Biochemistry2003,42, 13379-13385 13379
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ABSTRACT. Transmembrane receptors in the signaling pathways of bacterial chemotaxis systems influence
cell motility by forming noncovalent complexes with the cytoplasmic signaling proteins to regulate their
activity. The requirements for receptor-mediated activation of CheA, the principal kinasekscherichia

coli chemotaxis signaling pathway, were investigated using self-assembled clusters of a receptor fragment
(CF) derived from the cytoplasmic domain of the aspartate receptor, Tar. Histidine-tagged Tar CF was
assembled on the surface of sonicated unilamellar vesicles via a lipid containing the nickel-nitrilotriacetic
acid moiety as a headgroup. In the presence of the adaptor protein CheW, CheA bound to and was activated
~180-fold by vesicle-bound CF. The extent of CheA activation was found to be independent of the level
of covalent modification on the CF. Instead, the stability of the complex increased significantly as the
level of covalent modification increased. Surface-assembled CF was also found to serve as a substrate for
receptor methylation in a reaction catalyzed by the receptor methyltransferase, CheR. Since neither CheA
activation nor CF methylation was observed in comparable samples in the absence of vesicles, it is
concluded that surface templating generates the organization among CF subunits required for biochemical
activity.

The organization and asymmetry inherent in cell mem- Figure 1 and provides insights into the molecular basis for
branes creates an environment in which receptor proteinsthe requirement of receptor clusters in signaliBgcoli has
can effectively convey information between the inside and four MCPs (Tar, Tsr, Tap, and Trg) and an aerotaxis receptor
the outside of the celll). The reduction in the degrees of (Aer), which are distinguished primarily by ligand binding
freedom experienced by transmembrane and peripheralspecificities that reside in the N-terminal domains. The
membrane proteins provides a strong driving force for lateral dimeric organization of MCPs is evident in crystal structures
organization, which can be essential for function (e.g., ligand- of the aspartate receptor (Tar) ligand binding domag, (
induced clustering?)). These factors are in effect at the 29) and the serine receptor (Tsr) cytoplasmic doma&in.(
plasma membrane inner leaflet, where the assembly andThe significantly greater homology among the C-terminal
regulation of signaling components often occ8+5). In domains of these five receptors provides the basis for
the chemotaxis signal transduction pathwayEstherichia common interactions among a set of cytoplasmic signaling
coli, complexes of transmembrane receptors and cytoplasmicproteins 24), which generate the excitatory and adaptive
signaling proteins, 7) regulate protein phosphorylation responses to the chemotactic stimuli (reviewed in3@ft
through ligand-receptor interactions and receptor covalent In addition, the Tsr cytoplasmic domain is organized as a
modification 8—14). This transduction pathway is coupled trimer-of-dimers in the crystal structur@%). The subunit
to cell motility, which biases the swimming behavior of the interactions that lead to the trimer-of-dimer structure are
cell in attractant and repellant gradieniy, apparently important for the intact receptor in the cell since

Several lines of evidence suggest that receptors for themMutations in conserved amino acid residues at the trimer-
bacterial chemotaxis pathway & coli are clustered in the pf-dlmer contact s_|te_d|srupt chemotaxis and receptor cluster-
cell membraneX6—18) and that close associations between g (23). Thus, within the context of these heterogeneous
receptors of different ligand specificity are important in receptor clusters, the overall CheA activity reflects the
signaling (9—23). This large class of bacterial recepta?d,( influences of the various independent inputs detected by the
25) is also known as the methyl-accepting chemotaxis MCPs and Aer.
proteins (MCPs}, due to the enzyme-catalyzed receptor  Biochemical investigations using membrane preparations
methylation and demethylation reactions that are essentialof either Tar or Tsr with the purified signaling proteins have
for sensory adaptatior2€). A structural model for the MCP
dimer, which has been generated by Kim et al. from the 1 Abbreviations: MCP, methyl-accepting chemotaxis protein; Tar,

