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Abstract

In Escherichia coli chemosensory arrays, transmembrane receptors, a histidine autokinase CheA, and a
scaffolding protein CheW interact to form an extended hexagonal lattice of signaling complexes. One interaction,
previously assigned a crucial signaling role, occurs between chemoreceptors and the CheW-binding P5 domain of
CheA. Structural studies showed a receptor helix fitting into a hydrophobic cleft at the boundary between P5
subdomains. Our work aimed to elucidate the in vivo roles of the receptor—P5 interface, employing as a model the
interaction between E. coli CheA and Tsr, the serine chemoreceptor. Crosslinking assays confirmed P5 and Tsr
contacts in vivo and their strict dependence on CheW. Moreover, the P5 domain only mediated CheA recruitment
to polar receptor clusters if CheW was also present. Amino acid replacements at CheA.P5 cleft residues reduced
CheA kinase activity, lowered serine response cooperativity, and partially impaired chemotaxis. Pseudoreversion
studies identified suppressors of P5 cleft defects at other P5 groove residues or at surface-exposed residues in P5
subdomain 1, which interacts with CheW in signaling complexes. Our results indicate that a high-affinity P5—
receptor binding interaction is not essential for core complex function. Rather, P5 groove residues are probably
required for proper cleft structure and/or dynamic behavior, which likely impact conformational communication
between P5 subdomains and the strong binding interaction with CheW that is necessary for kinase activation. We
propose a model for signal transmission in chemotaxis signaling complexes in which the CheW-receptor interface
plays the key role in conveying signaling-related conformational changes from receptors to the CheA kinase.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

Transmembrane chemoreceptors known as methyl-
accepting chemotaxis proteins (MCPs) enable motile
bacteria and archaea to detect and follow chemical
gradients in their environments [1]. MCPs control the
activity of CheA, a cytoplasmic histidine autokinase, to
communicate stimulus signals to the locomotor appa-
ratus. Our current understanding of chemoreceptor
signaling comes mainly from work with Escherichia coli
and Salmonella typhimurium, whose chemotaxis
machinery has been intensively studied for decades.
In these systems, unliganded receptors activate CheA,
which in turn donates phosphoryl groups to the CheY
response regulator. Phospho-CheY (P-CheY)
promotes clockwise rotation of the flagellar motors,
causing random changes in swimming direction.
Attractant-bound chemoreceptors down-regulate

0022-2836/© 2018 Elsevier Ltd. All rights reserved.

CheA, reducing intracellular P-CheY levels to promote
forward swimming. P-CheY is actively dephosphory-
lated by a dedicated phosphatase, CheZ, ensuring
rapid motor responses during travel in chemoeffector
gradients. A sensory adaptation system adjusts the
detection sensitivity of MCP chemoreceptors, enabling
the cells to sense chemoeffector changes over a wide
concentration range [2]. Adaptation occurs through
reversible covalent modifications, catalyzed by the
CheR methyliransferase and the CheB methylester-
ase, at specific residues in the receptor cytoplasmic
kinase control domain.

The receptor core complex, the smallest signaling
unit, comprises six homodimeric MCP molecules,
organized as trimers of dimers, two CheW molecules
and a multi-domain CheA dimer (Fig. 1a) [3]. In the
core unit, the cytoplasmic tip of one receptor in each
trimer binds a CheW molecule and another receptor
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Fig. 1. Structural organization of receptor signaling
complexes. (a) The core signaling unit. The periplasmic
sensing domains of the receptor molecules are at the top
of the figure, external to the membrane (gray rectangle)
and the intracellular compartment. CheA functions as a
homodimer with five domains in each subunit: P1
(phosphorylation site), P2 (CheB and CheY binding), P3
(dimerization), P4 (ATP binding), and P5 (CheW and
receptor interaction). Note that CheA autophosphorylation
is a trans reaction, involving interaction of a P1 domain in
one subunit with a P4 domain in the other. Vertical white
lines in the receptors and in the P3/P3’ domains of CheA
indicate the dimerization interface between the two
protomers of the homodimers. One CheA.P5 domain and
one CheW molecule lie behind the tips of the receptor
trimers and are largely obscured in this view. The black
circle at the P5—CheW junction indicates the interface 1
binding interaction between P5 subdomain 1 and CheW
subdomain 2 that plays an essential role in assembly and
function of the core complex. (b) Top-down cross-section
view of the core complex. Most of the trimer-stabilizing
interactions between receptors involve residues in one
subunit of each receptor dimer. CheW and the CheA.P5
domain are structural homologs; each comprises two
similar subdomains. Black circles indicate the interface 1
binding interaction between P5 subdomain 1 and CheW
subdomain 2. Black rectangles indicate the CheW-
receptor interface. Black stars indicate the receptor—P5
contact surface studied in this work. (c) Three core
complexes networked through interface 2 connections
between P5 and CheW (white circles).

in each trimer contacts the P5 domain in one CheA
subunit (Fig. 1b). The CheA dimerization domains
(P3/P3’) lie between the receptor trimers, whereas
the remaining domains, P1 (phosphorylation site),
P2 (CheY/CheB binding), and P4 (ATP binding),
extend past the hairpin tips of the receptors. A strong
binding interaction between CheA.P5 and CheW
(interface 1) bridges the two receptor trimers in
the core complex. A second but weaker CheA.P5—
CheW interaction (interface 2) networks core com-

plexes into hexagonal arrays (Fig. 1c) that typically
localize in large clusters at the cell poles [4—6].

The CheA.P5 regulatory domain is essential for
interaction of CheA with CheW and for receptor
control of kinase activity [7—10]. P5 and CheW have
similar protein folds, comprising two intertwined -
barrels (subdomains 1 and 2), sandwiching a central
cleft or groove that interacts with the receptor tip
[4,11-13] (Fig. 2a). In vitro crosslinking experiments
in reconstituted arrays and mutational analyses of
CheA.P5 cleft residues led to a proposal that the P5—
receptor interface plays an important role in
receptor-mediated activation and conformational
control of CheA through a binding interaction [14,15].

The present work aimed to elucidate the in vivo
roles of CheA kinase—receptor contacts by exploring
the interaction between the E. coli CheA.P5 domain
and Tsr, the serine chemoreceptor. An extensive
mutational analysis of the CheA.P5 domain demon-
strated that P5 cleft residues are indeed important
for CheA kinase activation. However, our results
indicate that kinase activation is not dependent on a
high-affinity direct P5—receptor binding interaction.
Accordingly, we propose a different role for P5 cleft
residues in signaling and present a refined model for
conformational signal transmission in core com-
plexes and the chemosensory array.

Results

In vivo interactions between Tsr and CheA.P5
cleft residues

The P5 domain of CheA and the structurally
homologous CheW protein each have two intertwined
B-barrel subdomains [11,12]. Previous genetic, bio-
chemical, and structural studies identified residues
lining the cleft between the two subdomains in each
protein as sites of interaction with a helix of the receptor
hairpin tip [5,9,10,14—18]. When mapped onto the
E. coliCheA.P5-Tsr interface modeled on the structure
of a Thermotoga maritima signaling complex [13], P5
residues L528, V531, S534, 1581, and L599 flank a
groove between P5 subdomains 1 and 2 and their
sidechains are in close proximity to receptor residues
(Fig. 2).

We devised cysteine-directed crosslinking assays to
probe for these P5-receptor contacts in vivo (Fig. 3).
Single-cysteine replacements were introduced at P5
groove residues L528, V531, S534, 1581, and L599 in a
functional, hemagglutinin antigen (HA)-tagged CheA
variant that lacks its three native cysteines [19]. We also
constructed cysteine reporters at two CheA control
positions M532 and 1600, whose sidechains project
away from the P5—receptor interface (Fig. 2). In parallel,
we constructed a set of Tsr reporters bearing single-
cysteine replacements in the hairpin tip: at N-helix
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Fig. 2. Structural model of the CheA.P5-receptor interface. Atomic coordinates for an E. coli P5—Tsr complex were modeled
froma T. maritimaternary complex structure (Protein Data Bank code 4JPB) [13] (see Materials and Methods). (a) Top view of the
P5-Tsr contact surface. The cytoplasmic tip of a receptor molecule, in this case Tsr (blue helix backbones, transparent blue
atoms), inserts the N-helix of one subunit into a groove or cleft in P5 (orange backbone). The sidechain atoms of P5 cleft residues
implicated in the receptor interaction are shown as black spheres (L528, V531, S534, 1581, L599). Sidechain atoms of nearby
interface control residues that project away from the cleft are shown as light gray spheres (M532, 1600). (b) Face-on view of the P5
cleft. Sidechains of receptor N-helix residues that contact P5 cleft residues are shown as blue sticks. The shading conventions for

P5 residues follow those in panel a.

residues F373, N376, L380, A383, V384, A387, and
G390, which project into or near the P5 cleft (Fig. 2),
and at more distant C-helix residues, G395, A397,
V398, or G401. We treated cells expressing all reporter
pair combinations with Cu?*-phenanthroline to pro-
mote disulfide bond formation and detected cross-
linking products by gel electrophoresis and
immunoblotting. Our results were in close agreement
with the P5—Tsr interface model: CheA-L528C, V531C,
S534C, and L599C readily formed disulfide bridges
almost exclusively with nearby receptor N-helix cyste-
ine residues (Fig. 3). The CheA control position
reporters yielded much reduced (M532C) or almost
no (I600C) CheA-Tsr crosslinking. Unexpectedly,
I1581C, which the structural model predicted to be in
close proximity to Tsr N-helix cysteine residues, did not
form any crosslinks to Tsr. In all cases, no CheA—Tsr
crosslinked products were detected in cells lacking
CheW, indicating that in vivo the P5—Tsr interaction is
strictly dependent on CheW (Fig. 3).

