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ABSTRACT:. The manner by which the bacterial chemotaxis system responds to a wide range of attractant
concentrations remains incompletely understood. In principle, positive cooperativity between chemotaxis
receptors could explain the ability of bacteria to respond to extremely low attractant concentrations. By
utilizing an in vitro receptor-coupled kinase assay, the attractant-dependent response curve has been
measured for the&Salmonella typhimuriunaspartate chemoreceptor. The attractant chosemgthyl
aspartate, was originally used to quantitate high receptor sensitivity at low attractant concentrations by
Segall, Block, and Berg [(198@roc. Natl. Acad. Sci. U.S.A. 88987-8991]. The attractant response

curve exhibits limited positive cooperativity, yielding a Hill coefficient of £2.4, and this Hill coefficient

is relatively independent of both the receptor modification state and the mole ratio of CheA to receptor.
These results disfavor models in which there are strong cooperative interactions between large numbers
of receptor dimers in an extensive receptor array. Instead, the results are consistent with cooperative
interactions between a small number of coupled receptor dimers. Because the in vitro receptor-coupled
kinase assay utilizes higher than native receptor densities arising from overexpression, the observed positive
cooperativity may overestimate that present in native receptor populations. Such positive cooperativity
between dimers is fully compatible with the negative cooperativity previously observed between the two
symmetric ligand binding sites within a single dimer. The attractant affinity of the aspartate receptor is
found to depend on the modification state of its covalent adaptation sites. Increasing the the level of
modification decreases the apparent attractant affinity at least 10-fold in the in vitro receptor-coupled
kinase assay. This observation helps explain the ability of the chemotaxis pathway to respond to a broad
range of attractant concentrations in vivo.

The chemotatic response to the chemoattractant aspartateeceptor 81, 32). This signaling complex consists of the
in Escherichia coli Salmonella typhimuriumand related receptor cytoplasmic domain, the histidine kinase CheA, the
bacteria is initiated by the aspartate receptor. The aspartateaspartate kinase CheY, and other pathway components. The
receptor is a member of a family of methyl-accepting taxis aporeceptor stimulates the CheA kinase autophosphorylation
receptors that share a high degree of sequence homology irrate, while attractant ligand binding downregulates this rate
their cytoplasmic domains and are able to mediate chemo-,approximately 100-fold33, 34). The aspartate kinase CheY
thermo-, osmo-, photo-, and pH-taxis in many prokaryotic binds to CheA where it catalyzes the transfer of phosphate
organisms 1—12). This taxis receptor family belongs to a from the active site histidine of CheA to a specific aspartate
large receptor superfamily that regulates two-componentin the active site of CheY35, 36). The resulting PCheY
pathways in both prokaryotes and eukaryote3; (4). then dissociates from the signaling complex and diffuses to

The aspartate receptor is a stable homodimer of two 60 the flagellar motor where it docks and alters the swimming
kDa subunits that binds the attractant aspartate in theactivity of the cell 87). The cytoplasmic domain of the
periplasm and propagates a signal across the lipid bilayer,yeceptor also possesses four covalent adaptation sites that
thereby regulating a cytoplasmic phosphorylation pathway serve to modulate receptor-coupled kinase actiag; 89).
that controls the swimming state of the flagellar motor. These glutamate side chains at positions 295, 302, 309, and
Considerable information has been obtained regarding the4g91 can pe methylated by the methyltransferase enzyme
structure of the receptor and the mechanism of transmem-cheR and demethylated by the methylesterase CheB, which
brane signalingX5—30). Moreover, it has been shown that i 5ctivated by phosphotransfer from Che40,(41). The

the cheptor slervfes aséj ghehstructuratl)l frafmr(]awork flor the relative rates of receptor methylation and demethylation
signaling complex formed by the assembly of the cytoplasmic o, (o0 determine the steady-state level of receptor modi-

pathway components upon the cytoplasmic domain of the ieation 42). In the wild-type receptor, positions 295 and
* Support provided by NIH Grant GM R01-40731 (to J.J.F.). 309 begin as GlIn side chains, which are rapidly deamidated

