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Summary

Stimulation of Escherichia coli with acetate elevates
the acetylation level of the chemotaxis response regu-
lator CheY. This elevation, in an unknown mechanism,
activates CheY to generate clockwise rotation. Here,
using quantitative selective reaction monitoring mass
spectrometry and high-resolution targeted mass spec-
trometry, we identified K91 and K109 as the major sites
whose acetylation level in vivo increases in response
to acetate. Employing single and multiple lysine
replacements in CheY, we found that K91 and K109
are also the sites mainly responsible for acetate-
dependent clockwise generation. Furthermore, we
showed that clockwise rotation is repressed when
residue K91 is nonmodified, as evidenced by an
increased ability of CheY to generate clockwise rota-
tion when K91 was acetylated or replaced by specific
amino acids. Using molecular dynamics simulations,
we show that K91 repression is manifested in the
conformational dynamics of the B4o4 loop, shifted
toward an active state upon mutation. Removal of f404
loop repression may represent a general activation
mechanism in CheY, pertaining also to the canonical
phosphorylation activation pathway as suggested by
crystal structures of active and inactive CheY from
Thermotoga maritima. By way of elimination, we
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further suggest that K109 acetylation is actively
involved in generating clockwise rotation.

Introduction

Acetylation of proteins on lysine residues (N-acetylation),
a reversible post-translational covalent modification that
adds an acetyl group to the e-amino group of a lysine
residue, is widespread in nature, from bacteria to mammals
(Jones and O’Connor, 2011; Kim and Yang, 2011; Thao
and Escalante-Semerena, 2011). In Escherichia colialone,
more than 100 proteins undergo N-acetylation. One of
them, among the first to be identified as acetylatable, is the
excitatory response regulator of chemotaxis, CheY (Barak
etal., 1992; 2004; 2006; Yan et al., 2008). This protein
undergoes acetylation by at least two mechanisms: acety-
lation by the enzyme acetyl-CoA synthetase (Acs) with
acetate as an acetyl donor (Barak et al., 1992; 2004) and
autoacetylation with AcCoA as an acetyl donor (Barak
et al.,, 2006). CheY was found in vitro to be acetylated by
each of these mechanisms at six acetylation sites: lysine
residues 91, 92, 109, 119, 122 and 126 (Ramakrishnan
et al., 1998; Barak et al., 2004; Barak et al., 2006; Li et al.,
2010). The main function, shown thus far for CheY acety-
lation by Acs, is shifting the direction of flagellar rotation
from the default, counterclockwise, to clockwise. This func-
tion, termed hereafter ‘acetate-dependent clockwise gen-
eration’, is observed even in the absence of the chemotaxis
machinery. Thus, acetate addition to gutted cells express-
ing CheY from a plasmid but lacking all other chemotaxis
proteins and some of the receptors (Wolfe et al., 1988;
Barak etal., 1998; Ramakrishnan etal., 1998) or to
cytoplasm-free cell envelopes containing Acs (Barak et al.,
1992) resulted in prolonged clockwise rotation. Indeed, the
acetylation level of CheY in vivois high (Yan et al., 2008),
but it is not known which of the sites are affected by acetate
and, accordingly, which of them is likely to be responsible
for clockwise generation. Here, we identified that
these sites are K91 and K109. Furthermore, the use of
gutted cells fully devoid of the phosphorelay machinery
uniquely enabled us to study, without perturbations of
phosphorylation-dependent signaling, how subtle modifi-
cations in CheY activate the protein to generate clockwise
rotation.
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Table 1. Acetylation sites of CheY in vivo revealed from MS/MS analyses.

Acetylation site

Peptide sequence on CheY? MH* [Da]° Xcorr®
Wild-type level of CheY (no IPTG)
ATLEEKLNacKIFEacKLGMGLCG K122; K126 2351.21573 2.2
Wild-type level of CheY (no IPTG) + acetate
HHTDPALRAADacKELacK K4; K7 1785.91252 2.36
DALNKLQAGGYGFVISDWNMPNMDGLELLacKTIR K70 3724.82656 3.16
AacKKENIIAAAQAG K91 1328.71623 2.06
LMVTAEAKacKENIIAAAQAGASG K92 2202.14408 2.11
LNacKIFEK K122 933.53984 2.75
Elevated levels of CheY (IPTG)
VVacKPFTAATLEEKLNK K109 1830.02666 3.21
LEEacKLNKI K119 1028.59380 1.91
TAATLEEacKLNKIFEacKL K119; K126 1933.04265 1.86
Elevated levels of CheY (IPTG) + acetate
ALPVLMVTAEAacKKENIIAAAQ K91 2240.21514 217
VVacKPFTAATLEEKLNK K109 1830.02666 3.07
LEEacKLNKI K119 1028.59380 1.98
TAATLEEacKLNKIFEacKL K119; K126 1933.0265 1.92

a. According to protein accession POAE67. The sites were determined according to acetylated peptides obtained by proteolytic digestion with

trypsin and chymotrypsin.
b. MH* is the mass of the protonated form of the peptide.

c. Xcorr is a cross-correlation score function calculated to assess the quality of the match between a tandem mass spectrum and amino acid
sequence information in a database (Eng et al., 1994). The peptides were identified using the Sequest search engine.

