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Chemotaxis allows bacteria to follow gradients of nutrients,
environmental stimuli, and signaling molecules, optimizing bacte-
rial growth and survival. Escherichia coli has long served as a model
of bacterial chemotaxis, and the signal processing by the core of its
chemotaxis pathway is well understood. However, most of the
research so far has focused on one branch of chemotactic signal-
ing, in which ligands bind to periplasmic sensory domains of trans-
membrane chemoreceptors and induce a conformational change
that is transduced across the membrane to regulate activity of the
receptor-associated kinase CheA. Here we quantitatively charac-
terize another, receptor-independent branch of chemotactic sig-
naling that is linked to the sugar uptake through a large family
of phosphotransferase systems (PTSs). Using in vivo characteriza-
tion of intracellular signaling and protein interactions, we demon-
strate that signals from cytoplasmic PTS components are
transmitted directly to the sensory complexes formed by chemo-
receptors, CheA and an adapter protein CheW. We further con-
clude that despite different modes of sensing, the PTS- and
receptor-mediated signals have similar regulatory effects on the
conformation of the sensory complexes. As a consequence, both
types of signals become integrated and undergo common
downstream processing including methylation-dependent adap-
tation. We propose that such mode of signaling is essential for
efficient chemotaxis to PTS substrates and may be common to
most bacteria.

signal transduction | signal integration | fluorescence resonance energy
transfer

In Escherichia coli and other bacteria, sensory complexes that
consist of chemoreceptors, a kinase CheA, and an adapter
protein CheW (Fig. 14) are organized in clusters, which amplify
and integrate signals through cooperative protein interactions
(1, 2). Canonical chemoeffectors signal by binding to the peri-
plasmic domains of specific receptors, either directly (3) or in-
directly via periplasmic binding proteins (4). Attractant binding
promotes the inactive conformation of the receptor—kinase
complex and inhibits CheA autophosphorylation. As a conse-
quence, cells that move up a gradient and experience an increase
in attractant concentration have a lower level of the tumbling
signal CheY-P, which extends their runs in the preferred di-
rection. This initial inhibitory effect of attractant binding is op-
posed by a methyltransferase CheR, which together with the
methylesterase CheB constitutes the adaptation system of the
chemotaxis pathway. CheR recognizes the inactive conformation
of the receptor dimer, gradually adding methyl groups to four
specific glutamate residues at each receptor subunit until higher
methylation increases receptor activity back to the prestimulus
state. The comparatively slow process of adaptation provides
swimming bacteria with a short-term memory for temporal
comparisons of ligand concentration, which is key to bacterial
chemotaxis strategy (2). Efficiency of adaptation is further en-
hanced by CheA-dependent phosphorylation of CheB, which
increases its activity, although this negative feedback is not
essential for adaptation (5).

Less investigated are the details of receptor-independent sig-
naling that is mediated by sugar uptake via phosphotransferase
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systems (PTSs) (6, 7). The PTS transporters (Fig. 14) consist of
the shared cytoplasmic components EI (gene ptsI) and HPr
(gene ptsH), and of several sugar-specific EII components (8, 9).
The major glucose-specific EII (EII!) consists of the mem-
brane component EIIBCY™ (gene ptsG) and the cytoplasmic
protein EITA® (gene ¢rr). During their PTS-mediated transport
across the membrane, sugar molecules become phosphorylated,
which generates a constant flow of phosphate groups from
phosphoenolpyruvate (PEP). The resulting reduction in phos-
phorylation of the cytoplasmic PTS proteins has a variety of
regulatory functions, including catabolite repression and control
of chemotaxis (8, 9). Signaling to the chemotaxis pathway further
requires the core chemotaxis proteins CheA, CheW, and CheY
(7, 10-12) but does not involve transphosphorylation between
both systems (13). Instead it is likely to rely on allosteric in-
hibition of CheA by the unphosphorylated EI that was observed
in vitro (10).

Here we used fluorescence resonance energy transfer (FRET)
to follow in vivo the PTS-induced chemotactic response and to
map interactions between PTS and chemotaxis proteins. Our
results suggest that PTS signaling to the chemotaxis system is
mediated through regulatory interactions of their core compo-
nents at the chemosensory complexes. We further demonstrate
that adaptation to PTS- and receptor-mediated signals relies on
the same methylation-dependent mechanism, ensuring identical
adaptation kinetics for all types of signaling in chemotaxis.