crystal structures of the soluble domair2y)( is shown in aspartate receptor; Tsr, serine receptor; Tap, dipeptide receptor; Trg,
ribose/galactose receptor; Aer, aerotaxis receptor; CF, cytoplasmic
fragment; DOPC, 1,2-dioleoydrglycero-3-phosphocholine; DOGS-
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Ficure 1. Receptor structure and surface-templated complex
assembly. (A) The model of the chemotaxis receptor dimer at left
is based primarily on the ligand binding and cytoplasmic domain
crystal structures27). One subunit is rendered in gray, and the
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find (32, 33). To circumvent the difficulties that typically
plague the use of such samples, studies of CheA activation
have used soluble receptor cytoplasmic fragments (CFs). In
many instances the CFs are unable to activate CheA, but
those that do activate CheA seem to do so via oligomeriza-
tion, which occurs synergistically with CheW and CheA
binding 34—37). While this approach has helped to elucidate
the enzymatic properties of receptor signaling complexes,
the formation of these complexes is limited to certain relative
concentrations of CF, CheW, and CheA and is undesirably
sensitive to variations in the tendency of different CFs to
oligomerize. As a result, it has not been possible to study
all the factors that are important for CheA activation.

We have developed a different approach for assembling
signaling complexes that does not depend strongly on the
propensity of the CF to self-associate, which has thus allowed
us to study the formation of signaling complexes over a wide
range of CheW concentrations. Sonicated unilamellar vesicles
(SUVs) containing a nickel-chelating lipi8®) were used
to template the assembly of histidine-tagged CF derived from
E. coli Tar onto the outer leaflet of the membrane bilayer.
The organization of CF produced by vesicle binding was
found to resemble the environment of the cell membrane
inner leaflet sufficiently well to promote the assembly of
active (CF/CheW/CheA) signaling complexes and to restore
enzyme-catalyzed methylation of the CF. The vesicle tem-
plating approach described here promises to be generally
useful in situations where the signaling proteins require the
organizing influence of the cell membrane to function.

MATERIALS AND METHODS

Protein Purification. The chemotaxis proteins CheA,
CheR, CheW, CheY, and Tar CF were purified according
to established protocolsly, 19, 39). Tar CF was ex-
pressed from the plasmid pHTCEY), which generated a
protein that contains residues 25353 of E. coli Tar, a
vector-encoded hexahistidine affinity tag at the N-terminus
(MRGSHHHHHHGSPMs7), and the wild-type pattern of
amidation (QEQE) at the methylation sites (GIn295, Glu302,
GIn309, Glu491). pHTCF derivatives pSM100 and pSM101,

other is color-coded to indicate functional regions: ligand binding \yhich were used to produce CF in the deamidated-(G

domain (blue), transmembrane segments (green), linker region

(yellow), and the cytoplasmic domain (red). The methylation sites
(Q295, E302, Q309, and E491) are depicted with space-filling

and fully amidated (Cegog forms, respectively, were
constructed with standard site-directed mutagenesis methods

representations. The membrane-anchored CF dimer at right indicatesaind verified by sequencing. Protein concentrations were

positions of the S461llock-off mutation and twaod mutations
(E383A and E382P) in space-filling representation-[® Cartoons
depicting CF binding to the SUV surface. CFs are shown as dimers
for simplicity.

clarified some of the properties of CheA activation and
regulation 8—14). Notable observations include the sub-
stantial increase in CheA activity>(00-fold) that ac-

companies signaling complex formation, the stimulating
influence of receptor methylation on CheA activity, and the
inhibitory influence of ligand binding. However, membrane

determined with the Lowry assay according to the manu-
facturer’s instructions (PProtein Assay, Bio-Rad Labora-
tories). Purified and concentrated proteins were flash frozen
in liquid nitrogen and stored at75 °C.