* Corresponding author. Telephone: (303) 492-3503. Fax: (303) Py CheB in vivo to yield Glu side chains that can be
492-5894. E-mail: falke@colorado.edu. methylated by CheR4Q).
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Although the chemotaxis pathway is well-characterized strong dependence of attractant modulation on modification
on a structural level44—53), fundamental questions remain  state has important implications for the dynamic range of
about the mechanism of signaling through the pathway. The chemosensing.
pathway is able to sense attractant concentrations spanning
more than 5 orders of magnitude and thus exhibits an MATERIALS AND METHODS
impressive dynamic rang&4). At low attractant concentra-
tions, the chemotaxis system is extremely sensitive and ca

respond to just a few molecules of attract&g)(Itis unclear  ocentor under control of its native promoter, have been

how a few molegules _of attractant couldlregulate the entire previously describec2@), as have the plasmids and strains
receptor population since previous studies have concludedused to produce purified CheA, CheW, CheY, and CheR

that the receptor is an _ind_epen_dent dir_ne_r in WhiCh the two (19). The strain used for receptor expression and character-
symmetric aspartate binding sites exhibit negative COOPer- i, ation in in vitro studies was RP380RA(cheA-cheZ)-

ativity, or half-of-sites binding15, 56—58). One hypothesis DE2209 tsr-1 leuB6 his-4 eda-50 rpsL136 [thiA(gal-

is that the dimers are clustered in positively cooperative att)DE99 ara-14 lacY1 mti-1 xyl-5 tonA31 tsx-78]/niks/
arrays, wherein the binding of the attractant to a single dimer g4 of in vivo receptor function were carried out in strain
can downregulate the kinase activities of many nearby dimersRP%11 AtsrDE7028A (tar-tap)DE5201 zbd:: Tn&(trg)-
(59-61). Alternatively, cooperative interactions could occur DE100 leuB6 his-4 rpsL136 [thi-1 ara-14 Iac.Yl mtl-1 xyl-5
either at a later step in the chemotaxis pathway or at 2tonA31 tsx-78] CP362f G. Hazelbauer via F. Dahlquist].
combination of steps in a multiplicative manner to produce Both strains ofE. coli were provided by J. S. Parkinson

the observgd s_ensitivi_tﬁ()). ) (University of Utah, Salt Lake City, UT)73). The enzyme
Cooperative interactions between the chemotaxis receptorsy pstrate J-2P]ATP (6000 Ci/mmol) was obtained from
themselves are plausible since they have been observed tq g Mutagenic oligos and sequencing primers were

cluster together with other components of the temary gy nihesized by Gibco-BRL. Kunkel mutagenesis reagents (T7
signaling complex at the poles &. coli pells (62). There DNA polymerase, T4 DNA ligase, and deoxynucleotide
are also reports of receptor cytoplasmic domain fragmentsishosphates) were purchased from Bio-Rad. The reagent
associating to form higher-order oligomers in vit68(64). ,_methylp, -aspartate (greater than 99% purity and contain-
In the. crystal structure of the serine receptor cytoplasmlc ing no detectable aspartic acid as assayed by thin-layer
domain, the dimeric domain forms a trimer of dimers, chromatography) was purchased from Sigma. All other

although it is unclear whether this interaction occurs in the \otarials were reagent grade and were purchased from
full-length membrane-bound receptor when assembled into .o mercial suppliers.

the signaling_ comple>_<1(6). There is ev_idence that _clusterir_lg Creation of Receptors Containing Modified Adaptation
of receptors is essential for the adaptive methylation of minor Sites.Receptors with modified adaptation sites were gener-

receptors WhiCh are present in low copy r_1un.1ber.and lack ated by oligonucleotide-directed site specific mutagenesis of
the adaptation enzyme (CheR and CheB) binding site presenty plasmid pSCF6 according to the method of Kunkel et

on the aspartate and 'serine rec_eptots, (69, 65-70). al. (74) with modifications as previously describezBj. All
Moreover, a mathematical model invoking receptor c00p- 1, yations were confirmed by dideoxy plasmid DNA se-
erativity among many neighboring receptors in large receptorquencing using a PCR method and Sequitherm DNA
arrays has been proposed to explain the sensitivity of the polymerase (Epicenter).

