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Cysteine and Disulfide Scanning Reveals Two Amphiphilic Helices in the Linker
Region of the Aspartate Chemoreceptor
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ABSTRACT. The transmembrane aspartate receptorEofcoli and S. typhimuriummediates cellular
chemotaxis toward aspartate by regulating the activity of the cytoplasmic histidine kinase, CheA. Ligand
binding results in transduction of a conformational signal through the membrane to the cytoplasmic domain
where both kinase regulation and adaptation occur. Of particular interest is the linker region, E213 to
Q258, which connects and transduces the conformational signal between the cytoplasmic end of the
transmembrane signaling helie4/TM2) and the major methylation helix of the cytoplasmic domain

(aB). This linker is crucial for stable folding and function of the homodimeric receptor. The present
study uses cysteine and disulfide scanning mutagenesis to investigate the secondary structure and packing
surfaces within the linker region. Chemical reactivity assays reveal that the linker consists of three distinct
subdomains: twax-helices termedx4 andab and, between them, an ordered region of undetermined
secondary structure. When cysteine is scanned through the helices, characteristic repeating patterns of
solvent exposure and burial are observed. Activity assays, both in vivo and in vitro, indicate that each
helix possesses a buried packing face that is crucial for proper receptor function. The interhelical subdomain
is at least partially buried and is also crucial for proper receptor function. Disulfide scanning places helix
o4 distal to the central axis of the homodimer, while heldi% is found to lie at the subunit interface.
Finally, sequence alignments suggest that all three linker subdomains are highly conserved among the
large subfamily of histidine kinase-coupled sensory receptors that possess methylation sites for use in
covalent adaptation.

The mechanism of signal transduction across lipid bilayers The aspartate receptor is a component of the bacterial
is a subject of intense interest since this process initiateschemotaxis pathway, which allows the cell to migrate in
many cellular signaling pathways. The chemosensory as-gradients of attractant and repellent compourids 6. This
partate receptor dE. coli andS. typhimuriunrepresents a  receptor, along with the histidine kinase CheA and the
large family of transmembrane receptors that provide extra- coupling protein CheW, forms a ternary complex that serves
cellular regulation of both prokaryotic and eukaryotic his- as the primary source of signal generation during a chemo-
tidine kinases 1—7). A large group of these receptors, tactic response. The ternary complex is stable on the order
including the aspartate receptor, serve as chemo-, photo-0f tens of minutes, regardless of the ligand binding state of
osmo-, and thermosensors for cellular taxis and exhibit the receptor]7—19). Attractant binding to the periplasmic
regions of high conservation in their cytoplasmic domains domain of the receptor modulates the autophosphorylation
(1, 8. Family members characterized thus far are stable activity of the cytoplasmic histidine kinase Che20( 21
homodimers and transmit signals via intramolecular confor- and thereby controls the subsequent phosphotransfer to the
mational changes that propagate through the membrane tgesponse regulator CheY,(22. Phospho-activated CheY
the cytoplasm. The fact that chimeric receptors containing dissociates from the ternary complex and diffuses to the
the periplasmic ligand binding domain of the aspartate motor, where it regulates the direction of flagellar rotation
receptor coupled to the cytoplasmic signaling domain of other by interaction with the motor switch componen2sy
chemoreceptors are functional suggests that the mechanism The receptor is a symmetric homodimer of 60 kDa
of transmembrane signaling is widely conserved within this subunits, and the structures of the periplasmic and trans-
family (9—12). It has also been demonstrated that a chimeric membrane domains are well characteriz2d—29). The
receptor replacing the cytoplasmic domain of the aspartatecrystal structure of the periplasmic domain has revealed that
receptor with the kinase domain of the human insulin receptor each subunit forms a four-helix bundle exposed to the
exhibits aspartate regulation of tyrosine kinase activify,(  periplasm, with a pair of symmetric aspartate binding sites
14), suggesting that the mechanism of transmembraneat the subunit interface24—26). These sites show negative
signaling might be even more general. cooperativity such that binding of a single aspartate at one

site conformationally occludes the other si8®(31. The

* Support provided by NIH Grant GM40731. N- and C-terminal helices of each suburil{TM1 anda4/ _

* Corresponding author. Telephone: 303-492-3503. Fax: 303-492- 1 M2)* extend through the plasma membrane as a four-helix
5894. Email: falke@colorado.edu. bundle in whichal/TM1 andal'/TM1' are directly packed

S0006-2960(98)00607-2 CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/07/1998



Cytoplasmic Linker Region of Aspartate Receptor Biochemistry, Vol. 37, No. 30, 19980747

at the subunit interface with4/TM2 ando4'/TM2' lying
on either side 27—29). Aspartate binding causes a small
(~1.6 A) piston-like displacement of the helixd/TM2 (the

@ Aspartate

signaling helix) in one subunit, breaking the symmetry of Trans-
the dimer 82). Studies of the related chemoreceptor for g‘;';;g,'iﬁge
ribose and galactose have demonstrated a similar piston Periplasm Domain

displacement of the signaling heli83—37), adding to the
evidence provided by chimeric receptors that the transmem-
brane signal has a common mechanism among receptors tha
regulate histidine kinases.

Structurally, the cytoplasmic domain of the chemotaxis
receptors is not as well understood as the periplasmic domain. R';'S’;i';i'
Circular dichroism and hydrodynamic studies have indicated c
that the isolated domain is highly-helical and elongated
in shape 88—40). The soluble isolated domain exists in
several oligomeric forms as well as being highly dynamic
or perhaps molten globule in structur@g( 39, 4). Thus,
studies of this domain in the native, full-length receptor are
needed to extend and complement work focusing on the
isolated domain. Cysteine and disulfide scanning mutagen-
esis is an ideal approach for such studies since it is
independent of protein size, and can be carried out on the
intact receptor in isolated bacterial membranes. Cysteine

scanning has been used previously to identity SecondaryFlGUREl' Schematic diagram of the full membrane-bound aspartate
SFrUCt.ural elements In various proteln;42(—44),_ while receptor. The structures of the periplasmic and transmembrane
disulfide scanning has been used to probe packing arrangeyomains have been characterized by crystallographic and disulfide
ments 27, 29, 34, 37, 4b Cysteine and disulfide scanning studies 24, 2729, 46. The cylinders represent helices that were
was recently employed to characterize the major adaptationexperimentally defined by those studies. Black circles represent sites
helix (a6) of the cytoplasmic domain, which possesses of adaptive methylation, three of which lie on the major methylation

