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Abstract

The Escherichia coli Tsr protein contains a periplasmic serine-binding domain that transmits ligand occupancy
information to a cytoplasmic kinase-control domain to regulate the cell’s flagellar motors. The Tsr input and
output domains communicate through conformational changes transmitted through a transmembrane helix
(TM2), a five-residue control cable helix at the membrane-cytoplasm interface, and a four-helix HAMP bundle.
Changes in serine occupancy are known to promote TM2 piston displacements in one subunit of the Tsr
homodimer. We explored how such piston motions might be relayed through the control cable to reach the
input AS1 helix of HAMP by constructing and characterizing mutant receptors that had one-residue insertions
or deletions in the TM2-control cable segment of Tsr. TM2 deletions caused kinase-off output shifts; TM2
insertions caused kinase-on shifts. In contrast, control cable deletions caused kinase-on output, whereas
insertions at the TM2-control cable junction caused kinase-off output. These findings rule out direct
mechanical transmission of TM2 conformational changes to HAMP. Instead, we suggest that the Tsr control
cable transmits input signals to HAMP by modulating the intensity of structural clashes between out-of-register
TM2 and AS1 helices. Inward displacement of TM2 might alter the sidechain environment of control cable
residues at the membrane core-headgroup interface, causing a break in the control cable helix to attenuate
the register mismatch and enhance HAMP packing stability, leading to a kinase-off output response. This
helix-clutch model offers a new perspective on the mechanism of transmembrane signaling in
chemoreceptors.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

All organisms use transmembrane signal trans-
duction to monitor and respond to environmental
stimuli. In motile bacteria and archaea, chemore-
ceptors known as methyl-accepting chemotaxis
proteins (MCPs) convert information about external
attractant and repellent levels into signals that
control locomotor behavior. The extensively studied
MCPs of Escherichia coli serve as important models
for understanding transmembrane signal transduc-
tion (for recent reviews, see Refs [1—4]).

E. coli has four MCP species (Tsr, Tar, Tap, Trg)
that detect various small-molecule ligands. They have
similar functional architectures: mainly a-helical pro-
tomers of ~550 residues organized as homodimers
with a ligand-sensing periplasmic domain connected
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via a transmembrane helix in each subunit to a
cytoplasmic signal-processing domain (Fig. 1a). The
cytoplasmic portion of MCP molecules contains a
membrane-proximal HAMP domain, a sensory adap-
tation domain containing sites for reversible covalent
modifications, and a hairpin tip that regulates the
activity of a histidine autokinase, CheA. CheA
phosphoryl groups are, in turn, donated to the CheY
response regulator, whose phosphorylated form binds
to the base of flagellar motors to initiate random,
directional changes in cell swimming trajectory.
Whenever the cell happens to head up an attractant
gradient, the increasing ligand concentration causes
the receptor to down-regulate CheA activity, extend-
ing upgradient swimming runs.

Sensory adaptation plays a critical role in the
MCP-mediated chemotactic behavior of E. coli. The
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Fig. 1. Tsr structural features and transmembrane
signaling elements (a) The Tsr homodimer [1]. Cylindrical
segments represent a-helices, drawn approximately to
scale. Each Tsr subunit contains five adaptation sites
within a methylation-helix (MH) bundle. Sites 2, 4, and 5
(white circles) are translated as glutamic acid residues, the
substrate for CheR methylation. Sites 1 and 3 (gray circles)
are translated as glutamine residues that can be deami-
dated to glutamic acid residues by CheB, making them
competent for subsequent methylation. This study focuses
on the Tsr region at the membrane-cytoplasm interface
(dashed circle), enlarged in (b). (b) The Tsr control cable.
Detail of the dashed region in (a). The aromatic residues at
the C-terminus of the TM2 transmembrane helix and the
following control cable residues are shown at their
probable positions relative to the hydrophobic (lipid core)
and polar (headgroup) membrane regions [14].

sensory adaptation enzymes CheR (MCP methyl-
transferase) and CheB (MCP methylesterase and
deamidase) modify specific residues in the four-helix
methylation bundle of the receptor molecule. The
overall methylation state of the receptor matches the
level of its chemoeffector in the environment. Thus,
the MCP modification state serves as a memory
store for detecting temporal changes in chemoeffec-
tor levels as the cell swims through spatial gradients.
Ligand occupancy changes update the modification
record by adjusting the CheR/CheB substrate
properties of MCP molecules. Attractant ligands
shift receptor molecules to a kinase-off state that
serves as a substrate for CheR-mediated reactions;
reduced ligand occupancy shifts receptors to a

kinase-on state that serves as a substrate for
CheB-mediated reactions.

The mechanism of transmembrane signaling by
E. coli MCPs has been explored most extensively
with the Tar (aspartate-sensing), Tsr (serine-sen-
sing), and Trg (ribose/galactose-sensing) receptors,
and the current mechanistic picture is a montage
derived from all three (for reviews, see Refs [5-8]).
Hereafter, residue names and coordinates for Tsr,
the subject of the studies in this report, will be used to
describe the structure—function features important
for transmembrane signaling.

In Tsr homodimers, two membrane-spanning
segments flank the serine-binding portion of each
subunit: an N-terminal TM1 helix and a TM2 helix
that connects to the AS1 helix of the HAMP domain
(Fig. 1b). TM2 comprises 19 mostly hydrophobic
residues (A192-V210) that embed in the membrane
lipid core [9,10] and two aromatic residues (W211,
F212) at its cytoplasmic end that partition at the
core-headgroup interface [11-13]. A five-residue
control cable joins the TM2 and HAMP AS1 helices
and mediates their signaling transactions [14—16].

