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Abstract
In bacterial chemotaxis two-component signaling system, the histidine-containing phosphotransfer
domain (the “P1” domain) of CheA receives a phosphoryl group from the catalytic domain (P4) of
CheA and transfers it to the cognate response regulator (RR) CheY, which is docked by the P2
domain of CheA. Phosphorylated CheY then diffuses in cytoplasm and interacts with the FliM
moiety of the flagellar motors, thereby modulating the direction of the flagella rotation. Structures
of various histidine phosphotransfer domains (HPt) complexed with their cognate RR domain
have been reported. Unlike the E. coli chemotaxis system, however, these systems lack the
additional domains dedicated to binding to the response regulators, and the interaction of an HPt
domain with an RR in the presence of such a domain has not been examined on the structural
basis.

In this study, we used modern NMR techniques to construct a model for the interaction of the E.
coli CheA P1 domain (HPt) and CheY (RR) in the presence of the CheY-binding domain, P2. Our
results indicate that the presence of P2 may lead to a slightly different relative orientation of the
HPt and RR domains from those seen in such complex structures previously reported.
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B. Introduction
Motile bacteria propel themselves by the rotary motion of flagella, and they have the
tendency to swim toward attractants and away from repellents, the behavior known as
chemotaxis. The direction of the bacteria movement is determined by the sense of rotation of
the flagellar motor, which is controlled by a complex two-component signal transduction
system that senses the temporal concentration gradient of the attractants and repellents in
their surroundings. The binding of such molecules by transmembrane chemoreceptors
modulates the autophosphorylation activity of CheA (the histidine kinase, HK), the central
kinase in the bacterial chemotactic signaling system. The increased autophosphorylation of
CheA in the presence of negative stimuli results in elevated phosphorylation of CheY, one
of the two CheA substrates. Phosphorylation of CheY enhances its affinity to the FliM
moiety of the flagellar motor. This interaction enhances the probability that the motor will
rotate clockwise, which leads to the tumbling motion of the cell and the resulting change of
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direction. In the presence of attractants, the CheA phosphorylation activity is inhibited, and
the majority of CheY remain unphosphorylated, ensuring the counter-clockwise rotation of
the motor, that results in the smooth swimming. (1, 2, 3)

CheA is a five-domain protein (Figure 1) (2, 4). The functional unit of CheA is thought to be
the dimeric form, and the dimerization is mediated by the P3 domain. The environmental
signal input sensed by the chemoreceptor is transduced to CheA through its regulatory
domain P5, which mediates the interaction of CheA a phosphoryl group from the ATP
bound to the P4 domain. The P1 domain subsequently transfers the phosphoryl group to the
cognate response regulator (RR) CheY. In E. coli and related systems CheY is bound to P2.
Conformational change in CheY upon phosphorylation facilitates its dissociation from the
P2 domain into the cytoplasm for the eventual interaction with the flagellar motors. (5, 6)

While the structures and functions of the receptor, CheW, CheY, and the five CheA domains
have been well established, the nature of the interactions through which the signal is relayed
between these participants has been poorly understood. One of the unresolved issues is how
the activated (phosphorylated) CheA P1 domain enhances the rate of CheY phosphorylation.
It is known that CheY can be phosphorylated by small-molecule phosphodonors such as
acetyl phosphate and phosphoimidazole, but the rates are slower by three orders of
magnitude than the phosphorylation rate by CheA (7). The observed rate enhancement by
CheA seems to be at least partially due to the enhanced local concentration of CheY around
the phosphotransfer domain, P1. In CheA, P1 is connected to the CheY-binding domain (P2)
by a 23-residue linker (8). The P2 domain binds tightly to CheY, with the dissociation
constant in the low-micromolar range, and it can be estimated that the effective local
concentration of CheY for the P1 domain is roughly 4 mM (see discussion). However, the
rate of phosphotransfer by CheA is still much faster than that by the small-molecule
phosphodonors at a comparable concentration, and it seems obvious that the P1 domain
plays an active role in the enhanced phosphotransfer rate by CheA. The goal of this study is
to provide a structural basis for the mechanism by which P1 accomplishes this.

Structures of various histidine phosphotransfer domains (HPt) complexed with their cognate
RR have been reported (9, 10, 11, 12). Among them, R. sphaeroides CheA3P1 and CheY6
are orthologs of E. coli P1 and CheY, and yeast Ypd1 and SLN1 (R1) are their structural
homologs, and possible clues for the P1-CheY interaction mechanism have come from these
crystal structures. In both cases, two major factors stabilizing the complex appear to be (1)
the interaction between the α-helix 1 of the RR domain and the helices equivalent to the α-
helix 1 of E. coli P1 and (2) the interaction of the helix containing the active site histidine of
the HPt domain with the β5-α5 loop of the RR. Do E. coli P1 and CheY employ a similar
mode of interaction? One thing that sets the E. coli CheA-CheY system apart from these
systems is the presence of the CheY-binding domain, P2, in E. coli CheA. This may affect
the way P1 can orient itself against CheY in at least two ways. First, unlike the HPt domains
in the above systems used in the crystallographic studies, where the HPt and RR domains
provide all the affinity and specificity of the interaction, E. coli system has an additional
CheY binding domain contributing specificity and affinity to the inherently low affinity of
the P1-CheY interaction. Second, the linker connecting the two domains, while enhancing
the effective concentration of CheY for P1, may also have a restricting effect on how P1 can
sample the space around CheY.

To address these issues, we used the modern NMR techniques to construct a structural
model for the interaction between CheY and CheA P1P2 (where P1 is connected to P2 by
the native linker). In this analysis, the P1 domain and CheY were docked as rigid bodies
based on the short-range distance constraints provided by the NOE measurements and long-
range distance constraints provided by the paramagnetic relaxation enhancement
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measurements using the nitroxide spin-label MTSL (13, 14). We observed that the
interaction between CheY and P1 is mediated through the interaction surfaces largely
consistent with those observed in the crystal structures of the yeast Ypd1-SLN1(R1)
complex and the R. sphaeroides CheA3P1-CheY6 complex. Our model indicates, however,
in the presence of the linker and the P2 domain, the relative orientation of the HPt and RR
may be slightly different from those seen in the previously reported HPt-RR crystal
structures. We also show that the mutations affecting the P1-CheY interaction surface as
observed by NMR had detrimental effects in the rate of phosphotransfer, as assessed by a
single turn-over kinetics method, which suggests that the mode of interaction reported here
is biochemically relevant.