. helix 06 and one closer to the C-terminus (believed to be close in
regulatory glutamates that are the target of methyl-esterifi- space to the first three). The linker region is defined as a segment

cation by the adaptation branch of the chemotaxis pathway that begins at R213 where the transmembrane signaling hefix (
(46). TM2) emerges into the cytoplasm, and extends to the major
The current study focuses on the linker region of the proteolytic hotspot R259 [arrow,38)] just N-terminal to the
cytoplasmic domain. This linker connects and transmits the Methylation helixa6. The present cysteine and disulfide scanning
conformational signal between the transmembrane Signalir]g?tudy_encompasses the boxed region including the entire linker
. . - . positions R213 to R259).
helix (@4/TM2) and the previously characterized major
adaptation helix.6 (46) shown in schematic form in Figure To probe the linker, cysteine substitutions are introduced
1. The linker is defined to begin at Arg-213, proposed to at each consecutive position from 1212 to S259. With this
be the first cytoplasmic residue of the signaling helix, and library of single cysteine-substituted receptors, the chemical
extend through the major proteolysis site in the cytoplasmic reactivity at each position is measured to determine solvent
domain at Arg-259. Evidence for the functional importance exposure and identify secondary structural elements. The
of the linker has come from work on heterodimers of the results reveal two segments that form stable helices termed
aspartate receptor in which the cytoplasmic domain of one a4 anda5 in both signaling states of the linker. Activity
subunit is truncated at several different poind,( 48, assays are used to measure the effects of each substitution
revealing that some or all of the linker residues 2289 on signaling of the receptor in vivo and in vitro, indicating
are necessary for receptor function. It follows that the linker that the buried packing surface of each helix plays a
is involved in critical inter- or intrasubunit interactions that  functional role in receptor signaling. Disulfide scanning
maintain receptor activity. Moreover, four signal-locking places the more C-terminal helo6 at the dimer interface
point mutations have been identified in the linker of the \here it packs against the symmetric compliment hefk
homologous serine receptodq, 50, providing further  in the other subunit. A third segment of the linker, lying
evidence for the functional significance of this region. petween the4 anda5 helices, is found to have an ordered
Finally, a total of 22 of the 47 linker positions exhibit  strycture that is partially buried, although a specific secondary
sequence identities spanning most of the 7 confiriecbli structure has not yet been determined. Models for the
andS. typhimuriunthemotaxis receptors, indicating selective packing and roles of the newly defined structures are
pressure to maintain a conserved linker structy&0. The  giscussed. Finally, the present results are fully consistent
present study is aimed at uncovering the basic secondaryyith a prior cysteine and disulfide scanning study of residues
structural elements of the linker region as well as the reS|duesz50_309, a range that included the C-terminal end of helix
_that play the most important roles in transmembrane signal- 5 as well as the major adaptation heti® (46).
ing.

Cytoplasm

Cytoplasmic
Domain

MATERIALS AND METHODS

1 Abbreviations: TM, transmembrane; BCA, bicinchoninic acid; . .. .
DTT, dithiothreitol; PMSF, phenylmethanesulfonyl fluoride; IAF, Materials. Receptor-containing membranes were isolated

5-iodoacetamidofluorescein; PAGE, polyacrylamide gel electrophoresis. from E. coli RP3808 (A(cheA-cheZ)DE2209 tsr-1 leuB6
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his-4 eda-50 rpsL136 [thi-N\(gal-att)DE99 ara-14 lacY1
mtl-1 xyl-5 tonA31 tsx-78]/mks/)%2) expressing the plasmid
pSCF6 29). Chemotactic swarm assays were carried out
using the same plasmid i&. coli RP8611 A(tsr)DE7028
A(tar-tap)DE5201 zbd:TnA(trg)DE100 leuB6 his-4 rpsL136
[thi-1 ara-14 lacY1 mtl-1 xyl-5 tonA31 tsx-78] /CP362 of

Butler and Falke

achieved by sonication with a 1/8 in. microtip 3 times for
17 s, at 25% maximum power, with 45 s cooling intervals.
Resuspended membranes were diluted to 2.8 mL with the
same buffer before being pelleted as above. The high-salt
wash was then repeated as above except that the buffer
contained no DTT or 1,10-phenanthroline. Next, the mem-

G.Hazelbauer via F. Dahlquist, pa/). Both strains above werebranes were washed as above in the final buffer, containing

kindly provided by John S. Parkinson (University of Utah)

20 mM sodium phosphate, pH 7.0 with NaOH, 10% glycerol,

(52). Strains and plasmids used to express CheA (HB101/0.1 mM EDTA, and 0.5 mM PMSF, and pelleted once more.

pMO4) and CheW (HB101/pMES5) were kindly provided by
Jeff Stock (Princeton University). The strain and plasmid

The membrane pellets were finally resuspended in 800
of final buffer, aliquoted, frozen in liquid nitrogen, and stored

used to express CheY (RBB455/pRBB40) were provided by at —70 °C.

Bob Bourret (University of North Carolina). 5-lodoaceta-

midofluorescein was purchased from Molecular Probes, Inc.

[y-32P]JATP (6000 Ci/mmol) was obtained from Amersham.
Mutagenic oligonucleotides were purchased from Life Tech-
nologies, Gibco-BRL.

