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Signaling Domain of the Aspartate Receptor Is a Helical Hairpin with a Localized
Kinase Docking Surface: Cysteine and Disulfide Scanning Stuidies
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ABSTRACT. Cysteine and disulfide scanning has been employed to probe the signaling domain, a highly
conserved motif found in the cytoplasmic region of the aspartate receptor of bacterial chemotaxis and
related members of the taxis receptor family. Previous work has characterized the N-terminal section of
the signaling domain [Bass, R. B., and Falke, J. J. (1998)iol. Chem. 27325006-25014], while the

present study focuses on the C-terminal section and the interactions between these two regions. Engineered
cysteine residues are incorporated at positions Gly388 through 1le419 in the signaling domain, thereby
generating a library of receptors each containing a single cysteine per receptor subunit. The solvent exposure
of each cysteine is ascertained by chemical reactivity measurements, revealing a periodic pattern of buried
hydrophobic and exposed polar residues characteristic of an amphipaltieiix, denoted heli>xa8. The

helix begins between positions R392 and Val401, then continues through the last residue scanned, lle419.
Activity assays carried out both in vivo and in vitro indicate that both the buried and exposed faces of
this amphipathic helix are critical for proper receptor function and the buried surface is especially important
for kinase downregulation. Patterns of disulfide bond formation suggest thatd&litogether with the
immediately N-terminal helixt7, forms a helical hairpin that associates with a symmetric hairpin from

the other subunit of the homodimer, generating an antiparallel four helix bundle containing l&lices

o7, a8, anda8'. Finally, the protein-interactions-by-cysteine-modification (PICM) method suggests that
the loop between helicas7 anda8 interacts with the kinase CheA and/or the coupling protein CheW,
expanding the receptor surface implicated in kinase docking.

The transmembrane aspartate receptdsafherichia coli the aspartate receptor and other receptors that regulate
andSalmonella typhimuriummhemotaxis is a member of the  histidine kinases in two-component signaling pathways, since
large receptor superfamily that modulates two-component functional dimeric receptors have been constructed by
signaling systems in prokaryotes and eukaryofes9j. A swapping the cytoplasmic domains of different superfamily
subfamily of these receptors, the methyl-accepting taxis members 17—20). Moreover, a chimera in which the
receptors, share the highest sequence homology with thecytoplasmic domain of the aspartate receptor is replaced with
aspartate receptor and function in chemo-, thermo-, osmo-,the cytoplasmic domain of the human insulin receptor
photo-, and pH-taxis in a wide range of prokaryotic organ- exhibits aspartate-mediated tyrosine kinase activity, suggest-
isms 6, 6, 10, 1). The aspartate receptor is the best ing that similar transmembrane signals may be employed
characterized member of this subfamily and has become aby receptors from unrelated class@4)(
paradigm for two-component pathway receptors in general. The structures and mechanisms of the transmembrane

The aspartate receptor exists as a stable homodimer insignaling domain, consisting of the periplasmic ligand
which each subunit is approximately 60 kDa as schematically binding domain and the membrane-spanning helices, are well
illustrated in Figure 1. The receptor possesses a periplasmiccharacterized for the aspartate receptor and for the closely
ligand binding domain, a transmembrane region, and a related serine and ribose/galactose chemotaxis receprs (
cytoplasmic domain that possesses adaptation sites and &9). The architecture of the periplasmic and transmembrane
kinase docking surface. The transmembrane and adaptatioriegions consists ofa-helical bundles oriented roughly
signals relayed by the cytoplasmic domain serve to control perpendicular to the bilaye22—24, 3. Transmembrane
the histidine kinase CheA, which associates with the receptorsignaling begins in the periplasmic domain, where the
in a complex stabilized by the coupling protein Chel2- binding of a single aspartate molecule generates an asym-
16). When the receptor-CheA-CheW ternary complex is metric piston displacement, and perhaps a small tilt, of the
active, it phosphorylates the response regulator CheY whichsecond transmembrane helod{TM2) toward the cytoplasm
diffuses to the flagellar motor where it docks and regulates (31). Evidence that the piston displacement serves to transmit
cellular swimming 8, 6, 7. More generally, a conserved the transmembrane signal is provided by lock-on and lock-
mechanism of transmembrane kinase regulation is shared byoff disulfides that trap the extremes of the piston displace-

ment and thereby lock the kinase on or a®®2). Further
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Ficure 1: Schematic model of the aspartate receptor. Cylinders represent helices determined by previous crystallographic or cysteine and
disulfide scanning studie22, 23, 30). The two identical 60 kDa subunits of the dimer are depicted in white and gray, respectively. Filled
ovals represent the sites of adaptive methylation on each suls@itThe boxed regions highlight the positions included in the current
cysteine and disulfide scanning study, G3838€19C.