Results

Molecular Interactions Between PTS and Chemotaxis Proteins. In our
study, we focused on the PTS-mediated sensing of glucose, the
preferred carbon source of E. coli. Glucose signals to the che-
motaxis system both through the periplasmic glucose/galactose
binding protein (GBP, gene mgIB), which binds to the receptor
Trg (4, 14), and via the PTS (6). To address the mechanism of
signal transduction from the glucose-specific PTS to the che-
motaxis pathway, we first tested in vivo all possible binary
interactions or immediate proximities between components of
the two systems using acceptor photobleaching FRET (15). In
this screen, fusions of chemotaxis and PTS proteins to cyan and
yellow fluorescent proteins (CFP and YFP, respectively) were
coexpressed pairwise in wild-type E. coli cells, and FRET signals
were detected by selectively photobleaching YFP (FRET ac-
ceptor) and following ensuing changes in the CFP (FRET donor)
emission (Fig. 1B and Figs. S14 and S2). Our analysis yielded
four positive pairs (Fig. 14 and Fig. S24), with each of EI
and EITAC" interacting with CheA and CheW. All observed
interactions were comparatively weak, with apparent FRET
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Fig. 1. Interactions between the PTS and the chemotaxis pathway. (A) Overview of the PTS and the chemotaxis pathway (see text for details). Red arrows
indicate interactions between components of both systems detected by an in vivo FRET screen (Fig. S1A). (B) Examples of a positive (Upper) and a negative
(Lower) FRET measurement for CFP-CheA/EI-YFP pair in the wild-type and chemotaxis-negative (AflhC) background, respectively. Red bar indicates a period of
acceptor (YFP) photobleaching. AU, arbitrary units of fluorescence. Measurements for other positive FRET pairs and values of apparent FRET efficiency are

shown in Fig. S2.

efficiencies being between 0.5 and 1% (Fig. S24), which is below
the values observed in our assay for typical stable protein com-
plexes (e.g., ~2% for CheA/CheA) (15), but reproducibly above
the negative control (Fig. 1B and Fig. S2C). The interactions
between chemotaxis and PTS proteins were apparently stabilized
by the presence of chemoreceptors, because neither of these
interactions was observed in a strain deleted for all chemo-
receptors or in a AflhC strain lacking the master activator of
chemotaxis and flagellar gene expression (Fig. 1B and Fig. S2 B
and C). EI and EITA®" may thus specifically bind to CheA and/
or CheW assembled into the sensory complexes and not (or with
lower affinity) to their unbound forms, likely explaining why the
allosteric regulation of free CheA required an unphysiologically
high excess of EI in vitro (10).

Consistent with the apparent weakness of their interactions,
no localization of the PTS proteins to chemoreceptor clusters
was observed under our experimental conditions (Fig. S3). Be-
cause fluorescent protein fusions to the cytoplasmic PTS com-
ponents were functional for PTS chemotaxis (Fig. S4), we
conclude that previously reported intracellular localization of
PTS proteins (16) is not generally required for their function.
Moreover, the observed interactions showed no apparent de-
pendence on stimulation with glucose, suggesting that signal
transmission from the PTS to the chemotaxis system relies on
allosteric regulation within existing complexes rather than on
phosphorylation-dependent changes in protein affinities.

PTS Complements Receptor-Mediated Response to Glucose. To
quantify the pathway response to glucose, we used a FRET-based
reporter that relies on the phosphorylation-dependent interaction
between CheY-YFP and its phosphatase CheZ-CFP to monitor
the intracellular pathway activity in real time (Fig. S1B) (17, 18).
Measurements of Trg- and PTS-mediated responses showed that
these two modes of sensing operate at different glucose concen-
trations. In wild-type cells preequilibrated in buffer, where sensing
is dominated by Trg, the glucose concentration at the half-
maximal response (ECsg) was ~30 nM (Fig. 24). The value for the
PTS-mediated response in the absence of Trg was about 10-fold
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higher. Notably, saturating stimulation via the PTS also exerted
weaker inhibitory effect on activity of the chemosensory com-
plexes than receptor-mediated stimulation.

