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Tuning a Bacterial Chemoreceptor with ProteMembrane Interactioris
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ABSTRACT. Chemoreceptors iftscherichia coliare homodimeric transmembrane proteins that convert
environmental stimuli into intracellular signals controlling flagellar motion. Chemoeffectors bind to the
extracellular (periplasmic) domain of the receptors, whereas their cytoplasmic domain mediates signaling
and adaptation. The second transmembrane helix (TM2) connects these two domains. TM2 contains an
aliphatic core flanked by amphipathic aromatic residues that have specific affinity forqigldrophobic
membrane interfaces. We previously showed that Trp-209, near the cytoplasmic end of TM2, helps maintain
the normal baseline-signaling state of the aspartate chemoreceptor (Tar) and that Tyr-210 plays an auxiliary
role in this control. We have now repositioned the Trp-209/Tyr-210 pair in single-residue increments
about the cytoplasmic potahydrophobic interface. Changes from W¥ to WY-+1 modulate the baseline-
signaling state of the receptor in predictable and incremental steps that can be compensated by adaptive
methylation/demethylation. Greater displacements, as in\8YWWY+2, and WY+3, bias the receptor

to the off kinase-inhibiting state or the on kinase-stimulating state, respectively, to a degree that cannot
be fully compensated by the adaptation system. Aromatic residues analogous to Trp-209/Tyr-210 are
present in other chemoreceptors and many transmembrane sensor kinases, where they may serve a similar
function.

Escherichia colicells migrate in chemical gradients using group on CheA is then transferred to the response regulator
a behavior known as chemotaxis. In a homogeneous environ-CheY. Phospho-CheY interacts with FliM of the flagellar
ment, cells perform a 3D random walk in which smooth motor to promote clockwise (CW) rotatioi,(8).
swims (runs) of several seconds alternate with briefer periods ccw motor rotation coalesces the left-handed helical
of active, random reorientation (tumbles). Movement in the fjageliar filaments into a bundle that propels the cell in a
gradient is accomplished by selectively increasing the length 1, @), whereas CW rotation of one or more flagella disrupts

of runs that happen to lead in a favorable direction, whether
up an attractant gradient or down a repellent gradiéht (
The signal-transduction pathway modulates flagellar motion
to increase intervals of exclusively counter-clockwise (CEW

the bundle to cause a tumbl&0j. The intracellular level of
phospho-CheY, and hence the frequency of tumbling, is
determined by the relative activities of CheA and the
phospho-CheY phosphatase, ChéZ, (12). The conforma-

rotation, which produces runs, when the bacterium senses;jgn g change induced by attractant binding converts a

an increase in attractant or a decrease in repellent Ove”imereceptor from a stimulator (50L00x increase) of CheA
Thus, a spatial gradient is sensed by temporal cOmparison,ivity into an inhibitor (5« decrease) of CheAl@). The

of chemoeffector concentrations.

The histidine protein kinase CheA is coupled, via the
CheW adapter protein, to four different methyl-accepting
chemotaxis proteins, known as MCP3,(and to the Aer
redox sensor3; 4). A receptor/CheA/CheW ternary complex
(5) stimulates CheA autophosphorylatid).(The phosphoryl

T This work was supported by a grant from the National Institutes
of Health (Grant GM39736 to M.D.M.).

* Corresponding author: Tel: (979) 845-5158. Fax: (979) 845-2981.
E-mail: mike@mail.bio.tamu.edu.

* Present Address: Lark Technologies, Houston, Texas 77099.

1 Abbreviations: TML1, first transmembrane helix; TM2, second
transmembrane helix; CW, clockwise; CCW, counterclockwise; MCP,
methyl-accepting chemotaxis protein; H1, periplasmic helix one; H4,
periplasmic helix four; HAMP, domain for histidine kinases, adenylyl
cyclases, methyl-binding proteins and phosphatases; WALP peptide,
tryptophan-flanked poly-(Ala-Leu) peptide; YALP peptide, tyrosine-
flanked poly-(Ala-Leu) peptide; Tris, Tris(hydroxymethyl)aminomethane;
EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol; TCA,
trichloroacetic acid; SDSPAGE, sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis; ATP, adenosine triphosphate; MRF, mean

reversal frequency; NMR, nuclear magnetic resonance.

resulting drop in the intracellular phospho-CheY level lowers
the probability of tumbling and thereby lengthens the average
run.

Inhibition of CheA activity is balanced by covalent
methylation of the cognate receptd?j. Methyl groups are
added by a methyltransferase, CheR, and removed by CheB,
a methylesterasdl§, 16). CheB is active when phosphory-
lated by CheA 17). Increased methylation of four specific
Glu residues biases a receptor toward CheA stimulation,
whereas decreased methylation results in less CheA stimula-
tion (18, 19). By constantly adjusting the extent of methy-
lation, a cell can maintain nearly the same baseline level of
CheA activity at any constant concentration of chemoeffector
(20), and adaptation is robus?l).

