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ABSTRACT We report the x-ray crystal structure of the
methylesterase CheB, a phosphorylation-activated response
regulator involved in reversible modification of bacterial
chemotaxis receptors. Methylesterase CheB and methyltrans-
ferase CheR modulate signaling output of the chemotaxis
receptors by controlling the level of receptor methylation. The
structure of CheB, which consists of an N-terminal regulatory
domain and a C-terminal catalytic domain joined by a linker,
was solved by molecular replacement methods using indepen-
dent search models for the two domains. In unphosphorylated
CheB, the N-terminal domain packs against the active site of
the C-terminal domain and thus inhibits methylesterase ac-
tivity by directly restricting access to the active site. We
propose that phosphorylation of CheB induces a conforma-
tional change in the regulatory domain that disrupts the
domain interface, resulting in a repositioning of the domains
and allowing access to the active site. Structural similarity
between the two companion receptor modification enzymes,
CheB and CheR, suggests an evolutionary andyor functional
relationship. Specifically, the phosphorylated N-terminal do-
main of CheB may facilitate interaction with the receptors,
similar to the postulated role of the N-terminal domain of
CheR. Examination of surfaces in the N-terminal regulatory
domain of CheB suggests that despite a common fold through-
out the response regulator family, surfaces used for protein–
protein interactions differ significantly. Comparison between
CheB and other response regulators indicates that analogous
surfaces are used for different functions and conversely,
similar functions are mediated by different molecular sur-
faces.

The methylesterase CheB is a member of a large and func-
tionally diverse family of proteins known as response regula-
tors. These proteins are involved in a wide variety of phos-
photransfer-dependent signal transduction pathways found in
prokaryotes and eukaryotes (1, 2). In the bacterial chemotaxis
system, reversible methylation of transmembrane chemore-
ceptors plays an important role in ligand-dependent signaling
and subsequent cellular adaptation (3, 4). In the enteric
bacteria Escherichia coli and Salmonella typhimurium, CheB
functions together with the methyltransferase CheR to control
the level of receptor methylation. Phosphorylated CheB cat-
alyzes deamidation of specific glutamine residues in the cyto-
plasmic region of the chemoreceptors and demethylation of
specific methyl glutamate residues introduced into the che-
moreceptors by CheR (Fig. 1). Like many members of the
response regulator family, CheB has a multidomain architec-
ture. It consists of an N-terminal regulatory domain and a
C-terminal effector domain joined by a linker region.

Regulation of CheB involves numerous protein–protein
interactions. The autophosphorylating histidine kinase CheA
serves as a phosphoryl donor to two response regulators, CheY
and CheB (5, 6), suggesting the possibility that similar surfaces
of response regulator domains are involved in recognition of
their cognate histidine kinase. The receptor modification
enzymes, CheR and CheB, catalyze methylationydemethyla-
tion at the same sites on the chemoreceptors, raising the
interesting question of evolution of these two companion
enzymes. Furthermore, activation by means of phosphoryla-
tion in the response regulator family is thought to involve
communication between phosphorylated regulatory domains
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FIG. 1. Receptor mediated signaling in bacterial chemotaxis. A
family of dimeric transmembrane chemoreceptors sense changes in
external levels of chemical attractants or repellents (ƒ) in the sur-
rounding medium. The opposing activities of the S-adenosylmethi-
onine-dependent methyltransferase CheR and the phosphorylation-
regulated methylesterase CheB control receptor methylation levels,
which in turn influence the signaling output of the chemoreceptor–
histidine kinase CheA–coupling protein CheW complex. CheA auto-
phosphorylation and subsequent transfer of the phosphoryl group to
the response regulators CheY or CheB result in stimulation of effector
responses: phospho-CheY controls the direction of flagellar motor rota-
tion, whereas phospho-CheB serves to attenuate the response by hydro-
lysis of specific methyl glutamate residues on the receptor. SAM, S-
adenosylmethionine; SAH, S-adenosylhomocysteine; MeOH, methanol.
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and associated or downstream effector domains. Previous
studies of CheB have implied that interdomain interactions are
important for regulation of methylesterase activity. Removal
of the N-terminal regulatory domain by either genetic manip-
ulation or proteolysis results in unregulated activation of
C-terminal methylesterase activity (7, 8). The N-terminal
domain thus appears to control C-terminal methylesterase
activity in an autoinhibitory manner. Presumably, a phospho-
rylation-induced conformational change relieves this inhibi-
tion by altering the juxtaposition of the regulatory and catalytic
domains. The structures of the domains of CheB are known
from previous x-ray crystallographic studies of the C-terminal
catalytic domain (9) and from homology modeling of the
N-terminal regulatory domain with other response regulators
(10, 11). The central question regarding CheB, and in fact all
multidomain response regulators, is how the regulatory and
effector domains are oriented with respect to each other and
how this positioning relates to regulation of effector function.