Cellular clustering properties of P5-containing
proteins

Previous studies of YFP-P5 fusion proteins sug-
gested that the CheA.P5 domain could interact with
chemoreceptors and mediate recruitment to receptor
clusters in CheW-independent fashion [14,20]. Our
P5—Tsr crosslinking experiments challenge that finding
(Fig. 3). To clarify the issue, we carried out fluorescence
microscopy localization studies in several cellular

backgrounds, employing GFP-P5 or P5-GFP protein
fusions (Fig. 4). When expressed from a high copy-
number, strong-promoter plasmid, like the one used in
previous studies [14,20], GFP-P5 formed clusters
even in a receptor-less strain (Fig. 4, panel a), which
implies that these expression conditions promoted
protein aggregation. However, GFP—P5 and P5-GFP
fusion proteins expressed from a low-copy, weak-
promoter plasmid did not form aggregates in the
absence of receptors (Fig. 4, panels b and c). They
clustered at polar receptor patches only when CheW
was present (Fig. 4, panels n and o), demonstrating
that, at native stoichiometries, P5 cannot by itself
establish stable cellular interactions with receptors.
Similarly, GFP—-CheA, but not GFP—CheAAPS5, exhib-
ited polar clustering only in a strain containing both
CheW and receptors (Fig. 4, panels p and q). We
conclude that in vivo formation of the P5-receptor
interface and the concomitant incorporation of CheA
into signaling complexes are strictly dependent
on CheW, which can bind directly to chemoreceptors
(Fig. 4, panel 1) [9,10] and to the CheA.P5 domain
through interface 1 interactions [8—10].

Mutational analysis of receptor interface residues
in the CheA-P5 domain

To generate all possible amino acid replacements
at each targeted CheA.P5 residue, mutations were
created by all-codon mutagenesis in plasmid
pPM25, which co-expresses the cheA and cheW
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genes under control of a salicylate-inducible pro-
moter [21]. Strain UU1607 [A(cheAW)] carrying the
various mutant plasmids was tested for chemotaxis
on tryptone soft agar plates. The replacement
mutants (hereafter designated P5*) defined three
functional groups: >60% of the wild-type colony size
(50/95 mutants), 40%—60% of wild-type size (20/95
mutants), or <40% of wild-type size (25/95 mutants)

100 -
80 CheA-L528C 25
) 20
60 o o ° o 15
40 1 P O o L 10
0_ I_I_|I_I_|I_I_|I—|=|I_|_| rmararrarTa _0
100 -
CheA-V531C - 25
80 - 20
60 1 e} ° 4 o 15
40 1 ® L 10
| _allad :
0_ I_I_|I—H I—|=| I_I_|I—|-|I_I_|I_I_|I_I_| _0
100 -
CheA-S534C 25
80 - [ 20
_ 604 O L4
3R 407 L 10
5 o] ﬂ J’] ﬁ 2
I2 0 I rTIrT r—m 0 ‘i(/
100 -
2 CheA-I1581C (25
- 801 (@] Log C
D g0 o © © ©
X (@) e} 15 "&)"
S 4] 9 @ ¢ 10 5
@ 201 L5 «
e O_ MM rmrmrarararararTarTi _O Ll)
© 100+ «
< CheA-L599C F25 O
o 807 L20 O
< 60 o ©
S) o F15 @
5 rﬁﬂ s
O 204 E5
04 l—|_|l—|-|l—l=|l—l—|l—l—|l—l—|l—l—|l—l—| -0
100 -
CheA-M532C r25
80
@) o o) 20
60 o} o o [ 15
40- 09 o o L 10
i ¥
0_ I_I_|I_I_|I_'-|l_|=|l—|=| |—|-||—|—||—|—||—|—||—|—| _0
100 -
80.] CheA-1600C oo r25
le) 20
] (@]
60 (@] o (o) o o 15
404 (@] PY L 10
204 [5
0 |—|_||—|I||—|_||—|—||—|—||—|-||—|—||—|—||—|—||—|—|l—|-| -0
O 00000 00000
FESSTHSSFTESS S
CIVITXINT OO X0
N-helix C-helix
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(Fig. 5a). Amino acids with charged (D, E, K, R) or
bulky (F, Y, W) sidechains were the most deleterious
(Fig. 5a and b). By contrast, tryptophan and glycine
replacements at the M532 and 1600 control positions
had no deleterious effect on chemotaxis perfor-
mance (Fig. S1a).

CheA.P5* proteins that failed to support good
chemotaxis in soft agar tests nevertheless had wild-
type steady-state cellular levels (Tables S1-S5),
indicating that their functional defects were not due
to poor expression or intracellular instability. We
conclude that the mutant CheA proteins fold
normally and have near-native in vivo structures.
The P5* proteins also assembled core complexes
and receptor clusters with wild-type efficiency
(Tables S1-S5), indicating that their defects impair
signaling functions rather than disrupt assembly or
alter structure of the chemoreceptor array.

In vivo signaling properties of CheA.P5* mutants

We characterized the P5* mutants with in vivo CheA
kinase assays based on Forster resonance energy
transfer (FRET) between CFP-tagged CheZ (the
FRET donor) and YFP-tagged CheY (the FRET
acceptor) [22,23]. The CheZ phosphatase has low
binding affinity for CheY, but high affinity for P-CheY,
so at steady state, their FRET interaction reflects CheA
activity, the rate-limiting step in P-CheY production.
The dose—response relationship of kinase activity to
applied attractant stimuli yields three signaling param-
eters: Kj, the attractant concentration that inhibits
50% of the CheA activity; the Hill coefficient, a measure
of response cooperativity; and the overall level of
receptor-stimulated kinase activity.

Altogether, we surveyed the FRET responses of
73 plasmid-borne P5* mutants in the A(cheAW)
strain UU2784, which expresses wild-type Tsr as its
only receptor and also lacks the CheR and CheB
sensory adaptation enzymes: 17 L528 mutants
(Table S1), 18 V531 mutants (Table S2), 11 S534

Fig. 3. In vivo P5-Tsr crosslinking assays. HA-tagged
CheA-Cys reporters were expressed alone from pGP34
(white columns) or co-expressed with CheW from pGP32
(gray columns), whereas Tsr-Cys reporters were expressed
from plasmid pPA114. Cells of strain UU2806 [A(cheA-cheZ)
A(tar, tap, tsr, trg, aer)] co-transformed with derivatives of
pPA114 and pGP34 or pGP32 were grown and treated as
detailed in Materials and Methods, and lysate proteins were
separated by SDS/PAGE and probed with anti-HA antibody to
detect CheA and CheA ~ Tsr crosslinking products. Histogram
bars indicate the fraction of CheA subunits crosslinked to Tsr;
error bars indicate the standard error of three measurements.
Circles indicate the distances between the -carbons of each
pair of reporter sidechains, obtained from the atomic
coordinates of the model shown in Fig. 2. Black circles
indicate reporter site pairs closer than 10 A.
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Fig. 4. Cellular clustering assays of fluorescent CheA, P5 and CheW fusion proteins. Plasmids expressing the fusion
proteins indicated along the top of the figure were introduced into three AcheA host strains, listed on the left side of the
figure, for clustering assays. pGP3 is a high copy-number plasmid with a strong /ac promoter and expresses the GFP—P5
fusion protein at high cellular levels (double arrows). Plasmids pGP7, pGP8, pGP12, and pGP68 have low copy numbers
and a tightly regulated salicylate-inducible promoter. In these experiments, their fusion protein products were expressed at
approximately the native cellular level. pPA802 is also a low copy-number plasmid, with a tightly controlled IPTG-inducible
promoter. Its product, YFP—CheW, was expressed at approximately native levels in these experiments. Fluorescence
images were inverted and converted to grayscale to facilitate visualization of clusters (black spots).

mutants (Table S3), 10 1581 mutants (Table S4), and
17 L599 mutants (Table S5). In UU2784, the Tsr
subunits retain a [QEQEE] residue pattern at their
five adaptation sites, with Q residues mimicking the
kinase-on signaling properties of methylated E
residues. In the adaptation-deficient host, the pa-
rental pPM25 plasmid produced a Ky, response to
serine of 17.4 + 0.8 uM, with high cooperativity (Hill
coefficient = 18 + 3). (These averages and standard
errors, derived from six independent experiments,
typify the variation in parameter values from our
FRET experiments [21,24—-28]). Consistent with their
wild-type chemotactic behavior (Fig. S1a), the
CheA-M532G, -M532W, -1600G, and -I600W control
mutants displayed response sensitivities and coop-
erativities closely comparable to those of wild-type
CheA in strain UU2784 (Fig. S1b).