Studies of the Tsr control cable led us to a working
model of transmembrane signaling in which the
control cable mediates structural interactions be-
tween the mismatched registers of the TM2 and AS1
helices [14,15]. For example, a proline replacement
at any position in the Tsr control cable, except its
N-terminal G213, abolishes stimulus responses,
suggesting that control cable helicity is important to
the signal transmission mechanism [15]. Moreover,
charged amino acid replacements at the 1214
position interfere with signal transmission, implying
that the interaction of less polar sidechains at that
position with the membrane interfacial environment
might assist stimulus-induced shifts in receptor
signal state [14]. We reasoned that a control cable
with high helix potential might enable TM2 to
destabilize the packing of the HAMP bundle,
whereas a control cable with reduced helicity or a
distinct helix break might enhance HAMP packing
[14]. Various proposed mechanisms of HAMP
action, including the gearbox [17], scissors [18,19],
and dynamic-bundle [20] models, all predict that
altered packing arrangements of the HAMP bundle
produce changes in CheA output activity.

Considerable evidence supports the view that
piston motions of the TM2 helix normal to the plane
of the membrane initiate transmembrane signal
transmission in MCPs [8,21-25]. Attractant stimuli,
for example, promote inward piston displacements
of 1-2 A in one subunit of the receptor dimer [21,26—
28]. The resultant structural asymmetry that im-
pinges on the control cable might be transmitted
directly to the AS1 helix of HAMP, as proposed by
the gearbox and scissors models, or it could
somehow modulate control cable helicity to influence
HAMP packing, as specified in the dynamic-bundle
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model. To explore the TM2-control cable transmis-
sion mechanism in further detail, we constructed and
characterized a series of mutant Tsr receptors with
changes in the length and helical register of these
signaling elements. Our study revealed evidence for
a structural and signaling change at the junction of
the TM2 and control cable helices that argues
against direct mechanical transmission of TM2
motions through the control cable.

Results

Creating Tsr structural changes that mimic
transmembrane signals

We constructed a series of Tsr mutants, each with
a one-residue deletion or insertion in the TM2-control
cable region (Fig. 2a). The TM2 residues embedded
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in the lipid core most likely have an alpha-helical
secondary structure [10]. Except for an overall
hydrophobic character, there appears to be little or
no sidechain specificity to their signaling function
[29]. Thus, removing one residue from the TM2 helix
could shorten its membrane-spanning length by as
much as 1.5 A and rotate its cytoplasmic end by up
to ~100° counter-clockwise, viewed in the N to C
direction (Fig. 2a). Adding a residue to TM2 should
cause comparable structural changes in the oppo-
site direction.

Sidechain character is evidently more important in
the vicinity of the aromatic belt [11-13] and the first
two residues of the control cable [14,15,30,31].
Moreover, although the control cable seems to
have helical character, modulated changes in its
helix potential may play a role in signal transmission
[14,31]. Thus, the structural changes caused by
one-residue insertions or deletions of belt or control
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Fig. 2. One-residue deletions and insertions in the TM2-control cable region of Tsr. (a) Mutant derivatives characterized
in this study. Shadings for various membrane regions correspond to those used in Fig. 1. “Possible effects on AS1”
indicates the structural forces expected at the AS1 helix if the TM2-AS1 segment were a continuous a-helix. Viewed from
the membrane toward AS1, one-residue deletions should cause outward displacement and counter-clockwise rotation;
one-residue insertions should cause inward displacement and clockwise rotation. (b) Chemotactic behaviors mediated by
Tsr deletion mutants. Derivatives of plasmid pPA114 were tested for ability to support chemotaxis of receptor-less host
strain UU2612 on tryptone semi-solid agar containing 12.5 pg/ml chloramphenicol and 0.6 pM salicylate. Plates were
photographed after incubation at 30 °C for 7—8 h. (c) Chemotactic behaviors mediated by Tsr insertion mutants.
Derivatives of plasmid pRR53 were tested for ability to support chemotaxis of receptor-less host strain UU2612 on tryptone
semi-solid agar containing 100 pg/ml ampicillin and 50 uM IPTG. Plates were photographed after incubation at 30 °C for
7-8 h.
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cable residues could differ from their TM2 counter-
parts and might be confounded by sidechain-specific
interactions with the membrane core-headgroup
transition zone (Fig. 2a). Accordingly, to investigate
the control cable length effects on signaling without
sidechain-specific complications, we also construct-
ed Tsr receptors in which the control cable com-
prised five consecutive serine residues (the
wild-type length), or four or six serine residues,
corresponding to a one-residue deletion or insertion
in the all-serine control cable, respectively.

Chemotactic behaviors supported by the
mutant receptors

Mutations were constructed in tsr expression
plasmids pRR53 (IPTG-inducible) and pPA114
(salicylate-inducible). We use the following notations
to designate the resultant Tsr structural changes:
AW194 = deletion of residue 194, and Q191QG =
insertion of a glycine residue immediately C-terminal
to residue 191. All mutant receptors exhibited native
steady-state levels (Table S1), so any functional
alterations they might have cannot be due to
reduced expression or elevated instability. When
tested in strain UU2612, an otherwise receptor-less
host that contains the CheR and CheB enzymes of
the sensory adaptation system, many of the mutant
Tsr plasmids mediated demonstrable serine chemo-
taxis in soft agar plate assays (Fig. 2b and c; Table
S1). Deletions in TM2 and in the HAMP-proximal
residues of the control cable retained Tsr function,
whereas insertions in those regions did not. Howev-
er, insertions in the aromatic belt retained Tsr
function, whereas deletions in the belt-proximal
control cable residues did not. The different func-
tional consequences of comparable lesions in
different locations suggest that the TM2-control
cable segment of Tsr may have several structurally
distinct components.

Assessing the signaling properties of the
mutant receptors

MCP molecules approximate two-state signaling
devices with kinase-off (OFF) and kinase-on (ON)
output states. Chemoeffector ligands and adaptational
modifications produce stimulus responses and subse-
quent sensory adaptation by shifting the equilibrium
distribution of ON and OFF receptor complexes.
Structural interactions between the HAMP domain
and the adjoining input (TM2-control cable) and output
[methylation-helix (MH) bundle] elements are the key
to receptor signal-state control. Whether those control
interactions obey two-state or more graded structural
mechanisms remains an open question, but for
simplicity, we use a two-state terminology to describe
the mutant signaling behaviors and then revisit this
mechanistic issue in the Discussion.