That the Trg- and PTS-mediated modes of glucose sensing are
complementary is even more apparent when comparing the dy-
namic range of concentrations over which cells can respond and
adapt to a ligand (Fig. 2B). Measurements of the dynamic range
were performed as before (19) by increasing sugar concentration
in approximately threefold steps (Fig. S1C), which exposes the
chemotaxis system to a nearly constant stimulus (20, 21). Because
deletion of the PTS components affects expression of the che-
motaxis genes via catabolite repression, the Trg-only response to
glucose was approximated here by the wild-type response to ga-
lactose, which has the same signaling mode and a nearly identical
binding affinity to GBP as glucose but is not a PTS substrate
(4, 19) (Fig. 24). We observed that the PTS-mediated response
expands the dynamic range of glucose sensing by the chemotaxis
system, peaking at concentrations where the Trg-mediated re-
sponse decreases due to the saturation of the GBP (19). In the
wild-type cells, the receptor- and PTS-mediated responses were
approximately additive. The observed peak of the PTS-mediated
response (~1 pM) is consistent with the value deduced from
studies of adaptation dynamics (11) and slightly lower than the
apparent K, of the PTS-mediated glucose uptake (5 pM) (7). The
dynamic range was similarly narrow for both the Trg-mediated
and PTS-mediated response, suggesting that adaptation does not
modulate the ligand binding affinity in either case (19).

Response Sensitivity and Integration of Receptor- and PTS-Mediated
stimuli. We next characterized the response sensitivity (S®), de-
fined as the ratio between the fractional change in kinase activity
(AA/A) and the fractional change in ligand concentration (AL/L)
(17, 19). The value of S® reflects the strength of the inhibition
of sensory complexes by a given ligand (19). To determine this
value, cells were preadapted to 500 nM glucose (or galactose),
around the peak of the PTS-mediated response, and the initial
slope of the normalized dose-response curves was determined
(Fig. 2C). The calculated sensitivity for the wild-type response to
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Fig. 2. Characterization of the PTS-mediated response. Intracellular response of the chemotaxis pathway was measured using a CheY/CheZ FRET reporter of
kinase activity in A(cheY cheZ) background [wild type (WT) for FRET] or in Atrg A(cheY cheZ) background (Atrg). See Fig. S1 B and C for details of the assay. (A)
Dose-response measurements. Buffer-adapted cells were stimulated by addition and subsequent removal of indicated concentration steps of glucose (Glc) or
galactose (Gal). Kinase activity was plotted relative to the steady-state activity in the buffer. Zero activity was determined by a saturating stimulation with 100
uM a-methyl-DL-aspartate (MeAsp). Data were fitted using a Hill equation. Error bars here and throughout indicate SEs. (B) Dynamic range measurements.
Cells were stimulated by stepwise addition of increasing amounts of attractant, allowing full adaptation before each subsequent stimulation. The response
for each step was normalized to the response of buffer-adapted cells to 100 pM MeAsp. (C) Measurements of response sensitivity. Dose-response curves were
measured as in A but for cells preadapted to an ambient concentration of 500 nM glucose or galactose, as indicated, and fitted using the Hill equation. Ligand
concentration was normalized to the ambient concentration. (D) Response sensitivity at the peak of the dynamic range (S%;) for different attractants. S%, for
the PTS-mediated response to glucose was calculated as the initial slope of the dependence in C. The values for ribose (Rib) and other attractants at the peaks
of their respective dynamic range were measured previously and normalized to the fraction of ligand-specific receptors in the total receptor pool (19). (E)
Effect of adaptation to glucose on the response to other ligands in Atrg cells. The response was followed as a change in the ratio of YFP to CFP fluorescence
due to FRET, with a higher ratio corresponding to higher FRET signal and therefore higher pathway activity. Addition and removal of mannitol (Mtl) and
other attractants are indicated by down and up arrows, respectively. Gray bar indicates presence of glucose in the background, over which other stimuli were
added. Gradual drift of the YFP/CFP ratio base line arises from a relatively faster loss of the CFP fluorescence over the time course of the measurement.

glucose (1.00 = 0.04) was approximately the sum of the sensi-
tivities of the Trg-mediated response (0.31 + 0.03) and the PTS-
mediated response (0.74 + 0.10), validating the additivity of these
responses. Moreover, maximal sensitivity of the PTS-mediated
response achieved at the peak of its dynamic range (S¥p) was
much lower than the sensitivity of the receptor-mediated re-
sponse (19) (Fig. 2D), confirming relative weakness of the in-
hibition of the chemosensory complex activity via the PTS.