Tar is the aspartate/maltose chemorecepté@:. icoli (22).
The crystal structure of the periplasmic ligand-binding
domains ofSalmonella(23, 24) andE. coli (25) Tar show
that each monomeric unit of the functional homodinis,
27) consists of four antiparalledt-helices in a four-helix
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bundle. The first and second transmembrane regions (TM1of L-arabinose. Plasmid pRD2087), derived from pMK113

and TM2) flanking the periplasmic domain axeterminal

(50), harbors a version of th@ar gene that encodes wild-

and C-terminal, respectively, helical extensions of the first type Tar attached to @-terminal in-frame sequence for a

(H1) and fourth (H4) periplasmic helice3&—31). Aspartate
binds at one of two rotationally symmetric sites composed
of residues in H1 and H4 of one monomer and ir biflthe
other @4). Binding generatea 1 to 2 Avertical displacement

of H4-TM2 toward the cytoplasm3@—37). Within the
HAMP-linker domain 88, 39), this piston-like movement

is converted into a conformational change in the cytoplasmic
domain of the receptor.

seven-residue flexible linker and a V5-epitope tag. Tdre

gene of pRD200 is expressed from the nataepromoter.
Plasmid pRD300 is identical to pRD100 except for the
addition of theC-terminal linker and the V5-epitope tag from
pRD200. Mutations were introduced int&r using standard

site-directed mutagenesis techniques (Stratagene).

Obsewation of Tethered CellsCells were grown in

tryptone broth $1) supplemented with 2bg/mL ampicillin

TM2 possesses an aliphatic core bracketed by aromaticto an ODQgy nm Of 0.7. Ten milliliters of cells were

residues at the polathydrophobic interfaces, and positively
charged residues reside at the membramater interface

(36). A similar distribution of hydrophobicity, aromaticity,
and charge density is often found in membrane-spanaing

resuspended in tethering buffer (10 mM potassium phosphate
(pH 7.0), 100 mM NaCl, 10uM EDTA, 20 uM L-
methionine, 20 mM sodiunpL-lactate, and 20ug/mL
chloramphenicol), and their flagella were sheared in the 50-

helices 40). Several experimental systems have demonstratedmL stainless-steel cup of a Waring blend&g), Sheared

the energetic advantage for the localization of amphipathic
aromatic residues at the potanydrophobic interfaces. A
glycosylation-mapping techniqudl) implicated Trp resi-
dues in positioning a poly-Leu helix within a biological

cells were washed twice in tethering buffer and mixed with
an equal volume of a 500-fold dilution of anti-flagellar

filament antibody. This mixture was placed inside an
Apiezon-L grease ring on a 12 mm round coverslip,

membrane. When the Trp residues were moved, the helixincubated for 30 min at 30C, and then affixed to a flow

repositioned to allow the Trp residues to remain at the
interfacial zone of the membrand2). Also, WALP (43)
and YALP @4) peptides consisting of Ala-Leu cores of

chamber %3). Tethered cells were observed at 1800
magnification by oil-immersion, reverse-phase contrast mi-
croscopy. Enough fields of view were videotaped to ensure

different lengths flanked by Trp or Tyr residues, respectively, that at least 100 freely rotating cells were monitored for each
induce phase transitions in various lipid systems that allow strain in two duplicate experiments. Rotational behavior was
the aromatic residues to reside at pelaydrophobic inter-  vjsually assessed during video playback, and cells were
faces. Thus, amphipathic aromatic residues govern howassigned to one of five rotational categories; exclusively
transmembrane helices interact with their lipid environments. cCW; mostly CCW with occasional reversals; reversing
The position of TM2 relative to the membrane is a critical frequently with no clear bias; mostly CW with reversals; and
component of transmembrane signaling. Therefore, interac-exclusively CW. Reversal frequency was determined by
tions between TM2 and the phospholipid bilayer are likely tallying the number of reversals for each cell during video

to contribute to the baseline-signaling state of a receptor.
Arginine-scanning mutagenesis $&lmonellaTar revealed
the importance of aromatic residues within TM2. Substitution
of Phe-189 or Trp-192 stabilized the kinase-stimulating on
state of Tar, whereas substitution of Trp-209 promoted the
kinase-inhibiting off state36). We previously demonstrated
that Trp-209 is essential for maintaining the normal baseline-
signaling state oE. coli Tar. Substitution of Ala for Trp-
209 puts the mutant receptor into the kinase-inhibiting state
typically associated with the binding of aspartate. Tyr-210
also contributes to the positioning of TM2 within the lipid
bilayer 37). These prior studies identified residues partici-
pating in essential membrangrotein interactions that
position TM2 within the membrane. Here, we extend these
initial analyses by moving the Trp-209/Tyr-210 pair in single-
residue increments three positions toward Myerminus
(WY —3) and three positions toward teterminus (WY+3).

We demonstrate that, within the context of an intact
chemotactic circuit, moving the Trp/Tyr pair tunes the
signaling state of Tar in predictable and incremental steps.