C. Material and Methods
Protein expression and purification

Wild-type E. coli CheY (residues 1–129) was expressed in an E. coli K38 strain carrying the
pCW expression plasmid (15). CheA P1 domain (residues 1–134) was cloned into pET28a
(Novagen) at the NcoI- and XhoI sites in frame with the C-terminal his6-tag and expressed
in BL21(DE3) (Novagen). CheA P2 domain (residues 156–229) was also cloned into
pET28a at the NcoI- and XhoI sites in frame with the C-terminal his6-tag and expressed in
BL21(DE3). CheA P1P2 fragment was expressed in BL21(DE3) carrying pREP4 and
pRS1-4 (pQE12: CheA residues 1–223, C-terminal his6-tag) (8, 16). CheA P3P4P5 fragment
(residues 261–654) was cloned into pET28a with the N-terminal his6-tag and expressed in
BL21(DE3). All proteins were purified following the published protocols (8, 15, 17) or by
Ni2+- NTA chromatography (Qiagen).

P1 mutants F8A, E15A, P1P2 single mutant C213A, and double mutant C213AF8A were
made by following Quick Change mutagenesis protocol using whole-plasmid PCR. CheY
single-cysteine mutants (E37C, N62C, E89C, K91C) were made by following overlap
extension PCR protocol. P1 Δ 9 (residues 10–134) mutant was made by following regular
PCR protocol. Pfu Turbo DNA polymerase (STRATAGENE) was used for all PCR
reactions. Restriction enzymes and T4 DNA ligase were purchased from New England
BioLabs. All mutations were confirmed by DNA sequencing and expressed and purified
with the same protocols as for the wild-type proteins.

Site-directed spin-labeling of CheY
CheY cysteine mutants in 50 mM sodium phosphate, 150 mM sodium chloride pH7.9, were
treated with 5 mM dithiothreitol (DTT) for 1 hour to prevent the dimerization one hour prior
to spin-labeling. DTT was removed by Sephadex G-25 (Sigma) spin-column immediately
before the modification with MTSL [(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-
methanethiosulfonate], in which the nitroxide spin label was attached to the single cysteine
through disulfide bond (13). 1–2% (v/v%) of the concentrated MTSL stock in ethanol was
added to the sample at a molar ratio of 10 MTSL to 1 protein and incubated at room
temperature for 2 hours, and G-25 spin-column was used to remove the excess free MTSL
and exchange the sample into the NMR buffer (50 mM sodium phosphate, pH 6.5). The
color test developed by Murray et al. was used to ensure the completion of the MTSL
modification (18). The modified protein was concentrated and used at 100 μM for NMR
experiments. Modified CheY mutant was mixed with 100 μM of deuterated P1P2 C213A,
and an 1H-15N HSQC spectrum was acquired (19). As a reference, another 1H-15N HSQC
spectrum was acquired after the MTSL in the sample was reduced by the incubation with
200-fold excess of ascorbic acid at room temperature in the dark for at least 10 hours (13,
14). Control experiments were performed in the same method, but used P1P2 F8AC213A
instead of P1P2 C213A.
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NMR spectroscopy
All the data reported in this study were collected with a Varian Inova 600 MHz spectrometer
equipped with a cryoprobe at 25°C. NMR data were analyzed with the nmrPipe package and
assignments were made with ANSIG3.3 (20, 21). All NMR samples (except for spin label
experiments) were in 50 mM sodium phosphate, pH 6.5. 5 mM DTT, 0.2% sodium azide
and 8% D2O were added prior to NMR experiments. Samples used in experiments requiring
D2O-based buffers were lyophilized after dialysis and dissolved in 99.8% D2O.

The backbone and side-chain sequential assignments were obtained from the following 2D
and 3D experiments: 1H-15N-HSQC (19), 1H-13C-HSQC (22), HNCACB (23), HNCO
(18,23), (H)C(CO)NH-TOCSY (24,25,26), H(C)(CO)NH-TOCSY (24,25,26).

The P1-CheY/P2 complex chemical shift assignments were made by tracing the complex
resonances through titration experiments back to the resonances of their unbound states.
Titration experiments were done with the following samples: 200 μM of 15N/2H P1 was
titrated with the mixture of 3 mM unlabeled CheY and 3.2 mM2H P2. 200 μM of 15N/2H
CheY and 250 μM 2H P2 were titrated with 3 mM 2H P1.

Additionally, multidimensional NOESY spectra (27) were collected for inter-proton distance
restrains: 3D 13C-separated/12C-filtered NOESY using a 1H/15N/13C -labeled sample (3 mM
CheY or P1) and their respective unlabeled partner in the D2O buffer; 4D 15N-separated/13

C-filtered NOESY using a 2H/15N-labeled sample (3 mM CheY or P1) and their
respective 2H/13C-labeled partner in the H2O buffer (28). 2 or 3 mM of 2H/14N/12C/-labeled
P2 sample was used in all of these experiments.

