consistent with its OFF-shifted output state.

We chose a 1.5-min reaction time (SI Appendix, Fig. S7 C
and D) for additional experimental replicates to quantify these
crosslinking behaviors (Fig. 4A). In the absence of serine, the three
modification states of Tsrgg showed significantly different amounts
of the 1-2'/1'-2 crosslinking product (Fig. 4B). The OFF-shifted
[EEEEE] derivative had the highest amount, and the ON-shifted
[QQQQE] derivative had the lowest amount. These results dem-
onstrate that in the absence of serine, the Tsrgg reporter detected
structural differences between the three modification states that
paralleled their signal output properties. Moreover, all three recep-
tor forms showed extremely significant crosslinking increases in
the presence of serine (Fig. 4B). Although Tsrgg [QQQQE] exhib-
ited locked-ON output in FRET kinase assays (SI Appendix,
Table S3), it did show a robust crosslinking response to serine,
indicating that serine-induced conformational changes at the MH
cap are more sensitive than are the serine kinase control responses
in Tsr core signaling complexes.

Signaling Properties of Tsrgg Receptors with and without
BMOE-Induced Crosslinks. We examined all single- and
double-cysteine receptors, the G268P and D269P, and the
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[EEEEE] and [QQQQE] derivatives of Tsrgg with FRET kinase
assays to compare their signaling properties to those of wild-type
Tsr (SI Appendix, Table S3). The host strain for the FRET
experiments was UU2567, a close relative of the Δmcp ΔcheRB
UU2610 strain used in the crosslinking experiments. As in the
crosslinking experiments, UU2567 lacks the CheR and CheB
enzymes, thereby ensuring a homogeneous population of receptor
molecules. Most single-cysteine receptors had ON-shifted behav-
iors, but the G273C and Q504C serine response thresholds were
only about fourfold and eightfold higher than the wild type. Tsrgg

with both of those cysteine sites had a serine response threshold
∼20-fold above that of the wild type but nevertheless mediated
wild-type chemotaxis in an adaptation-competent host (SI
Appendix, Fig. S1 B and C). ON- and OFF-shifting alterations
had additive effects on the detection sensitivity of Tsrgg. For
example, the OFF-shifting [EEEEE] modification reduced the
serine response threshold of Tsrgg more than 25-fold; the more
strongly OFF-shifting D269P lesion lowered the Tsrgg response
threshold about 200-fold (D269P). The moderately ON-biased
[QQQQE] modification shifted Tsrgg to locked-ON kinase out-
put (SI Appendix, Table S3).
The 1-2'/1'-2 crosslinked species of Tsrgg appears to repre-

sent a kinase-OFF output conformation of the MH cap because

it accumulated in the presence of serine and in combination
with the locked-OFF D269P and [EEEEE] variants. As a criti-
cal test of this idea, we assessed the signaling properties of Tsrgg

reporters with FRET kinase experiments before and after sub-
jecting the same cells to BMOE-induced crosslinking. We first
asked whether BMOE treatment would perturb the serine dose
response behavior of wild-type Tsr, which has no native cys-
teines. The K1/2 for wild-type Tsr, or serine concentration that
reduces activity to 50%, was evaluated in host strain UU2567
and found to be 18 μM (SI Appendix, Fig. S8A). A subseq-
uent 100 s BMOE pulse caused a modest decrease in YFP/
CFP ratio, but the cells remained responsive to serine with
unchanged sensitivity (K1/2 = 18 μM). A second BMOE pulse
in combination with a saturating serine stimulus had essentially
no effect on the kinase activity or serine responsiveness of the
cells (K1/2 = 16 μM) (SI Appendix, Fig. S8A). The partial
decline in kinase activity following the initial BMOE pulse
could be due to modification of some other component of the
signaling system. Although CheW, CheY, and CheZ contain
no native cysteines, CheA contains three (C120, C215, C410),
which are not critical to its signaling functions (43, 44). In
UU3045, a host encoding a cysteine-free CheA (C120S/
C225S/C410S), wild-type Tsr showed signaling behaviors com-
parable to those in the wild-type CheA host (SI Appendix, Fig.
S8B). After the first BMOE pulse, there was still some drop in
FRET signal, which might be caused by BMOE modification
of the YFP and/or CFP FRET reporters, both of which contain
two cysteine residues. We conclude from these wild-type Tsr
tests that BMOE exposure did not substantially impair the
function of wild-type CheA, so we used a native CheA host for
subsequent FRET experiments with Tsrgg receptors.