studies that detect ligand-induced distance changes betweemneceptor and is tightly coupled to kinase regulatidit—{
pairs of spin labels om4/TM2 and adjacent helices8%, 48). Helix o.7 comprises the N-terminal half of the signaling
33). The aspartate receptor is also regulated by the maltose-domain, an independent structural motif within the cytoplas-
binding protein (MBP), and a model of this interaction mic domain which has been isolated as a stable fragment
suggests that MBP docking generates a piston displacemenand shown to bind CheA and CheW and to modulate the
of the second transmembrane helix similar to that observedhistidine kinase activity of CheA46, 49, 50. Cysteine-
for aspartate binding34). scanning determined that both the buried and exposed faces
Although a high-resolution structure of the cytoplasmic of helix o7 are critical for kinase activation and regulation,
domain is not yet available for any member of the receptor although the engineered cysteines that lock the receptor in
superfamily, there is a growing body of structural and the kinase activating state are localized to the buried face. It
mechanistic data on this domain of the aspartate receptorfollows that the buried face of helix.7 is especially
Recent studies have shown that site-directed sulfhydryl important for receptor-mediated downregulation of kinase
chemistry and spectroscopy methods can elucidate structurabctivity. Disulfide scanning determined that the C-terminal
and functional features of membrane protei22<24, 27— end of a7 and the ensuing loop are at or near the subunit
29, 35-42). In the cytoplasmic domain, cysteine- and interface. This C-terminal region of the helix was found to
disulfide-scanning studies have characterized the extensiorbe essential for the docking or regulation of the kinase CheA,
of the transmembrane-signaling helod/TM2 into the since attachment of bulky probes at exposed positions here
cytoplasm, followed by a structured linker region and at least block kinase activation4®).
three helical regions termeaab throughoa7 (43—45). It is The present study continues the cysteine- and disulfide-
not yet clear whether these three helical regions representscanning analysis of the signaling domain by examining its
three distinct helices separated by nonhelical linkers, or ratherC-terminal half located beyond the end of hetiX. The
form a long, continuous helix. For simplicity, here they will measured chemical reactivities of engineered cysteines
be considered separate helices. Hel@Bsaandoo6 lie at the display a periodic pattern of solvent exposure and burial,
subunit interface where they are tightly associated with the suggesting the presence of a seconklelix in this region,
symmetrica5 anda6' helices from the other subunit of the termeda8. Moreover, the exposed and buried surfaces of
dimer. Helixa6 senses and integrates the transmembrane,this helix possess numerous conserved polar and apolar
adaptation, pH, and temperature signals recognized by thepositions, respectively, providing support for its assignment
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as an amphipathic helix. Although both faces of this newly on a 1% TAE gel, stained with ethidium bromide, and
defined helix are important for receptor function, the buried illuminated with UV light, and the appropriate band was
face is especially critical for kinase downregulation since excised. The individual fragments were then isolated with
multiple cysteine substitutions here lock the receptor in its the Gene Clean kit (Bio 101), mixed in the appropriate
kinase-activating state. Together, helicgsanda8 form a pairings and ligated overnight at 2& with T4 DNA ligase
helical hairpin, as indicated by the observation that interhelix (New England Biolabs). Each resulting reconstructed pSCF6
disulfide bonds form rapidly between specific pairs of derivative was transformed directly into the expression strain,
engineered cysteines on their respective buried faces. FinallyRP3808, and receptor-containing membrane was prepared
the application of the protein-interactions-by-cysteine- as described for the single cysteine-containing receptors.
modification (PICM} assay to surface positions within the Under harsh oxidation conditions, a small percentage of the
a7-a8 loop and on the8 helix reveals another region critical  double cysteine containing receptor was observed on-SDS

for the docking or regulation of the kinase Che#b). polyacrylamide gels to form trimers, tetramers, and higher
order products, which could only occur if the engineered
MATERIALS AND METHODS receptor possessed two cysteines per receptor subunit.

i i i i . Purification of Engineered ReceptoRlasmids encoding
Materials Strains ofE. coli were kindly provided by Dr.  ¢ysteine substitutions were transformed intoEheoli strain

John S. Parkinson, University of Utah (Salt Lake City, UT). RP3808, expressed and isolated in native membranes as
Strains used for receptor expression and characterization Wergyreviously describedd6) except that the sonicator employed
RP3808 P\(cheA-cheyDE2209 tsr-1 leuB6 his-4 eda-50 a5 a Mysonix model XL 2020. The resulting engineered
rpsL136 [thi-1 A(gal-att)DE99 ara-14 lacYl mtl-1 xyl-5  receptor-containing membranes were snap frozen in liquid
tonA31 tsx-7mkd) and RP8611AtsrDE7028A tar-tap)- nitrogen and stored at+80 °C. The final storage buffer
DE5201 zbd::TnA(trg)DE100 leuB6 his-4 rpsL13ghi-1 contained 20 mM sodium phosphate, pH 7.0, with NaOH,
ara-14 IacY_l mtl-1 xyI_-5 tonA31 tsx-/8P362 of G. 10% v/v glycerol, 0.1 mM EDTA, and 0.5 mM PMSF.
Hazelbaueria F. Dahlquist, pd) (51) The receptor expres- Membrane samples were assayed for total protein using
sion plasmid pSCF6 has been previously descril@®l &s  he BCA assay (Pierce) calibrated against bovine serum
have the materials and protocols used to produce purified 5jpymin standards (Pierce). After reaction development,
CheA, CheW, CheY, and CheRS). The sulfhydryl-specific  5p50rhance measurements were made using a microplate
probes, 5-iodoacetamido fluorescein (5-IAF), and S-fluores- eader (Molecular Devices). Protein purity was determined
cein maleimide (5-FM) were obtained from ;\/Iolecular by quantitating the receptor and nonreceptor bands on a
Probes. Enzyn;ze substratesadenosyk-[methyl-"H]me- Coomassie-stained 10% Laemmli SBSolyacrylamide gel
thionine and -**P]JATP were purchased from Amersham. (5crylamide-to-bisacrylamide ratio of 40:0.2) using a digital
Deoxy-oligonucleotides were synthesized by Life Technolo- ¢gmera (Alpha Innotec).
gies Inc. K_unkel mutagenesis reagents (T_7 DNA Polymerase, Preparation of Cytoplasmic Chemotaxis Components
T4 DNA ligase and deoxy-nucleotide triphosphates) were CheA, CheW, CheY, and CheR were overexpressed, pro-

purchased from Bio-Rad. Unless specifically noted, all other 4,ced inE. coli. and isolated as previously describea® (
reagents were obtained from Sigma and were of reagent43)_ ’

grade. Chemical Reactity AssaysReactivity assays were per-
Creation of Cysteine-Containing Receptof&ngle cys- formed as previously described3, 45. Briefly, cysteine-
teine-containing receptors were created by oligonucleotide- containing receptors (M receptor monomer) were incu-
directed mutagenesis of the plasmid pSCF6 as describedbated in reaction buffer (10 mM sodium phosphate, pH 6.5,
previously @5). with NaOH, 50 mM NaCl, 50 mM KCI, and 10 mM EDTA)