Results

To identify the acetylation site(s) responsible for clockwise
generation, we first determined which of the acetylation
sites is more often acetylated in vivo and influenced by
acetate, and then examined whether this site is, indeed,
involved in clockwise generation.

Acetylation sites of CheY in vivo

To identify the acetylation sites of CheY in vivo, we exposed
extracts of E. coliAcheY cells expressing 6xHis-CheY from
a plasmid to SDS polyacrylamide gel electrophoresis. We
studied two expression levels of CheY. One without induc-
tion produces a relatively low level of CheY as judged by
both Western blots (Supporting Information Fig. S1) and
functional assays of expanding ring formation on semisolid
agar (Adler, 1966; Fig. S2). The other was with induction
by isopropyl B-D-thiogalactopyranoside (IPTG; 1 mM),
making the detection easier (Fig. S1). We subjected the
CheY gel bands to shotgun proteomics using tandem mass
spectrometry (MS/MS). We performed in-gel digestion
using trypsin and chymotrypsin, which yielded a mixture of
peptides for each gel band. We analyzed these mixtures by
high-resolution tandem mass spectrometry, which facili-
tates identification of the CheY peptides through collision-
induced dissociation in the instrument. This resulted in
peptide fragmentation spectra also used for identification
of acetylation sites on the peptide sequences. The analysis
identified essentially all the sites known to be acetylated in

vitro and, in addition, lysine residues 4, 7 and 70 (Table 1,
Fig. S3). Yet it only provided a qualitative view of CheY
acetylation in vivo.

K91 and K109 are the sites most affected by
acetate in vivo

To determine the quantitative differences between the
acetylation levels in the various sites and to establish the
effect of acetate on these levels, we used synthetic acety-
lated standard peptides combined with quantitative, selec-
tive reaction monitoring (SRM) mass spectrometry, an
established approach for quantification of peptides and
proteins in complex biological samples (Addona et al.,
2009). We first separated proteins from each of the
samples by SDS-PAGE and then subjected the relevant
bands to SRM. Using this method in conjunction with
synthetic, acetylated peptide standards (Table S1), we
obtained absolute concentrations of the targeted acety-
lated peptides. We mainly relied on peptides obtained from
IPTG-induced CheY (Table 2) because more peptides at
higher levels of expression could be detected. Excluding
the K45-containing peptide (see below), whenever pep-
tides from noninduced CheY could be detected (Table S2),
they were those already obtained from induced CheY
(Table 2). Although we found lysine residues 26, 45, 91, 92,
122 and 126 to be acetylated, there were some batch-to-
batch differences. For example, K126 was only detected in
batch 3 (Table 2), and K45 was only detected in samples
without IPTG (Table S2).

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 95, 231-244
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Table 2. Low-resolution targeted mass spectrometry measurements of lysine acetylated residues on CheY® with and without acetate.

Acetylation site

Acetylated peptides [pM]

Peptide sequence on CheY Absence of acetate Presence of acetate
Experiment |
NLLacKELGFNNVEEAEDGVDALNK K26 28.9 68.2
TIRADGAMSALPVLMVTAEAacK K91 0 52.2
ADGAMSALPVLMVTAEAacKacK K91, K92 0.03 0.52
LNacKIFEK K122 0.4 13.35
Experiment Il
NLLacKELGFNNVEEAEDGVDALNK K26 5.4 6.4
TIRADGAMSALPVLMVTAEAacK K91 0 137.05
LNacKIFEK K122 0.42 13.35
Experiment Il
IVRNLLacK K26 3.2 1.7
NLLacKELGFNNVEEAEDGVDALNK K26 2.5 0.3
TIRADGAMSALPVLMVTAEAacK K91 142.2 322.3
LNacKIFEK K122 5942.3 2793.3
LNKIFEacK K126 3940.2 4692.3
LNacKIFEacK K122; K126 128.5 261.3

a. IPTG-induced CheY.

To determine the effect of acetate on the acetylation
sites, we supplemented portions of the same cultures
with acetate for 1 h growth prior to harvesting. The only
acetylation site that showed a consistent change in
the acetylation level in response to acetate was K91,
whose level consistently increased (Fig. 1 and Table 2).
However, these low-resolution targeted mass spectrom-
etry measurements could not detect acetylation on resi-
dues K109 and K119, if occurred. This is because there
is no trypsin digestion site between them (i.e., unmodi-
fied Lys or Arg), meaning that the resulting peptides after
protein digestion were too long for analysis by mass
spectrometry.

To circumvent this difficulty, we digested the IPTG-
induced samples by both trypsin and chymotrypsin, and
then employed high-resolution targeted mass spectrom-
etry measurements, which enabled relative quantification
of the acetylation ratios prior and subsequent to treatment
with acetate. With this approach, we identified four differ-
ent peptides containing acetylated K109 (Table 3). The

Table 3. High-resolution targeted mass spectrometry measure-
ments of K109 and K119 on CheY with and without acetate.

Site on Acetate
Peptide sequence CheY (+/-) ratio
KENIIAAAQAGASGYVVacK K109 1.55
KENIIAAAQAGASGYVVacKPF K109 1.51
ENIIAAAQAGASGYVVacKPFTAATL K109 2.56
VVacKPFTAATLEEK K109 2.46
TAATLEEacKLNK K119 1.01
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acetylation levels of all of them were consistently elevated
(doubled on average) in response to acetate (Fig. 2 and
Table 3). Even though acetylation of K119 was detected
as well, its level did not change in response to acetate
treatment (Table 3). Thus, in vivo, acetate treatment pre-
dominantly results in K91 and K109 acetylation, suggest-
ing that these two sites are responsible for the acetate-
dependent clockwise generation.