Assembly of Vesicle-Templated Signaling Complexes.
SUVs were prepared from chloroform solutions of DOGS-
NTA-Ni?" and DOPC (Avanti Polar Lipids) in a 1:1 molar
ratio, which were evaporated under a nitrogen stream until
a dried lipid film was obtained. Assay buffer (pH 7.5, 75
mM Tris-HCI, 100 mM KCI, 5 mM MgC}, 2 mM TCEP,

samples of the MCPs that are used in these biochemical5% DMSO) was added to prodeica 2 mg/mL lipid
experiments are frequently isolated from cells expressing theconcentration, the film was hydrated for 20 min at 5

receptor at elevated levels, which can result in complex and
heterogeneous samplexl). In addition, receptor reconstitu-
tion is labor-intensive, and the conditions that maintain a
high level of activity while also preserving the vectoral and
lateral organization required for function can be difficult to

and then the sample was bath sonicated at@G@Branson
Model 2510) until the solution clarified~70 min). Isother-
mal titration calorimetry was used to estimate that 60% of
the DOGS-NTA-N#" was in the outer leaflet of the SUV
membrane and available for CF binding (data not shown).
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This value was determined from the relative endpoints of although the extent of CF dimerization in solution and on
titrations between nickel and SUVs containing DOGS-NTA the surface is not known. CF is depicted to be randomly

using a matched pair of samples, one in buffer (outer leaflet
accessible) and the other in buffer plus 1% octyl glucoside
(all sites accessible). Vesicle-bound signaling complexes
were generated in a 76L sample volume by incubating
vesicles (28QuM in DOGS-NTA-Ni#") and 30uM CF in
assay buffer for 2 min at 2%C, followed by the addition of
CheA (1.2uM) and CheW (6-35uM) with gentle vortexing
and incubation at 28C for 3.5 h.

Vesicle samples were analyzed for signal complex forma-

tion by separating the vesicle-bound protein using sedimenta-

tion (125 00@ for 15 min in a Beckman TLX centrifuge
with a TLA-120.2 rotor). Samples of free (supernatant) and
total protein (an aliquot removed prior to sedimentation) were
analyzed on 15% SDSpolyacrylamide gels (BioWhittaker

Molecular Sciences) with software-assisted scanning densi-

tometry (GS-700 Densitometer, Molecular Analyst, version
1.4, Bio-Rad Laboratories).
Enzyme Assay§€heA-CheY phosphotransferase activity

distributed in solution (Figure 1B) but orients on binding to

a vesicle outer surface via the Ni-NFAistidine interaction,
possibly as depicted in Figure 1C. The CF orientation in
Figure 1C is consistent with the observation of complete
binding to vesicles X95% of the CF cosediments with
vesicles), which reasonably excludes other orientations
requiring a larger area per CF molecule bound (i.e., side-on
vs end-on binding}.Ternary complexes of CF, CheW, and
CheA are then formed on the vesicle surface, and the CheA
phosphotransferase activity is measured in the presence of
excess CheY in a coupled steady-state ATPase assay (Figure
1D).

Activation of CheA by Surface-Assembled TRe histo-
gram of CheA activity in Figure 2A shows the effect of
surface anchoring on CheA activity. CheA activity is
significantly larger in the presence of Ni-NTA-SUVs as
compared to samples without vesicles, irrespective of the
level of covalent modification on the CF. The trend of

was measured in a steady-state coupled spectrophotometriéncreasing the specific activity with increasing levels of

