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ABSTRACT: Repositioning of the tandem aromatic residues (Trp-209 and Tyr-210) at
the cytoplasmic end of the second transmembrane helix (TM2) modulates the signal
output of the aspartate/maltose chemoreceptor of Escherichia coli (TarEc). Here, we
directly assessed the effect of the residue composition of the aromatic anchor by studying
the function of a library of TarEc variants that possess all possible combinations of Ala, Phe,
Tyr, and Trp at positions 209 and 210. We identified three important properties of the
aromatic anchor. First, a Trp residue at position 209 was required to maintain clockwise
(CW) signal output in the absence of adaptive methylation, but adaptive methylation
restored the ability of all of the mutant receptors to generate CW rotation. Second, when
the aromatic anchor was replaced with tandem Ala residues, signaling was less
compromised than when an Ala residue occupied position 209 and an aromatic residue occupied position 210. Finally, when
Trp was present at position 209, the identity of the residue at position 210 had little effect on baseline signal output or aspartate
chemotaxis, although maltose taxis was significantly affected by some substitutions at position 210. All of the mutant receptors we
constructed supported some level of aspartate and maltose taxis in semisolid agar swim plates, but those without Trp at position
209 were overmethylated in their baseline signaling state. These results show the importance of the cytoplasmic aromatic anchor
of TM2 in maintaining the baseline TarEc signal output and responsiveness to attractant signaling.

In a chemically homogeneous environment, Escherichia coli
moves in a three-dimensional random walk that consists of a

series of smooth-swimming “runs” interspersed with brief
“tumbles” that reorient the bacterium in three-dimensional
space. Runs are produced when the flagella rotate counter-
clockwise (CCW), which causes the left-handed helical flagellar
filaments to coalesce into a bundle at one end of the cell.1,2

Tumbles occur when one or more flagella switch from CCW to
clockwise (CW) rotation, which disrupts the helical bundle and
causes a random reorientation of the cell.2

E. coli possesses several transmembrane chemoreceptors,
known as methyl-accepting chemotaxis proteins (MCPs), that
mediate behavioral responses to specific sets of compounds.
These MCPs, along with the aerotaxis (Aer) receptor, utilize a
common signal transduction pathway that modulates the
rotational bias of the motors of the flagella. By decreasing
CCW rotation, a cell can extend the duration of runs in a
favorable direction, either up an attractant gradient or down a
repellent gradient.3,4

Attractant binding induces covalent modification of the
cognate MCP.5 Methyl groups are added by a methyltransfer-
ase, CheR, and removed by a methylesterase, CheB.6,7 CheB
also removes the amide groups from the two glutaminyl
residues that comprise two of the modification sites in the

newly translated protein.8 An increased level of methylation of
eight specific glutamyl residues (four per subunit) within the
receptor homodimer stimulates the activity of the CheA kinase,
whereas a decreased level of methylation weakens CheA
stimulation.9

The aspartate chemoreceptor of E. coli (TarEc) detects the
presence of attractants both directly (aspartate) and indirectly
(maltose). Aspartate binds at one of two rotationally symmetric
binding sites in the periplasmic domain of the TarEc
homodimer. Maltose first associates with the periplasmic
maltose-binding protein (MBP), causing MBP to adopt a
conformation that facilitates interaction with TarEc.

10,11

Maltose-bound MBP binds to the apex of the Tar periplasmic
four-helix bundle.12,13 TarEc also mediates repellent taxis to Ni

2+

and Co2+, which also bind directly to its periplasmic
domain.14,15

E. coli MCPs contain two transmembrane helices. Trans-
membrane helix 1 (TM1) is an N-terminal extension of helix 1
of the periplasmic domain. Transmembrane helix 2 (TM2) is a
C-terminal extension of helix 4 of that domain. TM2

Received: October 9, 2011
Revised: January 11, 2012
Published: February 17, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 1925 dx.doi.org/10.1021/bi201555x | Biochemistry 2012, 51, 1925−1932

pubs.acs.org/biochemistry


communicates the conformational change induced by ligand
binding to the cytoplasmic HAMP domain (histidine kinases,
adenylyl cyclases, methyl-accepting chemotaxis proteins, and
certain phosphatases).16 The mechanism of signal transduction
from the periplasmic domain to the HAMP domain is not fully
understood, but several hypotheses have been advanced to
explain the process.17−19 Whatever the signaling mechanism
may be, the preponderance of evidence suggests that a small
(∼1−3 Å) inward displacement of helix 4 of TM2 roughly
perpendicular to the plane of the membrane occurs upon
binding of aspartate.20−26

Repositioning the two aromatic residues (the aromatic
anchor) at the cytoplasmic end of TM2 of TarEc (Trp-209
and Tyr-210) by a single position is sufficient to modulate the
signal output of TarEc.