We determined the signal output shifts of mutant
Tsr receptors with an in vivo kinase assay based on
Forster resonance energy transfer (FRET) [32—-34].
In brief, this assay monitors phosphorylation-depen-
dent interactions between CheY tagged with YFP
(the FRET acceptor) and its phosphatase, CheZ
tagged with CFP (the FRET donor). The FRET signal
provides a measure of receptor-controlled CheA
autokinase activity, the source of CheY phosphoryl
groups. The kinase inhibition responses to serine
stimuli provide three important signaling parameters:
Kjy,2, the serine concentration that inhibits 50% of the
kinase activity; the Hill coefficient, reflecting re-
sponse cooperativity; and the maximal kinase
activity of the receptor signaling complexes.

We first expressed mutant Tsr plasmids in FRET
reporter strain UU2567, which lacks the CheR and
CheB adaptation proteins. In this host, all Tsr
molecules retain their initial QEQEE residue pattern
at the five modification sites in each protomer (see
Fig. 1a). Homogeneous populations of wild-type Tsr
receptors in the QEQEE state exhibit moderate
serine sensitivity (K2 ~ 15 yM) and high response
cooperativity (Hill ~15) [14,34,35]. Mutant Tsr recep-
tors exhibited one of four response patterns (Fig. 3;
Table S2), (i) some receptors were nonresponsive to
even very high levels of serine, but had wild-type
kinase activity, revealed by KCN treatment, which
depletes cellular ATP, the phosphodonor for CheA
autophosphorylation [34]; (ii) other nonresponsive
receptors evinced no kinase activity. These two
classes of nonresponsive receptors respectively
represent strongly ON-shifted and strongly OFF-
shifted signal outputs; (iii) some mutant receptors
responded to serine stimuli in a similar fashion to the
wild type; (iv) other receptors were only partially
responsive, showing slower, less complete control of
kinase activity (Fig. 3; Table S2).

We next examined the signaling properties of the
mutant Tsr plasmids in FRET reporter strain
UuU2700, which contains the CheR and CheB
adaptation enzymes. CheR converts E residues at
receptor modification sites to glutamyl methyl esters,
shifting output toward the ON state. CheB deami-
dates sites with a Q residue and demethylates
glutamyl methyl ester sites, creating E residues that
shift output toward the OFF state. In cells with both
adaptation enzymes, the receptor population is
heterogeneously modified, with an average modifi-
cation state that offsets ambient chemoeffector
levels. In strain UU2700, wild-type Tsr produces
sensitive serine responses (Ky2 ~ 0.5 uM) with
modest cooperativity (Hill ~2.5) [14,34,35]. As
expected, mutant receptors that mediated serine
responses in the adaptation-incompetent host be-
came more sensitive to serine in the adaptation-
competent host (Table S2).

We found that most mutant receptors that were
nonresponsive in UU2567 became responsive in



3780

Helix-Clutch Mechanism of Transmembrane Signaling

nonresponsive-ON
[SER] (mM) KCN

nonresponsive-OFF
[SER] (mM)  KCN

25 30 50 75 100300 |03 1 3 10 30 1000

0103 1 3 10 01 03 1 3 10
@
c
>S5
>
g
F R T P T | I P B
© . . .
o© responsive partially responsive
5 [SER] (uM) [SER] (uM) KCN
o
L
>

0 500 1000 1500 2000 500 1000 1500 2000
seconds seconds

Fig. 3. Stimulus response patterns of mutant receptors
in an adaptation-deficient host. Mutant derivatives of
plasmid pPA114 and pRR53 in strain UU2567 (CheR™
CheB™) were tested for serine responses in FRET kinase
assays. The YFP/CFP ratios reflect the level of receptor-
controlled CheA kinase activity. Four different mutant
receptor response patterns were seen in the UU2567 host:
upper left: Nonresponsive-ON receptors (AK215 shown)
exhibited no activity changes in response to addition and
removal of serine (SER; vertical gray bars), but activated
CheA kinase, as evidenced by the response to KCN, which
depletes cellular ATP, the phosphodonor for the CheA
autophosphorylation reaction [34]. Upper right: Nonre-
sponsive-OFF receptors (AF208 shown) exhibited no
serine or KCN responses and had low baseline values,
indicating no receptor-stimulated kinase activity. Lower
left: Responsive receptors (AS217 shown) exhibited
kinase inhibition responses that saturated at high serine
concentrations. Lower right: Partially responsive receptors
(cc-6S shown; see Fig. 5) exhibited slow changes in
kinase activity in response to both serine addition and
removal (compare to the responsive example). Receptors
of this type produced some kinase activity, but only
inhibited a fraction of that activity at saturating stimulus
levels.

UuU2700, consistent with the fact that many of those
receptors produced chemotactic behaviors on soft
agar in an adaptation-competent host (Fig. 2b and c).
Two general response patterns emerged under action
of the sensory adaptation system (Fig. 4). Some
previously nonresponding kinase-ON receptors
remained less sensitive than wild type, but had
wild-type cooperativities; others had wild-type sensi-
tivities, but significantly reduced response cooperativ-
ities. Similarly, some previously nonresponding
kinase-OFF receptors regained wild-type response
sensitivity and cooperativity, whereas others had
wild-type sensitivities, but significantly reduced re-
sponse cooperativities.

All FRET response parameters of the mutant
receptors are listed in Table S2.
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Fig. 4. Signaling by nonresponsive mutant receptors in
an adaptation-proficient host. Mutant derivatives of plas-
mids pPA114 (upper panel) and pRR53 (lower panel) were
examined in strain UU2700 (CheR*™ CheB*) by FRET
kinase assay. The dashed lines show the Hill fits (with data
points omitted) for the dose response of the corresponding
wild-type Tsr plasmid in strain UU2700. Solid lines (with
data points) are Hill fits for the indicated Tsr mutants. Black
symbols denote receptors with nonresponsive-ON behav-
iors in an adaptation-deficient host; white symbols denote
receptors with nonresponsive-OFF behaviors in an adap-
tation-deficient host (see Fig. 3). Ky,2 and Hill coefficient
values were [upper panel: 0.5 uM, 1.7 (pPA114 Tsr-wt);
3.0 uM, 4.0 (AG213); 0.3 uM, 2.1 (AG198)]; [lower panel:
0.4 uM, 3.7 (pRR53 Tsr-wt); 0.8 M, 0.9 (G191QG); 0.4,
0.8 (F212QA)].