Kdcalculation
To estimate the affinity of the P1-CheY complex, the extent of the interaction was
monitored by the chemical shift perturbation of the representative residues of 15N-labeled
proteins as a function of the concentration of their interaction partner (29). The resulting
data points (CSP, chemical shift perturbation) were fit with a model that consists of the
product of the chemical shift perturbation for a given residue at the saturation point
(CSPmax) and the fraction of the bound species (fbound), with the dissociation constant (Kd)
and the CSPmax as adjustable parameters:

The fraction of the bound species was expressed as follows (in cases where P1 is the titrant):

Structure Calculation
Distance constraints derived from the intermolecular NOE experiments were conservatively
classified into three levels, 1.8–4.2 Å, 1.8–5.2 Å, and 1.8–7.2 Å, corresponding to strong,
medium, and weak NOEs. Long-range distance constraints derived from the site-directed
spin-labeling experiment. Based on the ratio of the intensity of the oxidized protein
spectrum to that of the reduced protein spectrum (Iox/Ired,), the distance constraint of 1.8–15
Å was assigned for the peaks that were broadened more than 35% (30–38).
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The starting structures were generated by linking the P2 domain of the E. coli CheY/P2
complex (1EAY) to the structure of the Salmonella typhimurium P1 domain (1I5N) by the
E. coli linker sequence, since structure of E. coli P1 is not available (15, 39). Residue 1–3
and 132–134, which are not visible in 1I5N were also added. The sequence identity between
the Salmonella typhimurium and E. coli P1 (residue 1–134) is 94%, and all nuclei for which
we observed NOEs belonged to residues that were identical in both proteins. Residues 60
and 61, for which we observed the paramagnetic broadening in the spin-label experiment,
are not identical, but they were backbone amides and therefore deemed equivalent in both
proteins. 200 of such structures were generated starting from random initial orientations and
separations, and 4 rounds of refinement were made using the 26 NOE constrains and 14
spin-label constraints listed in Table 2. The simulated annealing protocol of the program
XPLOR-NIH was used to calculate the structures (40). The P1 and CheY/P2 complex were
docked as rigid bodies, with following exceptions; the side chains of residues responsible for
the interaction based on NOEs and the chemical shift perturbation were allowed to move
freely in the torsion angle dynamics simulation (P1 residues 1–20, 50–60, CheY residues
92–6, 57–59, 86–91, 111–114). Both the side chains and backbone of the first three and the
last three residues of P1, whose coordinates were not shown in the crystal structure due
probably to the flexibility of the termini, the 23 residue linker between P1 and P2, and
residues surrounding these regions (CheA residues 1–7, 132–159) were also allowed to
move.

Sopped-Flow Observation of the CheY W58 Fluorescence
Activation of the P1 domain by transphosphorylation was done by incubating 100 μM 15N-
labeled P1 with 10 μM CheA P3P4P5 (residues 261–654) and 10 mM ATP in 50 mM
TRISHCl, 5 mM MgCl2, 100 mM KCl, 0.5 mM DTT, pH 8.2 for more than 4 hours. 1H-15N
HSQC experiments were used to assess the extent of phosphorylation.(41)

The time course for CheY phosphorylation was monitored by the decrease of the intrinsic
tryptophan fluorescence of CheY (7). CheY was mixed with various phosphorylated P1
constructs in a stopped-flow spectrofluorometer (Applied Photophysics SX. 18MV,
deadtime ~ 2 ms). The reactions were maintained at 24-25°C in the observation chamber of
the instrument with a thermostat, and the samples were excited at 295 nm (~7 nm slit width
on the excitation monochromator), and fluorescence emission was monitored at a
combination of wavelengths above 320 nm with a cutoff filter. All phosphotransfer reactions
were carried out in 50 mM TRIS-HCl, 5 mM MgCl2, 0.5 mM DTT, pH 7.5 (42).

Data were fit to the following kinetic scheme:

Where A-P is the phosphorylated form of the P1 domain of CheA, Y is CheY, Y-P is the
phosphorylated form of CheY. Phosphorylation of CheY results in a decrease in tryptophan
fluorescence. In the presence of excess CheY, the phosphorylation time course as observed
from the CheY perspective can be described as the disappearance of free CheY fluorescence
due to phosphorylation followed by its recovery due to auto-dephosphorylation:
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Where the phosphotransfer step becomes pseudo first order and equal to the product
k1[CheY] where k1 is the apparent second order rate constant for phosphotransfer from P1 to
CheY. The change in CheY fluorescence F(t) as a function of time is then

Where c is the fluorescence at t = 0, d = k2, b = k1[CheY], a = FCheY-PA0k1[CheY]/(k2-
k1[CheY]), in which FCheY-P represents the fluorescence of fully phosphorylated CheY, A0
is the initial phosphorylated P1 concentration.(43)

D. Results
CheA P1 interacts with CheY weakly yet specifically

To identify the residues of CheA P1 responsible for its interaction with CheY, we
titrated 15N-labeled P1 with unlabeled CheY. The extent of interaction was monitored by
the 1H-15-NHSQC spectrum of P1, and the residues with significant chemical shift
perturbations were mapped onto the structure of P1 (Figure 2A, C). The P1 residues that
showed the largest chemical shift perturbation were residues 4–20 (the beginning of α1) and
residues 50 and 53–60 (the end of α2 and the turn that connects it to α3), which together
form a continuous surface on the P1 structure. These results suggest that there is one specific
CheY-binding surface on the P1 domain.

Chemical shift perturbations of 15N-labeled CheY by unlabeled P1, on the other hand,
showed that there were two separate surfaces on CheY that interact with P1 (Figure 3A, B).
The first interaction surface is centered around the active site Asp 57. The second surface
overlapped the interface between CheY and the CheA P2 domain as evidenced by the crystal
structure of the CheY-P2 complex (15, 44, 45). CheY is known to bind to P2 with the
dissociation constant (Kd) in the low micromolar range, which is much weaker than the Kd
for the P1-CheY interaction (see below). We asked if the second mode of interaction
between CheY and P1 could be eliminated if the experiment was repeated in the presence of
saturating amount of P2 (45, 46). Not surprisingly, when high levels of P2 were present, the
CheY residues involved in the interaction with P2, which comprise the majority of the
second P1 interaction surface, did not exhibit significant chemical shift changes upon the
addition of P1, and the P1 interaction was now limited to the surface surrounding the site of
phosphotransfer (Figure 3C, D). This indicates the second mode of interaction observed in
the absence of P2 was likely a non-productive one. The CheY residues showing the largest
chemical shift perturbations by P1 included residues 9–20 (the turn following β1 and the
beginning of α1), residues 57–59 (the end of β3, the active site), residues 86–90 (the end of
β4 and the turn leading to α4), residues 111-114 (the turn following β5 and the beginning of
α5). This is largely consistent with the mode of interaction seen in the crystal structures of
the yeast Ypd1-SLN1 (R1) complex and the CheA3P1-CheY6 complex in the R. sphaeroides
discussed above (11, 12).