The double-cysteine-containing receptors N36C/F394C, containing the sulfhydryl-specific probe 5-IAF (3QM
A411C/1363C, A411C/1366C, A411C/A370C, A411C/T373C, final). The reaction was allowed to proceed for 5 min at 25
A411C/A377C, and A411C/A380C were created by com- °C, atwhich time a 2@L aliquot was removed and quenched
bining restriction fragments of the appropriate mutant deriva- With 1.25uL of s-mercaptoethanol. The remaining 20
tive of pPSCF6 (22). To generate the N36C/F394C mutant, a Of the reaction was denatured with heat (%) and SDS
double digest employingstl and Mlul (New England (0.6% wiv) and allowed to react for an additional 3 min
Biolabs) produced a 0.9 kb fragment containing the N36C before quenching. 5-IAF tagged receptors were resolved on
mutation or a 4.1 kb fragment containing the F394C 10% Laemmli acrylamide gels (acrylamide-to-bisacrylamide
mutation. The digest containing the target 0.9 kb fragment ratio of 40:0.2) and illuminated on a UV light box.
was treated with calf intestinal phosphatase (CIP) to preventFluorescent bands were visualized and quantitated with a
self-ligation in subsequent steps. To generate the A411C/digital camera (Alpha Innotec). After fluorescent detection,
XXX mutants, a double digest employirstl and Mscl gels were stained with Coomassie and receptor bands were
(New England Biolabs) produced a 3.5 kb fragment contain- quantitated with a digital camera to normalize for variations
ing the A411C mutation or a 1.5 kb fragment containing in receptor amounts. Chemical reactivity was defined as the
the XXX site, and the latter fragment was treated with calf ratio of receptor alkylation in the folded versus the unfolded

intestinal phosphatase (CIP). All fragments were resolved States. N _
In Vivo Activity Assays Chemotaxis swarm assays were

performed inE. coli strain RP8611 as previously described

1 Abbreviations: PICM, protein-interactions-by-cysteine-modifica- ; ;
tion; DTT, dithiothreitol; 5-IAF, 5-iodoacetamidofluorescein; 5-FM, (51, 52. Controls using vector alone (pBluescript) or vector

fluorescein-5-maleimide; DMRY,N-dimethyl-formamide; indel, inser-  CaITying the wild-type receptor (0SCF6) were performed to
tion or deletion. determine the swarm rates of receptorless cells and cells
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Table 1: Intrasubunit Disulfide Bond Formation under Mild Disulfide Formation in Double-Cysteine Receptoi®
Oxidation Conditions guantitate disulfide formation triggered by oxidation of
double cysteine-containing receptors, each receptér aoli

receptor fraction disulfide formatién . . i : .
AILI1C/1363C 0001 membrane was diluted in a metal buffering solution contain-
AL110/13660 00L 01 ing buffer and EDTA to slow the reaction to measurable
A411C/A370C 0301 rates (2uM receptor monomer, 20 mM sodium phosphate,
A411C/T373C 0.2£0.1 pH 7.0, with NaOH, 10% v/v glycerol, and 5 mM EDTA)
A411C/A377C 0.0:0.1 (45, 57. Oxidation was initiated by the addition of Cu(ll)
A411C/A380C 0.0£0.1

(1,10 phenanthroling}o a concentration of 1 mM. This mild
m:n%?grtiogof% '\1/I rggl“«’itnfﬁ LnsshsaxgtegnHC?rgamPhg/Nﬂzofacelp(t)g " oxidation reaction was allowed to proceed at 5 for 1
: ' o T SV min. Reactions were then quenched with Paemmli sample

eglln):(l:)?écr)llt(g mM EDTA, 1 mM Cu(ll) (1,10 phenanthroling)and buffer supplemented with 2 mM NaAsand 10 mM
N-ethylmaleimide $4, 55. Samples were resolved on a 10%
possessing the native receptor, respectively. All swarm ratesLaemmli SDS-polyacrylamide gel as above, Coomassie
were determined on minimal media agar plates with or stained and the receptor bands quantitated using a digital
without 100uM aspartate. Aspartate-specific swarm rates camera (Alpha Innotec).
were determined by subtracting the)(aspartate swarm rate Protein-Interactions-by-Cysteine-Modification (PICM)
from the (+) aspartate swarm rate to correct for pseudotaxis, PICM analysis was carried out as described previouty. (
and the resulting rate was then normalized to the wild-type Briefly, a solvent-exposed cysteine was first alkylated with
rate for comparison22, 53. the fluorescein conjugate 5-fluorescein maleimide (5-FM)

In Vitro Activity Assays The in vitro receptor-coupled  to a high stoichiometry>0.9 labels/receptor monomer) by
kinase assay was performed essentially as described withadding 150uM 5-FM in DMF or DMF alone to receptor
the following modifications 15, 22, 45. Membranes con-  containing membranes (&M receptor monomer), then
taining the reduced receptor were utilized except in experi- incubating for 1 min at 28C. The resulting 5-FM labeled
ments testing the effects of engineered disulfide bonds (seeand control receptors were subsequently used in in vitro
below). The receptor-coupled kinase reaction was initiated kinase assays as described above.
_by the addition of $-32P]ATP to a reaction mixture conta_in— To control for long-range structural changes upon 5-FM
ing receptor, CheW, CheA, and CheY. After 10 s, an aliquot attachment, modified and unmodified receptors were tested
was removed and quenched witk 2aemmli sample buffer i in vitro methylation assaystb, 59. Each 5-FM labeled
supplemented with 25 mM EDTA to prevent further phos- o control receptor in membrane was mixed in buffer (50
phorylation and dephosphorylation reactiodg)( Stoichi-  mM potassium phosphate, pH 7.0, with NaOH and 0.5 mM
ometries were maintained such that receptor-regulated CheAEDTA) containing 1uL of a CheR-containing cytosolic
autophosphorylation was the rate-determining stéf?l{  extract (15-20 mg/mL total protein)Z2, 23. Samples were
Phospho-CheY, resulting from rapid phosphotransfer from then allowed to equilibrate for at least 30 min at 25 to
phospho-CheA, was resolved on a 15% Laemmli SDS  gjiow the receptor-CheR complex to form. Methylation was
polyacrylamide gel (acrylamide-to-bisacrylamide ratio of 40: jnjtiated by the addition of a 1:1 mixture &adenosylk-
1.25). Gels were dried and quantitated by phosphorimaging methionine (SAM) an&adenosyk-[methyl-*H]methionine
(Molecular Dynamics). A 1@L wild-type reaction mixture ([*HISAM) to vield a final total SAM concentration of 0.1
contained 60 pmol of receptor monomer, 20 pmol of CheW, . The reaction was allowed to proceed for 50, 60, and
100 pmol of CheY, 2.6 pmol of CheA, and 1000 pmol of 70 s then stopped by spotting aliquots on a filter paper and
ATP in reaction buffer (50 mM Tris, pH 7.5, with HCI, 50 jmmersing in a 10% wi/v trichloroacetic acid (TCA) bath,
mM KCL, and 5 mM MgC}). . with subsequent stirring for 10 min. The TCA wash was