ATPase assay4(Q, 41) on 2 uL aliquots withdrawn from
the samples (incubated for3.5 h at 25°C). ATPase
activities were measured immediately (30 s) after diluting
the aliquots 100-fold into buffer with 50M CheY and assay
reagents (2.5 mM PEP, 4.0 mM ATP, 2aM 5-NADH,

and 4 units of PK/LDH enzymes, obtained from Sigma-
Aldrich). Specific activities (s!), defined as the turnover
number per mole of CheA subunits in the sample, were
determined from the absorbance change at 340 nm (d[ADP)/
dt = —6220 dAddt ). The activity of 5uM CheY samples

covalent modification, which is mimicked by replacing

glutamates, E, with glutamines, Q, at the methylation sites
(47), has been observed in previous studies of ternary
(receptor-CheW-CheA) complexes formed with intact

receptor molecules9¢14) and has been attributed to

variations in the degree of CheA activation within the
complex. The data in Figure 2 are at odds with this
interpretation; the trend is eliminated after the activities are
normalized to account for the fraction of CheA bound to
the vesicle (Figure 2A, right). Instead, these data provide

was subtracted as background. The extent of CheA activation€Vidence for a receptetChe\W-CheA complex of increasing

was expressed relative to the activity of zl CheA (0.074
s1), which was regarded as the solution activity of dimeric
CheA. Normalized activities (3) were computed for each
of the samples from the specific activities and the fractions
of CheA bound to vesicles.

The ability of CF to act as substrate for CheR was teste
using 30uM CFegee incubated with vesicles (1:1 DOPC:
DOGS-NTA-N#", 560 uM total lipid). Reactions were
initiated by the addition of CheR and SAM at final
concentrations of &M and 10 mM, respectively. The 20
uL aliquots were removed at 0.1, 0.5, 2, 3, and 4.5 h,
quenched in the course of preparing the samples for-SDS
PAGE analysis, and resolved on 12.5% gels. The extent of

d

the CF methylation reaction was estimated by the appearance
of a protein band of increased mobility using densitometry, .

which is a known result of receptor methylatid®).(

Curve Fitting. Nonlinear least-squares (NLS) fits of the
CheA activity (Act) and vesicle-bound Che#fs) data were
conducted in Origin version 7.0 (OriginLab Corporation,
Northampton, MA) to specific models described in the
Results. The parameters were adjusted iteratively in the NLS
fitting engine of Origin by the LevenbergVarquardt method
until the errors were minimizedp).

RESULTS

stability as the level of modification is increased and an
activity that remains constant within the complex. Previous
studies of kinase activation involving intact receptors have
generally not assessed the fraction of CheA bo@lld);
in one instance where it was assessed qualitativiel; the
trend in complex stability as a function of covalent modifica-
tion agrees with the current observations. A similar increase
in stability as a function of the level of covalent modification
(from EEEE to QQQQ) was also observed with soluble
supramolecular signaling complexes, which were formed
using Tar CF fusion proteins (and CheA and CheW) that
possess an N-terminal leucine zipper dimerization m88f (
48).

CheW Dependence of Agdition and BindingThe varia-
ion in the stability of the signaling complexes is also evident
in the CheW dependence of CheA activity (Figure 2B) and
vesicle binding (Figure 2C) for signaling complexes made

t

2The available vesicle surface area per molecule of CF was estimated
to be ~770 A? using a value of 11 for the molar ratio of accessible
lipid to CF and an area per molecule of 76 #&r DOPC and DOGS-
NTA-Ni?* (43). The molar ratio of accessible lipid to CF was generated
using the value of 60% accessibility determined by titration (see
Materials and Methods) and the total lipid and protein concentrations
in the sample at incubation, 2g® DOGS-NTA-Ni¥*, 280uM DOPC,
and 30uM CF. The area occupied by a close-packed CF molecule
oriented end-on is estimated to be betwee380 and~500 A2, or
2—3 times the cross-sectional area of@helix (~165 A2, refs 44—

Figure 1 illustrates the scheme used to generate CF/CheW/6) and is expected to result from the twehelices in the CF coiled

CheA complexes with the vesicle-templating approach. For
simplicity, the CF is depicted in the coile@oil hairpin dimer
arrangement found in the X-ray structuy) (Figure 1A),

coil hairpin plus unstructured polypeptide at tterminus. The area
required for side-on binding is estimated to k@500 & per CF
molecule, in which a CF dimer occupies a rectangle defined by the
approximate width (25 A) and length (200 A) of the dim&#,(31).
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Ficure 2: CheA activation on vesicle surfaces. (A) Left- and right-
hand scales are CheA activity ¢ and the fold-increase of CheA
activity in complexes relative to CheA dimers in solution, respec-
tively. Activities (& standard error of three samples) were measured
on samples (1.2M CheA, 5uM CheW, and 3«M CF) containing