MATERIALS AND METHODS

Bacterial Strains and PlasmidStrains HCB436A4tsr7021
Atrg(100) zbd::Tn5 A(tar-cheB)223% (45, RP3098
(A(fInD-flhB)4) (46), and VB13 (Atsr7021 Atar-tap5201
trg::Tn10) (47) are derivates of thE. coliK12 strain RP437
(48). Plasmid pRD10037), derived from pBAD18 49),
carries a wild-type copy dfar inducible upon the addition

playback.

Determination of the Methylation State of Receptors in
Vivo. Cells were grown to an Odgy nmof 0.6 in 10 mL of
tryptone broth%1), harvested by centrifugation, washed three
times with 10 mM potassium phosphate (pH 7.0) containing
0.1 mM EDTA, and resuspended in 5 mL of 10 mM
potassium phosphate (pH 7.0), 10 mM sodiomlactate,
and 200ug/mL chloramphenicol. One milliliter aliquots of
cells were transferred to 10-mL scintillation vials and
incubated with shaking for 10 min at 32. Cells were then
incubated for another 30 min after the addition wof
methionine to 2«M. Chemoeffectors were added at this time,
and the cells were incubated for an additional 20 min.
Reactions were terminated by the addition of 140of ice-
cold 100% TCA and then incubated on ice for 15 min.
Denatured proteins were pelleted, subsequently washed with
1% TCA and acetone, and resuspended in 200of 2X
SDS-loading buffer. A 1Q:L aliquot of each sample was
subjected to SDSPAGE, immunoblotting, and detection by
commercially available antibodies raised against the V5
epitope (Invitrogen).

Protein Expression and IsolatioWe isolated receptor-
containing inner membranes as previously descrifahl. (
Strain RP3098 harboring pRD100 or one of its derivatives
was used for production of receptor-containing membranes.
Tar expression was induced by the addition efrabinose
to a final concentration of 0.2% (w/v). Soluble Che proteins
were isolated as previously describég)(
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Analysis of Receptor Function in Vitrd/e performed the
receptor-coupleth vitro phosphorylation assay as previously
described37). Our reactions contained 20 pmol Tar, 5 pmol
CheA, 20 pmol CheW, and 500 pmol CheY inR of fresh
phosphorylation buffer (50 mM Tris-HCI, 50 mM KCI, 5
mM MgCl,, 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 1uL of [y-32P]-ATP (3000 Ci/mmol NEN#
BLU502A) diluted 1:1 with 10 mM unlabeled ATP. Reac-
tions were terminated by adding 40 of 2x SDS-PAGE
loading buffer containing 25 mM EDTA. Samples were
subjected to SDSPAGE, dried, and imaged using a phos-
phorimager (Fuji BAS 5000).

Chemotactic Swarm Assay@varm assays were performed
as described previoushBT). Briefly, semisolid agar con-
tained 3.25 g/L Difco BactoAgar in motility medium (10
mM potassium phosphate (pH 7.0), 1 mM (N55Qs, 1 mM
MgSQ,, 1 mM MgCh, 1 mM glycerol, and 90 mM NacCl)
supplemented with 2@g/mL L-threonine,L-histidine, L-
methionine, and-leucine and g/mL thiamine. Ampicillin
was present at 2bg/mL. Aspartate and maltose were added
to a final concentration of 10@M. Swarm plates were
incubated at 30C, and once visible swarms formed, their
diameter was measured every 4 h.

RESULTS

Repositioning Trp-209/Tyr-210 of TM2 Relaito the
Polar—Hydrophobic Membrane Interfac&/e have shown

that Trp-209 is essential for maintaining the normal baseline-
signaling state of Tar and suggested that Tyr-210 plays an

auxiliary role in this control 7). Inspired by these results
and the demonstrated affinity of amphipathic aromatic
residues for the polarhydrophobic interfaces of phospho-
lipid bilayers @0, 42—44), we hypothesized that the signaling
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Tar WY-3: VVVLILWYLVAGIRRMLLTP
Tar WY-2: VVVLILLWYVAGIRRMLLTP
Tar WY-1: VVVLILLVWYAGIRRMLLTP
Tar WT: VVVLILLVAWYGIRRMLLTP
Tar WY+1l: VVVLILLVALWYIRRMLLTP
Tar WY+2: VVVLILLVALVWYRRMLLTP
Tar WY+3: VVVLILLVALVAWYRMLLTP

Ficure 1: Schematic representation of the periplasmic and trans-
membrane (TM) domains of the wild-type and mut&ntcoli Tar
proteins. (A) TM1 and TM2 are represented as gray- and black-
shaded areas, respectively. Aspartate binding displaces TM2 toward
the cytoplasm, thereby repositioning TM2 relative to the plane of
the phospholipid bilayer (downward gray arrow). Repellent binding
displaces TM2 away from the cytoplasm (white upward arrow).
The extent of TM2 is based on sulfhydryl-reactivity studiesSof
entericaTar (36) and includes the Trp-209 and Tyr-210 residues
(boldface). (B) Primary sequences of TM2 of the full range of Tar
proteins investigated in this study. The Trp/Tyr residue pair is
indicated in boldface. The conserved Pro residue of P-type HAMP-
linker domains 89) provides a reference for the beginning of AS1.
The gray, leftward-pointing arrow indicates shifts of the Trp/Tyr

state of Tar could be modulated by repositioning the tandem pajr in the N-terminal () direction. The white, rightward-facing

residue pair Trp-209/Tyr-210, which localizes to the pelar
hydrophobic interface at the cytoplasmic side of the cell

arrow indicates shifts of the Trp/Tyr pair in th@terminal ()
direction.