We further observed that adaptation to saturating concen-
trations of glucose in a Arg strain did not affect the response to
the receptor-binding ligand MeAsp but eliminated the chemo-
tactic response to other PTS ligands, such as mannitol (Fig. 2E).
This result indicates that, whereas receptor- and PTS-mediated
stimuli are independently sensed, individual PTS stimuli effec-
tively compete with each other.

Receptor Methylation Controls PTS-Mediated Response. To better
understand the mechanism of adaptation in PTS-mediated sig-
naling, we first compared adaptation kinetics for PTS- and re-
ceptor-mediated stimuli. When plotted against the response
strength, the adaptation time for the PTS- and receptor-medi-
ated response showed a similar dose dependence (Fig. 34). This
similarity was further demonstrated by a nearly identical adap-
tation time course for glucose and MeAsp stimuli of similar
strength (Fig. 34, Inset). These data strongly suggest that the
same methylation-based adaptation operates for both types of
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stimuli. Nevertheless, the response and adaptation to the PTS-
mediated stimuli was apparently not receptor specific, because
either one of the major receptors, Tar or Tsr, was sufficient to
mediate PTS signaling (Fig. 3B).

We further observed that the PTS-mediated response to glu-
cose strongly depends on the activity state of chemoreceptors.
The response was clearly visible in a receptorless A(cheR cheB)
strain expressing Tar?®FF (Fig. 3C), which has one of four
possible methylation sites replaced by a glutamine that is similar
to methylated glutamate. This modification mimics the low
levels of receptor methylation and activity in CheR* CheB* cells
(22, 23). In contrast, no attractant-like response to glucose could
be observed in the same background strain expressing higher-
modified Tar?F°F (Fig. 3D and Fig. S54) that is more active
(22); instead a weak but reproducible up-regulation of the CheY/
CheZ interaction was observed. This latter effect was apparently
independent of all other chemotaxis proteins (Fig. S5B) and
might be explained by the glucose-stimulated up-regulation of
the intracellular level of acetyl phosphate, a known phospho-
donor for CheY (24). The inability of the PTS signal to inhibit
the highly active Tar®F°F receptors was likely due to the
aforementioned weakness of the PTS signal, and indeed a clear
response was observed when the activity of Tar?F“F was lowered
by prestimulation with subsaturating concentrations of MeAsp
(Fig. 3D and Fig. S54). Moreover, both amplitude and ECs, of
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Intensity profiles reflect receptor mobility on the SDS/PAGE gel, with higher receptor mobility corresponding to higher methylation. For better comparison,

each profile curve was normalized to the integral intensity of all bands within the respective lane after subtraction of the background.

the response to glucose changed with the level of receptor ac-
tivity (Fig. 3D), confirming that receptors are directly involved in
the processing of PTS stimuli.

Most importantly, the PTS-mediated response in A(cheR cheB)
strains was nonadaptive (Fig. 3C and Fig. S54), demonstrating
that receptor methylation is in fact required for adaptation to
PTS stimuli. Consistent with the involvement of the methylation
system, adaptation of CheR* CheB™" cells to a saturating PTS-
mediated glucose stimulation influenced the level of receptor
methylation, as observed by the increased mobility of higher-
modified receptors in an SDS/PAGE gel (Fig. 3E and Fig. S6). In
a strain expressing Tar as the only receptor, the change in
methylation was similar to that elicited by a MeAsp stimulus of
comparable magnitude (Fig. 3E and Fig. S64). In the wild-type
cells, methylation of both Tar and Tsr was affected (Fig. S6 B and
(), although the exact magnitude of changes for individual
receptors was difficult to assess because of a partial overlap be-
tween Tsr and Tar bands on the gel. Although these results ap-
pear to contradict a previous study reporting methylation-
independent adaptation to PTS substrates (25), we believe that
the high sugar concentration used in those experiments (10 mM)
might have led to PTS-independent effects on the chemotaxis
system, such as those mediated by energy taxis (26).