CF in low (EEEE), intermediate (QEQE), and high (QQQQ)
modification levels (open, striped, and filled bars, respectively) in
the absence of SUVs (No Vesicles, left) and with SUVs (Plus
Vesicles, middle). The Plus Vesicles (Normalized) data on the right
were normalized by the fraction of CheA bound to vesicles, which
was determined in parallel by sedimentation. Normalized activities
represent the averages of six samptesiandard error), determined

at different CheW concentrations (3, 4, 5, 10, 15, ang/&1). (B)

The activity of CheA as a function of the total CheW concentration
[CheW.: and vesicle-templated CF in different modification states
(EEEE, O; QEQE, @; and QQQQ,®), prepared as described in
the Materials and Methods. Each point is an average of three
samples £ standard deviation). (C) The fraction CheA of bound
to vesicle-templated CHg) as a function of CheWyq, for CF in

the three modification states (symbols as in panel B). The curves
in panels B and C represent fits of the data generated as describe
in the text.
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with CFs in the different modification states (EEEE, QEQE,
and QQQQ). The rise and fall in activity and binding are
consistent with the known properties of CheW, which binds
both to CheA and to the receptor cytoplasmic domé&in (
49). Initially, CheW facilitates an increase in the phospho-
transferase and vesicle binding activities through a-CF
CheW-CheA bridging interaction. Increasing the CheW
concentration further leads to saturation of the binding sites
on CheA and CF, and consequently, the CheA enzyme and
vesicle binding activities both lessen. The relative stabilities
of the CF/CheW/CheA complexes are apparent in the
maximum values for activity and binding and the CheW
concentrations at which these maxima occur. Thedgk
containing complex is judged to be most stable since it has
the largest maximum values of CheA activity and binding
(fs ~0.95) at the smallest CheW concentration5(u«M).

The CReeecontaining complex is the least stable, which is
reflected in the smaller maximum values of activity &gd
(~50% of Chyooq complexes) and the significantly larger
CheW concentration at which the maximum is observed
(~12 uM).

A model for complex formation, which assumes that the
CheA activity is proportional to the fraction of CheA in
signaling complexes bound to vesiclgs captures the salient
features of these data and provides preliminary estimates of
the relative stability of signaling complexes as a function of
covalent modification. The model is based on pairwise
associations between CF (C), CheW (W), and CheA dimers
(AA) according to equilibrium expressions (egs4), mass
conservation relationships (eqs-B), and expressions for
the fraction of CheA bound to vesiclefs,(eq 8) and CheA
activity (Act, eq 9). In eq 9, Aegt and Ackiax are the
background and maximum (100% CheA-bound) activities,
respectively.

C+W=CW (Key) (1)
W + AA = WAA (K,,) )
WAA + W = WAAW (K, 3)

2C+ 2W + AA = CWAAWC
(Kcomplex= KCWZKAWZKCAZ) (4)

[Clii= [C] + [CW] + 2[CWAAWC] (5)

[W] o= [W] + [AAW] + 2[WAAW] + 2[CWAAWC]
(6)

[AA] .= [AA] + [AAW] + [WAAW] + [CWAAWC]
(7)

f, = [CWAAWC]/([AA] + [WAA] + [WAAW] +
[CWAAWC]) (8)

Act = Acty+ fgACtyax (9)