Based on the concentration dependence of the chemical shift perturbation, we estimated the
dissociation constant, Kd, between the P1 domain and CheY in the presence of the unlinked
P2 domain to be about 5 mM (Figure 4). Also, the presence of P2 did not seem to affect the
CheY-interaction surface of P1, as the residues that showed largest chemical shift
perturbation were mostly the same with or without P2 (Figure 2B, C). Taken together, these
results suggest there is a weak but specific mode of interaction between CheY and P1 in the
presence of P2, even when the linker between P1 and P2 is absent.
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The observed interaction between P1 and CheY-P2 is biochemically relevant
The above results indicate that only a small number of residues are involved in the P1-CheY
interaction and that the affinity is very weak. We wondered whether the interaction we
detected was the one that leads to phosphorylation. To address this question, we mutated
selected P1 residues within the proposed binding surface and examined their effects on the
rate of phosphotransfer from P1 to CheY by monitoring the fluorescence quenching of CheY
W58 upon phosphorylation of D57 (42). All mutants are folded correctly as confirmed
by 15N HSQC spectrums (data not shown). Mutation of P1 residues F8 and E15 to alanine
dramatically weakened its interaction with the CheY-P2 complex, as evidenced by the lack
of chemical shift perturbation, and deletion of the first 9 residues of P1 N-terminus also
nearly abolished the interaction (data not shown). The phosphotransfer rate was 5–30 times
slower for these mutants compared to wild type P1 (Figure 5 and table 1). In total, we made
8 separate mutations in the proposed binding surface of P1, but we were unable to isolate a
mutant whose binding was compromised but phosphotransfer rate was not. These results
suggest that the mode of interaction between P1 and CheY we detected is the one that leads
to phosphotransfer.

NOE-based short-range distance constraints
Having seen that the observed P1-CheY interaction was biochemically relevant, we
proceeded to construct a structural model for this interaction. Multidimensional Nuclear
Overhauser Effect spectroscopy (NOESY) was used to provide the short-range distance
constraints between the P1 domain and CheY complexed with the P2 domain. The unlinked
P2 was used to eliminate the non-specific interaction between P1 and CheY discussed
above. Examples of the resulting NOESY spectra are shown in Figure 6A and 6B, and the
residues responsible for the intermolecular NOEs are mapped onto the P1- and CheY with
the receptor and the coupling protein, CheW. Signals from the receptor upon the repellent
ligand binding or attractant desorption activates the kinase activity of CheA, and the
histidine-containing phosphotransfer domain (HPt) P1which receives structures (Figure 7B,
C). In total, twenty-six intermolecular NOEs between eleven P1 residues and nine residues
of CheY were observed (Table 2). The P1 residues that gave the intermolecular NOEs were
3, 5, 8, 11–16, and 56, and most of them are located at the N-terminus of α1. CheY residues
that contributed to the intermolecular NOEs were 16, 18–20, 23, 24, 109, 111. These
residues are located at the N-terminus of α1, and the loop connecting β5 and α5. The results
from the NOE experiment and the chemical shift perturbation results of the 15N HSQC
titration experiments are in excellent agreement.

Long-range distance constraints based on site-directed spin labeling
Results of the titration and NOESY experiments showed that P1- and CheY residues
responsible for the direct interaction were clustered into a small region in both proteins. To
supplement the NOE-based short-range distance information during the structure
calculation, we used site-directed spin labeling to obtain long-range distance constraints
from the parts of the proteins that did not have NOE.

Two single-cysteine mutants of CheY were constructed for site-direct nitroxide spin labeling
with MTSL (Table 2). The positions of the mutation (residues 89 and 91) were chosen to be
close to the active site Asp 57 and away from the binding interface determined by the
chemical shift perturbation mapping and NOEs (Figure 7C). These mutations are in loops
and exposed to the solvent and not expected to disrupt the three-dimensional structure of
CheY. The 1H-15N HSQC spectra of these mutants showed only minor chemical shift
perturbations around the sites of mutations, suggesting their effects on the global structure
are negligible. Also, the mutations did not seem to affect the interaction with the P1 domain,
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as the chemical shift perturbation in the 1H-15N HSQC spectra of P1 bound to these mutants
were indistinguishable from those caused by the wild-type protein (data not shown).

To identify the P1 residues in proximity to the spin-labeling sites, each CheY mutant labeled
with MTSL was mixed with the P1P2 construct of CheA (residue 1–233, the P1 domain and
the P2 domain connected with the native linker), and an 1H-15N HSQC spectrum was
collected, and the resulting resonance intensity for each P1P2 backbone amide (Ioxidized) was
recorded. To quantify the paramagnetic broadening of the resonances, the same experiment
was repeated after the MTSL in the sample was inactivated by the addition of excess
ascorbic acid to yield the baseline value (Ireduced). To eliminate the effects of possible
nonspecific interactions, a control experiment for each CheY mutant was performed by
using P1P2F8A, a P1P2 mutant with reduced affinity to CheY. We reasoned that non-
specific interactions were unlikely to be changed by this mutation but the specific
interactions should be significantly weakened.

Figure 7A shows the resulting peak intensity ratio (Ioxidized/Ireduced) plotted against the P1
residue numbers when P1P2 was mixed with the CheY mutant labeled with MTSL at
residue 89. It indicates P1 amide resonances broadened by MTSL at this position were those
of residues 8, 9, 12, 52, 53, 55, 57–68, 82, 85, 108, 126. Among them, residue 12 and
residues 85, 108, and their adjacent residues were also shown to be broadened in the control
experiment with P1P2F8A. The results for these residues were not used as distance
constraints in the structure calculation (Figure 7B). P1 residues affected by CheY K91C
labeled with MTSL at different positions were also determined likewise (Table 2). These
results provided additional information about the distance between the second and third
helices of P1 and the active site surface of CheY.