We have determined the x-ray crystal structure of intact S.
typhimurium CheB at a resolution of 2.4 Å. The model suggests
a structural basis for phosphorylation-dependent activation of
effector function and provides insights into recognition of the
phosphoryl donor CheA and interaction with chemoreceptor
substrates.

EXPERIMENTAL METHODS

Crystallization and Data Collection. CheB was purified by
a modified version of the protocol described by Simms et al.
(7). Purified CheB was stored as a precipitate in 50% saturated
(NH4)2SO4. Immediately prior to crystallization, the protein
was resuspended in and dialyzed against 0.1 M morpholin-
oethanesulfonic acid (Mes), pH 6.0. CheB was concentrated to
12 mgyml by use of a Centricon-10 (Amicon). Crystals were
grown by the vapor diffusion hanging-drop method with
microseeding by using 1 ml of protein solution, 1 ml of finely
crushed CheB crystals in 1.5 M Li2SO4y0.1 M imidazole at pH
6.5 and 2 ml of reservoir solution consisting of 1.45 M Li2SO4,
0.1 M imidazole at pH 6.5, 10 mM MgCl2, and 5 mM NaN3.
Diffraction images indicated crystal twinning, with a majority
of reflections belonging to the C2 space group (unit cell
dimensions of a 5 163.8 Å, b 5 100.5 Å, c 5 53.1 Å, b 5 98.6°).
A small number of the total reflections (about 10%) were
contributed by a separate minor lattice. Only those reflections
belonging to the major lattice (C2) were integrated and
merged. The intensity distribution of the C2 lattice is consis-
tent with distributions observed in single crystals. There are
two molecules of intact CheB in the asymmetric unit.

Structure Solution and Refinement. The structure was
solved by the molecular replacement method, using the two
independent search models for each of the domains in the
CheB molecule (9, 12) (Table 1). A crystal of intact S.
typhimurium CheB was used to collect a native data set to a
resolution of 2.4 Å. The crystal was equilibrated in cryopro-
tectant solution [crystallization solution with the addition of
30% (wtyvol) ethylene glycol] for 2 hr and flash-frozen in a
nitrogen gas stream (Oxford Cryosystems, Oxford, U.K.) at
100 K. Data were collected on an RAXIS-IV detector (Rigaku
International, Tokyo) using mirror-focused and Ni-filtered Cu
Ka radiation. Space group determination and data integration
were done with DENZO (13). All data were merged, scaled, and
truncated with the ROTAVATAyAGROVATA and TRUNCATE
programs in the CCP4 suite (14). Initial phase estimates were
obtained by the molecular replacement method with X-PLOR
(15). Searches were made by using the crystal structure of the
CheB C-terminal domain (residues 154–347) (9) and a poly-
alanine model of CheY based on the crystal structure (12). The
self-rotation function indicated the presence of local twofold
symmetry. The top two peaks obtained from the self-rotation
function were at c, f values of 0.0, 0.0 and 90.0, 81.5 and are