Protein Engineering Mutagenesis was performed on the
phagemid pSCF6 which contains the gene for the
typhimuriumaspartate receptor under the control of its natural
promoter 29). The Kunkel method&3) for site-directed

The total protein yield was determined by a BCA assay
(55). To determine the fraction of total protein consisting
of the aspartate receptor, membrane components were
resolved on a 10% SDSPAGE gel with an acrylamide:bis-
(acrylamide) ratio of 40:0.2. The relative intensities of the
Coomassie-stained protein bands were quantitated by laser
densitometry (Ultroscan XL, LKB). The receptor typically
comprised 16-20% of the total protein. Depending on the
total protein, final aspartate receptor concentrations varied

mutagenesis was used with modifications described by thebetween 12 and 40M.
Mutagene mutagenesis kit (BioRad). Mutated plasmids were Preparation of Soluble Chemotaxis Componeni&he

transformed intoE. coli LM1035 for amplification and
purified using the QlAprep spin column kit (Qiagen). The
mutations were confirmed by PCR DNA sequencing with
32p-labeled primers and Sequitherm DNA polymerase (Epi-
center Technologies).

Preparation of Receptor-Containing Cell Membranes
Wild-type and all mutant plasmids were transformed into
E. coliRP3808 for receptor expression (mutant plasmids for
positions 256-259 were graciously provided by Randal B.
Bass) 46). Cultures were first inoculated in 2 mL of Luria
Broth, then diluted 1/250 into 500 mL of Vogel Bonner
Citrate minimal growth medium54) containing 0.70%
glycerol, 200 ug/mL MgSQ-7H,0O, 2000 ug/mL citric
acidtH,O, 10 000ug/mL K HPO,, 3500 ug/mL NaNH;-
HPO,-4H,0, 40ug/mL b,L-histidine, 20ug/mL L-methion-
ine, 20ug/mL L-leucine, 20ug/mL L-threonine, 1ug/mL
thiamin, and 15@g/mL ampicillin. Cultures were incubated
at 30°C, shaking at 225 rpm for 2718 h, and then harvested
by centrifugation [Beckman JA-10 rotor at 8000 rpm
(1130@) for 10 min].

soluble chemotaxis components CheA, CheW, and CheY
were individually purified using the strains and plasmids
indicated above and protocols that have been described in
detail previously $6—58).

Chemical Reactity Assays Receptor-containing mem-
brane samples were diluted touB/1 receptor monomer in
10 mM sodium phosphate, pH 6.5 with HCI, 50 mM NacCl,
50 mM KCI, 1 mM EDTA, as described previousi¥g).
The above buffer was prepared with and without 2.5 mM
aspartate. Reactions were initiated by adding 5-iodoaceta-
midofluorescein (IAF) fron a 5 mMstock inN,N'-dimeth-
ylformamide to a final concentration of 25@M. Each
reaction was incubated at 2& for 5 min; then a 2Q:L
aliquot was removed and quenched by mixing witmer-
captoethanol to 80 mM in order to destroy the remaining
IAF. The remaining 2Q:L of reaction was brought to 2%
SDS and heated to & to promote unfolding and complete
reaction of all cysteines. After 3 min, this reaction was
guenched as above. Neither a longer incubation nor sub-
sequent addition of IAF caused the denatured aliquot to react

Receptor-containing bacterial membranes were isolatedfurther, indicating that the labeling reaction had reached
using a procedure previously described by Chervitz and Falkecompletion. Both aliquots were resolved on a 10% SDS

(28) with several modifications. The cell pellets were
resuspended in 5 mL of a low-salt buffer containing 100
mM sodium phosphate, pH 7.0 with NaOH, 10% glycerol,
10 mM EDTA, 50 mM DTT, 0.5 mM PMSF, and 1 mM

PAGE gel with an acrylamide:bis(acrylamide) ratio of 40:
0.2, after addition of JuL of 4x Laemmli nonreducing
sample buffer (250 mM Tris, pH 6.8 with HCI, 4% SDS,
40% glycerol). The fluorescence of the aspartate receptor

1,10-phenanthroline. The cells were then lysed by sonicationband was quantitated by imaging the gel with a digital camera

(Heat Systems W-385 Sonicator) in anidéaClwater bath
with a macro tip (Mysonix, Inc.) 3 times for 17 s af7/5%
maximum power, with 45 s cooling intervals between
repetitions. The resulting solution was centrifuged [Beckman
TLA100.3 rotor at 15 000 rpm (120@Pfor 20 min] in order

to pellet cell debris and any unbroken cells. After decanting,

and UV transilluminator system (Alpha Innotech Corp.) using

a 470 nm long-pass filter. Quantitation software was used
to integrate the fluorescence intensity volume of each band.
The same digital camera system was used to quantitate the
protein in each receptor band after Coomassie staining which
allowed normalization of fluorescence to protein. The

membranes were pelleted by ultracentrifugation [Beckman normalized fluorescence of the folded sample from the 5 min,

TLA100.3 rotor at 100 000 rpm (5400@pfor 12 min]. The

25 °C incubation was then divided by the normalized

membranes were resuspended in 0.6 mL of a high-salt bufferfluorescence of the denatured reaction, yielding the relative

containing 20 mM sodium phosphate, pH 7.0 with NaOH, 2
M KCI, 10% glycerol, 10 mM EDTA, 5 mM DTT, 0.5 mM

labeling termed “chemical reactivity”. To confirm the
specificity of cysteine labeling, the above reaction was carried

PMSF, and 1 mM 1,10-phenanthroline. Resuspension wasout on wild-type protein (lacking cysteine), yielding no



Cytoplasmic Linker Region of Aspartate Receptor Biochemistry, Vol. 37, No. 30, 19980749

significant receptor fluorescence. The fact that cysteine- presence of ambient-dissolved oxygen for 20 min atG7
containing receptors denatured either immediately or after (62) or (2) reduced by addition of DTT (50 mM) to ensure
the 5 min incubation yielded the same extent of labeling elimination of disulfides. Oxidation and reduction reactions
indicated that no competing reactions occurred during the were carried out in the final buffer (see above receptor
labeling incubation. preparation) without the addition of PMSF.