membrane 6). We used site-directed mutagenesis to (petween 20/80 and 40/60%) previously observed with the
construct receptors in which the Trp/Tyr pair was reposi- wjld-type strain RP437. A few cells reversed less frequently
tioned in single-residue increments from three residues gnd were more strongly CW or CCW biased, and a very
N-terminal of their original position (W¥-3) to three  small number of cells were observed to rotate exclusively
residuesC-terminal (WY+3) (Figure 1). in one direction or the other.

Flagellar Rotation and Reersal Frequency Correlate with Flagella of cells harboring Tar W1 or Tar WY—2
the Position of the Trp/Tyr PailWe tested the hypothesis exhibited a slight CCW rotational bias compared to those
that repositioning Trp-209/Tyr-210 would result in a dis- expressing wild-type Tar, and cells expressing YWa/Tar
placement of TM2 relative to the membrane and a concomi- were even more CCW biased. A CCW bias indicates that
tant change in the baseline-signaling state of the receptorthese cells had a decreased intracellular concentration of
(Figure 1). Rotational bias and reversal frequency in the phospho-CheY X2), a result consistent with decreased
absence of chemoeffectors were measured in transducerstimulation of CheA by a receptor bearing a displacement
depleted AT) tethered cells (strain VB1347) expressing of TM2 toward the cytoplasm3@Q). Cells expressing Tar
the WY—3 through WY+3 Tar receptors from plasmid WY+1 were very similar to cells producing the wild-type
pRD200. Expression from pRD200 results in a 5-fold excess receptor. WY+2 and WY+3 Tar cells exhibited a bimodal
of total cellular receptor (data not shown). These cells possesdistribution; the majority were CW biased, but some cells
an intact chemotactic circuit, and therefore, their behavior were observed whose flagella rotated exclusively CCW. A
should reflect steady-state signaling, which is affected by CW bias is characteristic of increased intracellular levels of
changes in both the position of TM2 relative to the membrane phospho-CheY ¥2) and is consistent with the expectation
and the compensatory effects of adaptive methylatg. that the displacement of TM2 toward the periplasm should
Approximately 200 cells were analyzed for each receptor increase the ability of a receptor to stimulate CheA activity.
variant (Figure 2). Most cells producing wild-type Tar The mean reversal frequency (MRF) was approximately
reversed frequently and showed the same CW/CCW bias0.4 s* for cells expressing W¥-2, WY—1, wild-type, and
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Ficure 2: Rotational bias of flagella on cells expressing wild-
type or mutant Tar proteins. Transducer-depleted VEh2R B*)
cells expressing the wild-type or mutant Tar proteins from plasmid

pRD200 were tethered, observed for 30 s, and placed into one of

five categories based on the CW/CCW rotational behavior of their
flagella. The five categories of rotation, from left to right, are
exclusively CCW; mostly CCW with occasional reversals; reversing
frequently with no clear bias; mostly CW with reversals; and
exclusively CW. Control (ctrl) cells (bottom right) contained only
the empty vector plasmid. Two sets of 100 cells were analyzed for
each strain.
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Ficure 3: Mean reversal frequency (MRF) of the flagella on cells
expressing the wild-type or mutant Tar proteins. The same 200
VB13 cells cheR'B") analyzed in Figure 2m) and 200 HCB436
cells (AcheRB (O) expressing each wild-type or mutant Tar protein

from the plasmid pRD200 were tethered as described in Figure 2.
Cells were monitored for 30 s, and the number of reversals was

WY+3 ™~

determined. Each data point represents the mean number of reversaésormS of Tar in strain RP3098AfIND-fInB) (46). During

per second. The error bars represent the standard deviation of th
mean, withn = 200.

WY+1 Tar. Cells expressing W3 Tar had an MRF of
0.2 s'%, whereas cells expressing W2 and WY+3 Tar
had an MRF of 0.258 (Figure 3). We conclude that cells
expressing WY-3, WY+2, and WY+3 Tar have reduced
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Ficure 4: Changes in flagellar rotation seen upon repositioning
Trp-209/Tyr-210 in the absence of adaptive methylation. The same
200 HCB436 cellsAcheRB of each strain for which MRF values
were determined (Figure 3) were analyzed as in Figure 2.