Disulfide Formation in Single-Cysteine ReceptoFr repeated twice, followed by a pair of 2 min methanol washes
each single cysteine-containing receptor, a disulfide bond{g remove residual TCA. Filter papers were placed in
was formed between the symmetric cysteines in the two eppendorf tubes, 100L of 1 M NaOH was added to the
subunits of the dimer by exposing receptors to oxidizing fjter papers, and each tube was floated in a vial containing
conditions (Table 1). The resulting disulfide-linked dimers - gcintillation cocktail (Ecoscint H; National Diagnostics).
were used to test the effect of intersubunit disulfides on | jperated fH]methanol partitioned into the scintillation
receptor-mediated kinase activation and regulatidB).( cocktail during an 18 h incubation at 3T then was
Memprane sampl_es containing LM receptor monomer  guantitated by scintillation counting.
were incubated with 0.2 mM Cu(ll) (1,10-phenanthroline) Standard Deiation. Indicated error ranges represent the

and ambient @ (approximately 20Q:M) for 20 min at 37 -
°C (565, 56. This oxidation was inactivated by the addition standard deviation of the mean for= 3.

of 0.1 mM sodium persulfate, and the resulting membranes ResyLTS

were used in the receptor-coupled kinase assay as above.

The extent of disulfide formation was determined by analyz-  Production of Cysteine LibraryA library of engineered

ing an aliquot of the oxidized membranes on a 10% single cysteine-containing receptors spanning the C-terminal
nonreducing Laemmli SDSpolyacrylamide gel (acrylamide-  half of the signaling domain was created by oligonucleotide-
to-bisacrylamide ratio of 40:0.2)54). Gels were subse- directed mutagenesis. The scanned region encompassed
guently Coomassie stained and monomer, dimer bands werepositions Gly388 through lle419, with the exception of
gquantitated with a digital camera (Alpha Innotec), and the Q390C for which mutagenesis failed. Each of the 31
percentage of dimer formation was calculated. engineered receptors was overexpressed in strain RP3808,
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which lacks the methyltransferase and methylesterase adapta-
tion enzymes §1). The resulting receptor population was 074
homogeneous with respect to methylation, having glutamines
at positions 295 and 309 and glutamates at 302 and 491. In
all cases, the cysteine-containing receptors accumulated to§ 05
essentially the same level as overexpressed wild-type receptor g
and were isolated in native. colimembranes. As previously
observed in other cysteine-scanning studies of the aspartate
receptor, despite the presence of two symmetric mutant
cysteines in each receptor homodimer, SIPAGE revealed 023
that the level of disulfide-linked dimer after membrane 3
isolation and storage was generally less than 10% of the total 0.1
receptor population. 3

Chemical Reactity and Sobent Exposure of Engineered T a0 abs 400 408 a0 41w
CysteinesTo map out secondary structural elements, patterns Cysteine Scanning Position

0; So.lvelnt eX{:')O'fure andTl:k)]l.Jrlal were analyzet?] usg.ﬁ a IGURE 2: Chemical reactivities of residues G388C through 1419C
chemical reaclivity assay. 1NiS assay assesses e abllily Oy, the signaling domain. The chemical reactivity of each cysteine-

a given cysteine to react with 5-iodoacetamido fluorescein containing receptor in isolate. coli membranes was measured
(5-1AF), a fluorescent, thiol-specific alkylating agent. The by incubating the sulfhydryl-specific probe 5-1AF for 5 min at 25
large size of this aqueous probe and its multivalent negative °C- Tv;o ;“C{l&?ts Weég then retmot\fd fﬁoqﬁhthetLeaCt'?n a?d one
: ; .« quenched with exceg$-mercaptoethanol. The other aliquot was
charge pre"er.‘t I fr;)mkenterlng the corehs of fglded protelnds. denatured with heat and SDS and allowed to react with the probe
Previous studies of a known structure have demonstrated &g, an additional 3 min before quenching. The ratio of receptor
strong correlation between the 5-IAF reactivity of a position labeling in the native sample to the denatured sample is defined as
and its solvent exposurd3). Additional control studies using  the chemical reactivity, with corrections made for variations in the

a neutral aqueous probe y|e|ded the same Corre|ation’amount of receptor. Positions with a reactivity of below 0.2,

N . I _ indicated by the lower dashed line, are classified as highly buried.
indicating that steric accessibility, rather than local electro Positions exhibiting a reactivity above 0.4, indicated by the upper

statics, is the primary determinant of chemical reactivAg) ( dashed line, are classified as solvent exposed.

In the present study, the reactivity assay began by
incubatingE. coli membrane containing a given cysteine- positions, V401C, R407C, A411C, A412C, 1415C, K416C,
containing receptor with the probe at 26 for 5 min, at L418C, and 1419C are classified as buried. The remaining
which time the reaction was split. Half of the sample was positions yielded intermediate reactivities and no attempt was
guenched with excegs-mercaptoethanol, while the other made to classify their solvent exposures. When the highly
half was denatured with SDS and heat (95) before exposed and buried residues were modeled on various
quenching. The latter step was designed to ensure that thesecondary structures, it was found that the best segregation
5-1AF-labeling reaction would continue after receptor un- of exposure and burial was provided by a 3.5 residue/turn
folding, thereby providing the maximal extent of labeling o-helix termeda8, ranging approximately from V401 to 1419
attainable for a solvent-exposed cysteine under the indicatedor beyond (see Discussion). This is the periodicity expected
reaction conditions. Reaction with the unfolded receptor for a helix in a coiled-coil or four helix bundle. Interestingly,
served as a positive control and yielded the maximal labeling positions G388C through G391C, which lie just N-terminal
for each engineered receptor. The resulting samples wereto the newly detected helia8, yield the highest peak of
resolved on SDSPAGE gels and the fluorescence of the chemical reactivity in the scanned region. A variety of
labeled receptor bands was quantitated via digital imaging. evidence suggests that this highly exposed region forms a
Following fluorescence quantitation, gels were stained with hairpin turn between the adjacem? ando8 helices (see
Coomassie and the receptor bands were digitized andDiscussion).
integrated, enabling correction of the raw fluorescence for Identification of Residues Critical for Receptor Function
variations in receptor amounts. The chemical reactivity ratio in Vivo. The effect of each cysteine substitution on receptor
is defined as the ratio of fluorescent labeling in the native function in vivo was determined by the chemotaxis swarm
state relative to that in the denatured state. This ratio canassay %2). In this assay, a strain that lacks the aspartate
vary from zero for a buried cysteine that is totally inacces- receptor is transformed with an engineered receptor to test
sible to the probe in the folded state, up to unity for an its ability to restore chemotaxis up aspartate gradients. The
exposed cysteine that is equally accessible in the native andassay detects only the most serious receptor defects, since
denatured states. In practice, experimental conditions werereceptor overexpression and the adaptation branch of the
chosen such that the most exposed positions yielded ratiogpathway can correct for subtle defect82( 23. Each
less than 0.8, thereby avoiding saturation of these positionsengineered receptor was expressed in strain RP8611, which
with label. lacks the aspartate receptor, but retains the adaptation