Unlike wild-type Tsr, Tsrgg showed substantial signaling
changes upon BMOE exposure (Fig. 5A). An initial 100 s
BMOE pulse improved the serine sensitivity of Tsrgg from a K1/2
of 410 μM to 150 μM, consistent with a shift toward the
kinase-OFF state. Recall that in the absence of serine, BMOE
treatment crosslinked only ∼20% of Tsrgg in the 1-2'/1'-2 form
(Fig. 2 and SI Appendix, Fig. S3 E and F). A saturating serine
stimulus in combination with BMOE treatment, conditions
that crosslinked ∼60% of Tsrgg in the 1-2'/1'-2 form (Fig. 2
and SI Appendix, Fig. S3 E and F), locked Tsrgg output in the
kinase-OFF state (Fig. 5A). In combination with the strongly
ON-shifting G268P lesion, Tsrgg failed to respond to serine
and maintained high kinase activity, detectable by KCN treat-
ment, both before and after BMOE pulses (Fig. 5B). Although
the ON-shifting properties of Tsrgg rendered the OFF-shifting
D269P lesion serine responsive, BMOE treatment alone locked
it in the kinase-OFF state (Fig. 5B). In summary, these results
strongly support our contention that the BMOE-crosslinked
form of Tsrgg represents the kinase-OFF structural state of the
MH cap.

This conclusion holds, as well, for three other adjacent g-g
cysteine pairs in the MH cap. The G273C/A511C, G280C/
Q504C, and G287C/A497C Tsr reporters all showed BMOE-
induced shifts toward the kinase-OFF output state (Fig. 6).
Tsr-G280C/A497C, which could not support chemotaxis in
soft agar assays (SI Appendix, Fig. S1A), exhibited locked-ON
output behavior both before and after BMOE exposure. This
combination of cysteine replacements evidently prevents the
Tsr MH cap from reaching the kinase-OFF conformation. This
receptor also produced fewer 1-2'/1'-2 products than did the
other adjacent reporter pairs (SI Appendix, Fig. S1B). In combi-
nation with Q504C, G280C locked output in a nonrespon-
sive ON state, but Tsr-G280C/Q504C did become partially
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responsive to serine after BMOE exposure (Fig. 6 and SI
Appendix, Fig. S8C). Together, these findings indicate that Tsr
output shifts toward the kinase-OFF state upon BMOE cross-
linking of cysteines at adjacent MH1-MH2' g sites in the MH
cap (see Fig. 1B). Thus, the ability to serve as an output state
reporter is not unique to the Tsrgg receptor but rather a general
feature of adjacent g-g cysteine pairs in the MH cap region.

Discussion

This study describes in vivo crosslinking readouts for signaling-
related structural changes in the cytoplasmic domain of the
E. coli serine chemoreceptor Tsr. The crosslinking reporter sites
themselves had only modest effects on Tsr signaling properties,
enabling us to evaluate receptor output states before and after
crosslink formation. Below, we discuss these results in the con-
text of a working model for Tsr signal transmission and suggest
that similar crosslinking approaches could serve to follow signal
transmission in other regions of the chemoreceptor molecule
and perhaps in other signaling proteins, as well.

A Model for Signal Propagation between the Tsr HAMP and
MH Cap Four-Helix Bundles. Although there are no high-
resolution, experimentally determined structures available for
the Tsr HAMP domain, its primary structure (13), as well as
mutational and functional studies (25, 40, 45), suggests close
similarity to the principal structural features of the Af1503
HAMP domain. That HAMP domain comprises a parallel,
four-helix bundle capable of two distinct packing modes, a
canonical knobs-into-holes a-d arrangement and a less conven-
tional complementary x-da arrangement (Fig. 7). In both the
Af1503 and Tsr HAMP domains, the a-d mode corresponds to
an OFF-output conformation; the x-da mode represents an

ON-output state (40, 46). Transitions between these two alter-
native structures likely proceed through unstable intermediate
conformations. Single amino acid replacements at key packing
residues probably perturb HAMP signal output by stabilizing
such intermediates (46).