chemoltactic responsel, 71). Fin_ally, higher-order receptor Purification of Membranes Containing the Aspartate
clustering has been suggested in other receptor systems Sucﬁeceptor.Mutant and wild-type aspartate receptors were
as tyrosine kinase-linked receptors, indicating that clustering expressed by the pSCF6 plasmidtn coli strain RP3808
may be a shared feature of receptor.5|gnal|ng systa@s ( and isolated in native membrane vesicles by previously

: L . %ublished methodsl, 75). The resulting engineered recep-
receptor-coupled kinase activation responds o varying o containing membranes were resuspended in buffer con-
concentrations of attractant in a cooperative manner, as WOUIdtaining 20 mM sodium phosphate (pH 7.0) with NaOH, 10%
be expected if receptor dimers are clustered together inv/v glycerol, 0.1 mM EDTAL and 0.5 mM PMSF, then erap-
positively cooperative arrays. The approach utilizes the ¢ Ii(iuid nitrogen, a'nd stored at80 °C. '

rgconstituted recepterkinqse signa!ing complex in an in Membrane samples were assayed for total protein by BCA
vitro assay for attractant—trlggered kmage reQ“"”‘.‘@‘w- assay (6) and calibrated against bovine serum albumin
The results reveal the existence of limited positively coop- standards (Pierce). After development of the BCA reaction

erative in_teractions ir! the receptor-coupled kinase response,, ihe presence of 0.1% SDS, absorbance measurements were
butthe high cooperativity expected for large arrays of tightly carried out using a microplate reader (Molecular Devices)

coupled receptors is not detected. The observed Iimited(77)_ Protein purity was determined by quantitating the

pozltlvrtletrc%ogergtlr\;lkt]y rlri ornly V)\(’e?nlﬁlg gerp:er;drent otn rChvsi"?h relative total intensities of the receptor and nonreceptor bands
gﬁ‘f Cre nt chz);\ .tat:i)n gite ?n?)aﬁicaa\tioni :)evgalsegﬁlp %?N ak on a Coomassie-stained 10% Laemmii lyacrylamide
ere P y e gel (acrylamide:bisacrylamide ratio of 40:0.2) using a digital

dependence of cooperativity on the receptor modification ; .
. mera (Alpha Inn . Typically, membrane preparation
state, while the attractant affinity is more strongly dependent camera (Alpha Innotec). Typically, membrane preparations

on the modification state. Together, these results suggest that

o R _ ; ; 1 Abbreviations: SDS, sodium dodecyl sulfate; WT, wild type;
positive cooperativity in the receptor-coupled kinase reaction PMSF, phenylmethanesulfonyl fluoride; EDTA, ethylenediaminetet-

accounts for only part of the chemosensory sensitivity raacetateko, dissociation constant-methyl aspartatey-methylp, .-
observed at low attractant concentrations. However, the aspartate.

Materials. The plasmid pSCF6 and its mutated variants,
"Wwhich were used to express tise typhimuriumaspartate
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from a 500 mL culture resulted in 5 mg of total membrane  Data AnalysisAll attractant titrations of receptor-coupled

protein, of which the aspartate receptor comprised betweenkinase activity with varying concentrations of attractant were

5% and 10%. best fit by equations for two binding models. The first
In Vivo Activity AssaysChemotaxis swarm assays were equation tested was for a single, independent-site model

performed inE. coli strain RP8611 as previously described

(18, 78). Controls using an empty vector without the receptor [A]

or a vector carrying the wild-type receptor (pSCF6) were R=M|1- (m)] +m (1)

performed to determine the relative swarm rates of recep- b

torless cells and ce_lls possessing the native receptor. SW"?lrmwhereR is the normalized receptor-regulated CheA kinase
rates were determined on minimal media agar plates with

i . rate,M is the maximal ratenis the background CheA kinase
or without 100uM aspartate. Aspartate was used in these : > .
) rate at saturating attractant concentration, [A] is the attractant
assays rather thaa-methyl aspartate, as this aspartate

analogue is nonmetabolizable and thus does not yield a Self_concentration, andy is the apparent dissociation constant
9 . X y .. for attractant binding to the receptekinase complex. The
generated attractant concentration gradient. Aspartate-specific