K91 and K109 are responsible for the
acetate-dependent clockwise generation

To examine this possibility, we prepared by site-directed
mutagenesis arginine-for-lysine replacement mutants at
sites 91 and 109. As controls, we similarly prepared KR
replacements at the other previously identified acetylation
sites: K92, K119, K122 and K126. [A KR replacement
conserves the positive electric charge but does not
undergo acetylation (Li et al., 2002; Kim and Yang, 2011).]
We expressed the CheY mutant proteins to a low level
(without IPTG) in a gutted background (mentioned
under Experimental Procedures), thus avoiding a repel-
lent response to acetate (Wolfe et al., 1988). Furthermore,
to prevent the generation of acetyl phosphate, which can
generate clockwise rotation by phosphorylating CheY, all
the gutted strains were also deleted for both ack and pta
(encoding acetate kinase and phosphotransacetylase
respectively) (Barak et al., 1998). To examine the ability of
acetate to generate clockwise rotation in the mutants, we
tethered the cells to glass slides via their flagella and
looked for changes in the direction of flagellar rotation in
response to acetate addition.
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Cells expressing CheY(K91R) and CheY(K109R) were
significantly different from cells expressing wild-type
CheY or CheY with arginine replacements at other lysine
positions. Cells expressing CheY(K91R) spent twice as
much time in clockwise rotation as did cells expressing
wild-type CheY. Cells expressing CheY(K109R), consist-
ent with earlier observations (Lukat et al., 1991; Bourret
etal, 1993), exhibited almost no clockwise rotation
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(Fig. 3A). All strains used in this experiment were
verified to express CheY to similar levels (Fig. S1).
Cells expressing CheY(K91R) and cells expressing
CheY(K109R) were also exceptional when flagellar rota-
tion was measured after acetate addition: Cells express-
ing CheY(K91R) doubled the time spent in clockwise
rotation, and cells expressing CheY(K109R) continued
rotating counterclockwise almost exclusively (Fig. 3A).

Fig. 2. Targeted parallel reaction monitoring
analysis of acetylated peptides using high-
resolution mass spectrometry. Presented are
overlaid chromatograms of the product ions
from peptide KENIIAAAQAGASGYVVacK: b5
(blue), b6 (purple), b7 (red), b9 (orange), b11
(turquois) and b12 (green). Unlike the SRM
experiments, in this analysis, there were no
synthetic standards; thus, only relative
quantification was performed.

Time [min.]
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The other single KR replacements did not significantly
affect rotation behavior. These observations, taken
together with the mass spectrometry results pointing
to K91 and K109 as the major sites that undergo acety-
lation in response to acetate, suggest that K91 and
K109 are the main players in generating clockwise
rotation.

K91 likely represses CheY activation

To determine whether the observed clockwise rotation
enhancement in cells expressing CheY(K91R) (Fig. 3A) is
specific for K replacement by R, we studied additional K
replacements at position 91. Clearly, K replacements by H,
E and D were at least as effective as R in enhancing
clockwise rotation (Fig. 3B). In contrast, K replacements by
Q and M were not effective, and the strains behaved like
cells expressing wild-type CheY. Notably, the effect of
K91R mutation could only be seen in gutted cells express-
ing CheY, not in wild-type, AcheY cells expressing CheY
(Fig. S4). One possible explanation is that the effect of
K91R can only be observed when most of CheY is not
CheA bound at the receptor complex. [In wild-type cells,

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 95, 231-244

CheY localizes to the cell poles in a CheA-dependent
manner (Sourjik and Berg, 2000).]

Two major generalizations can be made from these
results. One is that the differences between the K91
replacement mutants are in the basal level of clockwise
rotation (i.e., prior to acetate addition). Acetate roughly
doubled the clockwise level in all these mutants. The other
generalization is that none of the mutations was inhibitory.
They either activated CheY to generate more clockwise
rotation or had no effect compared with wild-type CheY.
This suggests that nonmodified K91 represses to some
extent the clockwise-generating activity of the protein, and
acetylation of K91 or its replacement by specific amino
acids removes this repression, resulting in enhanced
clockwise rotation.

To test this conclusion, we constructed a set of multiple
mutants in which one of the six acetylation sites was not
modified (additional to K109, which we did not modify to
enable clockwise generation), while the other four sites
were KR replaced. Evidently, only when K91 was not
replaced, clockwise rotation was significantly lower than in
the wild-type control both before and after acetate addition
(Fig. 4A).
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By way of elimination: K109 acetylation likely
activates CheY