Cells Lacking Adaptie Methylation Cannot Compensate
for TM2 DisplacementsTo assess the contribution of
adaptive methylation to the signaling state of Tar, we
analyzed flagellar rotation in strain HCB43AT AcheRB
(45). HCB436 cells expressing wild-type Tar displayed a
slight CW bias (Figure 4) and high MRF values(.55 s!)
(Figure 3). HCB436 cells producing the W3 through
WY —1 receptors seldom, if ever, rotated CW (Figure 4).
These cells clearly had lower levels of intracellular phospho-
CheY than VB13 AT cheRB") cells expressing the
equivalent mutant receptors. This finding is consistent with
our previous discoveng() that methylation can compensate
for an inherently decreased baseline-signaling state of a
receptor. The W¥-1 protein conferred a modest CW bias
to HCB436 cells. Cells producing WAY2 and WY+3 were
also CW biased relative to cells expressing wild-type Tar,
but a significant number of cells rotated their flagella only
CCW. Such cells were also seen when the Y2 and
WY +3 proteins were expressed in strain VB13 (Figure 2),
although the fraction of CCW-only cells was lower.

Methylation of Mutant Receptors in 4. To demonstrate
that methylation restores a more normal baseline-signaling
state for the mutant receptors, we analyzed methyldtion
vivo. To create standards for comparison, we expressed the
all GlIn (QQQQ), all Glu (EEEE), and wild-type (QEQE)

SDS-PAGE, the QQQQ form migrates fastest, the EEEE
form slowest, and the QEQE form at an intermediate rate
(Figure 5).

WY —1 and WY-2 exhibited increased levels of methy-
lation in vivo that were apparently adequate to compensate
completely for the inherent CCW bias associated with those

MRF values because the signaling state of these receptorseceptors in the absence of adaptive methylation (compare
is perturbed to an extent that cannot be entirely compensated-igures 2 and 4). W¥-3 Tar had equivalently elevated levels

by adaptive methylation.

of methylation, but in this case only partial compensation
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WY-3 WY+1 kinase inhibition without substantially altering ligand affinity
! or kinase stimulationgp). If this is true, receptors producing

E - an — & = wild-type rotational phenotypes (Tar W2 to Tar WY+1)

std () Ni2* Asp

std () Ni2* Asp

should exhibit different sensitivities to the ligand in propor-
tion to the extent of methylation required to maintain a wild-
type rotational bias.

WY-2 WY+2 To test this prediction, we expressed both wild-type and
A, — mutant receptors from plasmid pRD200 in VB1ST) cells
|l ™ gy = - and analyzed chemotactic migration in motility agar contain-

std () NiZ* Asp

ing aspartate (Figure 6A), maltose, or glycerol (data not
shown). Glycerol is a non-attractant carbon source that allows
for analysis of aerotaxis in the absence of any specific Tar

WY-1 LLb R chemoeffector. The repositioning of Trp-209/Tyr-210 invari-
E:'.- TR_. S - = aply decrgased the migration rate to a d_egree that correlated
— with the distance they were moved. This was true even for
std (9 NiZ* Asp std () NiZ* Asp cells expressing Tar W¥2, Tar WY—1, and Tar W¥-1,
which possess similar baseline rotational biases (Figure 2)
WT and MRFs (Figure 3). We conclude that when Trp-209/
Trp-210 are at their original positions, the receptor possesses
= . == - a level of methylation that allows optimal sensitivity to a
i L gradient of attractant.
std () Ni

Aw We also examined the ability of the mutant receptors to
FIGURES: Extent of the methylation of mutant Tar proteingivo. stimulate CheA in the receptor-coupledvitro phosphory-
Transducer-depleted VB13 cells expressing the wild-type or mutant lation assay 13, 37), which is performed in the absence of
Tar proteins from the plasmid pRD200 were exposed to 100 mM CheR and CheB. We isolated the inner membranes from
aspartate or 10 mM Ri. The level of methylation affects the  pp30gg cells in which Tar was expressed from the plasmid

migration rate during SDSPAGE, with the more highly methylated . .
forms moving faster. As migration standards, the EEEE, QEQE, PRD100. All Tar in these membranes should be in the QEQE

and QQQQ forms of wild-type Tar were loaded in the leftmost form in which it is initially translated. Tar constituted
lane. The QEQE and QQQQ forms of Tar migrate like the doubly between 40 and 60% of the total protein in all of the