Experimental (47, 48) and computational (23) studies of Tsr
and other MCPs indicate that their antiparallel four-helix
methylation bundles also adopt a-d and x-da packing arrange-
ments (Fig. 7). In Tsr (and other HAMP-containing MCPs
and sensory kinases), the HAMP AS2 output helices connect to
the MH1 helices through a four-residue “phase stutter” (13).
The stutter imposes conflicting packing registers on the AS2
and MH1 helices, as follows: strong a-d packing in HAMP
probably shifts the MH cap to an x-da packing arrangement,
whereas x-da HAMP packing probably favors an a-d packing
arrangement of the cap.

These structural considerations imply that the MH cap tran-
sitions from the kinase-ON to the kinase-OFF state through an
AS2-imposed torque on MH1, in a clockwise direction if
viewed inward from the membrane (Fig. 7). The resultant
MH1 rotation should shift d packing residues toward the
hydrophobic core of the bundle and g residues into a flanking
(x-da) position, as seen in the crystal structure of a chimeric
protein containing Af1503-HAMP joined to the MH cap
through the hairpin tip portion of Tsr (48). For simplicity, we
propose that the kinase-ON and kinase-OFF MH cap output
states correspond to discrete coiled-coil packing conformations
(a-d and x-da, respectively). However, transitions between these
conformations probably occur through a range of intermediate
states analogous to those seen in mutant Af1503 HAMP con-
structs (46). Much of the experimental in vitro work on MH
cap structure, primarily in the closely related Tar (aspartate)
receptor, indicates that the MH1 helices have dynamic behav-
iors that reflect fluctuations in helicity and helix-packing
strength. These bundle breathing motions are generally less
pronounced in the MH2 helices (15–18, 20–22). Moreover,
the OFF state cap may enhance MH2 structural interactions
(17), whereas MH1 structural interactions become less favor-
able (17, 18). Accordingly, we envision several possible MH
cap transition states with the predominant one featuring MH2/
MH2' coiled-coils (Fig. 7) (49).
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Evidence for Different MH Cap Helix-Packing Modes in Different
Output States. Our crosslinking studies indicated that the MH
cap OFF-output state, elicited by an attractant stimulus or by
an OFF-shifting structural change (D269P) or adaptational
modification [EEEEE], brought g-position cysteine reporters in
the MH1 and MH2 helices into close proximity. Conversely,
an MH cap in the ON state, either in the absence of an attrac-
tant stimulus or elicited by an ON-shifting structural change
(G268P) or adaptational modification [QQQQE], reduced
g-position crosslinking threefold or more. These results are con-
sistent with clockwise rotation of MH1 cap g-position residues
into the bundle-packing interface in the OFF-output state
(Fig. 7). To reach the stable OFF conformation, the bundle
would need to breathe, thereby enabling the MH2 helices to
shift in a counterclockwise direction to form the proposed x-da
packing arrangement (Fig. 7). The crosslinking behaviors of
single-cysteine replacements in the MH cap probably reflect
dynamic helix motions; we observed both MH1-MH1' and
MH2-MH2' crosslinked species (SI Appendix, Fig. S1B), con-
sistent with bundle breathing movements that occasionally
allow close, unhindered interactions between cognate helices.
The primary structures of Tsr and related receptors offer

additional, albeit circumstantial, evidence for this helix
breathing-axial rotation-bundle repacking signaling mechanism.
In Tsr, for example, the g-position cap residues have small side-
chains, either glycine (at 3/3 MH1 positions) or alanine (at 2/3
MH2 positions) (Figs. 1D and 7). By contrast, the HAMP-
proximal e-position cap residues have large sidechains, as fol-
lows: arginine and tyrosine at the first two MH1 positions and
arginine at the first MH2 position (Figs. 1D and 7). These
sidechain differences would be expected to favor closer apposi-
tion of the g positions than the e positions, conceivably poising

the MH cap for attractant-induced transition to the OFF-
output state. According to this scenario, crosslinks between cys-
teine replacements at e positions should shift receptor output
toward the kinase-ON state; we are currently testing that
prediction.