Adaptational modification of the
mutant receptors

The CheR/CheB substrate properties of a mutant
receptor molecule reflect the conformational proper-
ties of its methylation helix bundle. CheR acts on
kinase-OFF receptor conformation(s); CheB acts on
kinase-ON conformation(s) [14]. We expressed
mutant Tsr proteins in strain UU2632 (CheR*
CheB™) and in strain UU2611 (CheR~ CheB™) to
determine if they were subject to CheR or CheB
modification, respectively. Adaptational modifica-
tions of Tsr subunits were detected as small
electrophoretic mobility shifts in denaturing poly-
acrylamide gels [36]. The mutant receptors fell into
three classes with respect to these modification tests
(Table S1), (i) most mutant receptors were sub-
strates for both CheR and CheB modification(s), (ii) a
few were modified by CheB but not by CheR, (iii)
others were substrates for neither enzyme.
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Signaling shifts of the mutant receptors

The FRET response parameters and modification
properties of the mutant receptors are summarized
in Fig. 5. Four different one-residue deletions in TM2
caused OFF-shifted outputs that responded to
adaptational control. Those mutant receptors were
substrates for both CheR and CheB modifications
and regained a wild-type level of kinase activity in the
adaptation-competent host. Three different one-
residue insertions in TM2 caused ON-shifted out-
puts, two of which remained locked in the ON state in
the adaptation-competent host. All three mutant
receptors were modified by CheB but not by CheR.
In contrast, three different one-residue insertions in
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the adjacent aromatic belt region produced OFF-
shifted signaling properties like those of TM2
deletions.

The signaling properties of control cable mutants
were more variable (Fig. 5). The 1214QA receptor had
OFF-shifted output subject to adaptational control,
whereas the K215QA receptor exhibited partial
responses to serine in both FRET hosts and was not
modified by either adaptation enzyme. Four of five
one-residue deletions in the control cable produced
ON-shifted output subject to partial (AG213) or full
(AK215, AA216, AS217) adaptational control. The
Al214 receptor, by contrast, was locked in the OFF
state and was not a substrate for either CheR or CheB
modification. The disparate signaling properties of the
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Fig. 5. Signaling properties of Tsr mutants with TM2 or control cable alterations. The K. values for FRET kinase
responses in UU2567, the adaptation-deficient host, are indicated with diamond symbols; K, values for responses in
Uu2700, the adaptation-proficient host, are indicated with thick vertical arrows that begin at the UU2567 response and end
at the serine sensitivity in UU2700. White diamonds enclosing a smaller black diamond denote locked-ON (NR-ON) or
locked-OFF (NR-OFF) behaviors that are refractory to sensory adaptation control. Abilities of the mutant receptors to
undergo adaptational modification in strain UU2611 (CheB™) or strain UU2632 (CheR™) are shown below the K/, scale.
Kinase activities produced by the mutant receptors in host strains UU2567 (CheR™ CheB~) and UU2700 (CheR™* CheB*)
are indicated relative to that of wild-type Tsrin UU2567. Dashed horizontal lines show the wild-type kinase values in each
host for comparison purposes. Broken vertical lines for the K215QA, CC-4S, and CC-6S receptors denote partially
responsive behaviors of indeterminate serine sensitivity in both adaptation-deficient (UU2567) and adaptation-proficient
(UU2700) host strains.
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control cable mutants may reflect structural influences
of particular sidechains when shifted to an adjacent
residue position or when a neighboring residue is
removed (Fig. 5).

The three Tsr mutants with all-serine control cables
confirm that the sidechain character influences the
signaling consequences of control cable length
changes (Fig. 5). The receptor with a five-serine
control cable had near-normal signaling properties,
indicating that the control cable function tolerates a
serine sidechain at all residue positions. However, the
four-serine and six-serine control cables caused
similar aberrant behaviors: partial responsiveness,
no adaptational control, and no modification by CheB
or CheR (Fig. 5). These findings demonstrate that a
one-residue length change in the control cable
severely impairs signal transmission, but that native
control cable sidechains can moderate those defects.

To explore the ability of different sidechains to
enhance or suppress the signaling consequences of
control cable length changes, we focused on the
Al214 receptor, whose properties were very different
from the other four control cable deletion mutants
(Fig. 5). This control cable residue is known to play a
critical role in transmembrane signaling in Tsr[14]. We
suspected that the locked-OFF behavior of the Al214
receptor might be due to the relocation of K215 to the
214 residue position. Perhaps, in the context of the
neighboring G213 residue that shift allows the
positively charged lysine sidechain to influence
control cable structure through an interaction with
the anionic membrane headgroups. This scenario
predicts that replacing the K residue in the control
cable of the Al214 receptor should alter its signaling
properties. We made several replacements and
tested their signaling effects with FRET kinase assays
in strain UU2567 (CheR~ CheB™) to avoid any
adaptational modification effects (Fig. 6). An A residue
at the 214 position shifted Al214 output from locked-
OFF to locked-ON, whereas a G residue restored
responsiveness (Fig. 6). However, a D or N replace-
ment failed to change the locked-OFF behavior of the
Al214 receptor, suggesting that there might be
several structural ways in which the particular side-
chain at control cable residue 214 causes OFF output.