CheB Phosphorylation Is Not Essential for Adaptation to PTS Stimuli.
In principle, PTS stimuli can promote increased receptor
methylation either directly, by inactivating receptors to make
them better substrates for CheR or indirectly, by reducing CheB
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phosphorylation and thereby downregulating the rate of deme-
thylation. We ruled out the second mechanism by showing that
CheB phosphorylation is not required for adaptation to the PTS-
mediated glucose response. Adaptation was clearly visible in
a Atrg AcheB strain that expresses either the wild-type CheB
(Fig. 44) or CheBc (Fig. 4B), the catalytic domain of CheB that
cannot be phosphorylated and is constitutively active (27). This
result unambiguously demonstrates that the regulatory inter-
actions between the PTS and the chemotaxis pathway must di-
rectly affect the activity state of chemoreceptors, leading to
subsequent methylation-dependent adaptation.

Discussion

Although the involvement of PTS-mediated sugar transport in
chemotaxis has been long established (6, 7), the interplay be-
tween the PTS- and receptor-mediated chemotactic signaling
remained largely unclear. Consistent with the previously ob-
served allosteric inhibition of CheA activity by unphosphorylated
EI (10), our in vivo data suggest that signaling from the PTS is
mediated by interactions of EI, and possibly EIIA®', with core
components of the chemosensory complexes, CheA and CheW
(Fig. 14 and Fig. S7). These interactions apparently depend on
the formation of ternary receptor-CheW-CheA complexes,
which may explain why a large excess of EI was needed to reg-
ulate the activity of free CheA in vitro (10). Most importantly, we
provide evidence that dephosphorylation of the PTS proteins
bound at sensory complexes lowers the activity of the entire
complex, rather than of CheA alone as assumed in previous
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CheB (A) or CheBc, a constitutively active form of CheB lacking the regula-
tory domain (B), from plasmids (Table S1). The higher level of FRET in the
glucose-adapted cells most likely results from CheA-independent phos-
phorylation of CheY (Fig. 3D and Fig. S4B).

models. Because sensory complexes are believed to switch be-
tween active and inactive states as single cooperative units (2),
inhibitory effects on CheA and CheW can be transmitted to
receptors favoring their inactive conformation (Fig. S7B), much
the same way as ligand binding to receptors favors the inactive
conformation of CheA (Fig. S74). As a consequence, adaptation
to PTS stimuli can be mediated by the same regulatory feedback
from receptor activity to the methylation system. Such common
processing of receptor- and PTS-mediated signals is of funda-
mental importance for chemotaxis, because it inherently ensures
the same (optimal) relation between the strength of the initial
response and the duration of subsequent adaptation for both
types of stimuli, as well as the high precision of adaptation for
PTS stimuli—two important features of the overall chemotaxis
strategy (2, 28).

We further conclude that receptor- and PTS-mediated signals
are additive and that adaptation to a receptor-mediated stimulus
does not affect response sensitivity to a PTS stimulus and vice
versa, as already reported for different receptor-mediated stimuli
(19). However, because chemotactic adaptation to PTS stimuli
occurs “downstream” of the PTS, preexposure to saturating levels
of one PTS substrate inhibits the response to other PTS ligands
(Fig. S7B), similar to the mutual inhibition observed for compet-
itive binding of two ligands to the same binding site on a receptor
(Fig. S74). The PTS signal to the chemotaxis pathway thus pro-
vides an already “integrated” readout of the overall PTS-mediated
sugar uptake. This mode of signaling may allow cells to establish
preferences for individual sugars within the PTS network itself and
accumulate in regions of maximal PTS-mediated sugar uptake.

Because of the observed dependence of the PTS—chemotaxis
interactions on ternary complex formation, it remains unclear
whether EI and EITA®! directly interact with both CheA
and CheW or whether interaction with one of these proteins
(e.g., CheA) serves as a scaffold to bring the respective PTS
component into the immediate vicinity of the other protein (e.g.,
CheW) to yield a FRET signal. Furthermore, it cannot be ex-
cluded that EI and EITAS" directly interact with the conserved
cytoplasmic tip of the receptor dimer, because large molecular
distance may preclude energy transfer between a fusion protein
bound at the cytoplasmic tip and the C-terminal fluorophore tag
of the receptor (15). In any case, the observed interactions be-
tween chemosensory complexes and PTS proteins appear to be

1. Hazelbauer GL, Falke JJ, Parkinson JS (2008) Bacterial chemoreceptors: High-performance
signaling in networked arrays. Trends Biochem Sci 33:9-19.