The observations that, in all the cells containing CheY with
K91 replacements, addition of acetate roughly doubled
the fraction of time spent in clockwise rotation (Fig. 3B)
indicate that acetylation of a site other than K91 generates
clockwise rotation in these cells. The best candidate for
this function is K109. This is for two reasons. First, it is the
only site, other than K91, identified to undergo acetate-
dependent acetylation in vivo (Fig. 2). Second, a mutation
in a clockwise-generating site is expected to reduce the
clockwise level. From all the single KR replacement
mutants, only the one expressing CheY(K109R) exhibited
this phenotype (Fig. 3A). To examine the validity of this
possibility, we constructed a set of multiple mutants
having KR replacements additional to the one in site 91.
Because the mass spectrometry results demonstrated

that lysine residues other than those identified earlier can
be occasionally acetylated as well (Tables 1 and 2), we
also constructed mutants with all 11 lysine residues, or all
of them but K109, replaced by arginine (termed hereafter
x11KR and x10KR mutants respectively). Clearly, the
presence of K109 (i.e., avoiding replacement at this site)
enabled the response to acetate, irrespective of which
other sites were replaced (Fig. 4B). These observations
and the generation of clockwise rotation by acetate even
in the x10KR mutant endorse the possibility that acetyla-
tion of K109 is the cause of clockwise generation.

A possible role for position 91 in the repression of
CheY activation

Generally speaking, because the K91-activating mutations
were different from each other in their side chains (includ-

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 95, 231-244
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Fig. 5. K91H exhibits high flexibility of B4a4

loop. RMSF versus residue number for
wild-type (WT; A) and K91H (B) ensemble
simulations. Individual RMSF traces for the
ten 250 ns simulations in each ensemble
(gray lines) were averaged to produce a
mean RMSF value for all 129 CheY residues
(colored lines). Overlaying the averaged
RMSF traces from the wild-type and K91H
ensembles (C) highlights regions of differing
stiffness. Vertical dotted lines emphasize the

increased flexibility in regions of CheY
surrounding the K91 mutation (residues
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ing volume and charge), itis likely that their activating effect
is produced by the exclusion of lysine from position 91. To
examine how lysine exclusion from position 91 can affect
CheY activation at the molecular level, we used all-atom
molecular dynamics (MD) simulations for studying the
effect of the K91H mutation (shown above to give rise to the
most hyperactive phenotype, i.e., the least repressed) on
activation and compared it with wild-type CheY. Initial
atomic coordinates for both the K91H (with histidine proto-
nated at the & position) and wild-type CheY models were
derived from the crystal structure of E. coli CheY (PDB
3CHY) (Volz and Matsumura, 1991). Each system was
minimized along with solvent and equilibrated for 250 ns.
An ensemble of 10, statistically independent, 250 ns pro-
duction simulations were subsequently carried out on both
the K91H and wild-type systems, resulting in a total of
2.75 us of sampling for each model. These simulations
revealed a higher level of flexibility in the protein regions
surrounding position 91 of the K91H system. In particular,
residues 88-102, corresponding to the 404 loop and o4
helix, showed, on average, an increase in their root mean
squared fluctuations (RMSFs) as compared with the cor-
responding regions in the ensemble of wild-type simula-
tions (Fig. 5). Based on this result, we hypothesized that

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 95, 231-244
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the K91H mutation might give rise to a hyperactive pheno-
type by altering the conformational dynamics of the 404
loop, a region previously shown to correlate with CheY
activation (Knaggs etal.,, 2007; Ma and Cui, 2007;
Mottonen et al., 2010).

To characterize the effect of increased flexibility in the
protein regions surrounding K91 on the conformational
sampling of the 404 loop, we used principal components
analysis (PCA) (Bishop, 2006) to provide a concise
description of the B4a4 loop conformations witnessed by
our MD simulations. The utility of the reduced PCA descrip-
tion to capture the salient features of the dynamics of
the B4o4 loop was demonstrated by the relatively small
number of principal components (PCs) required to
describe a significant degree of the conformational
variability within the simulation trajectories (Table S3)
(Skjaerven et al., 2011). In the present application, the
cumulative fractional variance of the top three PCs
accounted for over 75% of the total trajectory variance,
providing a practical, low-dimensional subspace on to
which to project the individual B4o4 loop conformations
observed in the K91H and wild-type ensemble simulations.
The resulting projections, along with projections of the
analogous portions of existing activated CheY structures
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(PDBs 1FQW, 1ZDM, 1F4V, 1DJM) and the equilibrated,
inactive CheY structure, revealed two well-defined clusters
of B4o4 loop conformations (Fig. S5). Notably, 404 loop
conformations from both the K91H and wild-type simula-
tions inhabited either cluster, while the active and inactive
B4a4 loop conformations localized to single clusters oppo-
site to one another (Fig. S5). This suggests that both the
K91H and wild-type systems sampled distinct functional
states corresponding to the active and inactive 404 loop
conformations in our MD simulations.

To characterize the organization of projected B4o4
loop conformations in three-dimensional PC space, we
used the K-means clustering algorithm (Bishop, 2006) to
systematically assign loop conformations to two clusters
(Fig. S6). Strikingly, K-means revealed that over 80% of
the K91H loop conformations were assigned to the
same cluster as the activated loop structures, whereas
only <30% of wild-type loop conformations were
assigned to this cluster (Table S4). To further survey the
distribution of the conformations in 3D PC space, the
root mean squared deviation (RMSD) between projec-
tions of the activated P4oa4 loop conformations and
those arising within the K91H mutant and wild-type
ensemble simulations was calculated (see Experimental
Procedures). The resulting cumulative RMSD distribu-
tions (Fig. 6) clearly demonstrated an asymmetry in the
occupation of the active and inactive 404 loop states
by the K91H and wild-type CheY systems in agreement
with the K-means result. Taken together, the results from
our MD simulations and accompanying analysis suggest
that the increased flexibility in the Pf4ca4 loop and o4
helix associated with the K91H mutation gives rise to a
structural population shift in which the 404 loop fluctu-
ates more often near the conformation typical of acti-
vated loop structures. It is highly likely that K91
acetylation has an equivalent function in CheY activa-
tion. Whether or not this is the case will be the subject
of a future study.