26 Mutant receptors in which the
aromatic anchor was moved toward the hydrophobic core of
the membrane had decreased CW signal output. This suggests
that the well-documented affinity of amphipathic aromatic
residues for the polar−hydrophobic interfaces27−29 within the
phospholipid bilayer is sufficient to reposition TM2 toward the
cytoplasm in a manner similar to an aspartate-induced
displacement.20−26 Conversely, mutant receptors in which the
aromatic anchor was repositioned toward the polar headgroups
exhibit increased CW signal output,26 a result consistent with
displacement of TM2 from the cytoplasm. These results
demonstrate that aromatic residues can “tune” the output of
TarEc, and perhaps those of other chemoreceptors and
members of the sensor histidine kinase superfamily that share
a similar mechanism of transmembrane communication.30−33

A variety of chemoreceptors and other two-pass trans-
membrane sensor proteins have aromatic residues at the
cytoplasmic end of TM2 followed by a HAMP domain (Table
S1 of the Supporting Information). To determine the essential
features of the cytoplasmic aromatic anchor of TarEc, Trp-209
and Tyr-210 were replaced with all possible combinations of
other aromatic residues and Ala. We also looked at the effect of
introducing a variety of different residues at position 210 when
Trp-209 was still present. Our results indicate that Trp-209 is
crucial for the ability of TarEc to stimulate CheA activity in a
ΔcheRB strain. However, adaptive covalent modification can
restore sufficient function to allow chemotaxis. When Trp-209
is present, charged or polar uncharged amino acids at position
210 impair function to some extent, but the effect is smaller
than that accompanying the loss of Trp-209. Thus, the optimal
function of TarEc requires a cytoplasmic aromatic anchor with a
WX configuration, where X is a nonpolar residue.

■ MATERIALS AND METHODS
Bacterial Strains and Plasmids. HCB436 [Δtsr7021

Δtrg100 Δ(tar-cheB)2234],34 RP3098 [Δ( fhlD-f lhB)4],35 and
VB13 (Δtsr7021 Δtar-tap5201 trg::Tn10)36 are derived from E.
coli K-12 strain RP437.37 Strain VB13 is deleted for all
chemoreceptor genes, as is strain HCB436, which also carries a
ΔcheRcheB deletion. All in vivo assays of receptor activity were
conducted with these two strains. Strain RP3098 contains a
deletion of the master regulator f lhDC and therefore fails to
produce any Che proteins. Plasmid pRD200,25 derived from
pMK113,13 was used to express wild-type or mutant tar genes
constitutively. In addition, an in-frame coding sequence for a
seven-residue linker (GGSSAAG)38 and a C-terminal V5
epitope tag (GKPIPNPLLGLDST)39 was added to the 3′ end
of tar. Plasmid pRD30025 is a derivative of pBAD1840 that
expresses tar with the same C-terminal linker and V5 epitope

tag upon induction with L-arabinose. Strain RP3098 was used
with pRD300 as previously described25 to produce standards
for the in vivo methylation assay. Mutations in tar were
introduced via site-directed mutagenesis (Stratagene).

Observation of Tethered Cells. HCB436 or VB13 cells
containing plasmid pRD200 were grown overnight in tryptone
broth41 supplemented with 100 μg/mL ampicillin. Overnight
cultures were then back-diluted 1:100 in tryptone broth and
grown at 30 °C with agitation until OD600 reached ∼0.6. A 10
mL aliquot of cells was pelleted, and the cells were resuspended
in 10 mL of tethering buffer [10 mM potassium phosphate (pH
7.0), 100 mM NaCl, 10 μM EDTA, 20 μM L-methionine, 20
mM sodium DL-lactate, and 200 μg/mL chloramphenicol].
Flagella were sheared in a Waring blender42 during eight
repetitions of 7 s intervals of shearing at high speed
interspersed with 13 s pauses to prevent overheating. Cells
were collected by centrifugation, washed three times in
tethering buffer, and mixed with an equal volume of a 200-
fold dilution of anti-flagellar filament antibody. A 40 μL aliquot
of the cell/antibody mix was added to the center of the
coverslip. Coverslips were then incubated in a humidity
chamber for 30 min at 30 °C and affixed to a flow chamber;43

nontethered cells were removed by flushing the chamber with
chemotaxis buffer. Cells were observed under reverse phase
contrast at 1000× magnification, using an Olympus BH-2
microscope. Rotating cells were digitally recorded, and at least
100 cells for each specific receptor were monitored visually
during a 20 s playback. Cells were assigned to one of five
rotational categories: exclusively CCW, mostly CCW with
occasional reversals, reversing frequently with no clear bias,
mostly CW with occasional reversals, and exclusively CW. The
reversal frequency was determined by tallying the number of
reversals for each cell during video playback.