. Second equation that was tested was the Hill equation for a
swarm rates of wild-type or mutant receptors were deter- cooperative system of multiple sites:
mined by subtracting the-)-aspartate swarm rate from the '
(+)-aspartate swarm rate to correct for pseudotas@ @nd
the resulting rates were then normalized to the wild-type rate R=
for comparison. All cells containing mutant receptors ex-
hibited swarm rates essentially equivalent to that of the wild-
type receptor. This demonstrates that all adaptation site
mutants were able to be effectively deamidated by the CheB
enzyme present in strain 8611, thus restoring native receptory

signaling characteristics (data not shown). which employs a LevenbergMarquardt algorithim to de-
In Vitro Activity Assays.The chemotaxis proteins CheA,  (ormine the best fit. Indicated error ranges represent the
CheW, CheY, and CheR were overexpressed, produced in

E. coli, and isolated as previously describelB)( The in standard deviation of the mean where 3.

vitro receptor-coupled kinase assay was performed essentiallyRESULTS

as described with the following modification$g; 33, 34).

Unless otherwise specified, receptor-containing membranes In Vitro Assay for Receptor-Coupled Kinase Aitti. To
were combined with purified chemotaxis components to yield determine the effect of attractant on aspartate receptor activity
the final monomeric concentrations of 2V aspartate in the signaling complex, a receptor-coupled kinase assay
receptor, 2uM CheW, 0.5uM CheA, and 10uM CheY. was utilized to provide a sensitive and reproducible measure
The mixtures were preincubated either in the presence or inof receptor-mediated kinase regulati@8,(33, 34). To carry

the absence adi-methyl aspartate at room temperature (22 out this assay, isolated. coli membranes containing
°C) for 45 min to allow formation of the receptor signaling overexpressed wild-type or mutant aspartate receptor were
complex. This incubation time was sufficient to provide combined with purified CheW coupling protein, purified
maximal kinase activity for each receptor that was tested CheA histidine kinase, and purified CheY aspartate kinase.
(data not shown). The receptor-coupled kinase reaction wasThe components were then incubated for 45 min, which
initiated by the addition of 100M [y-3?P]ATP to areaction  allowed the assembly reaction to reach completion in all
mixture containing membrane-bound receptor, CheW, CheA, mutant and wild-type samples; thep-f?P]JATP was added
and CheY in 50 mM Tris (pH 7.5) with HCI, 50 mM KCI, to start the kinase reaction, and the formation &Paexcess
and 5 mM MgC}. After 10 s, the reaction was quenched of CheY ensured that (i) receptor-regulated CheA autophos-
with 2x Laemmli sample buffer supplemented with 25 mM phorylation was the rate-limiting step in the phosphotransfer
EDTA to prevent further phosphorylation and dephospho- reaction that forms3fP]R-CheY and (ii) the sampled time
rylation reactions&0). The production of-32P]CheY was points were in the initial linear range of?P]R-CheY
found to be linear with time for at least 20 s for standard formation for all reactions.

reaction mixtures containing either the wild-type (QEQE)  The attractant that was utilized was the aspartate analogue
or the fully modified (QQQQ) receptor (data not shown), a-methyl aspartate, which has previously been shown to
indicating that the measured 10 s time points sampled thesignal through the aspartate recep®t)( This same attrac-
initial linear rate of even the fastest receptor-coupled kinase tant was utilized in the original experiments that detected
reactions. The initial stoichiometries of the components have the high sensitivity of the chemotaxis pathway at low
also been shown to yield receptor-regulated CheA autophos-attractant concentration§5). Thus, if receptor cooperativity
phorylation as the rate-determining step in the phosphotrans-is responsible for sensitivity, it should be possible to detect
fer reaction. J?P]P-CheY, resulting from rapid phospho- this cooperativity utilizingx-methyl aspartate as a regulatory
transfer from $2P]P-CheA, was resolved on a 15% Laemmli  ligand. Moreover, the apparent dissociation constant for the
SDS—-polyacrylamide gel (acrylamide:bisacrylamide ratio of binding of a-methyl aspartate to the aspartate recepter (
40:1.25) containing 22% urea. Gels were dried immediately ~ 20 uM; see below) is significantly higher than that of
following electrophoresis, and the relative initial rate of the aspartatep ~ 1 uM) (58). As a resulto-methyl aspartate
phosphotransfer reaction was determined by quantitation of provides higher-quality titration curves than aspartate in the
[®?P]P-CheY production between 0 and 10 s in each reaction receptor-coupled kinase assay where the receptor concentra-
by phosphoimaging (Molecular Dynamics). tion is in the low micromolar range.