The structural model for the P1P2-CheY complex
The crystal structures of the isolated P1 domain (PDB code 1I5N), P2 domain (1FWP), and
CheY (3CHY), as well as the CheY-P2 complex (1EAY) have been solved previously (39,
47, 48, 15). To initiate the model building for the P1P2-CheY complex, we generated a
starting structure, in which the structure of P1 was connected by the native linker to P2 in
the CheY-P2 complex structure. 200 of such structures were refined by four successive
rounds of simulated annealing and torsion angle dynamics, using the distance constraints
obtained from the NOE experiments and the spin-label experiments with MTSL. The NOE-
based distance constraints were classified into three levels, 1.8–4.2 Å, 1.8–5.2 Å, and 1.8–
7.2 Å, corresponding to strong, medium, and weak NOEs. The MTSL-based longer distance
constraints were assigned to 1.8–15 Å for the peaks that were broadened more than 35%,
based on the ratio of the intensity of the oxidized spectrum to that of the reduced spectrum
(Ioxidized/Ireduced). During the refinement, the flexible N-terminal residues of P1, the residues
in the P1–P2 linker region, and the side chains of the residues responsible for the
interactions as determined by NOE and chemical shift perturbation (see Materials and
Methods), were allowed to move freely in the torsion angle space, but otherwise each
domain was treated as a rigid body, for the chemical shift perturbation in our titration
experiments suggested that there were little global structural changes.

Superposition of the 50 lowest-energy structures with no distance violation is shown in
Figure 8A. The P1 backbone rmsd was ~1.3 Å when the backbone of the CheY/P2 complex
was aligned. Residues responsible for interactions that collectively hold these two domains
in the observed orientation are confined in seemingly small regions. The CheY-interaction
surface of P1 appears to be located mainly in the first half of α1 and the end of α2. On the
CheY side, the interacting residues are mostly in its α1 and the adjacent loop between β5
and α5. Figure 10A shows a detailed view of the interface between these two regions. A
thread of interaction takes place as two faces of CheY α1 (T16-I20-L24 and R19-N23)
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interlock with the side chains of the D7-F8-T11-E15 face of P1 α1. Additionally, P1 I5 (on
a different face of α1) and M3 (in the N-terminal loop) interact with two CheY residues
(F111 and K109) in the β5-α5 loop, which completes the trapezoidal plane of an interacting
surface. The interaction between P1 T56 (at the end of α2) and CheY I20 should provide
another source of stability to the complex.

This small web of interactions leads to such a degree of convergence among the calculated
results that the Cα-Cα distance between the active site of P1 and CheY ranges from 11.3–
12.3Å for the 50 structures (Figure 8A). This proximity alone should make phosphorylation
of CheY by P1 much more favorable than phosphorylation by small molecule
phosphodonors with no specific affinity to CheY. The distance between the C-terminus of
the P1 domain (residue 131) to the N-terminus of the P2 domain (residue 160) was
approximately 45 Å, which is expected from a flexible linker of this length (see discussion).

E. Discussion
In this study, we constructed a structural model for the interaction of the E. coli chemotactic
proteins CheY and CheA P1, in the presence of the CheY-binding domain of CheA, P2.
Although complex structures of their homologs (R. sphaeroides CheA3P1-CheY6) and the
structural homologs (yeast Ypd1-Sln1) have been reported, these systems differ from the E.
coli system in that they lack the additional domain dedicated to binding to the response
regulator, and the interaction of a histidine phosphate transfer domain (HPt) with a response
regulator domain (RR) in the presence of such a domain has not been examined on the
structural basis. Here we discuss the overall evaluation of the resulting model, its relation to
the previously reported structures of the HPt-RR complexes, and its biological significances.

Evaluation of the P1-CheY/P2 complex structure
In our structural calculation, CheY and P1 were treated as rigid bodies and docked based on
the distance information gained from the NOESY experiments and site-directed spin-label
experiments with MTSL. Our approach to the model-building, based on the distance
information alone, is an abbreviated version of the procedure pioneered by the Clore group
in their work on the sugar transport systems (30–38). The backbone rmsd for the P1 domain
in the final 50 lowest-energy structures, when the backbone of the CheY-P2 complex was
held constant, was ~1.3 Å (Figure 8). This degree of convergence is significantly lower
compared to the standard set by the work of the Clore group, which typically includes the
torsion angle constraints and constraints derived from the residual dipolar coupling, in
addition to the NOE-based distant constraints, with the reported convergence rates ranging
from 0.1 Å for the mannitol transporter system to 0.5 Å for the mannose transporter system
(30–38). Our approach is based only on the conservative distance constraints and lacks
residual dipolar coupling data and as a result does not match the apparent resolution reported
by the Clore group. The lower resolution in our work represents valid alternative in
addressing issues when lower resolution structural information answers the questions at
hand with a significantly smaller investment in machine and data analysis time.

The low degree of convergence in the P1-CheY model is also due to that the interaction
appears to be mediated by a single, small surface on both proteins. Our NOE results show
that the major interaction is mediated by a plane defined by a part of a helix (residues 14–
24) and a few residues in the adjacent loop (residues 109–112) in CheY, and only a handful
of P1 residues, mostly in its N-terminal loop and α1, make contacts to these residues. The
importance of the P1 residues lining the proposed interface was attested by our observation
that alanine mutation at many of these positions severely compromises the interaction, and
this seems to indicate that this surface is largely, perhaps solely, responsible for the
interaction. The interactions between P1 and CheY, as outlined above, contained enough
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information to align the side chains of the two active site residues, P1 H48 and CheY D57,
at a close distance. In the majority of the 50 calculated structures, the distance for the
catalytic H48Hε2 of P1 to CheY D57Oδ1/2 was between 4–7 Å (Figure 8). P1 is known to
phosphorylate CheY a few thousand fold faster than the small-molecule phosphate donors at
a comparable concentrations, presumably because of participation of its active site residues
(7).