Discussion

In this study — the first to identify the acetylation sites on
CheY in vivo and the first to quantify their acetylation
levels — we addressed the question of which of these sites
are responsible for acetate-dependent clockwise genera-
tion. The main findings made are that K91 and K109 are
the predominant sites that undergo acetylation in
response to acetate and that these are the sites mainly
responsible for the acetate-dependent clockwise genera-
tion. The study was carried out with gutted cells in order to
avoid perturbations from the phosphorylation system. This
means that the results and conclusions are solely relevant
to the mechanism of acetylation-dependent clockwise
generation.
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Fig. 6. K91 represses the active state of CheY’s B4a4 loop.
Distributions of root mean squared deviations (RMSDs) between
projections of an activated f4o4 loop structure (PDB 1FQW) and
conformations of the B404 loop sampled in the wild-type (WT; A)
and K91H (B) ensemble simulations. Vertical green lines indicate
the rough boundary between clusters in principle component space
computed using K-means and highlight the population shift incurred
by the K91H mutation. See Experimental Procedures for more
details.

K91 and K109 are the major sites responsible for
acetate-dependent acetylation and clockwise generation

Using SRM mass spectrometry in conjunction with syn-
thetic, acetylated peptide standards, we were able to
obtain absolute quantification of the targeted acetylated
peptides. One potential drawback of the approach was the
fact that peptide concentrations were obtained from in-gel
digestion and, therefore, did not reflect the concentration in
the sample. Nevertheless, the concentrations still provided
an accurate account of the acetylation sites that responded
to acetate stimulation. This information combined with
high-resolution targeted mass-spectrometry measure-
ments pointed to K91 and K109 as the major sites that
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undergo acetate-stimulated acetylation in vivo. These two
sites are also the ones found to be autoacetylated in vitro
(Li et al., 2010). In addition, the responses of tethered cells
expressing CheY proteins with a variety of KR replace-
ments (Fig. 3) indicated that K91 and K109 are the sites
responsible for acetate-dependent clockwise generation.
The rules that emerge from these studies are that K91 must
be replaced (by specific amino acids) and K109 must not
be replaced for obtaining higher clockwise rotation before
or after acetate stimulation (Figs 3A and 4B).

K91 function in acetate-dependent clockwise generation

The observations that clockwise rotation is low whenever
K91 is not replaced suggest that K91 represses clockwise
rotation. Removal of this repression can apparently be
done by two means. One, a physiological mean, is acety-
lation of K91. The other, an artificial mean, is elimination of
K91 by a specific replacement. Obviously, the replacement
is more effective than acetylation [see, for example, the
much lower clockwise generation by acetate when K91 is
notin CheY[K(92,119,122,126)R compared with when K is
replaced at position 91 in CheY[K(91,92,119,122,126)R:
Fig. 4A and B respectively] because the replacement is on
every CheY molecule, whereas acetylation only occursin a
fraction of the CheY molecules (Yan et al., 2008). The
effective replacements were K91R, K91H, K91E and
K91D. K91Q and K91M replacements were not effective
(Fig. 3B).

MD simulations demonstrated that the 404 loop of
wild-type CheY co-exists in active and inactive states,
spending more time in the inactive state (Fig. 6A). The
simulations further demonstrated that when K91 is
replaced by histidine, the loop spends much more time in
the active state (Fig. 6B). Since the K91-activating muta-
tions were different from each other in their side chains and
since K91 acetylation is phenotypically similar to K91H
replacement, we suggest that the effect of K91 acetylation
is mechanistically similar to K91H replacement. This pos-
sibility as well as the role of f404 loop in the generation of
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Fig. 7. The equivalent of position 91 plays a
role in 404 loop repression in CheY from
Thermotoga Maritima. Aligned structures of
active (blue) and inactive (green)
conformations of CheY from E. coli (A; PDBs
2BIlJ and 3CHY) and Thermotoga Maritima
(B; PDBs 4IGA and 4TMY). The structures
were visualized and aligned by PyMOL (The
PyMOL Molecular Graphics System, Version
1.5.0.4 Schrédinger, LLC). See text for
details.

clockwise rotation and the exact regulatory mechanism of
loop flexibility should still be studied.

We further suggest that the mechanism of 404 repres-
sion has a fundamental role in the regulation of CheY
activity. A similar mechanism can apparently be observed
in the crystal structures of the active and inactive forms of
CheY of Thermotoga maritima, in which the 404 loop was
reported to have a mechanism of activation similar to that
of CheY in E. coli (Mottonen et al., 2010). The equivalence
of E.coli K91 (K91E°) in T. maritima is Q86 (Q86™,;
compare Fig. 7A and B). In the inactive form of the protein,
Q86™ blocks the space that, in the active form, is occupied
by Y84™ (the equivalent of E89EC) (Fig. 7B). Such an
interaction should enhance the stability of the 404 loop in
its inactive conformation and inhibit the conformational
shift to the active form by preventing the burial of Y84™
near the phosphorylation pocket. We interpret the clear
interactions of Q86™ in the inactive state versus the likely
weaker interactions involved in the function of K91EC
(Fig. 7A) as an evolutionary temperature adaptation of
CheY in T. maritima. This adaptation possibly allows the
regulation mechanism of CheY activation to be sustained
at higher temperatures. In E. coli phosphorylation-
dependent signaling, a possible role for K91 acetylation
may be the prolongation of the lifespan of CheY’s active
state in a similar manner to the role of E895¢ in CheY’s
autophosphorylation reaction (Thomas et al., 2013).