A subset of 10 engineered receptors, G388C, E389C, enzymes CheR and CheBlj. When the resulting cells were
G391C, R402C, N403C, S406C, A409, Q410C, K413C, and spotted on minimal media plates containing aspartate, the
E414C were found to be highly reactive, yielding reactivity cells generated an outward-moving halo as they metabolized
ratios above 0.4, as illustrated in Figure 2. It follows that the attractant and migrated up the resulting gradient. The
these positions are solvent exposed. Another subset of eightate of halo expansion is termed the swarm rate. By
positions was found to be highly protected from labeling in subtracting the swarm rates measured on plates containing
the folded state, yielding reactivities below 0.2. These and lacking aspartate, the aspartate-specific swarm rate could

0.6
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be calculated as a quantitative measure of receptor function g 3
in vivo.

Rat

2.5
The aspartate-specific swarm rate, shown in Figure 3A, g .

ranged from zero to a rate 2.5-fold higher than that observed 3§

for cells expressing the wild-type receptor. All the engineered gg 157

receptors were overexpressed at levels comparable to the'g g 1 -

overexpressed wild-type receptor; thus, those that failed to g% 05

restore swarming lacked function in vivo, while those that 55

did restore swarming were functional, or even superactive § 0

in certain cases. Cysteine substitutions were defined as< -0.5

inhibitory if they diminished the aspartate-specific swarm 390 395 400 405 410 M5 420

ratio by 2-fold or more. Altogether, 19 of the thirty-one 2.0

cysteine substitutions were found to inhibit receptor function
in vivo: G388C, G391C, R392C, F394C, A395C, V397C,
A398C, E400C, V401C, R402C, L404C, S406C, S408C,
A409C, A412C, K413C, 1415C, L418C, and 1419C. Interest-
ingly, the locations of these inhibitory substitutions fall on i [
both faces of the helix identified by solvent exposure patterns ! (i
(see Discussion), indicating that both faces are functionally ‘ A d !
important. In the region just N-terminal to the helix, the Gly Tooved- L VA LAY AN T
residues at positions 388 and 391 are both essential for LA A I I B B
receptor activity, consistent with the proposal that they are 390 395 400 405 410 415 420

—o— () Asp
—e— (+) Asp

—
(4]

Phosphorylation Rate
(Relative to WT)
o "y
3] =)

o
[=]

critical for the conformation of an interhelical hairpin turn. 1ec

Identification of Residues Critical for Receptor-Mediated
Kinase Regulation in VitroThe effect of each cysteine
substitution on receptor function was also measured in an
in vitro assay that directly monitors receptor-mediated kinase
regulation (4, 15. Receptors in isolated. colimembranes
were combined with soluble chemotaxis components to
reconstitute the receptor-kinase signaling complex, composed
of at least two molecules of receptor, two molecules of the
coupling protein CheW, and two molecules of the histidine
kinase CheA13, 59. Excess CheY was also present to serve
as the phosphoacceptor, and the formation of phospho-CheY _ o N _ _
was quantitated to follow the reaction time course. The assayFIGURE 3: Invivo and in vitro activity of the engineered cysteine-

o - . containing receptors. (A) To carry out the in vivo chemotactic
conditions ensured that virtually all of the kinase CheAwas g arm assay, each engineered receptor was expresseé ical

bound to receptor and that the rate-limiting step in the strain lacking the aspartate receptor and the ability of each receptor
phosphorylation cascade is the autophosphorylation of CheA.to restore chemotaxis up an aspartate gradient was quantitated. The
The wild-type receptor maintains the kinase in a highly active aspartate-specific swarm rate represents the difference between the
state in the absence of aspartate; however, the addition ofchémotactic swarm rates measured on minimal media plates

. . ontaining and lacking aspartate, respectively, with subsequent
aspartate to the receptor downregulates kinase activity at Ie""Sﬁormalization to the wild-type receptor. Receptors yielding rates

100-fold, to levels which are undetectablg( 15, 43. Each  pelow the dashed line (50% of wild-type) are classified as inhibitory.
receptor-kinase complex containing a given mutant receptor (B) To carry out the in vitro receptor-regulated kinase assay, each
was assayed for its ability to activate CheA, and to engineered receptor in isolat&d colimembranes was reconstituted

e . with purified CheA, CheW, and CheY. CheA autophosphorylation
downregulate CheA upon addition of saturating aspartate.and subsequent phospho-transfer to CheY was initiated by the

A subset of 13 of the 31 reduced cysteine-containing aqdition of F2PJATP and allowed to proceed for a fixed time before
receptors, shown in Figure 3B, failed to generate significant quenching. The level of product?P]phospho-CheY was then

kinase activation: G388C, E389C, G391C, R392C, G393C, quantitated and used to determine the rate of the slow step in the
A395C, A398C, E400C, V401C, R402C, S406C, S408C, and reaction sequence, namely the autophosphorylation of CheA. To

. . - S facilitate comparison, all rates were normalized to the rate observed
L418C. Like the cysteine substitutions found to be inhibitory for the wild-type receptor-kinase ternary complex in the absence

in vivo, these fall on both faces of the helix, further of aspartate. The fine and bold lines, respectively, connect data
supporting the notion that both faces of this helix are involved points obtained for the reduced receptor in the absence and presence

in critical contacts necessary for receptor function. Another of 1 mM aspartate. Cysteine substitutions which reduce kinase
subset of seven engineered receptors were found that werdctivation by the reduced apo receptor to a level below 10% of the

bl . he Ki iable levels. b wild-type rate, as indicated by the lower dashed line, are classified
able to activate the kinase to appreciable levels, but were ;¢ jnhinitory. Filled triangles denote lock-on cysteine positions

unable to downregulate the kinase in the presence ofwhere the cysteine substitution prevents full aspartate-induced
saturating aspartate concentrations: F394C, V397C, L404C kinase downregulation. (C) Same as panel B, except that each