The signaling properties of P5* mutants in UU2784
were variable: Their K, values ranged from 0.4x
(L599Y) to 3.6x (V531D) of the wild type value; Hill
coefficients ranged from 0.2 x (S534W) to 1.3 x (L528K)
of the wild type value; and kinase activities ranged from
0.1x (S534R) to 1.2x (V531 T) of the wild type value
(Tables S1-S5). However, we detected no systematic
differences between the UU2784 response parameters
of P5* proteins that supported good chemotaxis in soft
agar tests and those that supported poor performance
(Fig. S2).

Conceivably, the high kinase activity of Tsr [QEQEE]
core complexes in strain UU2784 might mask intrinsic
signaling deficiencies in some P5* mutants. Accord-
ingly, we also measured FRET response parameters
for a subset of P5* mutants in the A(cheAW) strain
Uu2794, which expresses wild-type Tsr as its only
receptor and contains the CheR and CheB sensory
adaptation enzymes. This adaptation-proficient host,
in which Tsr molecules average about one Q or
methylated E site per subunit, closely resembles the
(AcheAW) (cheRB*) UU1607 strain in which we
assessed the chemotaxis performance of P5* mu-
tants. The kinase activity of wild-type CheA signaling
complexes in strain UU2794 was one-third of its
UU2784 level (Tables S1-S5), resulting in lower
response cooperativity (Hill coefficient = 2.6 + 0.2),
but much higher response sensitivity (Ki» = 0.58 +
0.04 pM; eight independent experiments) than in the
adaptation-deficient UU2784 host.

We chose 40 P5* mutants for FRET assays in
UuU2794 (CheRB™). Their signaling properties were
also variable in this host, with Kj . values ranging from
0.3x (I581E) to 2.5x (S534K) of wild type, Hill
coefficients ranging from 0.3x (V531S) to 1.4x
(L528Q) of wild type, and kinase activities ranging
from 0.3x (L528G) to 1.2x (L599H) of wild type
(Tables S1-S5). We noted no correlation between
mutant response sensitivity in UU2794 and
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Fig. 5. Mutational survey of CheA.P5 residues at the
receptor contact cleft. (a) Functional phenotypes of CheA.
P5 mutants. Mutant pPM25 plasmids were tested in strain
UU1607 (AcheAW) for ability to support chemotaxis on
tryptone soft agar plates (see Materials and Methods). The
left-hand column lists the one-letter designations for amino
acid replacements at each of the targeted residues. The
size and shading of the circles indicate the chemotactic
performance of each mutant: >60% of wild-type colony
size with a ring of chemotactic cells at the colony edge
(small, white), 40%—60% of wild-type colony size with a
chemotactic ring (medium, gray), and <40% of wild-type
colony size with no obvious ring of chemotactic cells (large,
black). (b) Examples of mutant CheA phenotypes on
tryptone soft agar plates.

chemotaxis performance (Fig. S2), but both response
cooperativity and kinase activity in UU2794 were
generally lower in poorly chemotactic P5* mutants
than in those with better chemotactic ability (Fig. S2).
Thus, reduced kinase activity and/or lower response
cooperativity may be responsible for the chemotaxis
deficiencies of P5* mutants, although changes in
sensory adaptation ability, not examined in the present
study, could also be a contributing factor.

Sidechain tolerances of P5 cleft residues

Amino acid replacements at P5 residues whose
sidechains contribute directly to a receptor binding
interaction—for example, through hydrophobic or
polar effects—should reduce interaction affinity. More-

over, bulky sidechain replacements at such P5
residues could also weaken the receptor binding
interaction through steric clashes. Based on mutant
functionality in an adaptation-proficient host, none of
the surveyed P5 residue sidechains (L528, V531,
S534, 1581, L599) were individually essential for
chemotaxis (Fig. 5a). The P5 residue most sensitive
to sidechain character was S534. In an X-ray structure
of the T. maritima P5—receptor complex, the residue at
the corresponding S534 position makes a mainchain
hydrogen bond to a receptor residue (corresponding to
N381 in Tsr) [13]. This P5 position tolerated A, D, N, T,
C, and G replacements (Fig. 5a), whereas sidechains
with larger volume than the native serine (V, I, L, M, F,
Y, W, H, R, K, E, Q) or restricted backbone motion (P)
impaired chemotactic ability.

To better evaluate the sidechain contributions of the
P5 cleft residues to core complex function, we
compared the signaling properties of alanine and
tryptophan replacement mutants at each position in
Uu2784, the adaptation-deficient FRET tester strain
(Fig. 6). Tryptophan replacements at three positions
(L528, S534, L599) shifted signal output toward the
kinase-off state, reduced overall kinase activity, and
drastically lowered response cooperativity. Alanine
replacements at the same residues had little effect on
these signaling parameters (Fig. 6; Tables S1, S3, S5).
Thus, L528 and L599, like S534, lie at the contact
interface with the receptor, but each individually is not
critical to that interaction. Both A and W replacements
at V531 lowered kinase activity, but had relatively
modest effects on response cooperativity and sensi-
tivity (Fig. 6; Table S2). Thus, the V531 sidechain
seems to be primarily responsible for attaining a native
level of kinase activity, at least with a homogeneous
population of [QEQEE] receptor molecules. Whether
the reduced kinase activity of the V531 mutants is due
to an impaired receptor interaction is not yet clear.
Finally, the A and W replacements at 1581 had little
effect on kinase activity or response cooperativity, with
relatively modest changes in response sensitivity
(Fig. 6; Table S4). In conclusion, the signaling defects
of single-replacement P5* mutants might arise from
impaired receptor interactions, but if so, the P5 cleft
residues are not individually critical to that interaction.

The four principal P5 cleft residues (L528, V531,
1581, L599), all hydrophobic in character, nevertheless
tolerate replacement with serine (Fig. 5a). If each native
sidechain contributes to the overall receptor binding
affinity, multiple serine replacements might produce
a synergistic decline in chemotaxis performance.
Accordingly, we constructed plasmid pPM25 deriva-
tives encoding all possible combinations of double and
triple serine replacements at these four residues.
Serine was chosen for mutant replacements because
single-serine mutants had almost wild-type chemotac-
tic ability (Fig. 5 and Tables S1, S2, S4, and S5) and
signaling properties (Fig. 7 and Tables S1, S2, S4,
and S5). Multiple serine mutants were screened for
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Fig. 6. Serine dose—response behaviors of CheA.P5 mutants in adaptation-deficient cells. Mutant pPM25 derivatives
expressing alanine and tryptophan (A and W) replacements at P5 cleft residues were tested in the FRET reporter strain
Uu2784, which lacks the CheR and CheB sensory adaptation enzymes and expresses wild-type Tsr in the [QEQEE]
modification state as its sole chemoreceptor. Shown are fits of the FRET dose—response data to a multi-site Hill equation,
extrapolated to the X-axis limits for each plot. The dashed line shows the response curve for wild-type CheA with data
points omitted to facilitate comparison to the mutant responses. The maximum kinase activity for each mutant, defined by a
saturating serine stimulus (see Materials and Methods), was normalized to that for the wild-type control. Mean Kj,, Hill,
and relative kinase activity values + standard errors in these experiments are listed in Tables S1-S5.

chemotaxis in soft-agar plates in strain UU1607
(AcheAW). The double and triple serine mutants
had near wild-type behavior, except for the V531S/
L599S double mutant and triple mutants containing the
V531S/L599S combination, which could not promote
chemotaxis (Fig. S3 and Table S6). Although the
V531S/L599S double mutant protein expressed at the
wild-type level, it probably contains a misfolded P5
domain because it failed to make ternary signaling
complexes (Table S6). As expected, the chemotaxis-
proficient triple serine-mutants L528S5/1581S/L599S
and L528S/V531S/1581S responded to serine in
FRET experiments with AcheRB host cells (Fig. 7).
However, their responses were compromised, espe-
cially that of the L528S/V531S/1581S mutant. Because
CheA.P5 mutants with multiple serine replacements at
cleft residues can still promote stimulus responses, we
conclude that a stereo-specific P5—-receptor binding
interaction is not essential for kinase activation or
control.