The constraints and assumptions of this model were chosen
to be consistent with the experimental conditions and
observations: (i) CheA was assumed to be present only as
@& dimer since the total CheA concentration in the samples
was about 3-fold larger than the dissociation constant for
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Table 1: Normalized CheA Activity and CheA and CheW Bound Fractions to Vesicles Presenting Wild-Type CFs

modification phosphotransferase activity's fold
level (per mol CheA bound) activatior? fs (CheA) fs (CheW)
EEEE 157+ 1.6 212+ 22 0.59+ 0.04 0.37+0.03
QEQE 10.9+ 0.4 147+ 5 0.83+ 0.01 0.64+ 0.02
QQQQ 13.2: 0.3 178+ 4 0.9340.01 0.87+ 0.01

a Averages and uncertainties (standard errors of the mean) were calculated from triplicate samples. Sample compositiopd/eiFe 360
uM total lipid (1:1 DOPC:DOGS-NTA-Ni") in the form of SUVs, 1.2:M CheA, and either XM (CFqoqqand Chyege) or 15uM (CFegeeg CheW.
b Fold activations were determined by dividing the normalized activities of CF/CheW/CheA complexes by the solution activityMfGhe@A
(0.074 sY).

CheA dimerization 9, 40). (ii) Direct interaction between
CF and CheA was neglected in the absence of CheW since
CheA exhibited small levels of binding to vesicle-templated
CF in the absence of CheW (Figure 2C). (iii) The ap-
proximate proportionality between activity afidversus [W]
data was interpreted to be consistent with a single surface-
active species (CWAAWC).

The values for [AAL;, [W]iwt, and [Cl: were shared among
the three sets of data (6foo CFoeos and Ckeeg) in the
fits of the Act andfg versus [W{y data (Figure 2B and 2C,
respectively). [AA]: was fixed to the molar concentration
of CheA dimer used in the experiments (QB1). Actyax
was set to the average normalized activity (13% sbserved
for all three levels of modification (Figure 2A and Table 1). ATPase £.(CheA) f.(Chew)
Actp was permitted to adjust in the fits, as were the individual Activity
values of the association constants.J@Jas f|x_ed Foavalue_ Ficure 3: Effects of CF mutations on activity and binding.
(10 uM) that corresponded to the CheW binding capacity Activities and fs are expressed as percentages relative to the
of 30 uM vesicle-bound CF, which was determined in complexes containing wild-type CF under the same conditions
pre"minary b|nd|ng experiments (data not Shown)_ A sys- (Table 1) for thdock-off mutant CF:S461L (|n the QEQE level of

; ; ; . R covalent modification, black bars) and tteel mutants CF:E383A
tematic analysis of the influence of [g]on the fit param and CF:E382P (the EEEE and QQQQ forms of CF-E383A are