Crosslinking Effects of Conformational Input from the Adaptation
Sites. In addition to helix-torquing inputs from HAMP, the
MH cap receives conformational influence from the adjoining
methylation-site helices, which may also transition between a-d
and x-da packing modes (48). Given that there are no phase
stutters or other register shifts between the MH cap and adap-
tation segments of the receptor, these regions might have helix-
packing arrangements in common. Accordingly, modification
states that favor x-da packing of the methylation helices could
favor x-da packing of the MH cap, which is the conformation
our model assigns to the OFF-output state. It then follows that
the [EEEEE] modification state, which promoted OFF-state
crosslinking behavior of the cap, should adopt an x-da packing
mode in the adaptation region. However, circumstantial evi-
dence suggests that this may not be the case. The four orthodox
methylation sites in MH1 and MH2 lie at solvent-exposed
c heptad positions, flanked by adjacent glutamate residues at
b positions and additional acidic residues at c positions in
neighboring heptads (10, 50). In the [EEEEE] modification
state, MH1 has eight acidic residues along the solvent-exposed
face of four contiguous heptads; MH2 has six acidic residues at
b or c positions in the corresponding four-heptad segment.
Mutational analyses of these acidic residues in Tar indicated
that a high density of negative charges along the outward faces
of the adaptation helices might affect output state by reducing
the stability of those helices (50). Reduced helix stability should

Fig. 7. A model of output state structural features in the Tsr HAMP and MH cap signaling elements. Helical wheels depict cross-sections of helix-packing
arrangements in the OFF and ON output states. The four-helix HAMP bundle may shift between two discrete limit conformations (a-d and x-da packing) (61)
via a number of dynamic intermediates (forward/reverse arrow pairs) (12, 40, 62). The OFF-state HAMP bundle is pictured in a canonical a-d packing arrange-
ment (40, 46, 61). The ON state is shown in an x-da arrangement (12, 40, 61, 62) in which the g (AS1) and e (AS2) edge residues rotate into and contribute to
the packing interface. The four-residue phase stutter joining HAMP to the MH cap (shown for one subunit as a dashed line) puts the packing faces of the
AS2 and MH1 helices out of register, imposing different optimal packing arrangements on the HAMP and MH cap bundles. For example, the third stutter res-
idue has a d position in the AS2 phase, but a g position in the MH1 phase. Serine stimuli that drive HAMP to the OFF state should, therefore, favor an x-da
packing arrangement in the MH cap, in which opposed g residues move closer to one another, a structural change that is consistent with our crosslinking
results. The alternative MH cap ON state might pack as an a-d bundle. Structural intermediates between the MH cap ON and OFF states should arise
through transient melting of the helix-helix interactions and partner shuffles. MH1 helices are less stable and pack with one another less frequently than do
MH2 helices (20, 21).
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enhance bundle-breathing episodes, leading to dynamic behav-
iors of the MH1 helices in the [EEEEE] modification state
(15, 16, 18). According to this structural scenario, the [EEEEE]
receptor produces OFF-shifted output, not because it promotes
x-da packing but because it destabilizes the a-d packing arrange-
ment associated with the ON output state, thereby allowing
conformational input from HAMP to dominate the MH cap
packing arrangement. Thus, attractant stimuli elicit OFF out-
put by stabilizing x-da packing of the cap, whereas the
[EEEEE] receptor might produce OFF output by destabilizing
the a-d packing arrangement of the cap. Although the [EEEEE]
structural state has long served as a proxy for the attractant-
induced OFF conformation, that structural equivalency may
be unjustified.
The disparate serine sensitivities of the Tsrgg [QQQQE]

receptor in cap crosslinking and FRET kinase assays provide
additional context for this idea. Tsrgg [QEQEE] responded to
serine, whereas Tsrgg [QQQQE] had locked-ON kinase output
in FRET experiments. However, their BMOE crosslinking
responses to serine stimuli were comparable; both receptors
produced substantial OFF-output patterns. These findings sug-
gest that structural changes induced by ligand occupancy may
be different from those produced by modification state changes.
Moreover, EPR studies that detected structural differences
between Tar [EEEE] and Tar [QQQQ] receptors in nanodiscs,
consistent with their different output states, did not detect any
change of Tar [QQQQ] structure in response to an aspartate
stimulus (21). Together, these observations indicate caution is
advisable when attempting to mimic the ligand-induced signal-
ing state of a receptor by manipulating a different structural
parameter.