Suppression analysis of P5 cleft mutants

Given that the CheA.P5 domain does not seem to
promote a strong, CheW-independent binding inter-
action with the receptor, what is the functional basis
for the impaired signaling properties of some P5 cleft
mutants? To address this question, we first asked
whether a structural change in the receptor could
alleviate a P5* chemotaxis defect. The hunt for P5*
suppressors in Tsr was unsuccessful (see Materials
and Methods), suggesting that single-residue alter-
ations of the receptor's P5 contact surface cannot
restore proper signaling behavior to CheA.P5*
mutants.

Subsequently, we searched for second-site muta-
tions in cheW or elsewhere in the cheA gene that
could improve the impaired chemotactic perfor-
mance of P5* mutants L528W, 1581W, L599W, and
S534R. We searched for suppressor mutations in
plasmid pPM25 P5* derivatives by two different
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Fig. 7. Dose—response behaviors of P5* serine-replace-
ment mutants. Plasmid pPM25 derivatives were tested in the
FRET reporter strain UU2784 (see Materials and Methods
and the legend of Fig. 6). Dose—response data were fitted to a
multi-site Hill equation, extrapolated to the X-axis limits for
each plot. The dashed line shows the response curve for wild-
type CheA with data points omitted to facilitate comparison to
the mutant responses. The maximum kinase activity for each
mutant, defined by a saturating serine stimulus (see Materials
and Methods), was normalized to that for the wild-type control.
Mean K., Hill, and relative kinase activity values + standard
errors in these experiments are listed in Tables S1 (L528S),
S2 (V531S), S4 (1581S), S5 (L599S), and S6 (multiple S
replacements). Upper panel, single replacement mutants;
lower panel, two triple replacement mutants that retain
chemotactic ability (see Fig. S3).

methods, one involved all-codon mutagenesis of
targeted P5 cleft residue codons, the other involved
random mutagenesis of the entire plasmid. In both
cases, the mutagenized pPM25-P5* plasmids were
transformed into strain UU1607 (AcheAW) and
pseudorevertants with improved chemotactic ability
were selected from pooled transformants on tryp-
tone soft agar.

The all-codon approach yielded one or more
suppressors for each starting P5* mutant (Fig. 8).
Because the mutagenized plasmid pools contained
all possible codon changes at the targeted sites, we
conclude that P5 groove lesions are compensated
only by a specific amino acid replacement at another
cleft position (Fig. 9). The P5-S534R mutant yielded
a variety of suppressors at L599 and 1581, all but one

of them (I581G) introducing a polar sidechain
replacement. We conclude that functional suppres-
sion of the S534R lesion may require dislodging the
arginine sidechain from the P5 cleft through a
hydrogen-bonding interaction with a polar sidechain
at residue 581 or 599. Consistent with this view, the
random mutagenesis approach yielded no S534R
suppressors elsewhere in the P5 domain. In
contrast, random mutagenesis of the L528W,
1581W, and L599W P5* mutants yielded suppres-
sors at surface-exposed residues lying at P5-CheW
interface 1 (Fig. 8). No suppressors were found in
CheW or elsewhere in CheA, implying that P5 cleft
lesions mainly perturb P5 interactions with CheW
that take place at interface 1.

Suppressor mutants alone and in combination with
their parental P5 defect were analyzed by in vivo FRET
assays in strain UU2794 (cheRB™). P5 cleft mutants
L528W, 1581W, and L599W showed low kinase activity
values, consistent with the trend noted previously
(Fig. S2). However, the suppressors invariably im-
proved or fully restored kinase activity to the P5*
mutants (Table S7). Two suppression patterns were
evident: In one, the suppressor alone had normal
kinase activity (e.g., 1600T in Fig. 9); in the other, the
suppressor alone exhibited impaired kinase activity, but
improved kinase activity in combination with a P5* cleft
lesion (e.g., V605A in Fig. 9).

AEG\V,QS,T
N

V605F .

Qe0aR linker  (L528W) subdomain 2
\ FR  v531S
P4 domain

Fig. 8. Second-site suppressors of CheA.P5* lesions at
the receptor interface cleft. Second-site revertants were
isolated from four P5* cleft mutants (labels inside ovals).
The gray shade (L528W, 1581W, L599) or blue color
(S534R) of the parental mutants matches the single-letter
labels for the amino acid replacements in their suppres-
sors. The wild-type residues at the suppressor sites in P5
subdomain 1 are shown in space-fill mode in gray shades
keyed to the parental mutant from which they arose. The
two P5 subdomains and their corresponding cleft residues
are shown in different colors.
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Fig. 9. Dose—response behaviors of CheA.P5* pseudor-
evertants. Mutant derivatives of plasmid pPM25 were tested
in the FRET reporter strain UU2794, which contains the CheR
and CheB sensory adaptation enzymes and expresses wild-
type Tsr as its sole chemoreceptor. Dose—-response data
were fitted to a multi-site Hill equation, extrapolated to the X-
axis limits for each plot. Data points for the wild-type response
curves (dashed lines) were omitted to facilitate comparisons.
The maximum kinase activity for each mutant, defined by a
saturating serine stimulus (see Materials and Methods), was
normalized to that for the wild-type control. Mean Kj,, Hill, and
relative kinase activity values + standard errors in these
experiments are listed in Table S7. Upper panel, the doubly
mutant revertant (I581W/I600T) and its two component
mutants; lower panel, the doubly mutant revertant (1581 W/
V605A) and its two component mutants.

Discussion

Role of P5 cleft residues in chemotaxis and
signaling

Our results indicate that residues lying at the
groove formed by CheA.P5 subdomains 1 and 2
influence the signaling properties of receptor arrays
and chemotaxis performance in soft agar. All-codon
mutational analyses of P5 groove residues revealed
that a variety of amino acid replacements at L528,
V531, S534, 1581, and L599 reduced both kinase
activity and chemotactic ability. In cells containing
receptors plus CheW, CheA.P5 cleft mutants formed
polar clusters, consistent with a previous in vitro

study showing that P5 cleft lesions reduced kinase
activity, but did not impair incorporation of the mutant
CheA protein into receptor arrays [14]. Thus, P5 cleft
residues play a role in kinase activity and/or signal
transmission, but not in core complex assembly.

Several lines of evidence indicate that the CheA.
P5 domain does not bind directly to receptors with an
affinity comparable to the binding interaction be-
tween receptors and CheW, a P5 paralog: In vivo
crosslinking between CheA and Tsr was strictly
dependent on the presence of CheW, as was
recruitment of CheA or the CheA.P5 domain to
cellular receptor clusters. In contrast, a variety of
experimental approaches have demonstrated that
CheW binds to receptors in the absence of CheA
[10,16,18,29-31]. Amino acid replacements at
CheW residue positions that correspond to some of
the P5 groove residues discussed in this report
disrupt the CheW-receptor interaction [10,18,30].

The substantial differences in the receptor inter-
action properties of CheW and CheA.P5 imply that
the signaling defects of P5 groove mutants do not
arise from disruption of a direct, CheW-independent,
P5-receptor binding interaction. Many P5 cleft
mutants tolerated single amino acid replacements
with only modest declines in chemotactic ability,
indicating that none of the P5 residues that contact
the receptor are a critical functional determinant.
Moreover, CheA proteins with multiple P5 cleft
alterations (e.g., three serine replacements) also
supported chemotaxis. Because the P5-receptor
contacts seen in ternary core complexes can tolerate
a variety of P5 sidechains with little detriment to
chemotaxis performance, we conclude that the
P5 and receptor contact surfaces do not require a
highly stereospecific match between interacting
residues.