indicative of local symmetry axes being parallel to the crys-
tallographic a and c axes. The two peaks were 5 and 2 s values,
respectively, above the background. A cross-rotation search
combined with Patterson correlation refinement yielded two
unambiguous solutions for the orientation of the C-terminal
domain. These two solutions for the orientations of the
C-terminal domains were related to each other by c, f, k
values of 90.1, 81.0, 182.3, consistent with the self-rotation
function results. A translation search was than performed by
using one C-terminal domain. The top solution from that
search was then fixed in a combined translation search for the
second C-terminal domain. A unique solution for the com-
bined position of the two C-terminal domains in the asym-
metric unit was 5 s values over the background. In the electron
density maps calculated with phases derived from the C-
terminal domain alone the orientation of the central b-sheet
for the N-terminal domain region was also evident. The top
two peaks from the cross-rotationyPatterson correlation re-
finement search with the polyalanine model of CheY were
related to each other by local symmetry and were consistent
with the electron density obtained by using phases calculated
from the C-terminal domain. Although a translation search
performed with the polyalanine CheY model of the N-
terminal domain did not yield a distinct solution, the position
of the N-terminal domain was apparent in the electron density
map calculated with phases from the C-terminal domain. After
rigid body refinement of the two C-terminal and two N-
terminal domains the R-factor was 48%. After positional
refinement of that model (R-factor 38%) the calculated elec-
tron density map revealed the position of the interdomain
linker that was not included in either of the search models (Fig.
2). Further refinement employed the simulated annealing
protocol in X-PLOR (15) while model rebuilding was done by
using TURBO (16). The 18-residue linker was built in DM
averaged electron density maps (17). The model was con-
firmed by use of simulated annealing omit maps (18). In the
initial stages of refinement, noncrystallographic symmetry
restraints were applied to all residues not involved in crystal
packing contacts. The final model was refined by REFMAC (14)
to a crystallographic R value of 22.2% with Rfree value of
28.8%.

RESULTS AND DISCUSSION
Overall Topology. The overall structure of CheB, depicted

by a ribbon diagram in Fig. 3A, shows the N-terminal regula-

Table 1. Summary of crystallographic analysis

Measurement Value

Data collection
Resolution limit, Å 2.4
Total reflections 97,667
Unique reflections 32,281
Completeness, % 96.9
Rsym,* % 5.4

Refinement
Resolution, Å 10-2.4
Number of protein atoms 5,200
Number of water molecules 411
Rcryst,† % 22.2
Rfree,‡ % 28.8
Average B, Å2 23.5
rmsd bond length, Å 0.008
rmsd bond angles, degrees 2.0

rmsd, Root mean square deviation.
*Rsym 5 ¥ uIhi 2 ^Ih&uy¥ ^Ih&, where I is the scaled intensity of the given

reflection h.
†Rcryst 5 ¥h uFoh 2 Fchuy¥h Foh, where Foh and Fch are the observed
and calculated structure factor amplitudes for reflection h.

‡Value of Rcryst for 5% of randomly selected reflections excluded from
the refinement.
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tory domain (residues 1–134) to be positioned over the C-
terminal edge of the central seven-stranded parallel b-sheet of
the C-terminal methylesterase domain (residues 153–347). The
two domains are connected by an 18-residue linker that, except
for a single helical turn (residues 135–138), does not exhibit
repetitive secondary structure. Electron density for the linker
was clearly identified in the initial electron density maps (Fig.
2). The structure for the C-terminal catalytic domain is
essentially identical to the structure determined from crystals
of CheBc alone (9) (rms deviation for backbone atoms is 0.69
Å) and can be described as a modified doubly wound ayb
protein containing a long antiparallel b-hairpin insertion
(cb5–cb6). With respect to the mechanism of methyl ester
hydrolysis, CheB belongs to the class of serine hydrolases that
contain active site catalytic triads consisting of serine, histi-
dine, and aspartate residues. In the catalytic domain of CheB,
the active site residues, Ser-164, His-190, and Asp-286, are
located in a cleft formed by loops at the carboxy ends of
b-strands cb1, cb2, and cb7 (Fig. 3A).