K109 function in acetate-dependent
clockwise generation

Earlier studies, in which any tested replacement of K109
by another amino acid resulted in loss of clockwise rota-
tion (Lukat etal, 1991; Bourret etal, 1993), taken
together with our observation that all K109R replacement
mutants failed to support clockwise rotation, indicate that
K109 is essential for clockwise rotation. Conversely, the
observations that the x10KR mutant was capable
of exhibiting acetate-dependent clockwise generation
(Fig. 4B) and that K109 is one of the two acetylation sites
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Table 4. Strains and plasmids used in this study.

Relevant genotype Source/reference
Strains
AG1 recA1 endA1 gyrA96 thi-1 hsdR17(rk mx’) supE44 relA1 Stratagene
JW1871 AG1+ pCA24N Kitagawa et al. (2005)
XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB laclqZAM15 Tn10 (Tet)] Stratagene
Uu1631 A(cheY) Athr(Am)-1 leuB6 his-4 metF(Am)159 eda-50 rpsL136 Strep® [thi-1 VS100 in Sourjik and
ara-14 lacY1 mtl-1 xyl-5 tonA31 tsx-78] Berg (2000)

RBB1097 CP875 A(cheA — cheZ)::Zeocin®, A(ackA pta hisJ hisP dhu) zej-223::Tn10 Barak et al. (1998)
EW289 UU1631 + pCA24N (cheY) This study

EW330 RBB1097 + pCA24N (cheY) This study

EW333 RBB1097 + pCA24N [cheY(K92,119,122,126R)] This study

EW334 RBB1097 + pCA24N [cheY(K91,92,119,122,126R)] This study

EW335 RBB1097 + pCA24N [cheY(K91R)] This study

EW336 RBB1097 + pCA24N [cheY(K92R)] This study

EW337 RBB1097 + pCA24N [cheY(K109R)] This study

EW338 RBB1097 + pCA24N [cheY(K119R)] This study

EW339 RBB1097 + pCA24N [cheY(K122R)] This study

EW340 RBB1097 + pCA24N [cheY(K126R)] This study

EW411 RBB1097 + pCA24N [cheY(K4,7,26,45,70,91,92,119,122,126R)] This study

EW415 RBB1097 + pCA24N [cheY(K4,7,26,45,70,91,92,109,119,122,126R)] This study

EW418 RBB1097 + pCA24N [cheY(K91,92,109,119,122,126R)] This study

EW451 RBB1097 + pCA24N [cheY(K91,92,122,126R)] This study

EW455 RBB1097 + pCA24N [cheY(K91,92,119,122R)] This study

EW465 RBB1097 + pCA24N [cheY(K91,119,122,126R)] This study

EW466 RBB1097 + pCA24N [cheY(K91,92,119,126R)] This study

EW547 RBB1097 + pCA24N [cheY(K91Q)] This study

EW588 RBB1097 + pCA24N [cheY(K91E)] This study

EW590 RBB1097 + pCA24N [cheY(K91H)] This study

EW595 RBB1097 + pCA24N [cheY(K91M)] This study

EW596 RBB1097 + pCA24N [cheY(K91D)] This study

Plasmid
pCA24N CheY-Hiss overexpression, chloramphenicol resistance Kitagawa et al. (2005)

that undergo acetate-stimulated enhancement of the
acetylation level in vivo (Fig. 2) suggest that acetylation of
K109 generates CW rotation. As just discussed, this
clockwise generation can mainly be observed when K91
is replaced or acetylated.

Yet the gutted strain expressing CheY x10KR mutant
protein spent less time in clockwise rotation than that
expressing wild-type CheY (Fig. 4B). The reason for this
is, at least in part, the much-reduced expression levels
of the x10KR and x11KR CheY mutant proteins relative
to all other strains (right panel in Fig. S1C). This reduced
expression was probably due to the lower solubility
of the x10KR and x11KR proteins, evident from the
formation of inclusion bodies when they are pro-
duced. Consistent with this explanation, the mutant
CheY[K(91,92,119,122,126)R], which lacks all the acety-
lation sites except for K109, had wild-type-like rotation.