[A]"
Ko +[Al"

(2)

whereH is the Hill coefficient.
Titration curves were plotted and fit using KaleidaGraph
.0 software for Macintosh (Synergy Software, Reading, PA)
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Ficure 1: Effect of the chemoattractantmethylp,L-aspartate on
the activity of the wild-type aspartate receptor in the in vitro
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Table 1: Effect of CheA Concentration on the Attractant
Dependence of Receptor-Coupled Kinase Activity

CheA:receptor attractant appareip

mole ratio (uM) Hill coefficient
0.0625:1 22+ 2 2.0+0.2
0.125:1 26+ 2 24+0.2
0.25:1 23+ 4 18+0.1
11 16+ 5 2.0+£0.3

a ApparentKp values and Hill coefficients determined by titrating
the attractanti-methyl p,L.-aspartate into the receptor-coupled kinase
assay as indicated in Figure 1 and Materials and Methods. The CheA:
receptor mole ratio is defined as the ratio of total dimer concentrations
for the two proteins.

investigated, little or no change was observed in the apparent
Kp and Hill coefficient fora-methyl aspartate regulation of
CheA kinase activity. Thus, the observed positive cooper-
ativity between receptors was relatively constant as the CheA

receptor-coupled phosphorylation assay. The relative CheA kinaseconcentration rose from unsaturating to saturating levels.

activity was determined at different attractant concentrations, and

the resulting data were fit by a multisite Hill model (bold line) and
a single-site model (fine line). The best-fit Hill analysis yielded an
apparent dissociation constakp of 23 +£ 4 uM and a Hill
coefficientH of 1.8+ 0.1. Error bars were determined by averaging
six or more independent experiments carried out &t2ZReactant
and buffer concentrations were«M receptor dimer, 0.xM CheA
monomer, 2«M CheW, 10uM CheY, 100uM ATP, 5 mM MgCl,

50 mM KCI, and 50 mM Tris (pH 7.5) with HCI.

Effect of the Receptor Modification State on Attractant
Affinity and Receptor Cooperatty. To investigate the effect
of the receptor modification state on the attractant depen-
dence of receptor-coupled kinase activity, the four adaptation
sites of the aspartate receptor were mutated from their wild-
type state (QEQE) to give amidation states ranging from fully
unmodified (EEEE) to fully amidated (QQQQ). The resulting
mutants were all functional and able to mediate wild-type

Attractant Concentration Dependence of Receptor-Coupled chemotaxis in the in vivo swarm assay (see Materials and

Kinase Actiity. To quantitate the ligand binding affinity and
cooperativity associated with-methyl aspartate-triggered

Methods) as expected, since CheB rapidly deamidates
glutamine at the adaptation sites and thereby ensures that

kinase regulation, the receptor-coupled kinase assay waghe mutantand wild-type receptors will be equivalent in vivo

utilized to determine relative initial rates of€heY forma-

(43). When the receptors are not exposed to CheB, however,

tion at different concentrations of this attractant. The resulting the amidation of the adaptation site glutamates is stable and
plot of CheA activity versus attractant concentration is closely mimics the regulatory effects of the native methyl
displayed in Figure 1 for the wild-type aspartate receptor. esterification triggered by CheR2—84). Membranes con-
Two models were employed to fit the data, a single-site taining the modified receptors were isolated from a bacterial

binding model (fine line) and a multisite Hill model (bold
line). The Hill model provided a significantly better fit than

strain (RP3808) lacking the modification enzymes CheR and
CheB, thus yielding a homogeneous population of modified

the single-site model. The apparent dissociation constant andeceptors. Figure 2 shows that the level of receptor-coupled