Determination of the Methylation State of Receptors
in Vivo. HCB436 or VB13 cells containing plasmid pRD200
expressing each of the different V5-tagged Tar variants were
grown overnight at 30 °C in tryptone broth supplemented with
100 μg/mL ampicillin. Overnight cultures were then back-
diluted 1:100 in tryptone broth and grown at 30 °C to an
OD600 of ∼0.6. Cells were harvested by centrifugation, washed
three times with 10 mL of 10 mM potassium phosphate buffer
(pH 7.0) containing 0.1 mM EDTA, and resuspended in 5 mL
of 10 mM potassium phosphate (pH 7.0) containing 0.1 mM
EDTA, 10 mM sodium DL-lactate, and 200 μg/mL
chloramphenicol. Aliquots (1 mL) were transferred to 10 mL
scintillation vials and incubated for 10 min at 32 °C, with
agitation. Cells were then incubated for an additional 30 min
after the addition of L-methionine to a final concentration of
100 μM. A 100 μL aliquot of 100 mM L-aspartate or 10 mM
NiSO4 solutions, or 100 μL of buffer as control, was added at
this time, and the cells were incubated for an additional 20 min.
Reactions were terminated by addition of 100 μL of ice-cold
100% TCA, and the samples were then incubated on ice for 15
min. Denatured proteins were pelleted, washed with 1% TCA
and acetone, and resuspended in 100 μL of 2× SDS loading
buffer. A 15 μL aliquot of each sample was subjected to sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE) and immunoblotting with antibodies raised against
the V5 epitope that were conjugated to alkaline phosphatase
(Invitrogen). Standards were run as a mixture of Tar proteins
containing equal proportions of V5-tagged versions of the
EEEE, QEQE, and QQQQ forms of the Tar receptor produced
from RP3098 cells containing pRD300. The Gln residues affect
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protein migration like methylated Glu residues, so that the
standards migrate like the unmethylated, doubly methylated,
and quadrupally methylated forms of the receptor, respectively.
Swim-Plate Chemotaxis Assays. Semisolid motility agar

contained 3.25 g/L Difco BactoAgar (Difco) in motility
medium [10 mM potassium phosphate (pH 7.0), 1 mM
(NH4)2SO4, 1 mM MgSO4, 1 mM MgCl2, 1 mM glycerol, and
90 mM NaCl] and was supplemented with 20 μg/mL L-
threonine, L-histidine, L-methionine, and L-leucine and 1 μg/
mL thiamine. Aspartate and maltose were added to final
concentrations of 100 μM. Plates were inoculated with
toothpicks from isolated colonies of strain VB13 expressing
one of the various Tar receptors from pRD200. Swarm plates
were incubated at 30 °C. Once chemotaxis rings became visible
(typically 8 h for aspartate and 12 h for maltose plates), their
diameter was measured every 4 h.
Analysis of Receptor Function in Vitro. Receptor-

containing inner membranes were isolated as previously
described.44 Strain RP309835 harboring either pRD10025

expressing the wild-type Tar, or pRD30025 expressing its C-
terminal V5 epitope-tagged variant, was used for production of
receptor-containing membranes. Tar expression was induced by
the addition of L-arabinose to a final concentration of 0.2% (w/
v). Soluble Che proteins were isolated,44 and receptor-coupled
in vitro phosphorylation assays were performed as previously
described.25 Our reaction mixtures contained 20 pmol of Tar, 5
pmol of CheA, 20 pmol of CheW, and 500 pmol of CheY in 9
μL of fresh phosphorylation buffer [50 mM Tris-HCl, 50 mM
KCl, 5 mM MgCl2, and 2 mM DTT (pH 7.5)]. Aspartate was
added to the desired final concentration, taking care to
maintain the same total volume. The reaction was initiated
by the addition of 1 μL of [γ-32P]ATP (3000 Ci/mmol, NEN
catalog no. BLU502A) diluted 1:1 with 10 mM unlabeled ATP.
Reactions were terminated by addition of 40 μL of 2× SDS−
PAGE loading buffer containing 25 mM EDTA. Samples were
subjected to SDS−PAGE, dried, and imaged using a
phosphorimager (Fuji BAS 5000).