The OFF signaling conformation of the Al214
receptor is not a substrate for CheR modification; the
accessibility or conformation of its adaptation sites
must differ in some way from those of the native OFF
state. To ask whether higher methylation states of
the Al214 receptor could shift it toward kinase-ON
output, we created Al214 derivatives with E to Q
replacements at various adaptation sites. In the
wild-type Tsr receptor, a Q residue at an adaptation
site mimics methylation effects, shifting output
toward the kinase-ON state [34,35]. We found that
derivatives of the Al214 receptor with one additional
Q site (QQQEE or QEQQE) shifted output toward
the ON state and became serine responsive in the
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Fig. 6. Signaling properties of TsrAl214 derivatives in
an adaptation-deficient host. Mutant derivatives of plasmid
pPA114 were examined by FRET kinase assay in strain
UuU2567 (CheR™ CheB™). The dashed line shows the Hill fit
(with data points omitted) for the dose response of
wild-type Tsr. Solid lines (with data points) are Hill fits for
the indicated Tsr-Al214 derivatives. Ky,>and Hill coefficient
values for these serine-responsive receptors were: 18 uM,
14 (Tsr-wt); 15 pM, 2.9 (A1214/K215G); 22 uM, 4.3 (A1214
[QQQEE)); 34 uM, 3.8 (Al214 [QEQQE]). The parental
mutant receptor [A1214/(K215)] and two of its derivatives
(K215D and K215N) were locked-OFF (horizontal white
bar); the K215A derivative was locked-ON (horizontal
black bar).

UU2567 host (Fig. 6). These results indicate that
modification-dependent output controls still operate
normally in the Al214 mutant receptor, despite its
CheR-refractory character.

Discussion

The binding of a single ligand molecule by the Tsr
and Tar receptors induces relative rotation of the two
receptor subunits around the occupied binding site and
piston motions of one TM2 transmembrane helix
[23,25]. Because ligand binding is negatively cooper-
ative, the chemoeffector stimuli cause asymmetric
signal inputs to the cytoplasmic HAMP domain.
However, symmetric structural changes, generated
by insertion or deletion of a residue in TM2 or the
adjoining control cable, also shift receptor output,
indicating that induced HAMP asymmetry is not critical
to the transmembrane signaling mechanism. Rather,
structural inputs to one or both of the AS1 helices
probably modulate output kinase activity in the same
manner by influencing the overall conformation [17,18]
or the packing stability [20] of the HAMP bundle.

Signaling consequences of one-residue
additions or deletions in the TM2 helix

One-residue additions or deletions should cause
length and register changes in the TM2 helix. The
maximum magnitudes of these structural changes
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should be ~1.5 A in length, comparable to stimulu-
s-induced piston displacements, and ~100° rotations
in helical register. The spring-like properties of alpha
helices and the aromatic residues that position the
cytoplasmic end of TM2 at the core-headgroup
interface [11-13] could conceivably dampen both
sorts of TM2 structural changes. Although we do not
know the resultant magnitude of these structural
changes, a priori one-residue insertions might mimic
the piston motion that accompanies an attractant
stimulus (kinase-off), whereas one-residue deletions
might mimic a repellent stimulus (kinase-on). This was
clearly not the case; for the portion of TM2 embedded
in the lipid core, one-residue deletions shifted Tsr
output toward a kinase-off state, whereas one-residue
insertions shifted output strongly toward a kinase-on
state (Fig. 7). The [- 1] receptors remained substrates
for both CheR and CheB modifications, whereas the
[+ 1] receptors served as substrates for CheB, but not
for CheR (Figs. 5 and 7). Thus, the TM2 [+ 1] receptors
evidently underwent structural changes sufficient to
alter signal transmission, but the sign of their mutant
output was not consistent with piston displacement
effects.

We suggest that the overall signal shifts of TM2 [+ 1]
mutant receptors are due mainly to the changes in
TM2 helix register rather than to any piston move-
ments they might have. Viewed in the N to C direction
along the TM2 helix, counter-clockwise rotation [—1]
evidently shifts output toward a kinase-off state, and
clockwise rotation [+1] shifts output toward a kina-
se-on state (Fig. 7). If these changes in TM2 register
propagate directly to the AS1 helix of HAMP, they
could favor alternative packing arrangements of the
HAMP bundle. The gearbox model, for example,
proposes that the HAMP bundle has two stable
packing arrangements, designated x-da and a-d,
that differ by 26° counterrotations of its four helices
[17]. However, in the context of the gearbox model,
clockwise rotation of the HAMP AS1 helix favors a-d
packing, which has been assigned to the OFF state
[34,37]. Similarly, counter-clockwise rotation favors
the x-da arrangement, which has been assigned to the
ON state [34,37]. We conclude that the helix rotations
in TM2 [+1] mutants do not elicit the signaling shifts
predicted by the HAMP gearbox model.

A structural-signaling shift at the aromatic
belt - control cable junction

The signaling shifts caused by TM2 deletions and
insertions changed dramatically at the core-
headgroup interfacial region. One-residue insertions
adjacent to or between the aromatic belt residues
(V210QA, W211QA, F212QA) or in the adjoining
control cable (1214QA) shifted output toward the
OFF state and preserved substrate properties for
both CheR and CheB (Fig. 7). Conversely, four of
five one-residue deletions in the control cable shifted
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Fig. 7. Mechanistic summary of mutant receptor be-
haviors. The dynamic-bundle model of HAMP input—output
signaling proposes a series of meta-stable conformational
states, produced through opposing structural interactions
of the HAMP and MH bundles, which range between
kinase-off and kinase-on states. In the full-off state (OFF),
HAMP is stably packed and the MH bundle is loosely
packed. During sensory adaptation, the CheR methyl-
transferase acts on loosely packed modification sites of
OFF-state receptors to shift their output toward the ON
state. In the full-on state (ON), HAMP is loosely packed
and the MH bundle is stably packed. The CheB enzyme
acts on stably packed modification sites of ON-state
receptors to shift their output toward the OFF state. MH
bundles with intermediate stabilities along the OFF-ON
conformational landscape are not substrates for either
adaptation enzyme. Structural alterations in the TM2-
control cable that destabilize the HAMP OFF and/or ON
state can trap the receptor within this intermediate regime,
preventing modification by one or both sensory adaptation
enzymes.

output toward the ON state. The AK215, AA216, and
AS217 receptors were good substrates for both
adaptation enzymes, but the signaling properties of
the AS217 receptor were most similar to the wild
type (Fig. 5). In contrast, the deletion of G213 at the
N-terminus of the control cable produced the most
strongly ON-shifted behavior, evidenced by its
inability to serve as a CheR substrate (Fig. 5). The
decline in severity of the control cable [-1] signal
shifts with the distance of the deleted residue from
the aromatic belt implicates the junction of the
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control cable and aromatic belt as the likely site of
the structural features responsible for signal rever-
sal. These mutant behaviors imply that piston
displacements and changed registers in the TM2
helix are not transmitted as such to AS1, but rather
converted to another signaling conformation through
the interaction of Tsr structural elements with the
membrane-cytoplasm interface. This important in-
sight argues against transmembrane signaling
mechanisms, for example, those proposed by the
crankshaft-gearbox [17] and pushrod-scissors [18]
models that invoke direct transmission of TM2
structural changes to AS1. A continuous, structurally
rigid TM2-AS1 connection, as required by those
models, would not produce the signal reversal
observed at the cytoplasmic end of TM2.