Comparison of the P1-CheY model with the previously reported HPt-RR complex
structures

A few high resolution HK-RR complex crystal structures have been solved previously: the
Spo0B-Sp0F complex in the Bacillus subtilis sporulation regulation system, the hypothetical
HPt-RR combination, HK853-RR468, in Thermotoga maritima, the Ypd1-SLN1 (R1)
complex in the yeast environmental stress response system, and the CheA3P1-CheY6
complex in the Rhodobacter sphaeroides chemotaxis two-component system (9, 10, 11, 12,
49, 50). While the structure of the RR domains are highly conserved, the structural feature
of the HPt domains is loosely defined as a helix bundle with the active site histidine that
interacts with the active site aspartate of the CheY-like response regulators, and its members
are not always structural homologs, and their sequences are often not conserved beyond the
small regions around the catalytic histidine (41). The domain architecture of Spo0B and
HK835cp is a dimer of two-helix bundles with the active site histidine in each monomer,
and these are not homologous to E. coli P1 (9, 10). On the other hand, yeast Ypd1 is a
monomeric HPt protein that has a 4-helix bundle with an additional short helix at the N-
terminus and is a structural homolog of P1 (11). Also, CheA3P1 is a 5-helix bundle
monomeric HPt protein, and it is one of the three Rhodobacter sphaeroides orthologs of E.
coli CheA P1 (12). We compared these two structures with our model, and the results
showed that, while E. coli P1 and CheY employ a mode of interaction similar to those seen
in these structures, the presence of P2 and the linker might lead to a slightly different
orientation of the HPt domain with respect to the RR domain (Figure 9).

In all three cases, two major factors stabilizing the complex appear to be (1) the interaction
between the α-helix 1 of the RR domain and the helices equivalent to the α-helix 1 of E.
coli P1 and (2) the interaction of the helix containing the active site histidine of the HPt
domain with β5-α5 loop of the RR (11, 12). However, the resulting relative orientation of
the HPt domain with respect to the RR domain is slightly different. When the CheY- and
CheY6 parts are held constant (the alignment rmsd ~ 1.18Å), E. coli P1 is rotated (by about
30°) with respect to R. sphaeroides CheA3P1 such that the part of the P1-interaction surface
of CheY close to its P2-interface is more exposed in the E. coli model (Figure 9). The
orientation of the HPt domain with respect to the RR domain in the yeast Ypd1-SLN1(R1)
complex is similar to the R. sphaeroides complex. The average Cα- Cα distance between the
active sites in E. coli structures is within the range of the other two systems (11.7 Å in E.
coli, 14 Å in R. sphaeroides, and 10.2Å in yeast), as well as their average catalytic side
chain atoms (H48 Nε2 to D57 Oδ1/2, 5.9/5.5 Å in E. coli, 7.3/7.04 Å in R. sphaeroides, and
4.58/3.91 Å in yeast) (12).

What is the meaning of such differences? There are reasons to think that our results might
represent a biologically relevant species. A recent statistical analysis indicates that a pairs of
interacting proteins can show different assembly orientations when they have less than 30–
40% sequence identity (51). For instance, there are two distinct families, one designated as
the E. coli family and the other, Bacillus subtilis family, among the known structures of the
CheY-P2 complexes. Both families share similar binding regions of P2 and CheY, but the
P2 domain in one family is rotated by almost 90°with respect to that of the other family
when the CheY parts of the complex structures are aligned (51). There is little sequence
identity between E. coli P1 and Ypd1 (28%) or CheA3P1 (25%), and between E. coli CheY
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and SLN1 (R1) (14%) or CheY6 (26%). Given the low sequence identities (even within their
binding surfaces) E. coli P1-CheY shares with the yeast Ypd1-SLN1 complex or the R.
sphaeroides CheA3P1-CheY6 complex, it is not inconceivable that these complexes should
show different interaction orientations.

Moreover, careful examination of our NOE results suggests that the E. coli complex should
show a different relative orientation of the HPt domain with respect to the RR domain.
While the positions of the HPt residues responsible for interaction are equivalent in all three
cases, the positions of their interaction partners on the RR side appear to be different in the
E. coli complex. In our E. coli model, P1 residues F8, T11, and E15 (Figure 10A: residues
color in dark red) align with the face of CheY α1 that consists of residues L24, I20, and T16
(Figure10A: residues colored in blue). In the crystal structures of the yeast complex and the
R. sphaeroides complex, the HPt residues at the same positions (although not conserved)
appear to interact mostly with the RR residues equivalent to positions 16, 19, and 23 in E.
coli CheY (Figure 10: residues in orange), which comprise the face of the RR α1 adjacent to
that which interacts with E. coli P1. This mode of interaction also enables the interactions
between P1 residues M3 and I5 and the CheY loop between β5 and α5 (Figure 10A:
residues color in magenta) evidenced by multiple NOEs. This requires that the C-terminal
end of E. coli P1 α1 be rotated downward with respect to CheY compared to the R.
sphaeroides CheA3P1 or yeast Ypd1, which accounts for the differences in the orientation
shown in Figure 9. This argument hinges on the notion that the arrangement of the RR α1
with respect to the rest of the domain in these complexes is similar, which appears to be the
case.

If the complex reported in this study indeed is a complex that takes place during the
phosphate relay from CheA to CheY, what might be its meaning? One obvious hypothesis
would be that this is the complex that takes place as the reaction happens. As discussed
above, the distance between the active site residues clearly makes the transfer possible.
Another possibility would be that phosphotransfer reaction is actually carried out by a
complex much closer to the yeast- or the R. sphaeroides complex (or other unknown
complex) and that our structure represents a kind of a stand-by complex leading to such a
complex. If that is the case, the fact that it eluded our detection suggests that the lifetime of
such a hypothetical complex is shorter still than that of the observed complex, whose affinity
is already very weak. One reason for our inability to observe such a complex would be that
the HPt domain used in the NMR experiments was not activated due to the long-term
instability of the phosphorylated E. coli P1. In others HPt-RR systems where this is less of
an issued, it has been reported that the complex structure of the activated proteins resembles
the `inactive' complex except for the rigid-body shift of 2–3Å that brings the domains closer
(9, 22, 12, 49, 50).