A411C, A412C, 1415C, and 1419C. These seven cysteinesengineered receptor was oxidized to form an intersubunit disulfide
are defined as lock-on substitutions, because they trap the?®"d Prior to initiating the receptor-regulated kinase assay.
receptor in the kinase activating state, even in the presencdigand binding was excluded by in vitro methylation assays
of sufficient aspartate to saturate ligand binding. The (not shown), where each of the locked-on receptors yielded
possibility that the lock-on cysteine substitutions prevented an aspartate-induced increase in the methylation rate at the

Rate

ion
(Relative to WT)

Phosphorylat

N L e e R m e e
390 395 400 405 410 415 420
Cysteine Scanning Position
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same ligand concentration (1 mM aspartate) used in the To ascertain whether the 39894 disulfide cross-links
phosphorylation assay4$, 58. Significantly, while the two subunits within the dimer or rather forms during
cysteine substitutions that blocked kinase activation were collisions between dimers, a double-cysteine-containing
distributed on both surfaces of heti8, the lock-on cysteines  receptor was engineered containing F394C and N36C, since
were found only on its buried face (see Discussion). It the latter cysteine is known to form an intradimer cross-link
follows that the buried helix face is especially critical for (30). Upon oxidation, the double-cysteine-containing receptor
receptor downregulation. Interestingly, the highest density N36C/F394C initially forms three species of disulfide cross-
of deleterious cysteine substitutions occurs at positions-388 linked receptors, as visualized on SBBAGE. However,
395, the region which contains the proposetta8 inter- by the end of the standard 20 min oxidation, the two dimers
helical hairpin turn and is one of the most highly conserved representing the 3636 and 394-394 single disulfide
regions of the methyl-accepting taxis receptor superfamily species are fully converted to the third species with inter-
(10, 60. mediate mobility which represents the -386/394—394
Altogether, 11 of the 13 cysteine substitutions that double-disulfide dimer. It follows that the 39894 disulfide

constitutively inhibited receptor-mediated kinase activation forms betwegn the two ;ubunits in the homodimer. Since
in vitro were also found to be inhibitory in vivo. These 11 the 394 posm_on lies W'th.'n the 'prop(.)sed loop between the
substitutions slow the rate of CheA autophosphorylation, &/ @nda8 helices (see Discussion), it follows that the loop
thereby slowing phospho-transfer and the formation 01: must lie near the subunit interface of the dimer, at least in

phospho-CheY, which is needed to regulate the switch the kmgse—actwatmg ;tate. :
elements of the flagellar motoB1). At the other extreme, Probing Intrasubunit Contacts by Inroducing Targetted

six of the seven lock-on cysteine substitutions that consti- Cysteine PairsTo determine whether helicas? anda8

tutively activated the kinase in vitro were found to block formta dhellzlcalhhawi)ln,ta set of dosjble-cyst(?r)e mutgmﬁ \;ve:js t
receptor function in vivo, as expected. The exceptions to createc. tach mutant poSSessed one cysteine substiuted a

nese generates ncuded the E389C, G393C and AGt1C{E PSS ALLLE POSLEn o8, 0sie vt scend
substitutions, which prevented kinase activation or down-
regulation in vitro but were active in vivo, suggesting face of a7 (1363C, 1366C, A370C, T373C, A37/C, and

compensation by the adaptation system present in the ceIIulaﬁggohC;irlfizeggﬁ?z?;:%%8 ‘?r:(zr??{agﬁgaltg (t))r;e ac?sosfi%?é atz
setting. Interestingly, two of the nineteen substitutions that P iguration, po .
blocked receptor function in vivo were partially active in generate mterhell?( dISU!fIde pond; across ;he buried heﬁx
vitro, specifically A409C and K413C, suggesting that these helix mterfape using mild OX|d_at|on conditions to pr.oyu'je
subs'titutions may inhibit a receptor fu’nction other than CheA M°'® selective disulfide formation than the strong oxidizing

! . conditions utilized above4d, 57). The results reveal that a
regulation, such as receptor adaptation. Usually, however,

damaaed receptors were nonfunctional both in vivo and in mild, 1 min oxidation reaction generates detectable intra-
Vitro 9 P subunit disulfide formation for only two cysteine pairs:

A411C-A370C (30% completion) and A411€T373C

Probing Intersubunit Contacts by Disulfide ScanniBach  (209% completion). In both cases, the intrasubunit disulfide
single cysteine substitution introduces a pair of symmetric was detected by the mobility increase it generated on-SDS
cysteines into the receptor homodimer, enabling disulfide pAGE, which was reversed by reducing agent (se®3pf
formation under oxidizing conditions using Cu(ll)(1,10- |t follows, therefore, that helices7 anda8 are adjacent in
phenanthroling)to initiate the reactionss, 5. By oxidizing space such that the A411C/A370C and A411C/T373C
successive cysteine substitutions, a disulfide bond can becysteine pairs are in sufficient proximity to collide and form
effectively walked through the receptor. Strong oxidizing a disulfide bond, while the other cysteine pairs are more
conditions are used to drive disulfide formation toward distal. The simplest model is one in which heliags and
completion, followed by analysis of these cross-linked o8 are separated by a tight turn that enables them to form
receptor in the in vitro kinase assagj. Wild-type receptor,  an antiparallel helical hairpin, as well as the engineered
containing no cysteines, is unable to cross-link and is largely interhelix disulfide bonds A411€A370C and A411G
unaffected by the oxidant treatment. Under strong oxidizing T373C.
conditions, all the scanned cysteine positions yielded efficient  Protein Interactions by Cysteine Modification (PICM)
intersubunit disulfide formation exceeding 60% completion, critical docking or regulatory surface can be mapped out by
which reflects the extensive conformational dynamics of the modifying surface-exposed cysteines with a bulky probe, then
cytoplasmic domaing2). Most of these disulfide bonds trap  testing the effects of the modification on receptor activity
thermal collisions away from the active conformation. Only (45). Positions where probe attachment blocks receptor-
the 394-394 disulfide, which formed to a level exceeding mediated kinase activation without significantly perturbing
80%, also retained significant receptor-mediated kinase receptor structure are likely to lie within the docking face
activation in vitro as illustrated in Figure 30he F394C for the kinase CheA or the coupling protein CheW. Surface
substitution itself was found to lock the receptor in the cysteines V396C, G399C, N403C, A409C, Q410C, K413C,
kinase-activating state (see above), and this lock-on characteand E414C were chosen since all were solvent accessible,
is retained when the 394394 disulfide is formed. This all retained measurable kinase activation in the in vitro assay,
indicates that the locked-on receptor structure induced by and all were labeled to a stoichiometry exceeding 90% with
the cysteine substitution 39894 is preserved in the the probe 5-fluorescein maleimide (5-FM). Four of the seven
disulfide cross-linked form of the receptor, and that the two positions, N403C, Q410C, K413C, and E414C, could be
cysteines are proximal to one another in the receptor statemodified with the probe and still retain at least 50% of the
that activates the kinase. unmodified kinase activation observed in the unmodified
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] catalyzed methylation of the adaptation glutamates is highly
1.00 sensitive to perturbations of cytoplasmic domain structure
. (22, 69. Engineered receptors were assayed for their ability
i to be methylated in the modified and unmodified states. In
i all cases, the 5-FM modified receptors were methylated at
] levels comparable both to the unmodified receptor and to
1 the wild-type receptor, and each modified receptor also
. showed the characteristic 2-fold increase in methylation upon
] the addition of aspartatd$, 59. It follows that the inhibitory
0.95] effects of the 5-FM probe are due to localized perturbation
] of a kinase docking or regulatory surface rather than to long-
. range perturbations of cytoplasmic domain structure.