The g-g Crosslinking Signal Provides a Structural Snapshot of
Receptor Output Conformation and/or Dynamics. If we
assume that only the OFF-state cap can produce a fully cross-
linked (1-2'/1'-2) Tsr dimer, then the low crosslinking signals
of receptors with ON-shifted output would imply that they
were capable of occasional transitions to the OFF conforma-
tion. However, longer crosslinking reactions did not lead to an
ever-increasing fraction of crosslinking products from any of
the tested receptors. Regardless of their output state, the
BMOE crosslinking reactions reached a maximum extent in
less than 2 min. This behavior implies exhaustion of the reac-
tion chemistry, perhaps through a reaction of BMOE with glu-
tathione and other thiol-containing cell components. Thus, our
end-point crosslinking signals essentially reflect the equilibrium
proportions of ON and OFF states and their rates of intercon-
version over the course of a 2-min reaction. For simplicity, we
have assumed that these alternative output states are discrete
conformations with different reporter site geometries. However,
state-dependent changes in the frequency or amplitude of
dynamic structural motions can also influence crosslinking pro-
pensity by modulating the rate of productive encounters
between reporter sites. It might be possible to assess the relative
contributions of structural and dynamic factors to Tsrgg cross-
linking signals with more extensive studies of single-cysteine
receptors, which presumably form crosslinks through dynamic
motions of the receptor subunits.

Experimental Extensions of Our In Vivo Crosslinking Approach.
In vivo studies of receptor molecules fluorescently tagged at
their C termini have demonstrated trimer-dependent conforma-
tional responses to attractant stimuli; OFF-shifts increase the
distance between trimer members, and ON-shifts reduce

interdimer distances (51). BMOE-induced crosslinking at g-g
heptad positions in the Tsr MH cap produced similar results in
both core complexes and receptor trimers, but it seems likely
that the assay reports on the stimulus-induced conformational
changes of individual receptor dimers, comparable to those
observed in solitary dimers in nanodiscs (32). These dimer-level
conformational changes presumably underlie the movements of
receptors in trimers-of-dimers and in core signaling complexes.
At the cap, crosslinking at g-g heptad positions shifted receptor
output toward the kinase-OFF state, consistent with transition
to an x-da helix-packing mode. If the ON-state cap has an a-d
packing arrangement, we should find that crosslinking at e-e
heptad positions shifts receptor output toward the ON state. If
so, then these in vivo crosslinking tools could serve to probe
helix-packing transitions and their output consequences in
other segments of the extended receptor cytoplasmic domain.
Moreover, similar crosslinking approaches could prove valuable
in exploring stimulus-induced conformational changes in other
signaling proteins.

Materials and Methods

Bacterial Strains and Growth Conditions. All E. coli strains used in this
study are derivatives of RP437 (52) with deletions of all chromosomal MCP
genes (SI Appendix, Table S2). Unless otherwise noted, bacteria were grown in
tryptone broth (1% tryptone and 0.5% NaCl wt/vol) at 30 °C with shaking. Stan-
dard antibiotic concentrations for plasmid maintenance were 100μg/mL for
ampicillin and 25 μg/mL for chloramphenicol.

Plasmids. Plasmid pRR53 confers ampicillin resistance and carries the tsr cod-
ing region under IPTG-inducible tac promoter control (24). Compatible plasmid
pPA114 confers chloramphenicol resistance and expresses tsr under inducible
sodium salicylate control. Site-directed tsr mutations were constructed in pRR53
and pPA114 by QuikChange PCR mutagenesis and verified by sequencing the
entire protein-coding region (24). FRET reporter plasmid pRZ30 expresses
cheY-yfp and cheZ-cfp gene fusions under salicylate control (40).

Quantifying the Expression of Mutant Tsr Proteins. Assays were per-
formed as previously described (53). Briefly, overnight cultures of strain UU2610
carrying tsr expression plasmids were diluted 1:100 into tryptone broth contain-
ing appropriate inducer and antibiotic concentrations (pRR53: 100 μM IPTG and
50μg/mL ampicillin; pPA114: 0.6 μM sodium salicylate and 12.5 μg/mL chlor-
amphenicol). Cells were grown to midexponential phase, washed, then resus-
pended in 2× Laemmli sample buffer (54) containing 5% β-mercaptoethanol,
and boiled for 5 min. Whole-cell lysates were analyzed by denaturing gel electro-
phoresis (SDS-PAGE; 11% polyacrylamide). Gels were immunoblotted with poly-
clonal rabbit antiserum directed against the highly conserved Tsr signaling
domain (55) and a Cy5-labeled goat anti-rabbit antibody (ThermoFisher, catalog
no. A10523). Western blots were imaged under fluorescence mode in a Typhoon
FLA 9500 scanner (GE Healthcare), and bands were quantified with ImageJ (56).