Analysis of Signaling Function in M. Chemotactic Other experiments measured the efficiency of disulfide
swarm assays<lf) were carried out by first transforming each  formation as an indicator of sulfhydryl proximity. These
mutant pSCF6 plasmid int. coli RP8611 which has been  experiments used receptor-containing membranes in the same
deleted for wild-type aspartate receptor. Starter cultures werepxidation reaction as above, to which 5 mM EDTA was also
grown in Luria Broth at 37C with shaking for 5 h; then 5 added to slow the rate of metal-catalyzed disulfide formation
uL was spotted onto 0.23% agar minimal plates containing (63). The oxidation reaction was initiated by addition of 1
Vogel Bonner Citrate medium supplemented with 0.1% mM Cu(ll)(1,10-phenanthroling)n the presence of ambient
glycerol, 20 mM lactate, 4@2g/mL b,L-histidine, 20ug/mL oxygen for 10 s at 25C. Aliquots of all oxidation and
L-leucine, 1ug/mL thiamin, and 10@&g/mL ampicillin 9). reduction reactions were analyzed by electrophoresis (de-
These plates were prepared with or without 0.1 mM scribed under Chemical Reactivity Assays) in order to
L-aspartate. Plates were incubated at°8) and colony  observe the extent of dimer formation for each engineered
diameters were measured at-8 h intervals, starting receptor.

approximately 18 h after spotting. Swarm rates were  Error Determination The error bars shown in each assay

determined by least-squares linear bestfit to the slope of yepresent the standard deviation of the mearefaivalues.
diameter as a function of time. To account for pseudotaxis

(60) and any other non-aspartate-specific taxis, the rate of RESULTS
swarming in the absence of aspartate was subtracted from _ . _ _ o
the rate of swarming in the presence of aspartate. The Engineering and Expression of Cysteine-Containing Re-
resulting aspartate-specific swarm rate for each engineered-€ptors Single-cysteine substitutions were engineered at
receptor was normalized to the corresponding rate for the €ach consecutive position from 1212 through R259, which
wild-type receptor (typically 0.6 mm/h), which was deter- €ncompasses the entire linker. Since the wild-type receptor
mined in parallel as a positive control. Cells transformed contains no intrinsic cysteine residues, each substituted
with vector lacking the receptor gene, as a negative control, CyStéiné was unique. The englneereq receptors were ex-
exhibited at least 10-fold slower expansion of the colony Pressed in thé. coli strain RP3808 which lacks the wild-
diameter, and no aspartate-specific swarming. type aspartate and serine Chemorec_eptors as well as the
Analysis of Signaling Function in VitroTo observe more ~ Soluble components of the chemotaxis pathwag).( Be-
specifically the ability of each receptor to regulate the activity cause the adaptation enzymes CheR and CheB were not
of CheA, a coupled phosphorylation assay was used toPresent, the methylation §tate of the recgptor population was
quantitate the transfer of radiolabeled phosphate from thehomogeneous. Expression of the engineered receptors in
receptor-CheA—CheW ternary complex to Che2Q, 61). RP3808 was generally between 25 and 100% that of wild
The procedure was a modification of that described in detail tyP€ except for four mutant receptors, P219C, 1230C, K237C,
previously @9). Briefly, isolatedE. coli membranes con- and S242C, which showed no detectable fa.ccumulatlo.n of
taining 64M receptor monomer, after being either oxidized Membrane-bound receptor under the conditions described.
or reduced as described below, were combined with the It follows that these four side chains are located at positions
purified proteins CheW (2M), CheA (0.25:M monomer), that are critical to receptor assembly or stability.
and CheY (10uM) in 50 mM Tris, pH 7.5 with HCI, 50 Use of Chemical Reacity To Determine Relate Sobent
mM KCI, and 5 mM MgC} and incubated at 23C for 30 Exposure The reactivity of an engineered cysteine toward
min to equilibrate the receptekinase complex. The a bulky, aqueous probe yields direct information on the
reaction was initiated by the addition gf-f2PJATP (4000~ solvent exposure of the corresponding position. In the
8000 cpm/pmol) to a final concentration of 0.1 mM. present study, the water-soluble alkylating reagent 5-iodoac-
Reactions were terminated at 10 s by mixing with phospho- etamidofluorescein (IAF) was used as a cysteine-specific
quench (% Laemmli nonreducing sample buffer plus 25 mM probe. The overall experimental design described by Daniel-
EDTA). The quenched reactions were resolved on a son et al. 46) was followed with modifications to optimize
Laemmli gel consisting of a stacking gel of 9.6% acrylamide for the higher average reactivity of the linker region. Briefly,
and 0.048% bis(acrylamide) and a separatory gel of 16% 5 uM receptor in isolated. colimembranes was incubated
acrylamide and 0.5% bis(acrylamide), as well as 15% urea. with 250uM IAF at 25°C for 5 min. One aliquot (the folded
The gels were dried immediately after electrophoresis, and sample) was removed and quenched Wiimercaptoethanol,
the phospho-CheY band was quantitated by phosphorimag-while the second aliquot (the unfolded sample) was removed
ing. The resulting extents for engineered receptors were Simultaneously, but denatured with SDS and heat for 3 min
normalized to that for the wild-type receptor, measured in to allow complete reaction before quenching. The ratio of
parallel as a positive control, yielding a phosphotransfer rate receptor labeling in the two samples (folded/unfolded),
relative to the wild-type receptekinase complex. termed the chemical reactivity, was quantitated by integrating
Oxidation and Reduction of Receptor§o ensure thatthe  the fluorescence intensity of the receptor band after electro-
engineered receptors fully disulfide-linked or reduced for phoresis on SDSpolyacrylamide gels.
phosphorylation assays, membranes containingM2ecep- Following measurement of chemical reactivities for a large
tor monomer were either (1) oxidized by addition of the set of consecutive cysteines, classic amphiphilic secondary
redox catalyst Cu(ll)(1,10-phenanthrolig€200«M) in the structures were identified by their characteristic repeating
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Position of Substitution FIGURE 3: Chemical reactivity of cysteine scanning positions in