Signaling consequences of control cable
length changes

Tsr with a five-residue all-serine control cable had
ON-shifted output in the QEQEE maodification state,
but exhibited wild-type signaling behavior and sup-
ported robust chemotaxis in an adaptation-competent
background (Fig. 5; Table S1). However, unlike [+1]
changes in the native control cable, Tsr molecules
with a four- or six-residue all-serine control cable failed
to support chemotaxis and were not subject to
modification by either the CheB or CheR sensory
adaptation enzymes (Fig. 5). Those mutant receptors
produced some kinase activity, but down-regulated
only a part of that activity in response to serine stimuli
(Fig. 5). We attribute the 4S and 6S signaling defects
to structural changes that destabilize the native OFF
and ON output conformations that serve as substrates
for CheR and CheB (Fig. 7). Such defects might
confine the interacting HAMP and methylation helix
bundles to a subset of conformations between the
OFF and ON signaling states (Fig. 7). The existence of
additional conformational states along an OFF-ON
structural continuum is central to the dynamic-bundle
model of HAMP signaling [16], but not predicted by
discrete two-state models such as the gearbox [17] or
scissors [18] proposals for HAMP operation.

Like the six-residue all-serine control cable, the
K215QA control cable caused partial serine re-
sponses (Fig. 7). However, unlike the four-residue
all-serine control cable, one-residue deletions in the
native control cable produced ON-shifted, serine-
responsive, behavior (Figs. 5 and 7). We ascribe
these differences to the native residues still present
in the [-1] control cables, particularly G213 and
1214, which adjoin the aromatic belt and are known
to play important signaling roles [14,15]. The deletion
of G213 shifts 1214 to the 213 position and prevents
the receptor from accessing the CheR substrate
state (Fig. 5). Deletion of 1214 shifts K215 to the 214
position and locks output in a kinase-off state. The
Al214 receptor appears to be trapped in signaling

conformations intermediate to the native ON and
OFF states (Fig. 7) because amino acid replace-
ments at its lysine residue, or an E to Q change at an
adaptation site, can restore its kinase activity and
serine responsiveness (Fig. 6).

A helix-clutch model of transmembrane signaling

The different signaling behaviors produced by
control cables of the same length, either one residue
shorter or longer than the wild type, indicate that the
control cable most likely has a malleable structure
subject to influence by the flanking TM2 and AS1
helices and by its sidechain interactions with the
membrane interfacial environment. Previous studies
of both Tar and Tsr suggested that the control cable
has helical character that changes in response to
stimulus inputs [14,15,31]. The structural factors that
most likely modulate signal transmission through the
control cable helix are the piston displacements of
the TM2 helix, the packing stability of the HAMP
bundle, and the mismatched registers of the TM2
and AS1 helices resulting from the five-residue
control cable helix that joins them. In the context of
the dynamic-bundle model of HAMP signaling, we
suggest that inward piston displacements disengage a
structural clutch at the TM2 aromatic belt to promote a
bend or helix break in the first few control cable
residues (Fig. 8). The resultant helix swivel, in turn,
reduces the intensity of the register mismatch between
TM2 and AS1, enhances HAMP packing, and shifts
output to the OFF state (Fig. 8). Engaging the
structural clutch that joins the TM2 and control cable
helices increases the register mismatch, destabilizes
HAMP packing, and shifts output to the ON state.

This helix-clutch model best explains the disparate
signaling consequences of one-residue insertions or
deletions at different points in the TM2-AS1 segment
of the Tsr molecule. Helix length changes on the input
side of the clutch probably fail to mimic piston
displacements because of their attendant rotational
component. Indeed, the signal shifts caused by TM2
[+ 1] lesions are consistent with their expected effects
on the TM2-AS1 register mismatch. One-residue
insertions would exacerbate the mismatch, producing
the observed kinase-on shifts; one-residue deletions
would reduce the mismatch, producing the observed
kinase-off shifts. In contrast, shortened control cables
generally shifted output toward the kinase-on state.
Although a four-residue control cable should reduce
the TM2-AS1 register mismatch, the overall
ON-shifted behavior of [-1] control cable mutants
might arise from increased structural tension on the
AS1/AS1’ helices of HAMP caused by a shortened
connection to the TM2/TM2’ membrane helices. With
no native residue sidechains in the vicinity of the
clutch, the four-residue all-serine control cable might
destabilize all HAMP conformations, producing a
partially responsive behavior. Six-residue control
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Fig. 8. Helix-clutch model for transmembrane signaling
by Tsr. A portion of the TM2-control cable-AS1 segment in
one Tsr subunit is pictured. Dark- or light-gray-shaded
segments are proposed to have a-helical secondary
structure. Sidechains of control cable residues (only the
1214 sidechain is shown) are proposed to interact with the
membrane environment, or possibly with other residues in
Tsr or in other proteins. A stable helical connection
between TM2 and the AS1 helix of HAMP destabilizes
packing of the HAMP bundle, favoring kinase-on output.
The inward TM2 piston displacement (black triangle)
promoted by binding of an attractant ligand to the
periplasmic sensing domain perturbs the membrane
environment of the 1214 sidechain, creating a kink or
break in helicity that alleviates the register mismatch
between TM2 and AS1, thereby enhancing HAMP bundle
packing to promote kinase-off output.

cables should exacerbate the TM2-AS1 register
mismatch, but on the output side of the clutch, their
HAMP-destabilizing effects could be sufficiently se-
vere to cause partially responsive behavior in some
[+1] mutants (K215QA, 6S; Figs. 5 and 7).