Tryptophan replacements at the P5 cleft residues
produced the most severe functional defects,
while still allowing normal core complex assembly.
Conceivably, a very bulky sidechain could impair
function by distorting the P5-receptor contact
surface, but receptor-dependent steric clashes
cannot account for the pseudoreversion patterns of
such P5* mutants. We found that specific amino acid
replacements at other P5 groove or subdomain 1
residues restored chemotaxis and kinase activity to
defective P5 cleft tryptophan-replacement mutants.
Our suppression study suggests that P5 lesions
affect primarily P5 cleft structure and/or dynamic
motions that impact the P5-CheW interface 1
interaction. A complete disruption of interface 1
affects both CheA kinase activity and array binding
[8], whereas P5 cleft mutants form arrays normally.
We conclude that their low kinase activity arises
mainly from altered conformational interactions
between CheW and the CheA.P5 domain at inter-
face 1 and not directly from their structural changes
at the P5—receptor interaction surface.
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A new model for core complex signaling

The CheA.P5 domain and CheW both share the
same overall protein fold and receptor contact surface,
suggesting that kinase activation and control could be
mediated by both P5-receptor and CheW-receptor
contacts. Here, we demonstrated that stereospecific
P5—receptor interactions are not critical for kinase
activation and control. We propose, therefore, that the
receptor—-CheW interface is the principal route for
transmission of signaling-related conformational
changes between receptors and the CheA kinase
(Fig. 10). This view is consistent with the previously
documented essential role of CheW in receptor-
mediated control of CheA [7,29,32—34] and a recent
study indicating that control may occur through only
one receptor dimer in each trimer of dimers [35]. Within
the core complex, CheW signals probably modulate
kinase activity through the interface 1 connection to
the CheA.P5 domain [8] (Fig. 10). Conformational
changes in subdomain 1 of P5 might in turn influence
CheA activity through the linker connecting the P5
domain to the P4 ATP-binding domain [36]. Those
signals might, for example, promote CheA dynamic
motions needed for productive interaction between its
substrate (P1) and catalytic (P4) domains [37]. In
addition, receptor conformational signals might travel
through the P3/P3’ dimerization domain of CheA [35],
which also adjoins P4 through a critical linker segment
[38].

CheW conformational signals propagate to neigh-
boring core complexes through interface 2 connec-
tions [21]. The CheW-P5 interface 1 connection might
also transmit conformational changes from P5 sub-
domain 1 through groove residues to subdomain 2,
thereby influencing P5 interface 2 and array coopera-
tivity (Fig. 10). Indeed, we noted that the majority of P5
groove mutants have reduced response cooperativity,
implying fewer interface 2 connections (Fig. S2 and
Tables S1-S5).

In summary, P5 cleft residues are important for
CheA kinase activation, but not through direct
binding contacts with the receptor, as previously
proposed [14,15]. Instead, P5 groove residues
ensure correct cleft structure and dynamics neces-
sary for proper interface 1 interactions with CheW
thatlead to P5 conformational changes important for
kinase activation and for transmission of stimulus
signals to other core complexes through array
interface 2.

Materials and Methods

Bacterial strains

All strains used in the study were derivatives of
E. coli K-12 strain RP437 [39]. Their relevant geno-

interface 2 array connections

,

receptor ’

recept
trimer } r|mer

ontact
surfaces

“lnterface 1

Fig. 10. Proposed transmission routes of signaling-
related conformational changes in chemoreceptor core
complexes. A top-down cross-section view of a core
signaling complex is shown (see Fig. 1). The lower half of
the cartoon shows P5-CheW interface 1 (black circle) and
the interfaces between receptor dimers and CheW (black
rectangle) and the CheA.P5 domain (gray rectangle). The
upper half of the cartoon indicates a possible route for
receptor conformational signals (large arrowhead) that
control CheA activity. P5 conformational changes probably
influence CheA activity through the P4-P5 linker (small
gray arrow). In addition, receptor signals may reach the P4
domain through the P3-P4 linker (small light white arrow).
Our study shows that receptors do not modulate CheA
activity through their direct contacts with the P5 domain.
See text for further explanation.

types were as follows: UU1607 [A(cheA-cheW)2167]
[21], UU2682 [A(cheA-cheW-tar-tap)4530 tsrA5547
aerA1 trgA4543], UU2784 [A(cheA-cheW-tar-tap-
cheR-cheB-cheY-cheZ2)1214 aerA1 trgA4543] [21],
UU2794 [A(cheA-tar-tap)4530 A(cheY-chezZ)1214
aerA1 trgA4543], UU1935 [mutD5 A(flhD-flhA)4
tsrA 7028 trgA 100] [40], UU2806 [A(cheA-cheW-tar-
tap-cheR-cheB-cheY-cheZ)1214 tsrA5547 aerA1
trgA4543] [21], and RP9535 [cheA A 1643] [7].

Plasmids

Plasmids were as follows: pKG116, a derivative of
pACYC184 [41] that confers chloramphenicol resis-
tance and gene expression inducible by sodium
salicylate [42]; pPM25, a pKG116 derivative that co-
expresses CheA and CheW proteins [21]; pGP7, a
pKG116 derivative that expresses a GFP—-P5 fusion;
pGP8, a pKG116 derivative that expresses a P5—-GFP
fusion; pGP12, a pKG116 derivative expressing a
GFP—CheA sandwich fusion in which GFP replaces the
P2 domain; pGP68, a pGP12 derivative in which the
CheA.P5 domain is deleted; pPA114, a pKG116
derivative that expresses Tsr; pRR48, a derivative of
pBR322 [43] that confers ampicillin resistance and


Image of Fig. 10

Role of a Kinase—Receptor Interaction Surface

1061

drives protein expression from an IPTG-inducible tac
promoter with an ideal (perfectly palindromic) lacl
operator that is under tight control of a plasmid-
encoded Lacl repressor [44]; pPA789, a pRR48
derivative that expresses a CFP—CheZ protein fusion
[45]; pPA802, a pRR48 derivative that expresses a
YFP-CheW protein fusion; pPRR53, a pRR48 derivative
that expresses Tsr [46]; pGP32, a pRR48 derivative
that co-expresses a cysteine-less HA-tagged CheA
and CheW; pGP34, a pRR48 derivative that expresses
a cysteine-less HA-tagged CheA; pGP3, a derivative of
pGFPuv (Clontech) expressing a GFP-P5 fusion; and
pVS88, a derivative of pTrc99A that expresses CheY—
YFP and CheZ—CFP under IPTG-inducible control [22].

Site-directed mutagenesis

Mutations in the cheA and tsrgenes were generated
by subjecting the corresponding plasmids to Quick-
change PCR mutagenesis (Agilent). The presence of
the desired mutation was confirmed by sequencing
the entire targeted coding region.

Chemotaxis assays

Strain UU1607 transformed with pPM25 and its
mutant derivatives was assessed for chemotactic
ability on tryptone semi-solid agar plates (10 g/L
tryptone, 5 g/L NaCl, 2,5 g/L agar) supplemented with
12.5 pyg/mL chloramphenicol and 0.6 pM sodium
salicylate as previously described [47]. Plates were
incubated at 30 °C for 7 h before assessing colony size
and morphology.

Expression levels of mutant CheA proteins

Strain UU1607 harboring pPM25 and its mutant
derivatives was diluted 100-fold from an overnight
culture in fresh tryptone broth (10 g/L tryptone, 5 g/L
NaCl) supplemented with 12.5 pg/mL chloramphenicol
and 0.6 pM sodium salicylate and grown at 30 °C for
6 h. A culture aliquot of 1 mL was withdrawn and
centrifuged, and cells were resuspended and lysed in
100 pL of 1 x Laemmli sample buffer [48]. CheA protein
expression levels were determined by Western blotting
with a polyclonal rabbit CheA antiserum and normal-
ized to a wild-type control.

Crosslinking assays

Strain UU2806 co-transformed with cysteine-reporter
derivatives of pPA114 and pGP32 (or pGP34) was
grown at 30 °C with aeration in tryptone broth supple-
mented with 12.5 pg/mL chloramphenicol, 50 pg/mL
ampicillin, 0.6 uM sodium salicylate, and 75 pM IPTG.
At ODggo nm ~ 0.5, a 1.5-mL aliquot of the culture was
withdrawn, washed twice with 1 mL of phosphate-
buffered saline, finally resuspended in 1 mL of phos-
phate-buffered saline, and treated with 300 uM Cu?*-

phenanthroline for 10 min at 35 °C to induce disulfide
formation, as previously described [21]. Whole-cell
lysates were separated by SDS/PAGE and CheA-
containing species were detected by immunoblotting
with a polyclonal anti-HA antibody (Pierce) and a Cy5-
labeled secondary antibody (Invitrogen). Western blots
were imaged under fluorescence mode in a Typhoon
9500 scanner (GE Healthcare), and bands were
quantified with ImageQuant software (GE Healthcare).