■ RESULTS
The Residue Composition of the Aromatic Anchor

Affects the Baseline TarEc Signal Output. Fifteen mutant
receptors were generated by making all possible substitutions of
Ala, Phe, Trp, and Tyr at residues 209 and 210 of TarEc, which
are Trp and Tyr, respectively, in the wild-type protein. Flagellar
rotational bias and mean reversal frequency (MRF) were
measured in transducer-depleted (ΔT) tethered cells (strain
VB13; Δtsr Δtar-tap Δtrg aer+) expressing the wild-type or
mutant TarEc proteins from plasmid pRD200. The effects of a
C-terminal V5 tag on ligand sensitivity and adaptation
responses are minimal and have been well characterized
(Figure S1 of the Supporting Information).45 The behavior of
these cells should reflect the steady-state TarEc signal output,
which is modulated by changes both in the position of TM2
relative to the membrane and in the resultant compensatory
effects of adaptive methylation.25,26,46

VB13 cells expressing V5-tagged wild-type TarEc (WY
anchor) from pRD200 showed a modest CCW rotational
bias (Figure 1). All mutant receptors supported some CW
rotation and ranged from slightly more CW-biased (the WA
receptor) to somewhat more CCW-biased (all receptors with
Ala at position 209 and the FA, FW, YF, and YW receptors).
The FF, FY, WF, WW, YA, and YY receptors supported
essentially wild-type rotational biases in VB13 cells. The MRF

values of VB13 cells expressing the mutant receptors (Figure S2
of the Supporting Information) were all between 0.15 and 0.45
s−1, with the highest MRF shown by the WA receptor.

Cells Lacking Adaptive Methylation Cannot Compen-
sate for the Absence of Trp-209. A very different picture
emerged when receptor performance was analyzed in strain
HCB436,36 a ΔT strain that also lacks the adaptation enzymes
CheR (methyltransferase) and CheB (methylesterase/deami-
dase). In these cells, the receptors remain in the QEQE
modification state in which they are translated. HCB436 cells
expressing receptors with Trp at position 209 supported CCW-
biased flagellar rotation (Figure 1). The wild-type (WY) and
WA receptors had MRF values similar to those in VB13 cells,
but the WF and WW receptors expressed in HCB436 cells
supported MRF values ∼2 times greater than those seen in
VB13 cells (Figure S2 of the Supporting Information).
HCB436 cells producing receptors with other residues at
positions 209 and 210 never rotated CW. Thus, an intact
adaptation system is required to compensate for the inherently
CCW-locked baseline signal output of these mutant receptors.

Adaptive Methylation Compensates for Changes in
the Residue Composition of the Anchor. The level of in
vivo covalent modification for all of the receptor variants was

Figure 1. Flagellar rotational bias of cells expressing TarEc variants with
wild-type or mutant aromatic tandems. VB13 (ΔT cheR+B+) or
HCB436 (ΔT ΔcheRB) cells expressing the wild-type or mutant TarEc
variants from pRD20025 possessing a C-terminal epitope V5 tag were
tethered, observed for 20 s, and assigned to one of five categories
based on their apparent flagellar rotational bias. From left to right,
these categories are designated counterclockwise rotation with no
switching (CCW only), counterclockwise-biased with switching
(CCW), frequent reversing with no apparent bias (CCW/CW),
clockwise-biased with switching (CW), and clockwise rotation with no
switching (CW only). Results from VB13 cells are depicted as gray
bars in the foreground, whereas results from HCB436 cells are
depicted as black bars in the background. Each histogram contains the
classification of 100 VB13 and 100 HCB436 cells expressing a different
TarEc variant.
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examined. In strain HCB436, all 16 proteins migrated as a
single band with the same motility as wild-type Tar (Figure S3
of the Supporting Information). In VB13 cells, all of the
receptors with Trp at position 209 migrated as two bands,
probably representing the EEEE and singly methylated forms.
The WA receptor was shifted slightly toward the least-modified
band. In contrast, all but one of the other mutant receptors
showed significantly higher levels of covalent modification in
their baseline states (Figure S3 of the Supporting Information).
All of the receptors responded to the addition of 10 mM
aspartate by increasing their levels of covalent modification, and
all except the WA receptor responded to 10 mM NiSO4 by
decreasing their levels of covalent modification (Figure S4 of
the Supporting Information).
We classified the proteins into three categories with respect