Chemotaxis Assays. The receptor-less host strain UU2612 was transformed
with tsr expression plasmid pRR53 or derivatives, and individual transformant
colonies were inoculated to tryptone plates containing 0.25% agar, 100 μM
IPTG, and 50 μg/mL ampicillin. Plates were incubated at 32.5 °C for 6 to 8 h.

BMOE Crosslinking Assays. Strains UU2610 (cheA+W+) or UU2806
(ΔcheAW) were transformed with mutant derivatives of pRR53, pPA114, or
both. Overnight cultures of transformed strains were grown at 30 °C in tryptone
broth with appropriate antibiotics and then diluted 1:100 into tryptone broth
containing appropriate inducer and antibiotic concentrations (pRR53: 100 μM
IPTG and 50μg/mL ampicillin; pPA114: 0.6 μM sodium salicylate and
12.5 μg/mL chloramphenicol; pRR53+pPA114: 50 μM IPTG, 0.3 μM sodium
salicylate, 50μg/mL ampicillin and 12.5 μg/mL chloramphenicol). Cells were
grown at 30 °C to midexponential phase (optical density at 600 nm = 0.5), and
1-mL aliquots were harvested (16,000 × g, 3 min), washed with 1 mL tethering
buffer (57), and then resuspended in 1 mL tethering buffer containing different
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concentrations of serine. Cells were incubated in the presence of serine for
20 min at 30 °C. Crosslinking was accomplished by treating cells with 200 μM
BMOE (Thermo Scientific) in dimethyl sulfoxide (DMSO) at 30 °C, with DMSO
alone serving as the negative control. Samples at each time point were treated
with N-ethylmaleimide at a final concentration of 10 mM to quench the BMOE
reaction. Cells were pelleted (21,000 × g, 2 min), lysed by resuspension in
50 μl 2× Laemmli sample buffer (54), and boiled for 5 min. Reduced samples
were combined in a 1:1 ratio with 2× Laemmli buffer containing 350 mM DTT
and boiled for 10 min. Whole-cell lysates were analyzed by SDS-PAGE using 9%
gels and transferred to polyvinylidene fluoride membranes. Immunoblotting
and data analysis were performed as described above.

Disulfide Crosslinking Assays. Strain UU2610 (cheA+W+) was transformed
with mutant derivatives of pRR53, pPA114, or both. Cell growth conditions, anti-
biotic and inducer concentrations, volumes harvested, centrifuge speeds, and
reducing conditions are described in the previous section. Cells were washed
with phosphate-buffered saline and incubated at 30 °C for 20 min and then
were treated with 300 μM Cu2+-phenanthroline at 30 °C for 10 min to induce
disulfide formation. The reaction was quenched with 10 mM sodium EDTA
(pH 8). Cell lysates were prepared and processed as described above.

Statistics. Statistical calculations were performed in Microsoft Excel (version
15.33 for Mac) using Student’s t test.

Adaptational Modification Assays. Tsr modification tests were performed as
previously described (57). Briefly, derivatives of tsr expression plasmid pRR53

were transformed into host strains UU2632 (R+B�), UU2611 (R�B+), and
UU2612 (R+B+). Cells were grown to midexponential phase at 30 °C in tryptone
broth containing 100 μM IPTG and 50 μg/mL ampicillin, washed in tethering
buffer, and then exposed to 10 mM serine for 20 min. Cells were washed again,
lysed by boiling in 2× Laemmli buffer, and analyzed by low-bis SDS-PAGE (58).
Tsr protomers were visualized and quantified as described above.

In Vivo FRET-Based Kinase Assays. The experimental setup, assays, and data
analyses have been described (36, 39, 40). Strains UU2567 or UU3045 (SI
Appendix, Table S2) were transformed with pRZ30 and pRR53 derivatives. BMOE
was at 200 μM for 100 s followed by at least a 100 s wash with tethering buffer
before further test solutions. Cells that failed to respond to 10 mM serine were
tested with 3 mM KCN to determine CheA activity state (40).

Protein Structure Models. PyMOL (Schr€odinger software) was used to visual-
ize and create amino acid replacements in atomic structures.

Data Availability. All study data are included in the article and/or SI Appendix.
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