Clustering assays

Localization studies using GFP—P5, P5—GFP, GFP—
CheA, GFP-CheAAP5, and YFP-CheW protein fu-
sions were done in strains UU2806, UU1607, and
RP9535, transformed with the corresponding plasmids.
Cells bearing pKG116 derivatives pGP7 (GFP-P5),
pGP8 (P5-GFP), pGP12 (GFP-CheA), or pGP68
(GFP-CheAAP5) were grown in tryptone broth sup-
plemented with 12.5 pg/mL chloramphenicol and
0.6 pM sodium salicylate and incubated at 30 °C for
6 h before imaging. Cells transformed with pGP3 or
pPA802 were cultured in the same way, but the
medium was supplemented with 50 pg/mL ampicillin
and 10 pM (for pGP3) or 150 uM IPTG (for pPA802),

Ternary complex formation by CheA—P5 mutants
was assessed by studying the cellular localization of a
CFP—CheZ reporter, which binds CheAsg, an alternate
cheA translation product [49], as described [50]. Strain
uu2784 transformed with pPM25 (or pPM25-P5*
derivatives) and pPA789 was diluted 100-fold from an
overnight culture in fresh tryptone broth supplemented
with 12.5 pg/mL chloramphenicol, 50 pg/mL ampicillin,
200 uM IPTG, and 0.6 uM sodium salicylate and
incubated at 30 °C for 6 h. In all cases, cells were
analyzed by fluorescence microscopy as previously
described [44].

In vivo FRET-based CheA kinase assays

The in vivo FRET-based kinase assay measures
CheA activity-dependent interactions between CFP-
tagged CheZ and YFP-tagged CheY, which are
enhanced by CheA-dependent CheY phosphorylation.
Cell preparation, flow cell assembly, stimulus protocol,
FRET instrumentation, and data analysis followed the
method described by Sourjik et al. [23] with minor
maodifications in our laboratory [25]. Strain UU2784 or
UU2794 expressing the FRET protein pair (CheY-YFP
and CheZ-CFP) from plasmid pVS88 and CheA
variants from plasmid pPM25 was grown overnight at
37 °C in tryptone broth containing 100 pg/mL ampicillin
and 25 pg/mL chloramphenicol. Starter cultures were
diluted 100-fold into fresh tryptone broth supplemented
with 12.5 pg/mL chloramphenicol, 50 pg/mL ampicillin,
50 uM IPTG, and 0.6 pM sodium salicylate and
incubated at 30 °C for 6 h to mid-exponential phase
(ODgoonm = 0.45—0.55). Cells were washed with motil-
ity buffer [10 mM potassium phosphate, 10 mM
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sodium lactate, 0.1 mM potassium EDTA, 100 uM
methionine (pH 7.0)], attached to a round polylysine-
coated coverslip, mounted in a flow cell, and subjected
to sequential addition and removal of serine diluted in
motility buffer. The attached cells and all solutions were
kept at 30 °C throughout the experiment. The cell
sample was excited at CFP wavelength and epifluor-
escent light emission from CFP (FRET donor) and
yellow fluorescent protein (YFP; FRET acceptor) was
measured by photon-counting photomultipliers. The
ratio of YFP to CFP photon counts reports on CheA
kinase activity and changes in response to serine
stimuli. A dose—response curve obtained by plotting the
fractional changes in kinase activity versus applied
serine concentrations was fitted to a multisite Hill
equation (1 - [Ser]"/([Ser" + Kt,), where K, is the
attractant concentration that inhibits 50% of the kinase
activity, and H, the Hill coefficient, reflects the extent of
cooperativity of the response. Maximal relative kinase
activity was calculated from the YFP/CFP ratio drop
after exposing cells to a saturating dose of serine
(100 pM) [283].

Isolation of P5* pseudorevertants

Three strategies were followed to identify second-
site mutations that suppressed the chemotaxis defects
of P5* mutants L528W, S534R, I581W, and L599W. In
the first, pPM25 derivatives encoding these CheA
variants were mutagenized by passage through
UU1935, a proofreading-deficient polymerase mutant
strain [43]. Plasmids were purified from this strain and
electroporated into UU1607 cells. Transformed cells
were seeded in the middle of a tryptone soft-agar plate
supplemented with 12.5 pg/mL chloramphenicol and
0.6 yM sodium salicylate. Plates were incubated
overnight at 30 °C to allow the appearance of
chemotactic revertants. pPM25 mutant plasmids
were purified from revertant colonies, sequenced,
and used to transform UU1607 cells for re-testing
their suppressor properties in tryptone soft-agar plates.
In the second strategy, pPM25 derivatives were
subjected to targeted all-codon mutagenesis: for the
L528W mutant, the targeted residues were V531, 1581,
and L599; for I581W, the targeted residues were L528,
V531, and L599; for L599W, the targeted residues
were L528, V531, and 1581; and for S534R, the
targeted residues were 1581 and L599. The isolation of
revertants and identification of suppressor mutations
were done as described above.

To search for suppressor changes in Tsr, plasmid
pRR53 was passed through UU1935 and introduced
by electroporation into strain UU2682 bearing
pPM25-L528W, -S534R, -1581W, or -L599W. Pooled
transformants were placed on tryptone soft-agar
plates containing 150 pM IPTG, 50 pg/mL ampicillin,
12.5 pg/mL chloramphenicol, and 0.6 pM sodium
salicylate. The plates were incubated overnight at
30 °C.

Protein modeling and structural display

The P5-Tsr complex was modeled based on the
structure (Protein Data Bank code 4JPB) for the
T. maritima ternary complex between receptor frag-
ment, CheA (P3-P4-P5 domains), and CheW [13].
The model was built according to the following steps:
(i) homology modeling by the Phyre2 server [51] of the
E. coli CheA.P5 domain, using as template the
coordinates of the Thermotoga CheA.P5 domain
extracted from PBD structure1B3Q, and (ii) superim-
position of the crystal structure of E. coliserine receptor
dimer (1QU7) and the modeled P5 domain onto
Thermotoga structure (4JPB). Structure images were
prepared with MacPymol.
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Fig. S1. Behavioral properties of CheA.P5-receptor interface control mutants.
(a) Chemotaxis of strain UU1607 (AcheAW) carrying mutant pPM25 derivatives.
Transformants were incubated for 8 hours on tryptone soft agar plates at 30°C.
(b) Hill fits of dose-response behaviors in FRET kinase assays, scaled relative to wild-
type kinase activity (dashed line, with data points omitted for clarity). Mutant pPM25
derivatives were tested in strain UU2784 [A(cheRB)]: open symbols = glycine
replacements; filled symbols = tryptophan replacements. Ky,» and Hill values were: wild
type (17 uM, 17); M532G (15 uM, 13); M532W (20 uM, 16); 1600G (16 puM, 7.5); I600W
(19 uM, 9.4). Kinase activities of the control mutants were, respectively, 85%, 78%,

97%, and 93% of the wild type.
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Fig. S2. Response parameters of CheA.P5 mutants in adaptation-deficient and
adaptation-proficient cells. Mutant pPM25 derivatives were tested in the FRET
reporter strains UU2784, which lacks the sensory adaptation enzymes (left panel), and
UuU2794, which contains functional adaptation enzymes (right panel). Parameter
values for each CheA.P5* mutant were normalized to those for wild-type CheA in the
same host strain and plotted as a function of the chemotaxis promoted by the mutant
plasmid in strain UU1607 (AcheAW). Dashed gray lines represent linear fits to the data
points in each panel. Data values are listed in Tables S1-S5. Two mutants were
omitted from the UU2784 plot: V531D (K12 = 3.6X wild type) and V531Q (K12 = 2.7X

wild type). One mutant was omitted from the UU2794 plot: S534K (K12 = 2.5X wild

type).
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Fig. S3. Chemotaxis performance of CheA mutants with serine replacements at P5 cleft
residues. Mutant pPM25 derivatives were tested in strain UU1607 (AcheAW) for
ability to support chemotaxis on tryptone soft agar plates. Histogram bars show the
performance of the mutant CheA proteins relative to a wild-type control. Gray bars
indicate production of a chemotactic ring of cells at the colony border; black bars

indicate that no ring was evident in the mutant colony.