Hill coefficient of the best-fit Hill model were 2% 4 uM

kinase activity detected in the in vitro assay increased with

and 1.8+ 0.1, respectively. Notably, the observation that an increasing level of amidation of the adaptation sites, and

the Hill coefficient is significantly larger than unity indicates
that the attractant-triggered regulation of the recepkamase

that 5 mM a-methyl aspartate inhibited kinase activity to
levels near those observed in the absence of receptor. These

complex involves positive cooperativity between interacting results are in agreement with the increasing kinase activity

receptors.

previously observed when the adaptation sites oBheoli

CheA Concentration Dependence of Limited Receptor aspartate receptor were methylatéd, (82).

Cooperatiity. It has been observed that the dimeric CheA

The attractant dependence of receptor-coupled kinase

molecule helps to stabilize patches of receptor observed atactivity was determined using the in vitro assay for each

the poles ofE. coli cells and may help mediate interactions
between receptor dimer§g, 62). To test whether the newly
detected receptemreceptor cooperativity is sensitive to CheA

modification state as shown in Figure 3, with the exception
of EEEE which yielded too little kinase activity for accurate
characterization. Each modification state yieldedwamethyl

concentration, the mole ratio of CheA to wild-type receptor aspartate dependence that was well-approximated by the
was varied in the receptor-coupled kinase assay. While themultisite Hill model, while the single-site model was
concentrations of receptor and other components were heldinadequate. The resulting best-fit appan€ptvalues and Hill
constant, the CheA concentration was varied over a 16-fold coefficients are summarized in Table 2. The apparant
range to yield CheA to receptor monomer ratios from for a-methyl aspartate increased 10-fold as the modification
0.0625:1to 1:1. As the CheA to receptor mole ratio increased state of the receptor increased from QEEE to QQQQ, while

from 0.0625:1 to 0.25:1, the rate of-€heY production

the Hill coefficient increased only 1.5-fold over the same

increased proportionally, but further increases in the CheA range. Overall, the results confirm that the 10-fold effect of
concentration had no effect, indicating that the receptor adaptation site modification on aspartate affinity previously
complex was saturated with CheA (data not shown). Table observed in direct binding experiments is maintained in the
1 shows that throughout the range of mole ratios that were attractant-mediated kinase regulation of the recegtorase
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Table 2: Effect of Adaptation Site Modification on the Attractant
Dependence of Receptor-Coupled Kinase Activity

i receptor attractant appareit,
modification state (uM) Hill coefficient
2 { QEEE 9+1 1.7+01
QEQE (WT) 23+ 4 1.8+ 0.1
! QQQQ 97+ 4 2.24+0.2

a ApparentKp values and Hill coefficients determined by titrating
the attractant--methyl p,L-aspartate into the receptor-coupled kinase
assay as indicated in Figure 3 and Materials and Methods.

-
T

Relative CheA Kinase Activity

cooperative interactions between receptors in the assembled,
membrane-bound signaling complex. The attractant concen-
) EEEE  QEEE QEQE _ QQQQ tration dependence could not be modeled as simple binding
LT to a single site; rather, a cooperative multisite Hill model
Receptor Modification State was required. The observed Hill coefficient ranged from 1.7
Ficure 2: Effect of adaptation site modification on maximum CheA 4 2.4, indicating a moderate level of positive receptor

kinase activity. For each reconstituted receptinase complex t tivity. Such tivity is significantl
possessing adaptation sites that were modified by amidation asf€ceptor cooperalivity. such cooperativity 1S signincantly

indicated, the CheA kinase activity was measured in the receptor- Smaller than the cooperativity exhibited by the four tightly
coupled kinase assay and normalized to that for the wild-type coupled Q binding sites of hemoglobin, for which the Hill

complex measured in parallel. Filled bars indicate the activity in cgefficient is approximately 386). It follows that the

the presence of 5 mM-methylp,L-aspartate, and open bars indicate - Lo . .
the kinase activity in the absence of attractant. Also shown is the pbserved positive coaperativity is consistent with local