methylated and quadruply methylated Tar, respectively. membrane preparations, demonstrating that all of the mutant
proteins are reasonably stable. Receptor/CheA/CheW com-
for the inherent CCW bias (Figure 2) associated with the plexes containing wild-type Tar produced #81.2 pmol
mutant receptor was seen. phospho-CheY & (Figure 6B). The W¥-3 through WY-1
In contrast, W¥t+1 Tar had a very slight decrease in its receptors all stimulated CheA to less than 10% of this value,
methylation level compared to wild-type Tar, a finding a result consistent with displacement of TM2 toward the
consistent with the wild-type rotational bias of VB13 cells cytoplasm and the absence of adaptive methylation. The
containing this protein. The methylation level observed with WY +1 to WY+3 receptors all retained the ability to
WY +2 and WY+3 Tar was significantly decreased relative  stimulate CheA. The somewhat reduced activities of Y2y
to that of the wild-type, but the CW bias of VB13 cells and WY+3 Tar suggest that the transmembrane, HAMP-
expressing either of those proteins demonstrated that adaptivginker, and cytoplasmic domains may be out of register,
demethylation cannot completely offset the inherent CW bias somehow resulting in decreased CheA activity.
imposed by those two receptors. We also examined the aspartate-induced inhibition of
Apparently, none of the mutant receptors were locked in CheA activity for wild-type and mutant receptairs vitro.
one conformation. The W¥3 to WY—1 receptors all  The multisite Hill equation was used to draw a best-fit curve
showed increases in methylation in response to the additionto the data (Figure 6C). With wild-type-Tar, the aspartate
of 100 mM aspartate (Figure 5), although the change with K; was 7+ 1 uM, and the Hill coefficient was 1.8 0.1,
the WY—3 protein was slight. Similarly, all of these receptors suggesting positive cooperativity. The WY through
became less methylated after the addition of 10 mM Tar- WY +3 receptors had aspartalte values between 10 and
mediated repellent Rf (Figure 5). Little change was seen 100 uM. Most strikingly, the Hill coefficients were in the
in the methylation state of the wild-type or WL, WY+2, range 0.2+ 0.1, suggesting that there was a strong negative
and WY-3 proteins in response to Nj but all four proteins  cooperativity for aspartate inhibition.
became substantially more methylated after the addition of Methylation has been suggested to cause adaptation by
100 mM aspartate. altering the gain between ligand binding and kinase inhibition
Mutant Tar Receptors Possess Reduced Seibgitio without altering ligand affinity or kinase stimulatio®%).
Aspartate On the basis of the results described thus far, we Therefore, we hypothesized that receptors producing similar
proposed that the signaling state of Tar correlates with the kinase activitiesn vivo should exhibit different sensitivities
position of the Trp-209/Tyr-210 pair at the cytoplasmic to the ligand in proportion to the extent of methylation
polar—hydrophobic interface. Furthermore, the mutant recep- required to maintain a wild-type rotational bias. Our results
tors still react to either or both aspartate (attractant) adt Ni  support this hypothesis and are consistent with the proposed
(repellent) (Figure 5). It has been suggested that methylationmechanism of adaptive modificatiobs). VB13 (cheR B™)
of MCPs in receptor/CheA/CheW ternary complexes causescells expressing Tar W2 through WY+-1 possess similar
adaptation by altering the gain between ligand binding and rotational biases (Figure 2) and MRFs (Figure 3), suggesting
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A similar levels ofin vivo kinase stimulation. However, these
receptors require different levels of methylation to maintain
T T T T T T wild-type rotational biases (Figure 5). As hypothesized, we
ASP discovered that the sensitivities to a gradient of attractant
decreased (Figure 6A) as the extent of methylation (Figure
5) required to maintain wild-type levels of kinase stimulation
in vivo (Figure 2) increased. In addition, analyses performed
in the absence of adaptive modification (Figure 6B and C)
support its role in maintaining the relationship between the
level of methylation, receptor signaling state, and ligand
sensitivity. These observations highlight the enormous
restorative power of covalent receptor methylation and
underscore the robustness of the adaptation machinery.

DISCUSSION

The binding of aspartate to the periplasmic domain of the

Tar chemoreceptor is proposed to displace the second
10.0 transmembrane helix (TM2), which connects the periplasmic
and cytoplasmic domains of the protein, a few arigeso
toward the cytoplasnB@—37). This displacement repositions
TM2 relative to the plane of the phospholipid bilayer.
Therefore, interactions of TM2 with the membrane may be
critical for setting the baseline signaling state of the receptor.
Arginine-scanning mutagenesis $&lmonellaTar revealed
the importance of aromatic residues within TM2. Substitution
of Phe-189 or Trp-192 stabilized the on state of Tar, whereas
substitution of Trp-209 promoted the off conformati@oy,
0.0 We previously showed that Trp-209 and, to a lesser extent,
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s g 533 z Tyr-210 help maintain the normal baseline-signaling state

g,"3 E E ; of E. coli Tar (37). Here, we extended our previous analysis

by systematically moving the Trp-209/Tyr-210 aromatic pair
C in single-residue steps to precisely modulate the signaling
12 character of Tar. In the context of an intact chemotactic

circuit (i.e., incheRB* cells), this manipulation allows us

to tune the signaling properties of Tar in a predictable
manner. To our knowledge, this is the first time that protein
membrane interactions have been harnessed to incrementally
manipulate the signaling state of a transmembrane receptor
over its full range of activities.

A chemoreceptor must process several allosteric inputs,
including ligand occupancy, extent of covalent methylation,
and higher-order interactions with other chemoreceptors. The