to their baseline and attractant-adapted levels of covalent
modification (Figure 2): wild-type, overmethylated, and highly

overmethylated. Despite the binning into discrete groups
imposed by this classification, the receptors actually were
distributed along a continuum of modification states.
Four variants showed levels of covalent modification

comparable to those of the wild-type WY receptor. We
included the WF, WW, WA, and YA receptors in this class,
although the WA receptor was somewhat less modified and the
YA receptor was slightly more modified than the wild-type
receptor (Figure S3 of the Supporting Information). Receptors
of the second class, exemplified by the AA receptor in Figure 2,
were significantly more modified in the baseline state and
showed more extensive modification in the presence of
aspartate. This class included the AA, AF, AY, FA, FW, and
FY receptors. Finally, the highly overmethylated class consisted
of the AW, FF, YF, YW, and YY receptors. They were highly
modified in the baseline state, and their level of modification
increased even more after the addition of aspartate. This third
class of receptors decreased the level of modification after the
addition of NiSO4. The overall conclusion is that the increases
in CCW signaling bias of all receptors are within a range that
can be largely accommodated by the adaptation system.

The Extent of Adaptive Methylation Required To
Maintain the Baseline TarEc Signal Output Correlates
with the Rate of Chemotaxis Ring Expansion in
Semisolid (swim) Agar. All 16 receptors were examined for
their ability to support chemotaxis to aspartate and maltose in
VB13 cells. The expansion rates of chemotaxis rings in
semisolid agar containing 100 μM aspartate or 100 μM maltose
were calculated (Figure 3 and Table 1). All receptors with Trp

at position 209 were as good as wild-type TarEc at supporting
aspartate taxis, with expansion rates ranging from 1.49 mm/h
for the wild type to 1.67 mm/h for the WF variant. None of the
other variants supported ring expansion rates above 1.32 mm/
h. The three slowest rates, ∼0.8 mm/h, were exhibited by the
AY, AF, and AW receptors. Even though the rate of migration
between mutants varies significantly, all mutants produce
migratory rings with a similar appearance (Figure S5 of the
Supporting Information).
The rates of ring expansion in maltose semisolid agar

generally correlated with those for aspartate, with the fastest
rate of 0.7 mm/h supported by the WF variant and the slowest
rates of 0.42−0.49 mm/h exhibited by the AY, AF, and AW
variants. The ratios of aspartate to maltose ring expansion rates
generally were between 1.8 and 2.4 (Table 1), with the higher
values associated with the receptors supporting the best
aspartate taxis. However, the ratio for the WW receptor was
2.6, and the ratio for the WA receptor was 3.1, indicating that
these receptors were selectively defective for maltose taxis.

Residue 210 Contributes Modestly to TarEc Function
When Residue 209 Is Trp. To examine the contribution of
residue 210 to signal output when position 209 is occupied by
the favored Trp residue, we constructed a series of TarEc
variants with different residue replacements at position 210
(Figure 4 and Table 2). All of the receptors supported aspartate
taxis, with ring expansion rates ranging from 1.3 mm/h for the

Figure 2. Examples of band migration patterns for TarEc variants from
each category of covalent modification state. TarEc variants were
clustered into three groups depending on the degree of modification in
the baseline signaling state and in the presence of the repellent Ni2+

and the attractant aspartate. The wild-type anchor (WY) is shown for
the wild-type class. TarEc with the AA anchor represents a moderate
increase (overmethylated) in baseline and aspartate-induced mod-
ification states. TarEc with the FF anchor represents a greater increase
(highly overmethylated) in the baseline and aspartate-induced
modification states.

Figure 3. Chemotaxis ring formation in aspartate and maltose swim
plates by cells expressing TarEc variants containing different aromatic
anchors. VB13 (ΔT cheR+B+) cells expressing wild-type TarEc or
different TarEc variants from pRD20025 were inoculated into semisolid
agar containing aspartate or maltose. Plates were incubated at 30 °C
and measured after 8 h, when migratory rings first became visible. The
ring diameter was measured every 4 h thereafter, and the migration
rate was calculated in millimeters per hour. The error bars show the
standard error of the mean for the expansion rates of ≥18 colonies.
The wild-type anchor (WY) is underlined.
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WS variant to 1.5 mm/h for the WL and WV variants.
However, larger differences were seen for maltose taxis. With
the WL and WV receptors, the expansion rates were similar to
the wild-type rate of 0.65 mm/h, and only slightly lower (0.6
mm/h) for the WI variant. However, with the WE and WR
receptors, the expansion rates were only 0.45 mm/h, and only
0.36 mm/h for the WS variant. The ratios of the aspartate to
maltose ring expansion rates ranged from 2.3 mm/h for cells