FiGURE 2: Comparison of chemical reactivity and calculated solvent the linker region of the cytoplasmic domain. Chemical reactivities
accessibility in the known helixx2 of the periplasmic domain.  at 25°C were measured for engineered cysteines in the membrane-
Chemical reactivities at 25C were measured for engineered bound receptor using 5-iodoacetamidofluorescein as a probe, and
cysteines at positions 95 through 103 in the periplasmic domain of were normalized to the corresponding reactivities of the unfolded
the membrane-bound receptor using 5-iodoacetamidofluorescein aseceptor (see text). Shown are the chemical reactivities obtained in
a probe, and were normalized to the corresponding reactivities of the presence (solid circles, connected by line) or absence (open
the unfolded receptor (see text). In addition, the solvent accessibility circles, no line) of saturating aspartate. The gaps at positions 219,
of each position in the available crystal structure of the periplasmic 230, 237, and 242 represent positions where cysteine substitution
domain @4) was calculated using the method of Richar@d)( blocked expression or accumulation of the receptor. The three major
The correlation between these data is shown by plotting the relative segments @I11) defined by vertical dashed lines represent the three
chemical reactivities measured with and without saturating aspartatedistinct structural subdomains of the linker: (i) residues 213 through
(open squares and open circles, respectively, fine line) along with 228; (ii) residues 229 through 242; and (iii) residues 243 through
the calculated solvent accessibility of each position in the aspartate-258. Criteria for exposure were defined within each segment as
occupied and apostructures of the periplasmic domain (closed buried (lower 30%), intermediate (mid 30%), and exposed (upper
squares and closed circles, respectively, bold line). 40%) where the highest and lowest reactivities in each segment

define the upper and lower limits of the range, respectively (see
patterns of buried or exposed residues: 3.6 residues perResults).

repeat for a canonical-helix; 3.5 residues per repeat for a
coiled-coil a-helix, and 2 residues per repeat fof-@trand. intermediate (mid 30% of the range), and exposed (upper
As a positive control, the chemical reactivities of positions 40% of the range). An important advantage of such local
95 through 103 in periplasmic helx2 were measured and  classification is that it maximizes the probability of identify-
compared to the calculated solvent accessibilities revealeding local periodic fluctuations of exposure and burial arising
by the known crystal structure of this regioddj. Figure 2 from amphiphilic secondary structure.
presents this comparison, which yields excellent agreement The first subdomain begins approximately where the
between the chemical reactivities measgre_(_d in the membra”etransmembrane signaling helxd/TM2 reaches the cyto-
bound receptor and the solvent accessibility observed in theplasm, R213, and extends through R228. Chemical reac-
high-resolution structure of the isolated periplasmic domain. vities in this region exhibit an oscillating pattern with a
Both methods reveal that ligand binding has little or no effect peiggicity characteristic of an-helix possessing an exposed
on the position of helbo2 (Figure 2). _ face and a buried face (see Figure 6 under Discussion). No
Overall, these control experiments confirm that solvent o ijence of3-strand periodicity was detected in this segment.

exposure is the main determinant of chemical reactivity under te simplest interpretation is that this region represents the
the assay conditions used. By contrast, the local eIeCtrOStat'Ccytoplasmic extension of the signaling het4/TM2.

and steric environments of each cysteine substitution have
only minor effects on chemical reactivities. It follows that

chemical reactivity measurements can accurately identify . Co
buried and exposed positions in the aspartate receptor. over 2-fold smaller than in the other segments, yielding little

Relatie Sobent Exposure of Linker Positions in Both oscillation and no information regarding secondary structure.
Signaling States.The chemical reactivities of engineered | Ne lack of highly exposed positions, however, suggests that

cysteines at positions 212 through 259 were measured usindhi_s segment has an ordered structure and is at I_east partially
the same assay and are displayed in Figure 3. Breaks in the_smelded from solvent. Moreover, this se_g_men_t is unusuglly
plot indicate positions where cysteine substitution blocked IMPortant for receptor assembly or stability since cysteine

expression or accumulation of membrane-bound receptor,SUbStitUtiO_n at 3 of its 13 positions prevents detectable
thereby preventing analysis. Interestingly, the average accumulation of membrane-bound receptor (see above).
chemical reactivity is seen to gradually decrease as the The final segment, positions 243 through 258, displays a
cysteine is scanned from the N-terminal to C-terminal end clear oscillation between buried and exposed residues, again
of the linker. For this reason, it is necessary to divide the with periodicity indicatinga-helical structure (see Figure 6
linker into three segments (Figure 3) so that local criteria of under Discussion). This segment, termed hels can be
solvent exposure and burial can be defined as follows. For modeled as either a 3.6 residue per turn canonical helix or
each segment, the range of chemical reactivity is defined by a 3.5 residue per turn helix involved in an unidentified coiled-
the highest and lowest measured reactivities in that segmentcoil interaction. The proposed C-terminal end of heiix
This range is then used to classify the chemical reactivities falls at the major proteolytic hotspot in the C-terminal
of individual residues as buried (lower 30% of the range), domain, R259, that has been previously descrit38). (

In the middle segment corresponding to residues 229
through 242, the range of measured chemical reactivities is
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2.0

Chemical reactivities were measured throughout the linker
in both the absence and presence of 1 mM aspartate in orde!
to probe for a ligand-induced conformational change. Previ-
ous studies have shown that 1 mM aspartate is sufficient to
saturate the receptor with ligand, even in mutant receptors
possessing engineered cytoplasmic cystei@s (Although
a number of small changes greater than error were observec
at positions N218, R222, T240, E249, G252, and S260, most
linker positions show no detectable change in solvent
exposure upon ligand binding. The small magnitud2@6)
and limited range of the observed exposure changes indicate
that the ligand-induced conformational rearrangement of the B
linker is quite subtle. Such a picture is consistent with
previous findings for the periplasmic and transmembrane
regions of the receptor, which also revealed subtle rear-
rangements of less tha2 A (32, 35.