eters revealed that the relative complex stabilities (€.9., represented by left- and right-slanting striped bars, respectively:
KeompleX QQQQ)Keompie{ EEEE)) were relatively insensitive  the QEQE form of CF:E382P is represented by open bars).
to the assigned value of []over a range of 1830 uM, Uncertainties are error-propagated values using standard errors of
but the absolute values of these parameters varied. the mean determined on triplicate samples with the wild type and
Fits of the activity data in Figure 2B by the model and Mutant complexes.
constraints described previously resulted in value&fgfpiex significant trend £100-fold) in the values of the constant
of 1.3, 0.09, and 0.002ZM~* for complexes formed with  of formation for the complex.
CFoooo CFoeos and Cleeeg respectively, and a value for Signaling Mutations in the CF Affect CheA and CheW
Acto of 0.36+ 0.14 s'. Fits to the CheW dependence of Binding to Various ExtentsVesicle-templated CFs are
CheA binding data (Figure 2C) generated estimates for functionally similar to intact receptors in the absence of
Kcomplex0f 4.6, 1.0, and 0.014M~* in CFogoo CFoegs and (attractant) ligand since the cytoplasmic domains activate
CFeeeecontaining complexes, respectively. The differences CheA in both situations. We obtained evidence that this
in the absolute values &f.ompiexObtained from binding data,  functional similarity is based on a common structural
versus the estimates obtained from the activities, may organization from an analysis of a limited numberadk-
illustrate in part the dependency of these parameters on theoff and trimer-of-dimer tod) mutations 23, 50), which are
details of the model (e.g., the values chosen fog,[@hd located in the cytoplasmic domain at the positions shown in
Actuax), Which prevents useful comparisons between the Figure 1.Lock-offmutations mimic attractant-bound ternary
absolute values of model-derived estimates for the CheA complexes by producing complexes that are inactive in the
CheW and CheWreceptor interaction constants and the absence of ligandQ, 51). Thelock-offallele, a serine-461
measured values until the properties of vesicle-templated CFsto leucine (S461L) mutation in the intact Tar protein, is
are fully characterized. The complexity inherent in the located close to the sites of methylation. Thd mutations,
system, including the presence of soluble and surface-boundwhich are known to disrupt the trimer-of-dimer interaction
species and possible contributions from multivalent interac- in the homologous Tsr protei2), are located near the turn
tions, also presents challenges for making such absolutein the coiled-coil hairpin. The two alleles tested correspond
comparisons. Nonetheless, the significant trentdgnpiex to the point mutations E383A and E382P in Tar. CheA and
which is similar in both sets of estimates¥00-fold), reflects CheW binding, and also CheA activation, were measured
the change in stability of signaling complexes as a function using vesicle-templated CFs. CheA activation (Figure 3) was
of covalent modification. The results of a similar analysis reduced significantly by all of these mutations, but CheA
conducted with a simpler model, in which only monovalent and CheW binding were retained to varying degrees, relative
C—W and W-A interactions were considered to contribute to wild-type CFs in the corresponding level of covalent
to the formation of a CWA complex, also produced a modification (Table 1). Thdock-off S461L CF (QEQE)

Activity (Precent of Wildtype Complexes)
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(Figure 4B), which demonstrated that vesicle binding was
A required for substrate activity and that the more rapidly

migrating band was not due to proteolysis of the CF,
respectively. The requirement of vesicle-templating for

CF, vesicles, SAM & CheR

CF e ! . I 0
| Sp— O B o efficient methyl group incorporation was verified by scintil-
= meth-CF lation counting using tritiated SAM as the methyl group
e e - e o 4— CheR donor (data not shown).
01 05 20 30 45hrs
DISCUSSION
. . The polyhistidine tag has found widespread use as a
minus minus B convenient and effective genetically encoded affinity tag for
vesicles SAM protein purification and screening applications, through the
interaction of the histidine tag with metathelator com-
— o — - <+—CF plexes such as nickel-nitrilotriacetic aci®X-57). The
histidine tag-Ni-NTA interaction has also been used in
— e e o <— CheR biosensor application$6—59) and as a method for generat-
01 45 01 45hrs ing 2-D protein crystals when the Ni-NTA moiety is present

as a headgroup in lipid monolaye®8( 60—62). This latter

Ficure 4: CheR-catalyzed methylation of vesicle-templated CF use |_nsp|red us t_o consider it as a mefans to res.tore the
(A) The change in electrophoretic mobility of methylated CF functional properties of membrane-associated proteins. The
indicates the reaction progress in a sample containinge&F results described above demonstrate the significant effect that
vesicles, SAM, and CheR-35% at 4.5 h). (B) Minus vesicle and  hinding receptor fragments to vesicle surfaces can have in
minus SAM controls. restoring biochemical activity. Complexes of transmembrane
receptors, membrane-associated adaptor proteins, and cyto-
plasmic enzymes are a ubiquitous feature of signaling
cascades3—5). The architecture of these complexes and
with activating receptorss{l). The lower amounts of CheA their r_ates of assembly and disas;embly are key to under-
standing the regulation of these biochemical processes. The

and/or CheW binding exhibited by CFs containitggd iclo-t lat h ted h hould h
mutations is consistent in the disrupting effect that these typesveSIC e-témplating approach presented here should prove to
be useful in such studies.