Earlier studies that observed the inability of cells
expressing CheY(K109R) to generate clockwise rotation
attributed this flaw to breaking presumably important
intramolecular interactions of K109 (Bourret et al., 1993).
Thus, it was suggested that K109 may form a salt bridge
with Asp-57 of nonphosphorylated CheY (Silverman and
Simon, 1974; Volz and Matsumura, 1991) and that it may

be involved in coordinating one of the oxygen atoms of the
phosphoryl group on CheY (Robinson et al., 2000). Yet
the observations that CheY(K109R) is hyperphosphor-
ylated (Lukat et al, 1991) and that K109 is apparently
uninvolved in phosphotransfer catalysis (Silversmith
etal, 1997), taken together with the fact that all our
results were obtained in gutted cells lacking the phospho-
rylation system and the enzymes that convert acetate to
acetyl phosphate, strongly argue that the ability of K109
acetylation to generate clockwise rotation is phosphoryla-
tion independent. The mechanism by which K109 acti-
vates CheY is still largely unknown. Once the function of
K109 in activating CheY is fully understood, the mecha-
nism by which K109 acetylation activates the protein can
be resolved.

Experimental procedures
Bacterial strains and plasmids

The E. coli strains, plasmids and primers used in this study
are listed in Table 4 and Table S5. All mutants were gener-
ated by site-directed mutagenesis derived from a polymerase
chain reaction, using an appropriate set of primers and, as a
template, a pCA24N vector carrying wild-type cheY with
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N-terminal His-tag from the ASKA library (Kitagawa et al.,
2005). The resulting recombinant plasmids were introduced
into E. coli XL-1 Blue cells and then isolated using a plasmid
purification kit (QIAGEN) and sequenced. All DNA manipula-
tions and standard molecular biology protocols were per-
formed as described (Sambrook and Russell, 2001).

Quantitative LCMS analyses

Gutted E. coli cells of strain UU1631 expressing 6xHis-CheY
from a plasmid were grown at 37°C on tryptone broth supple-
mented with chloramphenicol (Sigma, Israel; 34 ug ml™) to
0.Dsgo = 0.9 with or without induction of IPTG (1 mM). One
hour before harvesting, the culture was divided into two equal
portions, one incubated with sodium acetate (100 mM; pH 7.0;
Merck) and the other without acetate. The harvested cells
were washed twice with motility buffer [10 mM potassium
phosphate buffer (pH 7.0), 0.1 mM EDTA and 0.1 mM
L-methionine (Adler, 1973)], lysed by BugBuster (Novagen)
and subjected to SDS-PAGE 12%. The CheY bands were cut
from the gel and destained. Proteins were then reduced by
incubation with dithiothreitol (5 mM; Sigma) for 30 min at 60°C
and alkylated with 10 mM iodoacetamide (Sigma) in the dark
for 30 min at 21°C. Proteins were then subjected to digestion
with trypsin (Promega, Madison, WI, USA) or to digestion with
chymotrypsin (Sigma Aldrich, St. Louis, MO, USA) for 6 h
followed by trypsin for 16 h at 37°C. The digestions were
stopped by trifluoroacetic acid (1%). The samples were stored
in —80°C.

Liquid chromatography

ULC/MS-grade solvents were used for all chromatographic
steps. Each sample was loaded using splitless nano-Ultra
Performance Liquid Chromatography (10 kpsi nanoAcquity;
Waters, Milford, MA, USA). The mobile phase was (i)
H,O + 0.1% formic acid and (ii) acetonitrile + 0.1% formic
acid. Desalting of the samples was performed online using a
reversed-phase C18 trapping column (180 pum internal diam-
eter, 20 mm length, 5 um particle size; Waters). The peptides
in the samples were separated using a C18 T3 HSS nano-
column (75 pum internal diameter, 150 mm length, 1.8 um
particle size; Waters) at 0.4 ul min™'. Peptides were eluted
from the column into the mass spectrometer using the follow-
ing gradient: 3-30%ii in 30 min, 30-95%ii in 5 min, main-
tained at 95% for 7 min and then back to initial conditions.

Low-resolution mass spectrometry

The nanoLC was coupled online through a nanoESI emitter
(7 cm length, 10 mm tip; New Objective; Woburn, MA, USA) to
a tandem quadrupole mass spectrometer (Xevo TQ-S, Waters
Corp.). Data were acquired in SRM using MASSLYNX 4.1
(Waters, Milford, MA, USA). In the high-resolution-targeted
analysis, the nanoLC was coupled to a quadrupole Orbitrap
mass spectrometer (Thermo Scientific) and operated in ‘tar-
geted MS2’ mode.

High-resolution mass spectrometry

The nanoLC was coupled online through a Flexlon nanospray
using a nanoESI emitter (7 cm length, 10 mm tip; New Objec-
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tive) to a quadrupole orbitrap mass spectrometer (Q Exactive,
Thermo Scientific). The mass spectrometer was operated in
Parallel Reaction Monitoring mode (Peterson et al., 2012).
Orbitrap resolution was set to 35,000; automatic gain control
target was set to 2e5 and injection time to 250 ms.

Data analysis

Raw data were then imported into SKYLINE software
(MacLean et al., 2010) for final processing and evaluation.
Quantification was based on the area under the curve of
extracted ion chromatogram from the most intense transition
per peptide. At least three overlapping SRM transitions were
acquired per peptide. Acetylated peptides were synthesized
(JPT, Germany) and ran prior to the samples for use as
external standards (Table S1). The signal from the native
peptides was referenced to the standards to obtain absolute
concentrations.