expressing the WI receptor to 3.7 for cells expressing the WS
receptor.
None of the WX receptors differed significantly from wild-

type TarEc in their baseline levels of covalent modification or in
changes in the modification state seen after addition of
aspartate or NiSO4 (Figure S6 of the Supporting Information).
We therefore anticipated that they would support essentially
wild-type patterns of rotational bias and switching frequency.
Analysis of tethered HCB436 cells expressing the different
receptors confirmed this prediction (Figure S7 of the
Supporting Information). We conclude that, when Trp is
present at position 209, the residue at position 210 has
relatively little effect on receptor function unless it is charged
(Glu or Arg) or uncharged but highly polar (Ser).

■ DISCUSSION
E. coli chemoreceptors are membrane-spanning enzymes with
multiple allosteric inputs,47 including ligand binding, covalent
modification, and interaction with other receptors and Che
proteins. The relatively small energetic contributions of these
inputs strongly suggest that the receptors exist in metastable
states and are poised to respond to small changes. The binding
of a ligand to the periplasmic domain must be communicated
through the cell membrane to the signal-processing HAMP
domain via TM2. It is therefore clear that the TM2 of a
particular receptor must evolve to undergo conformational
changes that are driven by the binding energy of their
respective ligands.
The dynamic bundle model for function of the HAMP

domain during chemoreceptor signaling48,49 suggests that the
stability of the HAMP domain is regulated by its attachment to
TM2 via a five-residue linker, called the control cable.18,49

Previously published experimental data24−26 and a recent

Table 1. Relative Rates of Migration of VB13 Cells Expressing the TarEc Variants in Semisolid (swim) Agar Containing
Aspartate or Maltose

receptor AA AF AW AY FA FF FW FY

Aspa 79 ± 1.9 59 ± 1.1 60 ± 1.1 52 ± 1.0 91 ± 1.3 66 ± 2.2 87 ± 2.4 81 ± 3.1
Mala 88 ± 2.1 79 ± 1.5 74 ± 1.4 68 ± 1.3 98 ± 1.4 78 ± 2.6 94 ± 2.6 102 ± 3.9
Asp:Mal ratiob 2.2 ± 0.05 1.8 ± 0.03 2.0 ± 0.04 1.8 ± 0.04 2.2 ± 0.03 2.0 ± 0.07 2.2 ± 0.06 1.9 ± 0.07

receptor WA WF WW WY YA YF YW YY

Aspa 108 ± 3.6 112 ± 3.3 103 ± 4.7 100 ± 2.2 80 ± 2.7 73 ± 1.9 88 ± 2.8 82 ± 3.2
Mala 114 ± 2.8 114 ± 3.4 93 ± 4.3 100 ± 2.2 95 ± 3.3 84 ± 2.2 96 ± 3.1 92 ± 3.5
Asp:Mal ratiob 3.1 ± 0.10 2.4 ± 0.07 2.6 ± 0.12 2.4 ± 0.05 2.1 ± 0.07 2.1 ± 0.05 2.2 ± 0.07 2.2 ± 0.08

aThe means and standard error of the rate of migration for VB13 cells expressing various receptors were normalized to that of VB13 cells expressing
wild-type (WY) TarEc. The wild type (WY) is underlined, and its values are shown in bold. Error values for aspartate and maltose represent the
propagated error upon normalization of the data to VB13 cells harboring pBR322 and expressing the wild-type receptor. bThe Asp:Mal ratio is the
rate of expansion of the aspartate chemotaxis ring divided by the rate of expansion of the maltose chemotaxis ring. The error values for the Asp:Mal
ratio represent the propagated error from the previous calculations.

Figure 4. Chemotaxis ring formation in aspartate and maltose swim
plates by cells expressing TarEc with Trp-209 and various different
residues at position 210. The measurements of ring expansion rates
were performed as described in the legend of Figure 3. The error bars
represent the standard deviation of the mean for the expansion rates of
at least six colonies. The wild-type anchor (WY) is underlined.