Identification of Residues Crucial to Receptor Function
in Vivo. The effect of each cysteine substitution on
chemotactic ability was assessed in order to determine which
residues play a critical role in receptor function in the
complete chemotaxis signaling pathway. Each mutant
receptor was first transformed inE coli RP8611, a strain

that has been deleted for the wild-type aspartate recegfipr
P P ( FIGURE 4: Effects of cysteine substitutions on activity in vivo and

such that chemotaxis toward aspartate can be restored 0n|¥n vitro. (A) Rates of aspartate-specific chemotactic swarming

by the presence of a functional receptor. Starter culturesrejative to wild-type receptor2g). Plotted are the chemotactic
were spotted onto minimal medium soft agar plates contain- swarm rates of a&. coli strain overexpressing each of the cysteine-
ing or lacking 0.1 mM aspartat®®). Outward expansion  substituted receptors, measured at@0on minimal medium soft

of the colonies depended largely on the ability of each culture 292" plates. The open circles indicate positions where cysteine
substitution is known to prevent detectable accumulation of

to chemotax UP the self-created radial aspartate gradient. T_h‘?nembrane-bound receptor. Receptors that yielded swarm rates
rate of expansion of each colony was measured over a periothelow 0.3 (dashed line) are designated as inhibitory. For each
of 14—16 h, and the difference in chemotaxis rates observed mutant receptor, the plotted aspartate-specific swarm rate was

on plates with and without aspartate was reported as thedetermined as the difference in swarm rates measured in the

_ e ; 14 presence and absence of aspartate, normalized to the corresponding
aspartate-specific swarm rate normallz_ed to tha_t ofa .W”d rate difference measured for wild-type receptor (typically 0.6 mm/
type control. It should be noted that this assay is designedy (g) Rates of CheY phosphorylation by the reduced receptor

to detect the receptor mutations that cause the most seriougheA-CheW ternary complex2@). The core of the chemotaxis
functional defects, since receptor overexpression and thepathway was reconstituted using wild-type receptor and each of
adaptation pathway will compensate for small perturbations. the substituted receptors with separately purified ternary complex

; ; : ) .. components CheA and CheW, and the response regulator CheY.
Figure 4A summarizes the normalized aspartate-specific The ability of each receptor to regulate the histidine kinase activity

swarm rates fOI’ a” Of the CySteIne-SUbStltUted receptors teSterf CheA was measured by monitoring the rate of formaﬂoﬁ%f”
in the scanned region 23259. Swarm rates of the cysteine- phospho-CheY at 28C, normalized to the wild-type rate in the

containing receptors varied from 0 to nearly 2-fold that of absence of aspartate. The wild-type receptor yields a normalized
wild type, reflecting a wide array of effects of individual rate of 1.0 in the absence of aspartate (closed circles, fine line)

A L o and is down-regulated effectively to 0.0 by the presence of
substitutions although the majority of positions were non- gau,rating aspartate (open circles, bold line). Mutations that yield

perturbing. Highly inhibited receptors were defined as those over 150% (upper line) or less than 10% (lower line) of the wild-
exhibiting a swarm rate less than 30% that of wild-type type rate in the absence of aspartate are designated super-activating
receptor. Of the 48 cysteine substitutions, 11 yielded highly or inhibitory, respectively.
inhibited receptors. Of these 11, 4 (P219C, 1230C, K237C,
S242C) did not accumulate if. coli membranes, as regulator CheY. Kinase activity was assessed by the rate
described above, while the remaining 7 yielded expressionOf phosphotransfer from the ternary complex to CheY,
levels similar to wild type. Focusing on the five inhibitory ~observing $?PJphospho-CheY formation by SD$AGE.
substitutions within the two newly defined cytoplasmic CheY was added in molar excess to ensure that receptor-
helices reveals that all of them fall on the buried packing regulated autophosphorylation of CheA in the ternary
faces (L217C, 1227C, G246C, L250C, Q258C), indicating complex was the rate-limiting step in this reaction. The assay
that these interfaces are critical to receptor function in vivo Was carried out in the presence and absence of saturating
(see Figure 7 in Discussion). aspartate to ob_serve the ability of each receptor to switch
Identification of Residues Crucial to Receptor Function between signaling states.
in Vitro. A more sensitive functional assay was carried out  Figure 4B is a summary of the effects of cysteine
in order to test the effects of cysteine substitution specifically substitution on the kinase activity of the ternary complex in
on the ability to regulate CheA kinase activi®Q, 29, 6). both the apo- and aspartate-bound states, normalized to wild-
Isolated membranes containing the reduced receptor weretype activity. The wild-type receptor activates CheA in the
mixed with purified proteins to reconstitute the ternary absence of aspartate and down-regulates the kinase over 100-
complex (receptor, CheA, and CheW) as well as the responseold upon binding aspartate. Inhibitory substitutions were

A

i
/

0.50+ 1

(Relative to WT)

Aspartate-Specific Swarm Rate

0.0

Phosphorylation Rate
(Relative to WT)

210 2é0 2:|30 250 250 2é0
Cysteine Scanning Position
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defined as those that retained less than 10% of the wild-  0.75{ 5 T a d a d
type kinase activation in the absence of aspartate. Of the : . " -
10 cysteine substitutions that blocked kinase activation, 5 © f f
fall in helical regions, 4 fall in the segment between the j :
helices, and 1 is at the membrane interface. Four of the five j :
inhibitory helical positions (L217, L220, G246, 1247) are :
located on the hydrophobic, buried faces of the two helical /\[’ :
regions defined by chemical reactivity patterns, further ‘ \Y‘f
indicating that the packing interfaces of both helices play m/"” i
an important role in the proper signaling function of the 0.0 ; 1 ;
aspartate receptor. Notably, the highest density of inhibitory 210 220 230 240 250 260
cysteines is found within the region between the two helices Cysteine Scanning Position

where four consecutive substitutions (G233C, D234C, L235C, Fgure 5: Efficiency of disulfide formation in the linker region.
T236C) block kinase activation, indicating the functional Formation of each disulfide bond between a symmetric pair of
importance of this region. Finally, the 1227C mutation on engineered cysteines in the two subunits of the homodimer was
the buried surface of helit4 has a unique effect on kinase ~ catalyzed by the addition of Cu(ll)(1,10-phenanthrolyte)a mild