0.00

Kinase Activation by Labeled Receptor
(Relative to Unlabeled Receptor)

E g 8 ¢ 8 2 ¢ = DISCUSSION

Cysteine Scanning Positi . _— :
ysteine Scanning Fosftion The present cysteine- and disulfide-scanning study gener-

Ficure4: The protein interaction-by-cysteine-modification (PICM)  ates a low-resolution structural map of the signaling domain
assay. Solvent exposed positions in the scanned region wer

stoichiometrically labeled with 5-FM to observe the effect of this eby analyzing the solvent exposure of individual positions

bulky probe on receptor-mediated kinase activation in vitro. Each @nd by identifying pairs of positions that lie in close
engineered cysteine shown was reacted with probe or, as a controlproximity. The chemical reactivity of a cysteine residue
incubated with the solvent for the probe, DMF. The resulting scanned from position G388C through 1419C reveals a

fkT)Odified and(contlrol regeg@ors W398r;9 #ﬁed in tlrt]'e fectepto?cﬁum%d periodic pattern of highly reactive, exposed positions and
inase assay (see legend, Figure 3B). The resulting rates of phospho; ; ; P o ;
CheY formation observed in the absence of aspartate are given a unreactive puried positions beginning at approximately

a ratio of the rate observed for the modified receptors to the rateil‘lOlC and continuing through the last residue scanned,
for the same unmodified, control receptor. 1419C. Mapping these highly exposed and buried positions
on various secondary structure models reveals thatlaglix
state, as well as full kinase downregulation by aspartate with 3.5 residues/turn provides the best segregation of
binding as seen in Figure 4. By contrast, modification of exposed and buried positions on opposite structural faces.
the A409C residue yielded 70% inhibition, while modifica- This helix, termedas8, is illustrated in Figure 5A. The
tion of V396C or G399C vyielded at least 90% inhibition detected periodicity of 3.5 residues/turn is indicative of a
relative to the unmodified receptor. helix involved in a coiled-coil or four helix bundle interac-
These modification-induced losses of kinase activation tion. Further evidence supporting this secondary structure
could, in principle, arise from large changes in the structure assignment is provided by a sequence alignment for the
of the cytoplasmic domain. The in vitro methylation assay cytoplasmic domains of over 60 homologous taxis receptors,
was used to test this possibilit4g, 59. The rate of CheR-  which reveals a highly conserved heptad pattern inot@e

A Buried Face B Buried Face
1415 ']
S$408 oM S408
L418 V401 1419] emL4is  oEWVA0T [FE eo
A [A412] el=] A411] A [Aa120]
L404 A405 [ 111404 Ad40500
vV . N vV N
K416 <]
o Em “
oEr Razle

>/

Q410 ®[K4a13]
AAIT
Exposed Face

M Highly Buried Position
[ Highly Exposed Position
@/ Charged Residue

a8 K416 oo
oo R407, A409 o0
oo E414 RA02 om

ooN403 S406em
ooQ410 K413 eO
ooA417

Exposed Face

I | ock-on Cysteine Substitution
o/o Active In Vivo / In Vitro
o/m Inactive In Vivo / In Vitro

Ficure 5: Helical wheel model for positions G393 through 1419 of the signaling domain illustrating the chemical reactivities and activity
effects of each cysteine substitution. (A) Chemical reactivity data. White rectangles denote solvent-exposed positions with high chemical
reactivities, while black rectangles indicate buried positions yielding low chemical reactivities (see Figure 2). The buried face of the helix
is designated by the large open box and charged residues are Bptediivo and in vitro activity data. Black rectangles highlight lock-on
cysteine substitutions that prevent full aspartate-induced kinase downregulation in the in vitro kinase assay (see Figure 3B). Small open and
closed circles indicate cysteine substitutions found to retain activity or inhibit function in regpectively (see Figure 3A). Small open

and closed squares denote substitutions which retain activity or inhibit function in the in vitro kinase assay, respectively (see Figure 3B).
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region wherein the, d, andg positions of the heptad are
generally nonpolar while the remainirg c, e, andf are
often polar or chargedl(Q, 11). Thus, helixo8 appears to
be a conserved, strongly amphiphilic element within the
signaling domain.