The N-Terminal Regulatory Domain. The N-terminal reg-
ulatory domain of CheB shares structural homology with the
large family of response regulator proteins, the best-
characterized member of this family being the chemotaxis
protein CheY (10, 11). In different proteins involved in
‘‘two-component’’ signal transduction pathways, this relatively
simple structural module with a parallel five-stranded ayb
topology is associated with, and regulates in a phosphoryla-
tion-dependent manner, the function of a variety of effector
domains. In addition to E. coli and S. typhimurium CheY (19,
22), structures have been determined for Spo0F (23), the
regulatory domain of NtrC (24), and intact NarL (25). The
most distinctive features of the N-terminal domain of CheB
compared with other response regulators are the considerably
larger loops connecting b4 to a4 and b5 to a5. The existence
of these extended loops has not been predicted in previous
sequence alignments of regulatory domains (10, 11). Because
of the fact that the electron density associated with the
interdomain linker region was readily interpretable (Fig. 2), we
were able to assign side chains for the linker and a5 helix and
finally the b5-a5 loop. The loops appear to be rather flexible,
as they have atomic B values of approximately 50 Å2. Further-
more, the connecting b5–a5 loop (residues 108–118) was
strongly influenced by crystal packing and as a result, the loop

acquires significantly different conformations in the two CheB
molecules present in the asymmetric unit.

Two-component regulatory pathways involve phosphoryl
transfer from an autophosphorylated histidine kinase to a
specific aspartate residue in the response regulator. In CheB,
phosphoryl transfer from the histidine kinase CheA occurs at
Asp-56, located atop strand b3 in the N-terminal domain. The
phosphoryl transfer reaction is magnesium-dependent and in
the structure of Mg21-CheY, the active site residues, Asp-12,
Asp-13, and Asp-57, coordinate the essential metal cation (12).
In the regulatory domain of CheB, in addition to the conserved
active site aspartate residues (Asp-11, Asp-12 ,and Asp-56), a
glutamate residue, Glu-58, is also oriented toward and con-
tributes to the acidic active site cluster. In vitro studies have
indicated that the phosphorylated state of CheB is very short
lived (t1/2 ' 1 sec), and Glu-58 has been reported to be involved
both in transferring the phosphoryl group from CheA and in
promoting hydrolysis of the aspartyl phosphate, because re-
placement of Glu-58 with a lysine dramatically reduces phos-
photransfer and autophosphatase activity (26).

The Interdomain Interface. The regulatory and effector
domains interact with each other, with each domain contrib-
uting a surface area of approximately 1,000 Å2. The extent of
this interface and the number of contributing residues ('35)
are very similar to the interacting surfaces seen in proteasey
protease inhibitor and antigenyantibody complexes (27). The
center of the domain interface consists of a small hydrophobic
core. The perimeter of the surface involves hydrogen bond
interactions and several salt bridges (Fig. 3B). By comparing
surface accessibility of residues within the interdomain region
in the intact CheB molecule to surface accessibility of the same
residues when considering separate individual domains, we
have identified those residues that are significantly more
buried in intact CheB. These residues contribute the most to
the domain–domain interactions, and they therefore may be
the sensitive points for destabilization upon phosphorylation.
In the central hydrophobic core two phenylalanines, Phe-104
from the N-terminal domain and Phe-195 from the C-terminal
domain, lose 75 Å2 and 138 Å2 of solvent accessible surface,
respectively, because of the interaction of the two domains.
Phe-104 is a highly conserved residue within the family of
response regulators and it was shown that the corresponding
residue in CheY (Tyr-106) can exist in two distinct conforma-
tions, with outward and inward conformations correlating with
inactive and active states of CheY (28). If the same type of
conformational change involving an inward orientation of
Phe-104 occurs on phosphorylation of CheB, this would likely
contribute to disruption of the interdomain interface. Even
more dramatic changes in solvent accessibility are observed for
the residues involved in forming salt bridges. Interestingly,
there is specific surface complementarity among the interact-
ing residues from the N-terminal and C-terminal domains.
Protruding residues from one domain fit into grooves on the
neighboring domain. For example, two glutamate residues,
Glu-91 and Glu-98, from the N-terminal domain lose 50 Å2