L o S oxidation system (see text). Reactions af@5vere quenched after
regulation: it causes constitutive receptor activation such that10 s, and intersubunit disulfide formation was detected by a gel

aspartate binding reduces kinase activity by less than 28%.shift in SDS-PAGE. Plotted is the fraction of disulfide formed
This finding indicates that the 1227 residue is critical for (dimer/total) for each cysteine substitution in the linker region. The

normal kinase down-regulation, and explains the observation notationsa andd above the data refer to positions in the conserved

that the 1227C substitution inhibits chemotactic swarming Peptad repeating coiled-coil motif seen in sequence alignménts (
L - - . . . 51). The dashed lines indicate the boundaries of the three major
in vivo, despite retaining the ability to stimulate kinase

i subdomains discussed, while breaks in the plot indicate cysteine
activity. substitutions that blocked receptor expression or accumulation.
The analyses of receptor activity described above have
each involved the reduced state of the cysteine-containingregions of an unknown structure. This study reveals that
receptor, maintained either by (i) the reducing environment the linker region of the aspartate receptor is comprised of
of the cytoplasm in the chemotactic swarm assay or (i) three structurally distinct segments. Two of these segments
chemical reduction of the receptor in the receptor-coupled (213-228, 243-258) have been identified as surface-
kinase assay. To probe the effects of intersubunit disulfide exposedx-helices by distinct repeating patterns of exposed
bonds on receptor activity, isolated membranes containingand buried residues in chemical reactivity assays. Both of
the engineered receptors were oxidized prior to reconstitutionthesea-helices ¢4 anda5) are strongly amphiphilic, which
of the complex, yielding 5880% covalent dimer formation. s clearly illustrated by mapping the substitutions onto helical
After this treatment, the wild-type receptor remained active, wheel projections as in Figure 6. The helical projections
but nearly all of the disulfide-containing receptors were for botha4 andas5 display the strong segregation of nonpolar
unable to activate the ternary complex, indicating that residues to the buried faces of the helices and charged
intersubunit disulfide formation in the linker region is residues to the exposed faces. Furthermore, Figure 7 shows
generally highly perturbing to receptor function. The only that the cysteine substitutions that perturb receptor function
two exceptions were T253C and H256C which reta#b% are highly segregated to the buried helix faces, indicating
of wild-type activity. Both positions are in5, placing this that the packed face of eadtthelix is crucial for normal
helix near the subunit interface. receptor activity. _ _
Efficiency of Disulfide Formation as a Measure of Sulf- _Between then4 andas helices, a stretch of 14 residues

hydryl Proximity. The rate of disulfide formation is sensitive ~ (229-242) is proposed to form a well-structured, partially
to the frequency of sulfhydryl collisions, which generally buried subdomain based on its relatively low average solvent

increases with proximity in the average structusé-69). accessibility of the engineered cysteines40% of the
As previously noted, the cytoplasmic domain is quite denatured control) and its lack of highly exposed residues.

dynamic, which leads to rapid intersubunit disulfide forma- 1he Secondary structure of this region is not defined by the
tion for most engineered cysteine positiodd (46. Re- present results. The fact that three substitutions in this region

cently, however, a mild oxidation system capable of iden- prevent detectable accumulation of membrane-bound receptor

tifying the most rapidly formed disulfides in the cytoplasmic N Vivo, while four others yield nonfunctional receptors in
domain has been describefi3]. Mild oxidation of the vitro, suggests that this subdomain is critical to the proper

cysteines scanned in the present study reveals four positiond©!ding, stability, and function of the receptor. Figure 8
that form intersubunit disulfides significantly faster than all Summarizes the three segments of the linker and proposes a
others: S247, S250, S254, and S257 shown in Figure 5. Al structural model that is consistent with current evidence. In
four of the noted cysteines lie on the buried face of helix this structure, helicee5 ando6 lie at the dimer interface

a5, providing additional evidence that this helix packs against while helix a4 and the interhelical subdomain are more distal

its symmetric counterpart at the dimer interface. from the central axis. _
The transmembrane signal causes a quite subtle rearrange-

DISCUSSION ment of the proposed structure, in the membrane-bound
receptor, since only minor aspartate-induced changes in

The present study further demonstrates the utility of solvent exposure are detected by the chemical reactivity
cysteine and disulfide scanning mutagenesis in probing basicassay. At present, however, we cannot rule out a more
secondary structural elements and functionally important dramatic signal-induced conformational change in the full

0.50+

0.254

Fraction Disulfide
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Ficure 6: Helical wheel projections of the two proposed helices displaying the chemical reactivity of each cysteine substitution. Filled
boxes indicate highly buried positions, and open boxes indicate highly exposed positions (defined in Figure 3), revealing the strong amphiphilic
nature of both modeled helices. (A) Helid displays strong segregation of buried and exposed residues to opposite faces of the canonical
3.6 residue per turn helix. It should be noted that R213 is located at the membrane interface, and that the current data do not distinguish
whether protection of this residue from solvent results from the defined packing interaction or from partial burial in the membrane. (B)
Helix a5 also displays clear buried and exposed faces, and is modeled as a 3.5 residue per turn helix (see Discusaiamd dhe
positions of this helix are proposed to form a coiled-coil interaction with the symmetric b8lixat the dimer interface. Parentheses
indicate substitutions that block receptor expression or accumulation in the membrane.

A B

Proposed Packing Face

Proposed Packing Face
M257

a R V2540
s T 1247 m
m 1220 1224
* =14 =
A251
L216 L R228 O 1253 R244
™ G246
A221
V223 \ o5
H214
E249 G248
To2s H256 E255
N218 N245 m
G252
A215  Rooo

Ficure 7: Helical wheel projections of (A) helix4 and (B) helixa5 displaying effects of cysteine substitutions on receptor activity.
Positions where substitution inhibits chemotactic swarming in vivo are shown in black boxes. The open box at P219 indicates a cysteine
substitution that prevents expression or accumulation of the receptor. Black squares indicate substitutions that inhibit kinase activation, and
open squares indicate those that result in kinase super-activation (defined in Figure 4). The star at position 227 indicates constitutive
activation of the kinase upon substitution.