A previous study defined another amphiphilic helix?,
spanning at least from S355 to R386. The present cysteine
scan reveals that positions G388C, E389C, and G391C,
located in the proposed linker between helical regiais
and a8, are highly exposed and yield the highest peak
chemical reactivity. Moreover, cysteine substitution at the
G388 and G391 positions fully destroy receptor function in
both the in vivo chemotactic swarm assay and the in vitro
receptor-regulated kinase assay, consistent with a model in
which these glycines allow a hairpin turn between tte
anda8 helices. Such a turn would explain the rapid interhelix
disulfide bond formation observed between specific pairs of
cysteines located on the buried faces@fanda8 (A411C-
A370C and A411&T373C). Together these data indicate
that thea7 and a8 helices form an intrasubunit helical
hairpin. This hairpin is conserved, as indicated by the strong
conservation of both helices and the two glycines in sequence
alignment. Moreover, an analysis of insertions or deletions <0

. . . <10%
(indels) of the aligned receptor superfamily sequences
revealed that indels in helig7 are matched by indels of  Ficure 6: Model of the signaling domain composed of helio&s

similar length ina8 (10, 11), providing additional support  andas8, indicating the results of the disulfide scanning and PICM
for the conserved hairpin structure. study @5). Cylinders represent experimentally defined helical

. . . regions, where the helix ends are not precisely determiigatb).
The buried surface area detected on helizgandas is Underlined cysteine positions connected by dashed lines were found

larger than expected, however, for helices involved in a to form disulfides rapidly under mild oxidizing conditions (A41C
simple coiled-coil helical hairpin wherein only the a and d A370C, A411G-T373C), or to retain kinase activation in the in

spokes of the heptad repeat are highly burid8, (60. vitro receptor-regulated kinase assay (A38A387C, F394C-

Instead, the present model proposes that the two symmetricd-394C). For the PICM study, open squares indicate cysteine

2108 hairbi f the di iate to f £ heli positions at which 5-FM attachment maintains at least 50% of the
a/los hairpins of the dimer associate o form a four NElIX  inage activation observed for the unlabeled receptor. The gray and

bundle. Evidence supporting this picture is provided by the pjack squares denote surface positions at which 5-FM labeling
intersubunit disulfide bonds A38#A387C (45 and inhibits kinase activation 70% or at least 90%, respectively.

F394C-F394C which retain kinase regulation or constitu-
tively activate the kinase, respectively. These intradimer
disulfides both lie within the proposed hairpin turn between
helicesa.7 anda8, indicating that the turn lies at or near the
subunit interface in the functional conformations of the
receptor. Both disulfides have been shown to form between
subunits in the same dimer by pairing them with the N36C

Sesanes

TEEEIR ARSI eI
E s b g oia

53
1

B :>50%  Activity
B3 25-30% Activity

Activity

helix a8, by contrast, is composed of exclusively polar and
charged residues with only two exceptions: A409 and A417.
The five charged residues, R402, R407, K413, E414, and
K416 all fall on this exposed face of the helix, or at the
interface between the exposed and buried regions where a
N36C intradimer disulfide 80, 56, 63. Together, these long side chain could enable the terminal charge to reach
results suggest a working model in which heliegg and  the solvent.
a8, along with their symmetric counterpaotg’ anda8' from Many cysteine substitutions in the region scanned yielded
the other subunit, pack together in a four helix bundle that diminished receptor activity both in vivo and in vitro as
accounts for the large buried faces on the component helicespreviously observed in a cysteine scan of the N-terminal helix
Only three buried positions within the scanned region of in the signaling domairdg). In helix a8, 58% of the cysteine
the proposed helical bundle exhibit highly conserved polar substitutions were inhibitory in vivo and 26% inhibited
side chains. Specifically, S356 located on an a spoke of helix receptor-mediated kinase regulation in vitro, as illustrated
o7 is found to be serine or threonine in 64% of the aligned in Figure 5B. Buried positions on helx8 were especially
sequences, while T373 a d position is threonine or serine  sensitive to perturbation as indicated by their high percentage
in 100% of the sequences, and S408a0d spoke of helix  of inhibitory positions, 78% in vivo and 33% in vitro. The
o8 is serine or threonine in 89% of the family members. exposed face was also susceptible, although to a lesser degree
Studies of other helixhelix interactions have shown that where 40% of cysteine substitutions at exposed positions
buried polar residues can stabilize a specific register or were found to be inhibitory in vivo and 26% were inhibitory
orientation of packed helices, suggesting that these conservedn vitro. The sensitivity of receptor function to helix8
polar side chains help define the architecture of the four helix surface substitutions is in sharp contrast to the heb.6
bundle 65, 69. The exposed face of heli®7 has been  region where surface cysteine substitutions inhibited receptor
shown to be composed of both polar and nonpolar residues,function in vivo and in vitro at a frequency of only 6% and
where the latter are proposed to assist CheA and/or CheW11%, respectively43, 44. Instead, the results far8 were
docking @5). The exposed face of the scanned region of more similar to those obtained for heli’ of the signaling
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domain, where surface cysteine substitutions diminished 10.

receptor function in vivo and in vitro at a frequency of 58
and 50%, respectivelylb). Together, these results suggest
that the buried face of helicas7 and a8 are critical for
receptor function and that the exposed faces are important
as well.

The buried face of helix8 is especially critical for kinase
downregulation as indicated by fact that all five lock-on
cysteine substitutions localize to this face. Similarly, all of
the lock-on cysteines observed in heiiX are located on
its buried face 45). Given that these helices associate in a
four helix bundle, the buried core of the bundle is proposed
to control kinase downregulation.

The recently developed PICM method has been used
previously to map out positions on heti? that interact with
the kinase CheA and/or the coupling protein CheX8)(
Here the method implicated three positions in CheA/CheW
docking or regulation since attachment of a bulky probe at
these surface cysteine locations significantly inhibits kinase
activation (S396C, A399C and A409C) as seen in the model
presented in Figure 6. The diminished activity of these
modified receptors is due to localized effects since probe
attachment did not perturb the methylation rates of the
adaptive glutamates in the in vitro CheR methyltransferase
assay. Interestingly, the two positions at which probe
attachment most strongly inhibited kinase activation, S396C
and A399C, lie in or near the7-a8 loop while the third
position, A409C, lies nearby on the N-terminal region of
helix a8. Together, these results suggest that the kinase
interaction surface comprises the C-terminal end of reefix
the loop between helicea7 and a8, and perhaps the
N-terminus of thex8 helix. The detection of this well-defined
surface supports the hypothesis that the signaling domain is
an independent folding unit responsible for binding CheA
and CheW 49), thereby playing a central role in kinase
regulation. More generally, the conserved nature of helices
o7 and a8, as well as the hairpin turn between them,
indicates that the signaling domain exhibits a similar fold
and function in all members of the taxis receptor superfamily.
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