Table S1. Properties of CheA-L528* Mutants

fraction of wild-type behavior FRET parameters in UU2784 [A(cheRB)]®  FRET parameters in UU2794 [(cheRB)+] d

L528 taxis? [CheA*]® clusters® K1 Hill Act K1 Hill Act
A 0.98 . . 10.6 18.0 0.86 0.50 £ 0.02 2305 0.35+ 0.04
VvV 0.63 . . . . . . . .
| 0.97 . . 14.3 8.0 0.67 0.66 + 0.09 21+0.2 0.37 £ 0.03
L 1.00 1.00 1.00 17.4%0.8 183 1.0+0.2 0.58 + 0.04 2.6+0.2 0.35*0.07
M 0.91 . . 16.2 7.0 0.94 0.73 £ 0.06 24+0.3 0.37 £ 0.03
F 0.56 1.05 0.95 6.9 8.0 1.04 0.7 15 0.31
w 0.30 1.13 0.85 7.3 4.1 0.45 0.50 + 0.09 23+04 0.14 £ 0.01
Y 0.88 . . 6.6 6.0 0.63 . . .
H 0.50 1.07 0.92 16+ 2 18+3 0.82+0.08 0.52 +0.09 1.7+0.2 0.15+0.02
R 0.70 0.97 0.93 16.0+ 0.5 18 £ 1 0.65 +0.02 0.7 24 0.08
K 0.83 . . 1612 22 +1 0.51+£0.05 0.6 4.0 0.33
E 0.30 1.04 0.95 8.2 7.0 0.77 0.65+ 0.09 14+0.5 0.13+£0.02
D 0.37 0.93 1.00 6.4 4.2 0.84 0.5 1.8 0.12
Q 0.46 1.08 0.90 12.0 16.0 0.63 0.3 4.0 0.16
N 0.78 . . 12.8 14.0 0.49 . . .
T 0.91 . . 16.7 9.0 0.51 . . .
S 1.04 . . 13.8 12.0 1.1 0.6+0.1 33105 0.35+ 0.04
C 0.65 . . . . . . . .
G 0.42 0.99 0.98 11+1 17 £1 0.98 + 0.09 0.40 £ 0.09 20+0.5 0.10 £ 0.03
P 0.85 . . 10.7 7.0 0.73 . . .

@ Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
b Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
€ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

?Data are from FRET-based dose-response experiments (see Methods for details). K12 values are in uM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB").
Error values are standard errors based on two or more independent experiments.

« = not done;



Table S2. Properties of CheA-V531* Mutants

fraction of wild-type behavior FRET parameters in UU2784 [A(cheRB)] ¢ FRET parameters in UU2794 [(cheRB)+] d

V531 taxis® [CheA*]® clusters® K Hill Act Kip Hill Act

A 0.95 . . 149+0.8 11+£2 0.61 + 0.06 0.6 24 0.65
1.00 1.00 1.00 174+ 0.8 18+%3 1.0£0.2 0.58 £ 0.04 2.6 .02 0.35+0.07

| 0.95 . . 30.7 7.8 0.55 . . .
L 0.55 . . 35.0 11.2 0.27 . . .
M 0.92 . . 33.6 15.4 0.73 . . .
F 0.23 0.87 0.97 32.2 14.0 0.69 0.7 2.2 0.16
w 0.33 0.98 0.98 38.6 7.7 0.55 0.4 1.7 0.23
Y 0.23 0.84 0.97 30.0 6.7 0.65 . . .
H 0.28 0.95 1.00 30.0+0.3 10+1 0.65 £ 0.06 0.9 23 0.14
R 0.78 . . 38.3 13.6 0.43 . . .
K 0.84 . . 26.2 12.8 0.69 0.4 24 0.24
E 0.80 . . 33.9 5.8 0.31 0.5 3.0 0.38
D 0.78 . . 60 +6 9+1 0.33+£0.03 . . .
Q 1.05 . . 449 12.3 0.37 . . .
N 0.81 . . 223 6.2 0.29 . . .
T 0.93 . . 141 14.2 1.22 0.5 3.6 0.29
S 0.91 . . 14.9 7.4 0.71 0.3 0.8 0.31
c 0.84 . . . . . . . .
G 0.84 . . 295+04 17+3 0.35+0.4 . . .
P 0.83 . . 10.7 8.4 0.35 0.9 2.3 0.37

@ Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
® Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
¢ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

9 Data are from FRET-based dose-response experiments (see Methods for details). Ky/2 values are in uM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB").
Error values are standard errors based on two or more independent experiments.

* = not done;



Table S3. Properties of CheA-S534* Mutants

fraction of wild-type behavior FRET parameters in UU2784 [A(cheRB)] ¢ FRET parameters in UU2794 [(cheRB)+] d

S534 taxis® [CheA*]® clusters® Kip Hill Act Kip Hill Act
A 0.86 . . 18.9 9.1 1.2 . . .
Vv 0.37 0.99 0.90 . . . . . .

1 0.28 0.89 0.97 . . . . . .
L 0.28 0.94 0.98 21.8 9.4 0.51 1.5 1.1 0.12
M 0.42 1.07 1.02 . . . . . .
F 0.28 1.13 1.00 31.4 10.0 0.98 0.3 1.4 0.05
w 0.39 1.03 0.90 13.5 3.6 0.37 . . .
Y 0.18 1.08 0.98 27.7 13.5 1.10 . . .
H 0.40 1.02 0.95 . . . . . .
R 0.15 1.14 0.95 NR NR 0.14 NR NR NR
K 0.32 0.98 0.97 25.7 7.7 0.63 0.3 1.2 0.18
E 0.34 0.91 0.90 243 17.3 0.94 . . .
D 0.69 . . 21.9 7.7 0.51 . . .
Q 0.59 0.95 1.00 . . . . . .
N 0.80 . . . . . . . .
T 0.88 . . 11.2 10.3 0.96 . . .
S 1.00 1.00 1.00 17.4£0.8 17+3 1.0£0.2 0.58 £ 0.04 26%0.2 0.35+0.07
c 0.74 . . . . . . . .
G 0.94 . . 18.7 11.8 0.53 . . .
P 0.45 1.01 1.03 . . . . . .

@ Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
b Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
¢ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

9 Data are from FRET-based dose-response experiments (see Methods for details). K12 values are in uM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB").
Error values are standard errors based on two or more independent experiments.

* = not done;



Table S4. Properties of CheA-I581* Mutants

fraction of wild-type behavior FRET parameters in UU2784 [A(cheRB)]®  FRET parameters in UU2794 [(cheRB)+] d

1581 taxis® [CheA*]” clusters® K Hill Act Kip Hill Act
A 0.47 0.97 0.90 7.3 10.1 0.94 . . .
Vv 0.72 . . . . . . . .
| 1.00 1.00 1.00 17.4%0.8 173 1.0%+0.2 0.58 * 0.04 2.6+0.2 0.35*0.07
L 1.22 . . 15.3 9.2 1.1 0.3 1.1 0.12
M 0.58 . . . . . . . .
F 0.42 0.89 0.89 . . . . . .
w 0.35 0.95 0.95 23 +1 1812 0.75+0.08 0.40+0.06 1.5+0.2 0.10 £ 0.03
Y 0.40 0.92 0.97 . . . . . .
H 0.57 . . . . . . . .
R 0.50 0.91 0.93 . . . . . .
K 0.33 0.98 1.03 16.4 6.1 0.47 0.3 1.1 0.04
E 0.38 0.95 0.95 301 9+1 0.59 + 0.07 0.2 1.1 0.04
D 0.69 . . . . . . . .
Q 0.81 . . . . . . . .
N 0.90 . . 15.8 14.0 0.024 0.9 3.0 0.29
T 0.60 0.97 1.02 71 9.0 0.94 0.3 1.3 0.08
S 0.93 . . 10.3 8.7 0.71 . . .
C 0.41 0.96 0.90 . . . . . .
G 0.38 0.99 0.89 6.4+04 71 0.69+0.07 0.30+0.08 14+0.6 0.14 £ 0.02
P 0.99 . . 10.5 1.4 0.51 0.8 1.5 0.11

@ Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
b Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
¢ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

? Data are from FRET-based dose-response experiments (see Methods for details). Ky/2 values are in uM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB").
Error values are standard errors based on two or more independent experiments.