Table 2. Relative Rates of Migration of VB13 Cells Expressing TarEc WX Aromatic Anchor Variants in Semisolid (swim) Agar
Containing Aspartate or Maltose

WA WV WL WI WS WE WR WY

Aspa 93 ± 5.6 96 ± 5.8 97 ± 5.8 86 ± 5.2 83 ± 5.1 92 ± 5.5 92 ± 5.5 100 ± 5.9
Mala 72 ± 4.2 92 ± 5.4 94 ± 5.5 88 ± 5.1 53 ± 3.1 68 ± 4.0 71 ± 4.1 100 ± 5.8
Asp:Mal ratiob 3.1 ± 0.34 2.5 ± 0.22 2.4 ± 0.10 2.3 ± 0.2 3.7 ± 0.33 3.2 ± 0.23 3.1 ± 0.21 2.4 ± 0.14

aThe means and standard deviations of the rate of migration for VB13 cells expressing various receptors were normalized to that of VB13 cells
expressing wild-type (WY) TarEc. The wild type (WY) is underlined, and its values are shown in bold. Error values for aspartate and maltose
conditions represent the propagated error upon normalization of the data to VB13 cells harboring pBR322 and expressing the wild-type receptor.
bThe Asp:Mal ratio is the rate of expansion of the aspartate chemotaxis ring divided by the rate of expansion of the maltose chemotaxis ring. The
error values for the Asp:Mal ratio represent the propagated error from the previous calculations.
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computer simulation50 suggest that the aromatic anchor of
TM2 is essential for normal transmembrane signaling. The
work reported here indicates that one function of the aromatic
anchor is to maintain a receptor in a baseline signaling state that
allows both kinase-inhibiting (attractant) and kinase-stimulat-
ing (repellent) signals to be sensed with high sensitivity and a
wide dynamic range. Although changes in the baseline signaling
state can be compensated by increasing or decreasing the state
of covalent modification, as appropriate, such adjustments
displace the receptor from its properly poised baseline signaling
state. The dynamic range of a receptor with an inappropriate
aromatic anchor may be limited by the initially skewed state of
covalent modification, and the mutant receptor may no longer
be maximally responsive to the energy input provided by the
binding of its particular ligand(s).
Our variant TarEc receptors provide evidence of both types of

disruption to receptor function. All receptors that lack Trp at
position 209 have baseline signaling states shifted toward a
kinase-inhibiting, attractant-mimicking configuration (Figure
1). With all of these receptors, some level of CW rotation could
be restored by an increased level of covalent modification
(Figures S2 and S3 of the Supporting Information), but these
receptors are all defective, to varying degrees, in supporting
aspartate and maltose taxis (Figure 3). Receptors with the
highest baseline modification state were the most defective for
chemotaxis.
A second, more subtle disruption is evidenced by receptors

that have Trp at position 209 but lack an aromatic or aliphatic
residue at position 210. The WA, WR, WE, and WS receptors
all were able to mediate essentially normal aspartate taxis, and
they showed wild-type patterns of covalent modification in the
baseline state. However, these four receptors were all selectively
defective for maltose taxis (Figure 4). We propose that this is
because the energy supplied by interaction of the periplasmic
domain of TarEc with ligand-bound MBP is lower than the
energy supplied by interaction with aspartate. This result is
based on the stronger response of E. coli to aspartate than to
maltose in capillary assays, the longer response times to
addition of aspartate than to addition of maltose in tethered cell
assays, and the ability of aspartate to completely block the
response to maltose in certain competition assays.51,52 In terms
of a mechanical analogy, against whose overuse we have
cautioned,53 the spring constant resisting the pistonlike
movement of helix 4 of TM2 is greater for the WA, WE,
WR, and WS receptors.
Our current model for the function of the cytoplasmic

aromatic anchor is illustrated in the diagram in Figure 5. In the
wild-type receptor in the absence of ligand, a postulated
inward-directed force on TM2 is balanced by a restoring force
of the WY cytoplasmic anchor (Figure 5A), and the receptor is
maintained in an alternating CW/CCW signaling state. The
other WX anchors apparently exert a similar restoring force.
When the attractant binds, the inward force imposed by the
periplasmic domain increases, the balancing force of the
cytoplasmic anchor is overcome, and TM2 is displaced inward
(Figure 5B). The result is that the receptor is converted into a
CCW signaling state. Binding of a repellent exerts an opposite,
outward-directed force that results in CW signaling (Figure
5C). Moving the WY anchor one residue in the C-terminal
direction (the +1 receptor26) generates a stronger outward-
directed force that also leads to CW signaling (Figure 5D).
Moving the WY anchor one residue in the N-terminal direction
(the −1 receptor26) generates an inward-directed force that