The interaction surface between P1 and CheY as seen in our model (~700Å2, calculated by
PISA Webserver) is smaller than the equivalent surfaces seen in the structure of yeast Ypd1-
Sln1 (R1) (970Å2) complex, but larger than in the structure of R. sphaeroides CheA3P1-
CheY6 (530 Å2) complex (Figure 10). However the P1-CheY interaction is much weaker
than these complexes. This may be a reflection of the difference in the mechanisms by
which phosphotransfer is accomplished. In cases where phosphate is transferred between the
HPt domain and the RR domain without the P2-like domains, it would take either high
intrinsic affinity between the participants or high concentrations of them to carry out such a
bimolecular reaction in a timely manner. The binding between P1 and CheY is weak, with
the Kd in the 5 mM range, but the overall signaling response in E. coli chemotaxis may not
suffer from it because of the presence of a covalently linked CheY-binding domain (P2). P1
is connected to P2 by a 23 residue linker and 5 flexible terminal residues. The length of a
linker of this size (given by r2=Cnl2, where n is the number of residues, C, the characteristic
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ratio, is close to 7 for n=28, and l is 3.8Å for the average Cα-Cα bond length) is expected to
be ~53Å, which agrees with our result of ~45Å (30). CheY and the P2 domain form a stable
complex (2 μM Kd), and the linker should constrain CheY to a space surrounding P1, with
the estimated effective concentration of each component of ~4 mM (30). This means
roughly twenty percent of the P1 population interacts with CheY at any time, despite the low
intrinsic affinity. The interaction between P1 and CheY, as we detected, align the sidechains
of the two active site residues, P1 H48 and CheY D57, in close proximity to each other. This
should enhance the rate of phosphotransfer greatly compared to the small-molecule
phosphate donors with no specific affinity to CheY.