The structural changes produced by TM2 piston
displacements at the proposed helix clutch and their
trigger mechanism remain to be determined. Neither
the aromatic belt residues (W211, F212 in Tsr; W209,
Y210in Tar) nor the key control cable residues (G213,
1214 in Tsr; G211, 1212 in Tar) are essential for
transmembrane signaling, provided that the receptor’s
overall signaling poise remains in a responsive
structural range, for example, through appropriate
adaptational modifications [11-15,30,31]. Further
structure—function studies of the helix-clutch residues
should provide important insights into the mechanism
of transmembrane signaling in chemoreceptors.

Materials and Methods

Bacterial strains

Strains were derivatives of E. coli K12 strain RP437 [38];
their relevant genotypes are: UU1250 [Aaer-1 ygjG::Gm

Atsr-7028 A(tar-tap)5201 Atrg-100] [39], UU2610 [Aaer-1
ygiG::Gm A(tar-cheB)4346 Atsr-5547 Atrg-4543] [40],
UuU2611 [Aaer-1 A(tar-cheR)4283 Atsr-5547 Atrg-4543]
[40], UU2612 [Aaer-1 A(tar-tap)4530 Atsr-5547 Atrg-4543)
[40], UU2632 [Aaer-1 A(tar-tap)4530 AcheB4345
Atsr-5547 Atrg-4543] [40], UU2567 [A(tar-cheZ)4211
Atsr-5547 Aaer-1 Atrg-4543] [34], and UU2700 [A(cheY-
che2)1215 A(tar-tap)4530 Atsr-5547 Aaer-1 Atrg-4543)
[34].

Plasmids

Plasmids used in the study were: pKG116, a derivative
of pACYC184 [41] that confers chloramphenicol resis-
tance and has a sodium salicylate-inducible expression/
cloning site [42]; pPA114, a relative of pKG116 that carries
wild-type tsr under salicylate control [39]; pRZ30, a
derivative of pKG116 that expresses CheY-YFP and
CheZ-CFP fusion proteins under salicylate control [34];
pRR48, a derivative of pBR322 [43] that confers ampicillin
resistance and has an expression/cloning site with a tac
promoter and an ideal (perfectly palindromic) /ac operator
under the control of a plasmid-encoded lacl repressor,
inducible by IPTG [44]; pRR53, a derivative of pRR48 that
carries wild-type tsrunder IPTG control [44]; and pVS88, a
plasmid that expresses CheY-YFP and CheZ-CFP fusion
proteins under IPTG control [33].

Construction of TM2 and control cable mutants

Mutations in plasmids pPA114 and pRR53 were
generated by QuikChange™ PCR mutagenesis using
site-specific primers and were verified by sequencing the
entire tsrcoding region, as previously described [39,45].

Chemotaxis assays

Mutant tsr plasmids carried in strain UU2612 were
assessed for ability to support chemotaxis on tryptone soft
agar plates [46] containing appropriate antibiotics [ampi-
cillin (50 pg/ml) or chloramphenicol (12.5 pg/ml)] and
inducers (100 uM IPTG or 0.6 uM sodium salicylate).
Plates were incubated at 30 °C and 32.5 °C for 7-10 h
and at 24 °C for 15-20 hours.

Expression levels and modification patterns of mutant
Tsr proteins

Cells harboring pRR53 derivatives were grown in
tryptone broth containing 50 pg/ml ampicillin and 100 uM
IPTG; cells harboring pPA114 derivatives were grown in
tryptone broth containing 12.5 pg/ml chloramphenicol and
0.6 uM sodium salicylate. Expression levels of mutant
proteins were determined in strain UU2610 (R™B7) in
which receptor molecules have a uniform modification
state. Strains UU2611 (R™B*) and UU2632 (R*B~) were
used to assess the CheR and CheB substrate properties of
mutant Tsr proteins. Cells were grown at 30 °C to
mid-exponential phase, and 1-ml samples were pelleted
by centrifugation, washed twice with KEP (10 mM K-PO,,
0.1 mM K-EDTA, pH 7.0), and lysed by boiling in sample
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buffer [36]. Tsr bands were resolved by electrophoresis
in 11% polyacrylamide gels containing sodium dodecyl
sulfate and visualized by immunoblotting with a
polyclonal rabbit antiserum raised against Tsr residues
290-470 [47].

In vivo FRET CheA kinase assay

The experimental system, cell sample chamber, stimu-
lus protocol, and data analysis followed the hardware,
software, and methods described by Sourjik et al. [33] with
minor modifications [34]. Cells containing a FRET reporter
plasmid (pRZ30 or pVS88) and a compatible tsr expres-
sion plasmid (pPRR53 or pPA114 derivative) were grown at
30 °C to mid-exponential phase in tryptone broth, washed,
attached to a round coverslip with polylysine, and mounted
in a flow cell [48]. The flow cell and all motility buffer test
solutions (KEP containing 10 mM Na lactate, 100 pM
methionine, and various concentrations of serine) were
maintained at 30 °C throughout each experiment. Cells
were illuminated at the CFP excitation wavelength, and
light emission was detected at the CFP (FRET donor)
and YFP (FRET acceptor) wavelengths with photomul-
tipliers. The ratio of YFP to CFP photon counts reflects
CheA kinase activity and changes in response to serine
stimuli [32,33]. In some extended experiments, differen-
tial rates of YFP and CFP bleaching caused a slow
decline in YFP/CFP values. In such cases, a linear fit of
YFP/CFP versus time was used to correct for baseline
drift, similar to the approach used by Meir et al. [49].
Fractional changes in kinase activity versus applied
serine concentrations were fitted to a multisite Hill
equation, yielding two parameter values: Ky, the
attractant concentration that inhibits 50% of the kinase
activity; and the Hill coefficient, reflecting the extent of
cooperativity of the response [33,50].