and 140 Å2, respectively, whereas their partners from the
C-terminal domain, Arg-202 and Arg-172, lose 202 Å2 and 16
Å2, respectively, at the domain–domain interface. The active
site nucleophile, Ser-164, in the C-terminal domain and the
phosphorylation site, Asp-56, in the N-terminal domain are
located, respectively, '13 Å and '11 Å away from the center
of the interdomain interface. This arrangement of the two
active sites with respect to the interdomain surface has the
potential for propagating and magnifying the effects of small
localized conformational changes at the site of phosphoryla-
tion to the interdomain interface, potentially leading to an
opening of the cleft between the two domains. Specifically,
phosphorylation of Asp-56 could induce minor reorientation
of helices a4 and a5, resulting in disruption of the interdomain

FIG. 2. Stereo view of a representative portion of the initial
electron density map calculated after positional refinement of the
molecular replacement solution overlaid with the final refined model
of CheB. The electron density map was calculated to a resolution of
2.7 Å by using phases calculated from the model containing the
C-terminal domain and the polyalanine model of the CheY structure
in place of the CheB N-terminal domain. This model does not contain
CheB residues 134–153. For the sake of clarity, only the density
associated with linker residues His-138 to Thr-145 are displayed. Even
at this stage the initial electron density map exhibited distinct features
of side-chain density and allowed for sequence assignment for the
interdomain linker. The figure was generated by using TURBO (16).
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interface and allowing a widening of the methylesterase active
site cleft.

Interaction with Chemoreceptor Substrates and Structural
Relationship with Methyltransferase CheR. With the molec-
ular structure of CheB available, we can now also address the
question of interaction of CheB with its chemoreceptor sub-
strates. The transmembrane chemoreceptors are thought to
exist in a closely associated dimeric state with each monomer
predicted to form a two-stranded antiparallel a-helical coiled-
coil (29–31). The specific glutamate residues that are subject
to covalent modification are spaced seven residues apart such
that they would lie along one face of the receptor helix (32).
The structure of CheB clearly reveals that the N-terminal
domain obstructs access of the receptor substrate to the active
site of the methylesterase C-terminal domain (Fig. 3A). Even
though the residues of the catalytic triad are not directly in
contact with residues from the N-terminal domain and their
solvent accessibility is the same as that in the C-terminal
domain alone, the funnel-shaped opening created by the
N-terminal domain, linker, and C-terminal domain interface is

not sufficiently wide to allow the effective approach of the
substrate chemoreceptors to the active site. In a docking
experiment with a simplified substrate model of an a-helix
containing a glutamate residue in an extended conformation
we found that the carboxylate of the glutamate side chain could
not be positioned any closer than 7 Å to the active site serine.
The intact chemoreceptor, a dimer of two-stranded antipar-
allel coiled-coils, would require a much larger entry to the
active site than exists in unphosphorylated CheB.

An additional interesting property of the inhibited, unphos-
phorylated form of CheB was revealed from the calculated
electrostatic potential of the molecular surface (Fig. 3C). This
view of the molecular surface shows that the area surrounding
the funnel-shaped active site is highly negatively charged. In
the proposed catalytic mechanism for CheB and other serine
hydrolases, the negatively charged environment would be
unfavorable for stabilizing the transition state oxyanion. This
suggests the possibility that the negative electrostatic potential
around the active site in the unphosphorylated form of CheB
might also contribute to the negative regulation of methyles-