It should also be noted that, before interacting with CheY, P1 binds to the catalytic domain
of CheA (the P4 domain) to receive the phosphoryl group at the same active site histidine,
and it is almost certain that the relative affinity of P1 to P4 and CheY has been fine-tuned to
meet the biological demand of chemotaxis signaling. The nature and affinity of the
interaction between P1, CheY, and P2 reported here show how and how likely this
interaction is designed to happen. Understanding how they fit with the previous round of
phosphotransfer, however, would require a study conducted on a CheA construct including
the kinase domain and is out of the scope of this report.
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Figure 1.
Histidine kinase CheA and CheY in E. coli. Function and the residue numbers of each
domain are shown. The solid arrows show the flow of phosphate transfer. The broken arrow
shows the interaction between the P2 domain and CheY.
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Figure 2.
(a). Chemical shift perturbation of the P1 domain by CheY. 200 μM 15N-labeled P1 was
titrated with 2 mM unlabeled CheY, and the chemical shift difference, ((Δδ1H × 600)2 +
(Δδ15N × 60.8)2)1/2, at the titration endpoint for each P1 residue was plotted.
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Figure 2.
(b). Chemical shift perturbation of the P1 domain by CheY complexed with the P2 domain.
200 μM 15N-labeled P1 was titrated with 3 mM deuterated, unlabeled CheY and P2, and the
resulting chemical shift difference for each P1 residue was plotted.
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Figure 2.
(c). The chemical shift perturbation in the presence of CheY shown in (b) was color-coded
and plotted onto the P1 structure (PDB code 1I5N). The red color indicates larger chemical
shift difference. Residues in blue color showed smaller differences. The active site histidine
and its side chain are shown in green.
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Figure 3.
(a). Chemical shift perturbation of CheY by the P1 domain. 200 μM 15N-labeled CheY was
titrated with 2.4 mM unlabeled P1 and the chemical shift difference at the titration endpoint
for each CheY residue was plotted.
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Figure 3.
(b). The chemical shift perturbation in the presence of P1 shown in (a) was color-coded and
plotted onto the CheY structure (PDB code 3CHY). The red color indicates larger chemical
shift difference. Residues in blue color showed smaller differences. The active site aspartate
and its side chain are shown in green.
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Figure 3.
(c). Chemical shift perturbation of CheY complexed with the P2 domain by P1. 200
μM 15N-labeled CheY complexed with deuterated, unlabeled P2 was titrated with 2.4 mM
deuterated, unlabeled P1 and the chemical shift difference at the titration endpoint for each
CheY residue was plotted.
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Figure 3.
(d). The chemical shift perturbation of CheY complexed with P2 (PDB code 1EAY) in the
presence of P1 shown in (c) was color-coded and plotted onto the CheY structure. The red
color indicates larger chemical shift difference. Residues in blue color showed smaller
differences. The active site aspartate and its side chain are shown in green.
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Figure 4.
The affinity of the P1-CheY interaction. For both P1 (a) (b) and CheY (c) (b), titration
curves were constructed for representative residues by monitoring their amide chemical shift
perturbations throughout the course of the titrations shown in Figure 2 and 3 and fitting them
with a model described in Materials and Methods. The dissociation constant was estimated
by taking their average value (~4.5 mM).
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Figure 5.
Time course of CheY phosphorylation monitored by CheY W58 fluorescence quenching.
The fluorescence emission intensity of 1 μM CheY was monitored as it was mixed with 0.25
μM of various P1 constructs (red: WT P1, blue: F8A, magenta: E15A, green: P1 Δ9), which
had been activated prior to mixing. For each P1 construct, the measurement was repeated at
least 3 times, and the data were averaged. The initial value for CheY fluorescence for each
time course was normalized for comparison. Results for the first 100 s are shown.
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Figure 6.
(a), (b). Observed NOEs between P1 and CheY in the P1-CheY/P2 complex. NOEs were
obtained from four dimensional 15N-separated/13C-filtered NOE experiments that provide
the intermolecular NOE between protons attached to 15N on one protein and protons
attached to 13C on the other protein. The P2 domain is deuterated and unlabeled in both
cases. In the experiments shown in (a), CheY is 13C-labeled, and P1 is 15N-labeled and
deuterated. The top panel shows the plane at 13.7 ppm in 13C and 121 ppm in 15N, which
shows the NOEs between the CheY I20 δ1 methyl protons and P1 F12- and F8 backbone
amide protons. The bottom panel shows the NOEs from CheY T16 γ2 methyl protons to
several P1 amides on the plane at 22.1 ppm in 13C and 118 ppm in 15N. In (b), the P1
domain is 13C-labeled, and CheY is deuterated and 15N-labeled. The top panel shows the
plane at 22.3 ppm in 13C and 118 ppm in 15N, which shows the NOEs between the P1 T11
δ2 methyl protons and CheY R18-, R19-, I20- and N23 backbone amide protons. The
middle panel shows the NOEs from P1 M3 ε methyl protons to CheY N23- and F111
amides on the plane at 17.6 ppm in 13C and 119 ppm in 15N. The bottom panel shows the
NOEs from P1 M3 γ1 methyl protons to P1 F111 amides on the plane at 32.2 ppm in 13C
and 116 ppm in 15N.
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Figure 7.
(a). Paramagnetic broadening of P1 amide resonances by CheY mutants spin-labeled with
MTSL. 15N-labeled P1P2 was mixed with CheY constructs labeled with MTSL at various
positions, including E89C used in the experiment shown here. The ratio of P1 amide
intensity with the oxidized- (active) and the reduced (inactive) spin-label was plotted across
the P1 sequence. An arbitrary intensity ratio of 1.40 was assigned to residues for which the
intensity ratio could not be calculated due to resonance overlap or lack of assignment.
Assignments of the distance restraints, as well as the results obtained with CheY constructs
containing the spin-labels at other positions are summarized in Table 2.
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Figure 7.
(b), (c). The observed intermolecular NOEs shown in Table 2 are shown in dark red and
plotted onto the structure of P1 (b) and CheY (c). The paramagnetic broadening of P1 amide
resonances by CheY E89C are in yellow (b). The location of the spin label at the position 89
was indicated in yellow (c). The active site histidine and aspartate and their side chain are
shown in red.
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Figure 8.
(a) (b). Structural model for the P1P2-CheY complex in solution. (a) Superposition of the 50
lowest-energy results from the calculation with no distance constraint violation is shown.
The backbone rmsd for the P1 domain in this bundle, when the backbone of the CheY-P2
complex was aligned, was 1.3 Å. The average Cα-Cα distances between the active site H48
and D57 is 11.7 Å. The average distances between the H48Nε to D57O1/2 are 5.91/5.52 Å.
(b) The representative of 50 bundle shown in (a). P1 and the linker are shown in blue, CheY
in red, and P2 in grey. The active site side chains are shown in green. The spin-labeled
positions E89 and K91 are indicated.
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Figure 9.
(a) (b) (c). Comparison of the E. coli P1-CheY complex (a) with the yeast Ypd1-Sln1(R1)
complex (b) and the R. sphaeroides CheA3P1-CheY6 complex (c). The HPt domains are in
light blue, and the RR domains, in red, are held constant to show the difference in the
relative orientation of the two domains among these structures. E. coli P1 appears to be
rotated downward (~30°) compared to yeast Ypd1 and R. sphaeroides CheA3P1 such that
the top of the active site surface of CheY is more exposed in the E.coli model (bottom
figures). The extent of rotation was estimated by comparing the orientation of E.coli P1 α1
to its equivalent helices in the other two structures.
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Figure 10.
(a) (b) (c). Comparison of HPt-RR interaction surface in the E. coli P1-CheY complex (a),
the yeast Ypd1-Sln1(R1) complex (b), and the R. sphaeroides CheA3P1-CheY6 complex (c).
HPt domains are shown on the right in light blue, and RRs are shown on the left in light
green. The residues responsible for the HPt interaction in yeast Sln1(R1) and R. sphaeroides
CheY are colored orange. The interacting residues in yeast Ypd1 and R. sphaeroides
CheA3P1 are shown in dark red. The equivalent positions in the E. coli proteins are shown
in the same colors. E. coli CheY observed to be interacting with P1 are shown in blue. An
additional interaction between CheY loop (109–111) and P1 M3 and I5 are shown in cyan.
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Table 1

Kinetic parameters for phosphotransfer by P1 mutants

Constructs kphos (M−1s−1) kdephos (S−1)

P1 WT 2.5 × 106 0.050

P1 Δ9 0.075 × 106 0.046

P1 F8A 0.55 × 106 0.050

P1 E15A 0.36 × 106 0.049

Biochemistry. Author manuscript; available in PMC 2013 May 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mo et al. Page 33

Table 2

Summary of the observed intermolecular NOEa and long-range distance constraints
b
 obtained from MTSL

experiments

aCheY nuclei P1 nuclei

 T16 Hγ2# T11 HN, F12 HN, F13 HN, D14 HN, E15 HN, A16 HN

 R18 HN T11 Hγ2#

 R19 Hβ
# T11 Hγ2#, E15 HN

 R19 HN T11 Hγ2#

 120 Hδ1# M3 Hε
#, F8 HN, T11 Hγ2#, F12 HN, T56 Hγ2#

 120 HN T11 Hγ2#

 N23 Hδ# T11 Hγ2#

 N23 HN M3 Hε
#, T11 Hγ2#

 L24 HN M3 Hε
#

 K109 HN M3 Hε
#

 F111 HN M3 Hβ1, M3 Hγ1, M3 Hε
#, 15 Hγ2#, 15 Hδ#

b
MTSL position on CheY P1 residues broadened by MTSL

 E89C 52HN, 53HN, 55HN, 58HN, 60–66HN, 68HN

 K91C Q63 Hε
#, N71 Hδ#

b
only the results used in the structure calcuation are shown here

#
indicates the three equivalent protons on methyl groups
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