Acetate-dependent clockwise generation

For studying acetate-dependent clockwise generation, plas-
mids expressing wild-type or mutant CheY proteins (listed in
Table 4) were introduced into the gutted strain RBB1097
lacking all the genes from cheA to cheZ and also deleted for
ack and pta (Table 4). These strains, lacking all the chemot-
axis proteins, some of the chemotaxis receptors, and the
enzymes that convert acetate to AcCoA via acetyl phosphate
and vice versa, were grown at 37°C on tryptone broth sup-
plemented with chloramphenicol (34 pug ml™") to O.Dsg = 0.7.
These cells expressed the plasmids listed in Table 4 even
though they were grown without IPTG induction due to leaki-
ness of the plasmids. To determine the direction of flagellar
rotation and the response to acetate, we used the tethering
assay (Silverman and Simon, 1974). Cells were washed
twice and resuspended in a motility buffer containing 10 mM
potassium phosphate (pH 7.0), 0.1 mM EDTA and 0.1 mM
L-methionine (Adler, 1973). The cells were tethered through
their flagella to glass slides in a flow chamber (Berg and
Block, 1984) as described earlier (Ravid and Eisenbach,
1983), and the rotation of the tethered cells (at room tem-
perature, 23—-25°C) was recorded and analyzed using home-
made computer software. When needed, acetate (100 mM;
pH 7.0) was added in the motility buffer to the flow chamber.

Estimation of CheY expression levels in AcheY strains

Cells of each strain were grown to midexponential phase
(ODsgo = 0.6) and divided into two portions. IPTG (1 mM) was
added to one of the portions, and both portions were further
incubated at 37°C for 3 h. Cell-free extracts were prepared
by BugBuster according to manufacturer instructions and
subjected to SDS-PAGE (12% polyacrylamide) followed by
Western blots with an anti-6xHis antibody.

Statistical analysis

All statistical analyses were carried out using INSTAT 3 soft-
ware package (Graph Pad Software, USA).
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MD simulations

System setup. Atomic coordinates for the initial wild-type
and K91H CheY protein models were taken from the crystal-
lographically derived PDB 3CHY (Volz and Matsumura,
1991). For residues in the PDB in which multiple orientations
of the side chains were present, the conformation with the
highest reported occupancy was taken. Water molecules
present in the PDB were also retained. In the case of the
K91H CheY model, lysine 91 was replaced with a histidine
protonated at the 4 position using the psfgen module in VMD
(Humphrey et al., 1996). Models were then hydrated with
TIP3P water molecules using VMD’s solvate plugin, resulting
in a simulation box of size 64 by 59 by 60 A. Using VMD’s
autoionize plugin, the wild-type and K91H systems were then
neutralized by adding four and five sodium ions, respectively,
and subsequently ionized with sodium and chloride ions to
the physiological concentration of 150 mM. The resulting
wild-type and K91H systems contained 21,191 and 21,193
atoms, respectively, including protein, water and ions.

Simulation protocol. All MD simulations were performed
using the parallel MD code, NAMD 2.9 (Phillips et al., 2005;
Mei etal., 2011), and CHARMM22 force field (MacKerell
et al., 1998). Simulations were conducted in the NPT ensem-
ble with isobaric and isothermal conditions maintained at 1
atm and 310°K using the Nosé-Hoover Langevin piston with
period 200 fs and decay 50 fs and the Langevin thermostat
with a temperature coupling of 5 ps™. The r-RESPA integrator
scheme (Phillips et al., 2005) with an integration time step of
2 fs was used in all simulations. SHAKE constraints were
applied to all hydrogen atoms (Ryckaert et al., 1977). Short-
range, nonbonded interactions, calculated every 2 fs with a
cutoff of 12 A and long-range electrostatics, were evaluated
every 6 fs using the particle mesh Ewald method (Darden
et al., 1993) with a grid size of 1 A. Periodic boundary con-
ditions were used in all simulations. Both wild-type and K91H
models were subjected to a series of conjugant gradient
energy minimizations: 100,000 steps with all protein atoms
excluding hydrogen restrained, 100,000 steps with backbone
atoms restrained and 100,000 steps with all atoms unre-
strained. Before proceeding with unrestrained equilibration
simulations, each model underwent a 2 ns NPT simulation in
which backbone atoms were harmonically restrained with
spring constant = 0.5 kcal mol™' x nm?.

Simulation analysis. Visualization and extraction of raw
trajectory data for analysis were performed using VMD
(Humphrey et al., 1996). RMSF calculations were performed
using the measure function in VMD (Humphrey et al., 1996).
Clustering analysis was performed using the implementation
of the K-means algorithm from the python scientific comput-
ing library, Scipy (Jones et al., 2001). PCA was performed
using the protein dynamics analysis package, ProDy (Bakan
et al., 2011). Before conducting PCA, the backbone atomic
coordinates of the p404 loop (residues 88-91) were
extracted from the concatenated K91H and wild-type ensem-
ble simulations and aligned using root mean square deviation
fitting in VMD. A total of 25,000 conformations (12,500 per
model), sampled over 5 us of simulation, were analyzed. The
top three resulting PCs were used as a basis on which the

backbone structures of the B4o04 loop were projected for
further analysis. The RMSD values depicted in Fig. 6 were
calculated in the three-dimensional PC space described
above and are equivalent to the Euclidean distances between
projections of a representative activated loop conformation
(PDB 1FQW) and those arising in the K91H and wild-type
ensemble simulation trajectories. lllustrations of K-means
and PCA results were produced using the python plotting
library, Matplotlib (Hunter, 2007).
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