FIG. 3. Structure of the methylesterase CheB. (A) Ribbon representation showing the overall fold of residues 1–347 and the relative positioning
of the two domains. The N-terminal regulatory domain is colored blue, the C-terminal catalytic domain is shown in green, and the linker region
is colored gold. The acidic cluster of active site residues (Asp-11, Asp-12 ,and Asp-56, the site of phosphorylation) in the N-terminal domain and
the catalytic triad residues (Ser-164, His-190, Asp-286) in the C-terminal domain are shown as Corey–Pauling–Koltun (CPK) models with carbon
atoms colored gray, oxygen red, and nitrogen, dark blue. For consistency, all of the a-helices and b-strands are labeled analogously to the numbering
schemes used previously in descriptions of CheBc (9) and CheY (19). The b-strands within the C-terminal domain are additionally labeled by the
prefix ‘‘c’’ (cb1, cb2, . . . ). (B) Stereo diagram of the interdomain region. The molecule is slightly rotated horizontally compared with the orientation
in A. Helices and strands are shown as lines with the side chains of residues involved in the interdomain interaction represented by balls and sticks.
The coloring scheme and CPK models are as indicated in A. The labels identify residues that show the greatest decrease in solvent accessibility
in intact CheB as compared with that calculated for residues in the isolated domains. (C) The electrostatic potential of the molecular surface of
CheB shown rotated approximately 90° about the vertical axis relative to the view in A. The view is looking toward the active site. Ser-164 sits within
a funnel-like opening formed at the domain interface. In the vicinity of the active site the electrostatic potential is significantly more negative in
the intact protein than in the isolated C-terminal domain, and this may have an effect on catalysis. The surface in C was calculated and displayed
with the negative surfaces in red, the positive surfaces in blue, and the neutral surfaces in white by using the program GRASP (20); A and B and
all subsequent figures were prepared by using the program RIBBONS (21).
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terase activity. In contrast, the electrostatic potential of the
active site region is substantially less negative when calculated
for the isolated C-terminal domain. Additionally, a negative
electrostatic environment surrounding the active site might
facilitate proper orientation of the enzyme toward the receptor
substrate, because the methyl glutamate residues on the che-
motaxis receptors are flanked by a negatively charged region
consisting of nonmethylated glutamates.

Interaction of CheB with chemotaxis receptors can be
further considered on the basis of comparison to the x-ray
crystal structure of the other enzyme involved in regulation of
chemoreceptor signaling output, the S-adenosylmethionine-
dependent methyltransferase CheR (33) (Fig. 4). A structural
homology search using DALI (34) identified significant simi-
larity between CheR and CheB, raising the possibility of a
common evolutionary origin. Fig. 4 shows the two structures
that were first overlaid on the basis of DALI output and then
translated away from each other to more clearly show the
specific features of the molecules. In both CheB and CheR, the
N-terminal domain is located above the C-terminal edge of the
central seven-stranded b-sheet of the C-terminal domain. The
active sites of both proteins are positioned in similar locations
in the C-terminal domain within the domain–domain inter-
face. However, the proposed receptor interaction clefts occur
on different faces of the b-sheet in CheB and CheR. Topo-
logical differences in the structures of CheR and CheB may be
reflective of their functionally antagonistic interactions with
the receptors.

Previous biochemical data suggest extensive contacts be-
tween the modification enzymes and methylated regions of the
receptors. Specific glutamate residues on the chemotaxis re-
ceptors that undergo reversible methylation are proposed to
align along one face of the receptors (32). Methylationy
demethylation rates at each site differ significantly and appear
to be influenced by the conformation of the receptor (35, 36).
The rates of methylationydemethylation at one site can be
influenced by residues located as far as two helical turns away
(37, 38). One could rationalize that topological insertions in

the doubly wound ayb domains of the receptor modification
enzymes, such as the three-stranded b-subdomain in CheR and
the b-hairpin motif in CheB, presumably play a more special-
ized role in substrate recognition andyor catalysis. The two
motifs are positioned on the same side edge but on opposite
faces of the central b-sheet. In both enzymes the b-motifs and
the N-terminal domains form an extended surface surrounding
the active site. It seems likely that these surfaces provide the
modification enzymes with a mechanism for ‘‘read out’’ of
structural information encoded in the extended methylation
region of the receptor.