receptor-kinase complex, since, for technical reasons, the The Cytoplasmic Region of Helod. The first helix of
chemical reactivity assays are carried out in the absence ofthe cytoplasmic domaim4, is proposed to be an extension
CheA and CheW. Yet previous results for the periplasmic of the continuous transmembrane signaling hed{TM2,

and transmembrane domains indicate that these regiondrom the membrane interface, R213, into the cytoplasm to
undergo a quite subtle ligand-induced conformational changeapproximately R228. The periodicity of buried and exposed
even in the full receptoerkinase ternary complex (24, 33, residues identifies this as a canonical 3.6 residue per turn
so the proposed small magnitude of conformational rear- a-helix (Figure 6A). The only discrepancy in the canonical
rangement in the linker seems plausible. Following is a pattern is position L220, which is identified as an exposed
detailed discussion of the structural information available for position by the chemical reactivity assay but falls on the
each of the linker subdomains. buried face of the helix (Figure 6A). The simplest explana-
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.
Bilayer -

Cytoplasm

Adjacent
Receptor

Ficure 8: Model of the secondary structural features of the ' Dimer
cytoplasmic linker region, as suggested by the currently available
data (see Discussion). Helad continues from the transmembrane
signaling helixa4/TM2 into the cytoplasm, where it is distal to
the central axis of the dimer. This helix is followed by an ordered
region of undefined secondary structure (oval) that is also distal to
the central axis and becomes heti% at its C-terminus. Finally,
the two symmetriax5 anda5' helices of the dimer pack against
each other to form a coiled-coil at the subunit interface.

tion for this apparent discrepancy is that the native leucine Figure 9: Possible packing arrangements that are consistent with
side chain is essential for stabilizing the helix packing the experimentally determined buried face of heli4. The fact
interaction, such that the L220C substitution disrupts the that helixa4 displays a packing face oriented away from the dimer
packing surface and exposes the mutant side chain to solventterface could be explained by: (A) the packing of an undetermined

o . . . élement within the cytoplasmic domain agaiadt (B) the packing
This picture predicts that the L220C mutation will perturb  of ‘another receptor dimer agains#; or (C) the packing ofi4

receptor function, and indeed the mutant receptor is unableagainst the surface of the membrane, which would require a break
to generate kinase activation in vitro (Figures 4B and 7B). in the helix. Currently, model (A) seems most plausible (see

In short, all the available evidence is consistent with the Discussion).
identification of residues R213 through R228 as the cyto- . . ) )
plasmic extension helig4/TM2. This cytoplasmic exten- the eight bacterial chemoreceptors with only two exceptions,
sion is a well-conserved structural element since four of its Poth of which utilize another large hydrophobic residue,
six packing face positions (L216, L217, L220, 1227) exhibit Phenylalanine.
a hydrophobic side chain in all seven of tRecoli andS. A final intriguing feature of the cytoplasmic extension of
typhimurium chemotaxis receptors, while a fifth buried 04 is that the buried packing face is oriented away from the
position (1224) is hydrophobic in six of the seven chemore- central axis of the receptor dimer, which was previously
ceptors. The precise range of the buried packing face ondefined by disulfide mapping studies of4/TM2 in the
the cytoplasmic extension is not yet clear: in the aspartatetransmembrane regio27, 29. Further evidence that the
receptor, it may begin as early as position R213 or as late packing face does not lie at the dimer interface is provided
as L216 (Figure 6A). The low chemical reactivity of R213C by the low efficiencies of intersubunit disulfide formation
(Figure 3) could stem either from burial within the membrane observed for cysteines in this region (Figure 5). This poses
or from burial within the packing region. the question of what is packing against the outside face of

While considering possible molecular models fa4, helix o4 in the cytoplasm. Figure 9 illustrates three possible
attention should be given to the fully conserved proline at arrangements that could provide the observed protection
position 219, where cysteine substitution prevented detectableagainst chemical labeling whereby: (1) another element of
expression of the membrane-bound receptor in vivo, sug-the linker or cytoplasmic domain packs against the outer face
gesting that P219 is critical for proper folding or stability of 0f o4; or (2) the buried face ofu4 is protected by

the cytoplasmic domain. Prolines observediihelices of intermolecular interactions between receptor dimers, which
known protein crystal structures introduce a kink into the are known to cluster under certain conditions; or (3) a break
helix axis ranging from 9to 4C° (70, 71). The kink ino4 in helix a4 enables its protected face to pack against the

due to P219 does not disrupt the observed packing face ofcytoplasmic face of the membrane. Currently, the first
the helix since modeling of the4 residues onto proline- ~ possibility seems most plausible since receptor clustering
containing helices in the Brookhaven databank revealed thatdoes not occur in the absence of CheA and Cheigj (
the experimentally determined buried residues remain on the(corresponding to the labeling assay conditions), and there
same face of the bent helix throughout the range of possibleare no obvious helix-breaking residues near the cytoplasmic
kink angles (data not shown). Another noteworthy position end of the transmembrane hetid/TM2.

on helix o4 is the buried residue 1227, at which a cysteine  The Interhelical Region The segment lying C-terminal
substitution causes constitutive activation of the kinase CheAto helix o4, spanning residues E22%$242, did not yield a

in the reconstituted ternary complex. The native isoleucine periodic solvent exposure pattern in the chemical reactivity
residue is proposed to be involved in a key steric or assays. As a result, no specific secondary structure could
hydrophobic interaction that is required to generate the kinasebe proposed or ruled out for this region of the linker. The
down-regulating state of the receptor. Further support of lack of highly reactive positions in the chemical labeling
the importance of this residue is that it is conserved within assays suggests that this region is at least partially buried
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and thus has a well ordered structure, although it does notnature of the signal-induced conformational change within
appear to be located at the dimer interface since the efficiencythe linker.

of intersubunit disulfide formation is low in this region

(Figure 5). This structure is unlikely to be a simple extension ACKNOWLEDGMENT
of helix a4 since, in all seven chemoreceptors, there are oné  \ye thank Randal B. Bass and Mark A. Danielson for

or two glycine residues that would likely break the helix pginfy| discussions on experimentation and comments on the

near the proposed C-terminus of hedi#, corresponding to
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