of mutations can have on the formation of receptor patches
in vivo (23). The interference with kinase activation by the ~ The application of this method to the bacterial chemotaxis
tod mutations is evidence that trimer-of-dimer-like interac- System restores both the kinase activating and the methyl-
tions are also present in the vesicle-templated CFs and aredccepting properties to the CF. On the basis of these
necessary for CheA activation. observations, we conclude that binding to the vesicle surface
Surface-Assembly Enhances CF Methyl-Acceptingifycti promotes a lateral organization among CF subunits that
The adaptation branch in the chemotaxis pathway involves 'esembles the organization of cytoplasmic domains in
reversible receptor methylation and demethylation, which are receptor-containing membranes. This conclusion is supported
catalyzed by a methyltransferase and a methylesteraseby the similar effects thabck-off andtod point mutations
respectively 26). Receptor methylation is a result of methyl Produce in templated CF and intact receptors and suggests
group transfer froms-adenosyk-methionine (SAM) to that inter-dimer interactions (e.g., a trimer-of-dimer organiza-
specific glutamic acid residues in the cytoplasmic domain tion (23, 27)) are critical for kinase activation. Also, the
of MCPs 62-54). The process of methylation has been mutations appear to generate the kinase-inactive phenotype
demonstrated to occur, at least in part, by a mechanism thatthrough different mechanisms, either by producing inactive
involves transmethylation in which the transferase binds to complexes or by disrupting complex formation. The CF with
the cytoplasmic domain through a tethering interaction and the lock-off mutation retains significant CheA and CheW
catalyzes methyl group transfer on a cytoplasmic domain of binding affinity while forming inactive signaling complexes;
an adjacent receptor subunit through active-sgighstrate CFs with thetod mutations form inactive Complexes at the
site interactions39—21). expense of the proteirprotein interaction strength to varying
Surface-assembled CF can be expected to generate théegrees.
close associations between cytoplasmic domains that are The CheA activity and binding data generated with the
needed for efficient methylation via a trans mechanism. The vesicle-templated CF system demonstrate that signaling
role of surface-assembly in promoting efficient CF methyl- complex stability can be strongly influenced by covalent
ation was assessed by comparing the extent of methylationmodification, and the preliminary analysis by a pairwise
of CF on vesicle surfaces relative to CF in solution. The binding model supports this conclusion. The correlations
data in Figure 4 demonstrated that binding to the vesicle between complex stability, CheA activation, and covalent
surface enhanced CF substrate activity significantly. The modification in our data are consistent with previous studies
SDS—polyacrylamide gels in Figure 4A showed that only of kinase activation conducted with intact receptors, which
in the presence of vesicles, SAM, and transferase did thereport negligible CheA activation by receptors in the lowest
CF convert to a more rapidly migrating band corresponding covalent modification level and dramatic increases as the
to methylated protein. The faster migrating band was not modification is increase®(14). These studies, which began
observed in the vesicle-minus and SAM-minus controls with the ground-breaking work of Simon et &) (have been

retained substantial binding strength overall, which is
consistent with the known ability dbck-offmutant receptors
to compete for a limited pool of CheA and CheW in mixtures
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typically conducted at relatively low concentrations of CheW 27
(0.5-2.0uM) and CheA (0.+1.0uM); concentrations that
correspond to the portion of our data where the differences
in CheA activity and binding between lowest and highest
level of covalent modification are the greatest (Figure 2B,C;
W]t = 2 uM). This variation in complex stability may
prove to be a significant factor in regulating kinase activity
in the cell, since bacteria likE. coliintegrate the effects of

28

the different chemoeffector concentrations through a set of 31.

homologous receptord§). CheA is the sole protein i&.
coli through which these chemotactic responses are mediated.

Therefore, regulating the extent of CheA association with 33.

(and activation by) receptors via covalent modification
provides a means to weigh the response to the various chemo-

effectors, which can be present simultaneously at vastly 3s.
36.

different concentrations.
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