0.0, 02907 109 10" 102 10° 10° 10° frozen dynamic model for modulation of CheA activig(
[Aspartate],,, (1M) 57) suggests that allosteric inputs change the supercoiling
state of a four-helix bundle composed of a coiled-coil of
FiGURE 6: Ligand sensitivity of mutant receptoiis zi»o andin two antiparallel helices from each monomer. In the off
vitro. (A) The rate at which the swarm diameter increased, measured (attractant-bound) state, the receptor has more conformational
in mm/h, was analyzed for VB13 cells expressing wild-type or freedom, whereas in the on (repellent-bound) state, the four-
nglg??r:éesctgghogrsdf?é“,m ﬁ'asmﬂ:d %R?éog-hggekerzgeb;r% repre- helix bundle is less dynamic. The adaptation subdomain
lating activity was meVE:lSLIJre(lj \?(l)lr membranes contlaining tr|1e l:/vild- f(_)rms_ a four-hellx_ bundle that is contiguous with the
type and mutant Tar proteins. CheA activities were calculated Signaling subdomainsg). The four Glu residues that are
by averaging the values obtained for at least three independentsubject to covalent modification by the CheR methyltrans-
membrane preparations, each of which was assayed in tripli- ferase may act as an electrostatic switch. Neutralization of
cate. The error bars represent the standard deviation of the meanihe negative charges on these residues, corresponding to

with n = 9. All receptors were in the QEQE configuration. (C) e . .
Aspartate inhibition of receptor-coupled kinase activity of recep- Methylationin zivo, should decrease electrostatic repulsion

tor/CheW/CheA complexes containing wild-typ®)( WY+1 between the two subunits of a homodimer, resulting in
(m), WY+2 (), and WY+3 (a) Tar proteins. Each data point decreased mobility of the signaling domain and increased
represents the mean of six total reactions from three independentlylevels of kinase stimulation (Figure 7A%Y, 60). The

isolated receptor-containing vesicle preparations. The best-fit yaMP-linker connects TM2 to the adaptation and signaling

curves, represented in blue for the wild-type receptor and red for . . ; .
the mutants, were calculated using the cooperative Hill model. subdomains. In some fashion, it must transduce vertical

The error bars represent the standard deviation of the mean, withdisplacements of TM2 into changes in helical supercoiling
n=3. of the cytoplasmic domain.

Normalized kinase activity
o
(=]
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A

Ficure 7: Model for how adaptive methylation reverses the
signaling biases caused by the displacement of TM2. (A) The frozen
dynamic model for modulation of CheA activit$, 57) suggests
that allosteric inputs change the supercoiling state of the signaling
subdomain, which forms a contiguous four-helix bundle with the
adaptation subdomair6@). Neutralization by the methylation of
negatively charged Glu residues within the adaptation subdomain
decreases electrostatic repulsion between the two subunits of a
homodimer, resulting in decreased mobility of the signaling domain
and increased levels of kinase stimulatid@®)( This degree of
mobility is illustrated as differential spacing between the methy-
lation domains within a Tar homodimer, with a larger spacing
indicating higher mobility. In its adapted state, a receptor is in an
intermediate signaling state, which leads to CW/CCW flagellar
rotation (center). This state may represent equilibrium between fully
on (left; exclusively CW flagellar rotation) and fully off (right;
exclusively CCW flagellar rotation) states. Attractant binding may
displace TM2 into the cytoplasm (right), as indicated by a
downward-facing arrow, to produce a localized membrane deforma-
tion. The polar regions of the lipid bilayer are represented in dark
gray, whereas the hydrophobic core is shown in light gray. The
amphipathic aromatic residues near the periplasmic (Trp-192) and
o cytoplasmic (Trp-209/Tyr-210) ends of TM2 are represented as red
/\\“-‘ boxes. Note that only one TM2 is shown as displaced to account
§\-i‘ for the asymmetry of attractant-induced signalifg, 67), although
¥ both of the HAMP linkers of the dimer are probably affected, as
illustrated. Repellent binding may displace TM2 toward the
periplasm as indicated by an upward-facing arrow. For the sake of
E™ E™ consistency, repellent signaling is also illustrated as asymmetric,
although this has not been experimentally demonstrated. Adaptive
Em m methylation and demethylation are envisioned as returning attrac-
tant-bound and repellent-bound receptors, respectively, to the
STt TTTsssssEsssEssEEssEEEss == intermediate (CW/CCW) signaling state. (B) Repositioning of TM2
WY+1 by moving the tandem Trp-209/Tyr-210 residues may generate
B conformational changes similar to those that occur when an
attractant or a repellent interacts with the receptor. For relatively
small displacements (W¥1 and WY-2, and WY4-1), which may
correspond to attractant-induced and repellent-induced conforma-
tional changes, respectively, the methylation system can compensate
to restore nearly normal levels of CheA kinase stimulaiioni v0.
We suggest that repositioning the Trp/Tyr pair produces TM2
displacements that change the distance between the beginning of
the HAMP domain and the inner leaflet of the membrane. In the
case of the plus series of receptor mutants, the distance decreases
(as may happen in response to repellent binding), whereas within
WY+2 the minus series of receptors, this distance would increase (as is
WY+3 WT WY-3 thought to happen in response to attractant binding). The displace-
ments of TM2 in WY-=3, WY+2, and WY+3 Tar are too large to
be completely compensated by adaptive methylation or demethy-
lation. Therefore, these receptors are strongly biased toward the
off state (WY—3, right) or the on state (W¥2 and WY+3, left).
Note that both TM2s are displaced within the dimer, unlike the
asymmetrical displacement of TM2 by attractant or repellent binding
as shown in (A).