leads to CCW signaling (Figure 5E). When the aromatic
anchor is removed (the AA receptor), the restoring force is
eliminated and the inward-directed force imposed by the
periplasmic domain dominates, leading to CCW signaling
(Figure 5F). Finally, when Trp-209 is replaced with Ala and an
aromatic residue is retained at position 210 (e.g., the AW
receptor), the displaced aromatic anchor may interact additively
with the inward-directed force exerted by the periplasmic
domain to create an even stronger CCW (CCW*) signaling
bias (Figure 5G). In all cases of CCW signaling bias, an
increased level of covalent modification can restore the CW/
CCW signaling state in a cheR+B+ cell.
The known TM2 sequences of MCPs in E. coli and two other

enteric bacteria, Salmonella enterica and Enterobacter aerogenes,
are given in Table S1 of the Supporting Information. All of the
MCPs that have a C-terminal pentapeptide CheR-binding motif
(NWES/TF) have Trp residues at the hydrophobic−polar
interfaces of the both the periplasmic and the cytoplasmic

Figure 5. Model for the role of the cytoplasmic aromatic anchor of
TM2 in transmembrane signaling. (A) In the wild-type (WT)
receptor, a weak inward-directed force (thin downward arrow) exerted
by the periplasmic domain is balanced by a weak outward-directed
force (thin upward arrow) caused by the energetic cost of moving the
WY tandem pair from the hydrophobic−polar interface at the
cytoplasmic surface of the membrane. The receptor remains in a
CW/CCW-balanced signaling state. (B) When an attractant binds to
the periplasmic domain, the inward-directed force (red arrow)
becomes greater, and TM2 is displaced inward, leading to CCW
signaling. The membrane surfaces may also be slightly deformed. (C)
When a repellent binds, an outward-directed force (green arrow) is
exerted by the periplasmic domain, and TM2 is displaced outward,
leading to CW signaling. Again, the membrane surfaces may be slightly
deformed. (D) When the WY tandem pair is shifted one position
toward the C-terminus (+1), the upward restoring force imposed by
the aromatic anchor increases (bold black upward arrow), and a CW
signaling state is favored. (E) When the WY tandem pair is shifted one
position toward the N-terminus (−1), the inward force exerted by the
periplasmic domain is augmented by an inward-directed force
generated by the displaced aromatic anchor (lower thin downward
arrow), leading to a CCW signaling state. (F) When the cytoplasmic
aromatic anchor is weakened by replacement of the WY tandem pair
with AA, there is no resistance to the inward force exerted by the
periplasmic domain, and the receptor is shifted toward a CCW
signaling state. (G) When the WY tandem pair of the cytoplasmic
aromatic anchor is replaced the AW pair, there is an additional inward-
directed force (lower thin downward arrow) induced by the C-
terminally shifted Trp residue, and the inward-directed force is
augmented to lead to a more strongly CCW signaling state, designated
as CCW*.
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membrane surfaces. These receptors are the most important for
determining the baseline signaling state of the receptor patch,
and they are typically the most abundant of the chemo-
receptors. It therefore seems reasonable that they are the ones
for which the position of TM2 relative to the membrane would
need to be most tightly regulated.
The remaining MCPs have a more variable TM2

composition, although they all have aromatic residues at the
C-terminal end of the TM2 core region. The same is true of the
TM2 core regions of the histidine protein kinases (HPKs)
NarX, NarQ, PhoQ, and EnvZ, and of the Aer redox
chemoreceptor, all of which also have a HAMP domain that
follows closely after their TM2 helices. It may be that the
precise positioning of TM2 is less critical for these proteins. For
the lower-abundance MCPs and Aer, this could be because they
exist in mixed patches with the high-abundance MCPs, which
might dictate the signaling states of the mixed trimers of
dimers.54 For histidine kinases that regulate gene expression on
a time scale of minutes or hours, fine control of their activity on
a short time scale may not be as important a consideration as it
is for chemoreceptors that mediate responses on a scale of a few
seconds.
Functional hybrids can be made between the sensing and

signal output domains of different chemoreceptors [Tsr-Tar
and Tar-Tsr,55Trg-Tsr,56 Tap-Tar,36 and between an HPK-
sensing domain and a chemoreceptor output domain (NarX-
Tar42,57)]. Because all of these proteins mediate effective
chemotaxis when they are present as the sole MCP in a cell,
adaptive covalent modification must be able to accommodate
whatever defects there may be in their function. Perhaps some
of them would not support normal CW/CCW rotation biases
in ΔcheRB cells. It is reasonable to propose that the precise
composition and placement of the cytoplasmic aromatic anchor
of TM2 determine the baseline signaling state and the energy
input required for transmembrane signaling. Thus, the aromatic
anchor and the ligand-binding site should coevolve to provide
optimal performance for each receptor type.
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