Model for Activation by Phosphorylation. Structural fea-
tures of the methylesterase suggest a mechanism for CheB
regulation. In our model, the unphosphorylated N-terminal
domain inhibits the activity of the methylesterase by obstruct-
ing access to the active site and by influencing the electrostatic
potential of the active site region. Phosphorylation of the
N-terminal domain, at Asp-56, distant from the methylesterase
active site, leads to propagation of conformational changes to
the interdomain interface. Disruption of the interface results
in separation of the domains and a change in electrostatic
potential in the esterase active site environment. In addition,
we propose that the N-terminal domain plays an active role in
interaction with the receptor by providing an additional sur-
face for intermolecular interaction. Enzyme kinetics studies
show that phosphorylated intact CheB has significantly higher
methylesterase activity than the isolated C-terminal domain
(G. Anand and A.M.S., unpublished observations). Thus, the
N-terminal domain may have a complex regulatory role. In the
unphosphorylated state, it functions as an inhibitor, whereas in
the phosphorylated state, it facilitates interaction with the
substrate.

Comparison to Structures of Other Response Regulators.
Hundreds of response regulator domains have been identified
in prokaryotes and eukaryotes. However, very little is known
about the generality of the mechanism of phosphorylation-
dependent activation of effector domains. How might the
mechanism of regulation by the N-terminal domain proposed

FIG. 5. CPK model of the N-terminal domain of CheB, showing
surfaces that are involved in protein–protein interactions among the
response regulators CheB, CheY, and NarL. Residues involved in
interaction with the C-terminal domain of CheB are colored yellow.
Residues that have been implicated in protein–protein interactions in
other response regulators are shown with colored mesh: red for
corresponding residues in CheY that are thought to be involved in
interaction with the P2 domain of the histidine kinase CheA (39);
green for corresponding residues in NarL that interact with its
C-terminal DNA-binding domain (25).

FIG. 4. Structural comparison of the chemoreceptor modification
enzymes. Structures of the methyltransferase CheR and the methyl-
esterase CheB were aligned on the basis of similarity of their C-
terminal domains by using a structural homology search in DALI (34).
For both molecules, ribbon diagrams depict the N-terminal domains
in blue, linker regions in gold, and C-terminal domains in green. The
molecule of S-adenosylhomocysteine (SAH) in CheR and the meth-
ylesterase active site residues [Ser-164 (S), His-190 (H), and Asp-
286(D)] in CheB are shown as CPK models. The double-headed arrow
points toward the active sites and the receptor interaction openings.
Functionally antagonistic CheB and CheR contain active sites on
opposite faces of the structurally homologous central b-sheets.
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for CheB apply to other response regulators? A similar strat-
egy for inhibition of C-terminal domain function by the
position of the N-terminal domain has been suggested for the
transcriptional regulator NarL, the only other multidomain
response regulator with a known three-dimensional structure
(25). Despite similarities in regulatory mechanisms, compar-
ison of the N-terminal domain of CheB with other regulatory
domains indicates that different molecular surfaces are used
for intra- and intermolecular interactions (Fig. 5). In CheB and
the transcription factor NarL, the orientations of the regula-
tory domains with respect to the C-terminal effector domains
are very different, being oriented roughly perpendicular to
each other with only a small region of overlap. In CheB,
residues of the regulatory domain that contribute to the
domain interface are located in a4 and at the ends of a5 and
b5, whereas in NarL, they are found in the loops connecting a2
and b3, a3 and b4, a4 and b5, and at the end of helix a5.
Furthermore, the a4–b5–a5 surface buried in the domain
interface of CheB corresponds to a region in CheY that has
been proposed to serve as a recognition surface for an
interacting region of the kinase CheA, termed P2 (39). Com-
petitive binding of CheB and CheY to CheA suggests that a
similar surface of the P2 domain is involved in interaction with
both proteins (40). However, it is likely that binding of the
regulatory domain of CheB to P2 involves a surface other than
the inaccessible a4–b5–a5 region in the domain interface.
Thus, CheY and CheB apparently use distinct surfaces for
interaction with a single histidine protein kinase. This com-
parison of CheB, CheY, and NarL indicates that the regulatory
domains of response regulators have been adapted to perform
similar protein–protein interactions by using different molec-
ular surfaces. Evolution of different protein recognition sur-
faces among response regulators may contribute to the spec-
ificity of phosphotransfer between histidine protein kinase and
response regulator pairs.
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