* = not done;



Table S5. Properties of CheA-L599* Mutants

fraction of wild-type behavior FRET parameters in UU2784 [A(cheRB)]' FRET parameters in UU2794 [(cheRB)+] d

L599 taxis® [CheA*]® clusters® Kip Hill Act Kip Hill Act
A 0.87 . . 11.6+0.9° 13+£2 0.96 +0.08 0.50+0.09 29+0.9 0.97 £ 0.09
Vv 0.36 1.03 0.93 . . . . . .
| 0.37 1.1 0.92 16.8 9.0 0.96 . . .
L 1.00 1.00 1.00 17.4%0.8 173 1.0+0.2 0.58 + 0.04 2.6+0.2 0.35+0.07
M 0.66 . . 17.6 9.8 0.97 . . .
F 0.79 . . 17.3 9.8 0.94 0.53 £ 0.06 28+0.2 0.27 £ 0.03
w 0.32 0.98 0.82 16 £ 1 46+0.8 0.6+0.1 0.90 + 0.05 1.3+£0.1 0.14 £ 0.01
Y 0.79 . . 6.0 7.3 0.63 . . .
H 0.90 . . 9.2 7.9 0.43 0.70 £ 0.07 21+0.2 0.42 £ 0.07
R 0.39 1.21 0.97 8.0+0.7 5+1 0.50+0.05 0.67 £0.06 1.7+£04 0.10 £ 0.01
K 0.63 . . 9.4 8.8 0.28 . . .
E 0.57 0.90 1.05 20.7 9.4 0.63 . . .
D 0.30 1.20 1.00 21.4+0.7 111 0.75+0.09 0.30+0.04 3.0+£0.3 0.12 £ 0.01
Q 0.72 . . 16.1 4.7 0.57 . . .
N 0.85 . . 19.1 11.0 0.59 . . .
T 0.70 . . 23.3 9.2 0.59 . . .
S 0.71 . . 10.3 12.2 0.53 . . .
C 0.57 . . . . . . . .
G 0.38 0.98 1.02 84+05 7507 0.75+0.07 0.80+0.07 1.6+£0.3 0.35+0.04
P 1.01 . . 171 16.8 0.056 0.59 £ 0.06 23+0.2 0.38 £ 0.07

@ Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
® Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
¢ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

9 Data are from FRET-based dose-response experiments (see Methods for details). K12 values are in yM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB").
Error values are standard errors based on two or more independent experiments.

* = not done;



Table S6. Properties of CheA.P5 multiple serine-replacement mutants

fraction of wild-type behavior FRET parameters in UU2784 [A(cheRB)] d FRET parameters in UU2794 [(cheRB)'] d

CheA.P5 cleft residues taxis® [CheA*]® clusters® K172 Hill Act K172 Hill Act

L528 V531 1581 L599 1.00 1.00 1.00 17.410.8 17+3 1.0£0.2 0.58 £ 0.04 26+0.2 0.35%0.07

S S 0.83 . 0.86 . . . . . .
S S 0.82 . 0.83 . . . . . .
S S 0.96 . 0.84 . . . . . .
S S 0.66 . 0.80 . . . . . .

S S 0.10 0.95 0.00 . . . . . .

S S 0.80 . 0.94 . . . . . .

S S S 0.58 . 0.85 20.4 1.9 0.33 . . .
S S S 0.10 . 0.00 . . . . . .
S S S 0.70 . 0.91 10.6 10.3 0.76 . . .
S S S 0.10 . 0.00 . . . . . .

@ Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
b Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
¢ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

“Data are from FRET-based dose-response experiments (see Methods for details). K12 values are in yM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB").
Error values are standard errors based on two or more independent experiments.

* = not done;



Table S7. Properties of P5* pseudorevertants

parental

fraction of wild-type behavior

FRET parameters in UU2784 [A(cheRB)] d

FRET parameters in UU2794 [(cheRB)+] d

mutant | SUPPressor taxis ? | [CheA*] b clustering ° K12 Hill Act K12 Hill Act
:;:: 1.00 1.00 1.00 17.4+0.8 18+3 1.0+0.2 0.58 £ 0.04 26+%0.2 0.35%0.07
L528W none 0.30 1.13 0.85 7.3 4.1 0.45 0.50 £ 0.09 23+x04 0.14 £ 0.01
L528W 1581P 0.85 . . 6.9 4.9 1.49 0.6 25 0.33
L528W L626P 0.64 . . 16.0 2.0 0.41 29 21 0.35
L528W G627S 0.80 . . 25.0 10.0 0.80 0.6 1.2 0.35
L528W AB32V 0.68 . . 9.1 6.3 0.92 1.1 1.9 0.33
none 1581P 0.99 . . 10.5 11.4 0.51 0.8 1.5 0.31
none L626P 0.73 . . 41.0 24.0 0.69 1.6 1.2 0.27
none G627S 0.65 . . 51.0 18.0 0.80 0.4 1.3 0.35
none A632V 0.96 . . 21.0 6.3 1.14 0.6 1.1 0.33
1581W none 0.35 0.95 0.95 23+ 1 18+2 0.75+0.08 | 0.40 +0.06 1.5+0.2 0.10 £ 0.01
1581W L528F 0.88 . . . . . 2.3 2.3 0.33
1581W L528R 0.70 . . 23.0 4.4 0.63 1.6 21 0.24
1581W V5318 0.80 . . 28.0 13.6 0.22 2.1 1.7 0.35
1581W L599F 0.75 . . 12.7 8.7 1.18 1.3 3.3 0.35
1581W 1600T 0.83 . . 24.0 6.0 0.73 1.7 5.0 0.35
1581W V605A 0.77 . . 23.0 4.4 0.55 4.2 1.6 0.27
1581W V605F 0.76 . . 31.0 7.4 1.02 1.7 2.4 0.16
none L528F 0.56 1.05 0.95 6.9 8.0 1.04 0.7 1.5 0.31
none L528R 0.70 0.97 0.93 16.0+ 0.5 18+ 1 0.65 +0.02 0.7 24 0.23
none V5318 0.91 . . 14.9 7.4 0.71 0.3 0.8 0.31
none L599F 0.79 . . 17.3 9.8 0.94 0.53 £ 0.06 28+0.2 0.27 £+ 0.03
none 1600T 0.93 . . 18.5 8.9 1.02 0.5 2.7 0.53
none V605A 0.45 . . 16.4 4.9 0.55 0.8 1.5 0.27
none V605F 0.36 . . 15.1 2.0 0.67 1.7 1.0 0.55
L599W none 0.32 0.98 0.82 46+0.8 0.6+0.1 0.90 £ 0.05 1.3+£0.1 0.41+£0.2 0.14 £ 0.01
L599W 1581N 0.90 . . 29.8 11.0 1.30 2.0 0.8 0.49
L599W Q604R 0.77 . . . . . 2.0 0.8 0.35
L599W 1625T 0.81 . . 47.0 14.9 1.25 1.0 1.3 0.24
none 1581N 0.90 . . 15.8 14.0 0.48 0.9 3.0 0.29
none Q604R 0.29 . . 38.0 7.6 1.51 5.3 2.1 0.31
none 1625T 0.65 . . 24.0 9.3 0.73 1.1 1.6 0.37
S534R none 0.15 1.14 0.95 NR NR 0.14 NR NR NR
S534R L599S 0.41 . . . . . . . .
S534R L599T 0.42 . . . . . . . .




S534R 1581Q 0.88 . . . . . . . .
S534R 1581N 0.84 . . 14.1 21 0.28 . . .
S534R 1581S 0.78 . . 16.4 45 1.14 . . .
S534R 1581G 0.69 . . 14.4 10.7 0.35 . . .
S534R 1581A 0.68 . . 124 13.7 0.35 . . .
S534R 1581T 0.41 . . . . . . . .
S534R I1581E 0.26 . . . . . . . .
none L5998 0.71 . . 10.3 11.2 0.53 . . .
none L599T 0.70 . . 23.3 9.2 0.59 . . .
none 1581Q 0.81 . . . . . . . .
none 1581N 0.90 . . 15.8 14.0 0.49 0.9 3.0 0.29
none 1581S 0.93 . . 10.3 8.7 0.71 . . .
none 1581G 0.38 0.99 0.89 64+04 7+1 0.69 £ 0.07 0.30 £ 0.08 1.4+0.6 0.14 +0.02
none 1581A 0.47 0.97 0.90 7.3 10.1 0.94 . . .
none 1581T 0.60 0.97 1.02 71 9.0 0.94 0.3 1.3 0.22
none I1581E 0.38 0.95 0.95 30+1 9+1 0.59 + 0.07 0.2 1.1 0.12

a Colony size on tryptone soft agar plates produced by pPM25-P5* plasmids in strain UU1607, normalized to the wild-type size.
b Intracellular level of mutant CheA-P5* protein in strain UU1607, normalized to the wild-type level.
¢ Cells with one or more polar clusters in ternary complex fluorescence microscopy assays (see Materials and Methods).

9 Data are from FRET-based dose-response experiments (see Methods for details). Ky/2 values are in uM serine units. Kinase activities were
obtained from the FRET change to a saturating serine stimulus and normalized to the wild type kinase activity in strain UU2784 (CheR™ CheB’).
Error values are standard errors based on two or more independent experiments.

* = not done;
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