CheA kinase activity observed for membranes lacking aspartate interactions between a few nearby receptor dimers, but
receptor. Experimental conditions were as described in the Figuredisfavors strong, long-range interactions between large

1 legend. numbers of receptors in an extensive, tightly coupled array.
Such results rule out models in which attractant binding to

a single receptor downregulates the kinase activity associated
1% with dozens of receptor$y, 71), where the Hill coefficient
. - should approach 20 or more. While it could be argued that
£ o8 greater cooperativity between receptors could occur in vivo,
5 in our studies we used overproduced receptors present at up
: 06| to 50-fold higher densities than in wild-type membranes.
@ Moreover, higher concentrations of cluster-promoting CheA
-& 0.4l were not observed to increase cooperativity. Thus, the
< observed level of positive cooperativity likely represents an
5 o2l upper limit on that present in the native chemotaxis pathway.
Together, the results suggest that the receptor unit which
ol regulates kinase activity consists of only one or a few
' ' receptor dimers.

1 a2t gaanal a1 sl i
107 10°® 108 1074 107

[o-methyl-D,L-aspartate], __ (M) Following submission of this paper, an independent study

appeared describing cooperative interactions in the closely
Ficure 3: Effect ofa-methylp,L-aspartate on the receptor-coupled related serine recepto8). Comparison of the results for
kinase activation of the QEEE, QEQE (wild-type), and QQQQ the aspartate and serine receptors reveals qualitative agree-

receptors. For each indicated receptor, CheA kinase activity was . . A A
measured in the receptor-coupled kinase assay at difiererethyl ment; as in the aspartate receptor, positive cooperativity is

p,L-aspartate concentrations, and the resulting data were best fitobserved when the serine receptor is titrated with its ligand
by a multisite Hill model. The maximal activity was normalized to  in the in vitro receptor-coupled kinase assay. The cooper-
unity for ease of comparison. Best-fit appar&atvalues and Hill ativity observed in the serine receptor system is, however,

coefficients are summarized in Table 2. Each point is the average .. . .. : R : _ :
of three determinations, and for simplicity, error bars (typically less significantly higher, yielding a Hill coefficient ranging from

than 20% of the signal) were omitted. Experimental conditions were 2 t0 12 depending on the trial and the methylation state of
as described in the Figure 1 legend. the receptor. These results suggest that the intrinsic positive

cooperativity of the serine receptor may be higher than that
complex B2). In contrast, adaptation site modification has of the aspartate receptor. Alternatively, the greater positive
a significantly smaller effect on positive cooperativity cooperativity observed in the serine receptor system could
between receptors in the receptor-coupled kinase assay. stem from the fact that the receptor overexpression level is

2—5-fold greater than that utilized in the aspartate receptor
DISCUSSION system, yielding serine receptor densities that are more than

The study presented here uses the in vitro receptor-coupledLO0-fold higher than the native value. Thus, the Hill

kinase assay to quantitate the attractant dependence otoefficient and positive cooperativity of the native receptor
aspartate receptor-regulated kinase activity in the chemosenpopulation could be significantly lower than those of the
sory signaling complex. Plots of receptor-coupled kinase overexpressed receptor population used in the in vitro
activity versus attractant concentration provide evidence for receptor-coupled kinase assay.
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for the observed receptoreceptor cooperativity 16).
However, crystallographic and NMR studies have provided
no evidence of dimerdimer interactions in the isolated
periplasmic domain1{, 56). Thus, the physiological rel-
evance of the trimer of dimers is not yet established. (iv)
Finally, the observed positive cooperativity could arise from
interactions between nearest-neighbor dimers in larger
clusters of receptors. The results presented here cannot
distinguish between these four possibilities, but do disfavor
tight coupling between large numbers of receptors. In models
ii—iv, the observed positive cooperativity between dimers
is superimposed on the negative cooperativity existing
between the symmetric pair of ligand binding sites within a
single dimer {5, 56—58).