Protein modeling and structural display

Atomic coordinates for the Tsr HAMP domain were
generated from the Af1503 HAMP coordinates (PDB
accession number 2ASW) [45]. Coordinates for the TM
bundle of Salmonella typhimurium Tar were based on the
modeled TM structure of Trg [10] and provided by
Dr. Gerald Hazelbauer (U. Missouri). Structure images
were prepared with MacPyMOL software .
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Table S1. Properties of mutant Tsr proteins.

mutant soft agar expression modified by ¢
protein function & level CheR CheB
wild type + 1.00 + +
AW194 t(s) 1.00 + +
AG198 1 (s) 1.00 + +
AV202 t(s) 1.40 + +
AF208 t(s) 1.20 + +
Q191QG t (hs) 1.40 - +
V197QV - 1.55 - +
V202QV - 0.75 - +
V210QA t(s) 0.90 + +
W2110QA t(s) 1.50 + +
F212QA t(s) 1.75 + +
AG213 t (hs) 1.25 - +
Al214 t (hs) 1.40 - -
AK215 t (hs) 1.20 + +
AA216 t 1.75 + +
AS217 t 1.20 + +
1214QA t (cs) 1.90 + +
K215QA - 1.85 - -
CC-4S - 1.10 - -
CC-5S + (hs) 0.90 + +
CC-6S - 0.80 - -

? Mutant plasmids were tested in strain UU2612 on semi-solid tryptone agar plates at various
temperatures (see Methods). Colonies were scored as follows: - [less than 20% of wild-type
diameter with no outer ring]; % [less than wild-type diameter and/or with aberrant outer ring
morphology, (s) = sharp outer ring, characteristic of OFF-shifted receptors]; + [near wild-type
diameter and morphology]. Temperature-dependent behaviors: (cs) = cold-sensitive [25°C]
performance; (hs) = heat-sensitive [32.5°C] performance.

b Mutant plasmids were tested in strain UU2610 for Tsr expression (see Methods). Values are
relative to wild-type Tsr, rounded to the nearest 0.05.

¢ Mutant plasmids were expressed in strain UU2632 (CheR+ CheB’) and strain UU2611 (CheR"
CheB+) and Tsr molecules were scored for adaptational modifications (see Methods) as
follows: - (no bandshifts evident); + (at least one appropriately shifted band evident).
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Table S2. FRET kinase assay response parameters of Tsr TM2 and control cable mutants.

FRET host: UU2567 (CheR™ CheB’)® FRET host: UU2700 (CheR" CheB™)?

mutant K12 Hill kinase K1 Hill kinase
protein (MM SER) coefficient activityb (MM SER) coefficient activityb
wild type 19 +1 14 +3 1.00 0.45+£0.05 22103 0.23
AW194 NR-OFF NR-OFF 0.00 0.3 2.9 0.23
AG198 NR-OFF NR-OFF 0.00 0.3 2.1 0.20
AV202 NR-OFF NR-OFF 0.00 0.2 1.2 0.25
AF208 NR-OFF NR-OFF 0.00 04 1.4 0.32
Q191QG NR-ON NR-ON 0.71 0.7 2.2 0.16
V197QV NR-ON NR-ON 0.91 NR-ON NR-ON 0.68
V202QV NR-ON NR-ON 1.09 NR-ON NR-ON 0.43
V210QA NR-OFF NR-OFF 0.00 2.5 1.3 0.23
W2110QA NR-OFF NR-OFF 0.00 0.3 1.6 0.31
F2120QA NR-OFF NR-OFF 0.00 04 0.9 0.36
AG213 NR-ON NR-ON 0.80 3.0 4.0 0.21
Al214 NR-OFF NR-OFF 0.00 NR-OFF NR-OFF 0.20
AK215 NR-ON NR-ON 1.05 3.3 3.5 0.18
AA216 118 2.6 1.32 1.5 2.2 0.38
AS217 37 3.9 1.05 1.1 2.0 0.27
1214QA NR-OFF NR-OFF 0.00 0.2 1.5 0.21
K2150QA reps::)r;l: élxle reZT)rc;I: él i)\//e 1.07 repse:)rs: \l,li}\//e repse:)rs: \l,li}\//e 0.77
CC-4S reps::)rcgi:;lis\//e reZ?)r;i:éli)\//e 0.52 reps?Jrcgir?Si}\//e reps?Jrcgir?Si}\//e 0.68
CC-5S 211 12 0.55 0.5 2.4 0.31
CC-6S reps?)rcgi:;lis\//e reZ?)r;i:éli)\//e 0.59 reZ?Jréi:;IK/e reZ?Jréi:;IK/e 0.23

?NR = no response to 10 mM SER; ON = kinase activity and OFF = no kinase activity upon

treatment with 3 mM KCN; data for responding receptors are K12 and Hill coefficient values;

wild-type data are averages of eight independent experiments [pPA114 (n=4) + pRR53 (n=4)]

+ standard error.

bAII kinase activities are relative to that of wild-type Tsr in the UU2567 host. Values for non-

responsive or partially responsive receptors are based on 3 mM KCN treatment (see Methods).



	Evidence for a Helix-Clutch Mechanism of�Transmembrane Signaling in a Bacterial�Chemoreceptor
	Introduction
	Results
	Creating Tsr structural changes that mimic transmembrane signals
	Chemotactic behaviors supported by the mutant receptors
	Assessing the signaling properties of the mutant receptors
	Adaptational modification of the mutant receptors
	Signaling shifts of the mutant receptors

	Discussion
	Signaling consequences of one-residue additions or deletions in the TM2 helix
	A structural-signaling shift at the aromatic belt �-� control cable junction
	Signaling consequences of control cable length changes
	A helix-clutch model of transmembrane signaling

	Materials and Methods
	Bacterial strains
	Plasmids
	Construction of TM2 and control cable mutants
	Chemotaxis assays
	Expression levels and modification patterns of mutant Tsr proteins
	In vivo FRET CheA kinase assay
	Protein modeling and structural display

	Acknowledgments
	Appendix A. Supplementary Data
	References