S—

—_—
Repellent

E™ E™
E E
E™ E™
E E

mmmm
mmmm

Em Em The steady-statim vivo kinase activities, reflected in the
En E" rotational biases of tethered cells, associated with the mutant
WY-1 receptors are affected by allosteric contributions from both
WY-2 ligand occupancy and adaptive methylation. Therefore,
receptors with different, but still balanced, contributions of
ligand binding and adaptive methylation can possess similar
activities (Figure 7B). Tar W¥-2, Tar WY—1, wild-type
Tar, and Tar WY1 produce similar rotational phenotypes
(Figure 2) and mean reversal frequencies (Figure 3) in
Em Em cheRB" cells, suggesting that they possess equivalent
Em E™ abilities to stimulate CheAn vivo. However, each of these
Em Em receptors is in a different signaling state that reflects changes
that are induced by repositioning TM2 and compensated by
CW Bias cwiccw CCW Bias adaptive methylation (Figure 7B). W2 and WY-1 Tar
exhibit increased levels of methylation (Figure 5). Con-
versely, WY+1 is less methylated (Figure 5). Even though

mmmm
mmmm
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tetheredcheR B cells expressing these mutant receptors domains of chemoreceptors to the signaling domains of
have nearly identical CW/CCW ratios of flagellar rotation, sensor kinase$(, 62), andvice versa(52), suggesting that
the corresponding swimming cells show decreased sensitivitythe mechanism of signal transduction is conserved for these
in the chemotaxis swarm assay (Figure 6A). related proteins. Thus, we predict that mutations in trans-
Methylation of MCPs in receptor/CheA/CheW ternary membrane sensor kinases analogous to the ones described
complexes has been suggested to cause adaptation by alteringere could generate a graded series of signaling outputs,
the gain between ligand binding and kinase inhibiti6B) ( without the complication of adaptive methylation. Chemore-
Therefore, we predicted that the mutant receptors would ceptors have also been modified to confer different ligand
possess differences in sensitivity to a gradient of ligand. The specificity 63, 64). A combinatorial approach has been used
results (Figure 6A) support our hypothesis and suggest thatwith the bacterial periplasmic binding protein (bPBP) su-
when Trp-209/Trp-210 are at their original positions, the perfamily 65) to create chemoreceptors that interact with a
receptor possesses a level of methylationivo that allows broad range of ligands that cannot bind directly to the
optimal sensitivity to a gradient of attractant. transmembrane receptors. Modification of any of the allo-
Tar WY—3 possesses the largest displacement of TM2 steric contributions to signaling by such rationally designed
toward the cytoplasm and produces CCW-biased behaviorproteins, including changes to TM2, the HAMP linker, and
even incheRB" tethered cells (Figure 2). In this case, the adaptation subdomain, can be used, in principle, to tune
adaptive methylation cannot restore a normal CW/CCW their activities.
rotational bias. The majority of tethered cells expressing
WY+2 and WY+3 Tar exhibit a CW-biased rotational NOTE ADDED IN PROOF

phenotype (Figure 2), suggesting that they also have a The solution structure of the HAMP domain of a hyper-
displacement of TM2, albeit in the opposne_ direction, that thermophilic archae was recently determineg8)(using
cannot be fully Sompensated _by demethylaupn. A subpopu- nuclear magnetic resonance (NMR) spectroscopy. The
lation of cheR'B" cells producing these proteins rotate their athors suggest that helical rotations within a parallel coiled-
fIageIIa_echuswer CCw, sugge'stlng_that'm §ome_cel|s_the coil domain are responsible for signal propagation. They
population of mutant receptors is primarily in an inactive conclude that their results imply that a piston-type displace-
state. Presumably, larger displacements of TM2 toward the yent of TM2 cannot be responsible for transmembrane signal
periplasm tend to distort Tar into a conformation in which  ansduction 32-37). Everyone in the field of transmem-

it is unable to stimulate CheA. Our results clearly demon- prane signaling should be excited about the determination
strate that there are limits to the extent to which TM2 can ¢ the structure of a soluble HAMP domain. However. the
be repositioned while retaining normal Tar function. The HyaMP domain used in this study was hardly typical, which
changes conferred by WY3, WY+2, and WY+3 Tar — may explain the authors’ success in the structural determi-
cannot be compensated by the methylation/demethylationnation of one possible conformation. Furthermore, potential
system, suggesting that in these receptors, TM2 is displacedyrotein-membrane interactions are absent in aqueous solu-
outside its normal range of motion (Figure 7B). tion. We therefore advise caution in drawing sweeping

The rotational biases (Figure 4) and mean reversal concjysions from this valuable, but necessarily limited, data.
frequencies (Figure 3) caused by repositioning the Trp/Tyr

pair are not graded when the mutant receptors are expressedCKNOWLEDGMENT
in AcheRBcells. The same is true when the mutant receptors
are analyzed in thim vitro assay for receptor-coupled CheA
kinase activity. In the latter assay, the WY through WY-3
receptors all stimulated CheA very weakly (Figure 6B). The
WY+1 through WY4+3 receptors all stimulated CheA
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