Notably, only minor changes in cooperativity were ob-
served when the modification state of the receptor adaptation
sites was increased from QEEE to QQQQ. However, the
apparenKp, for attractant binding to the receptor increased
10-fold as the modification level increased, indicating that
the affinity of attractant for the receptekinase complex
decreases with modification (this work; see also Bfand
83). These observations help explain the sensitivity and
dynamic range of the chemotaxis pathway. At low back-
ground concentrations, the limited positive cooperativity of
the receptorkinase complex will help the pathway respond
to small changes in the attractant. As the background level
of attractant increases, the modification state of the receptor
is increased by methylation of the adaptation sites, which in
turn lowers the attractant affinity and adjusts the pathway
to the higher attractant background. In a two-state receptor
model where there is conformational coupling between
attractant binding and kinase activity, the receptor “off” state
is favored by attractant binding and the receptor “on” state
is favored by attractant removal. Modification of the adaptive
sites stabilizes the receptor “on” state and should decrease
FiGURE 4. Possible causes of the observed limited cooperativity attractant affinity, as observed. Thus, the observed variation
between receptors in the reconstituted signaling complex. The ovalsOf Kp with the receptor modification state is consistent with
represent individual receptor subunits. The circles represent CheAa two-state receptor signaling model where the on state

histidine kinase subunits. Homodimeric taxis receptor pairs are gctivates CheA kinase activity and the off state inhibits the
differentiated by shading. (a) Positive cooperativity between the ..

two subunits of a receptor dimer generated by incorporation into .
the signaling complex. (b) Positive cooperativity between receptor 1 N€ parallel study of the serine receptor revealed a stronger

dimers mediated by the dimeric histidine kinase CheA. (c) Positive dependence d{p on the receptor modification state. In this
cooperativity between receptor dimers in a small cluster of receptorssystem, the appareiitp for serine binding increased 40
such as a trimer of dimers. (d) Limited weak interactions between fq|d as the modification state increased from EEEE to QQQQ
adjacent receptor dimers in a higher order cluster of receptors. (86). Moreover, in the serine receptor the measured Hill
coefficient for serine regulation increased up to 4-fold as
Figure 4 illustrates several potential sources of the positive the modification state increased from EEEE to QQQQ.
cooperativity observed between receptors. (i) Although it is Again, these differences may represent intrinsic contrasts
well-established that the two symmetric aspartate binding between the aspartate and serine receptors, or may be related
sites of the isolated dimer exhibit negative cooperativity in to the different overexpression levels of the receptors in the
aspartate binding5@), it is possible that assembly of the two systems (see above). However, the serine receptor results
receptor-kinase complex converts this negative cooperativity provide additional support for the importance of receptor
to the positive cooperativity observed in the receptor-coupled covalent modification to sensing a broad range of attractant
kinase assay. Such a conversion is not implausible, sinceconcentrations.
mutation of a single residue at the receptor subunit interface  Although the positive cooperativity observed between
has been shown to shift the intradimer cooperativity from receptors may contribute to the sensitivity of the chemotactic
negative to positive, and a dimer can exhibit a Hill coefficient response at low attractant concentrations, additional mech-
up to 2.0 67). (ii) The dimeric CheA molecule could bridge anisms are needed to explain the full sensitivity of the
two receptor dimers, thereby introducing positive cooperat- chemotaxis pathway. Other possible sources of sensitivity
ivity between adjacent dimeric units. (iii) A recent crystal include positive cooperativity between the multiple docking
structure of the isolated cytoplasmic domain revealed that sites for RCheY on the motor, or receptor-mediated regula-
this fragment forms a trimer of dimers that could account tion of CheZ phosphatase activity. In any case, the degree
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of total cooperativity needed in the chemotaxis system is
estimated to be large. For example, a Hill coefficient of
greater than 11 would be needed in the interaction between
P-CheY and the motor to achieve the observed chemotactic
sensitivity 60). A recent experimental study has concluded
that strong cooperativity is indeed present in the interaction
between RPCheY and the switch complex at the flagellar
motor, yielding a Hill coefficient of 16t 1 (87). Such strong
cooperativity at the motor switch complex, together with the
much weaker cooperativity observed for the receptor popula-
tion, may be sufficient to fully account for the remarkable
sensitivity of the chemotaxis pathway at low attractant
concentrations.
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