2. Sourjik V, Wingreen NS (2012) Responding to chemical gradients: Bacterial chemo-
taxis. Curr Opin Cell Biol 24:262-268.
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weak, consistent with the apparent lack of localization of the PTS
components to chemosensory clusters and with the weakness
of chemosensory complex inhibition by PTS signals. Because no
apparent dependence on glucose stimulation could be observed
for these interactions, regulatory signals are likely to be trans-
mitted from the PTS to the chemotaxis system via phosphory-
lation-induced conformational changes within protein complexes
rather than by strong changes in protein binding affinities
(Fig. S7B).

From the perspective of cell physiology, the involvement of EI
and EITA®" in signaling to the chemotaxis pathway is consistent
with their central roles in the PTS network and propensity to
regulate cellular functions (8, 9). EI provides a convergence
point for all sugar-specific PTS branches, and the level of EI
phosphorylation thus reflects the overall rate of sugar transport
through the PTS network. And although EITA®' is a more specific
component of the PTS branches responsible for uptake of glu-
cose, maltose, and trehalose, the uptake of other sugars also
affects EITAS'® phosphorylation because phosphotransfer reactions
within the PTS are reversible (9).

Methods

Strains and Plasmids. All plasmids and strains used in this study are listed in
Table S1. Deletions of trg, flhC, and pts genes were performed by P1
transduction using RP1131 or the listed strains from the Keio collection (29)
as donors. For KG28, the kanamycin resistance cassette was flipped out using
the temperature-sensitive plasmid pCP20 that encodes FLP recombinase (30).

Soft Agar Plates. Functionality of fluorescent protein fusions to the PTS
components was tested on Tanaka minimal medium (31) supplemented with
0.3% (wt/vol) agar, 1 mM glucose, 100 pg/mL ampicillin, and 20 pM IPTG to
induce expression of plasmid-encoded fusion proteins.

Preparation of Cells. Bacteria were grown as before (19) at 34 °Cand 275 rpm
in 10 mL tryptone broth (TB) supplemented with appropriate antibiotics
(100 pg/mL ampicillin, 34 pg/mL chloramphenicol, 50 pg/mL kanamycin) and
specific inducers (Table S1) to ODggo of 0.45. Cells were then harvested by
centrifugation (10 min at 5,000 x g) and resuspended in 10 mL tethering
buffer (10 mM KPO,4, 0.1 mM EDTA, 1 pM methionine, 10 mM lactic acid,
67 mM Nacl, pH 7).

Fluorescence Imaging and FRET. Fluorescence imaging and FRET experiments
were performed as described previously (15, 17-19). For acceptor photo-
bleaching FRET, bacteria were applied to a thin agarose pad (1% agarose
in tethering buffer) and YFP photobleaching was achieved by a brief 20-s
illumination using a 532-nm laser. Integral CFP fluorescence of a field of
several hundred cells was recorded before and after bleaching with 1-s in-
tegration time using photon counters. For stimulus-dependent FRET meas-
urements cells were attached to a polylysine-coated coverslip and placed
into a flow chamber of 50 puL volume, which was kept under constant flow
of tethering buffer (500 pL/min) by a syringe pump that was stopped briefly
to add and remove attractants. Changes in FRET upon stimulation were
calculated from changes in the YFP/CFP ratio of a field of cells (18, 23).

Immunoblotting. Immunoblotting and data analysis were performed as be-
fore (19, 23). Samples were separated on an 8% (wt/vol) SDS polyacrylamide
gel for 17 h, blotted on a nitrocellulose membrane, and analyzed using
primary polyclonal anti-Tar antibody and goat antirabbit IRDye 800 conju-
gated secondary antibody (Rockland), both diluted 1:10,000. Membranes
were scanned with an Odyssey Imager (LI-COR) and intensity profiles of the
protein distribution within a lane were evaluated using ImageJ software
(http://rsbweb.nih.gov/ij).
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