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Abstract

Measurements of the N relaxation parameters have been used to characterize the backbone dynamics of CheW15

from Thermotoga maritima. The dynamic nature of residues that appeared disordered in our recent solution structure
of CheW is confirmed by these dynamics measurements. We have interpreted the data in terms of the Lipari and
Szabo ‘model-free’ approach. The derived order parameter,S , the{ H} – N heteronuclear nuclear Overhauser effect2 1 15

(NOE) values, the chemical exchange rate,R , and the internal correlation time,t , show that CheW exhibitsex e

considerable motional freedom from the picosecond to millisecond time scales. These regions of the protein cluster
within the framework of the three-dimensional structure and may indicate possible binding sites for other protein
components of the bacterial chemotaxis receptor-signaling complex. The structure of CheW consists of two five-
strandedb-barrel domains that pack together with an extensive hydrophobic core between the domains. Regions
highlighted by dynamics measurements co-localize to specific regions of the three-dimensional structure of CheW
previously implicated in the formation of bacterial chemotaxis receptor signaling complex. The motional properties
of domain 2 of CheW suggest that this domain may be able to experience structural rearrangements that allow the
exposure of a hydrophobic surface area that could be used as a binding surface for the other members of the receptor
complex. Residues within domain 2 have been implicated in binding interactions for two chemotaxis proteins, CheA
and the receptor. We further propose that domain 1 interacts with other components of the chemotaxis machinery,
such as CheZ, or in the formation of clusters of signaling components.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Motile bacteria respond to temporal changes in
the chemical environment by making either a net

*Corresponding author.
E-mail address: fwd@nmr.uoregon.edu(F.W. Dahlquist).

movement away from a chemical repellent or
toward a chemical attractant(for reviews see
w1,2x). In the absence of temporal changes in the
chemical environment,Escherichia coli cells
exhibit a counter-clockwise bias in the rotation of
their flagellar motors. This results in predominant-
ly smooth swimming behavior punctuated by a
few episodes of reorientation, called ‘tumbles’, as
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Fig. 1. Ribbon diagrams of CheW fromT. maritima. Secondary structural elements are noted. Loop 1 is shown in cyan and loop 2
is shown in magenta for clarity. The structure consists of two five-strandedb strands joined by an extensive hydrophobic core.
Domain 1 consists of strands 1, 2, 8, 9 and 10 shown at the right of the figure. Domain 2 is made of strands 3, 4, 5, 6 and 7, as
well as helixes A and B, and is shown at the right of the structure. Loop 1 is located between strands 3 and 4, while loop 2 is
between strands 8 and 9. Ribbon diagrams created withMOLMOL w39x.

a result of the motors switching to clockwise
rotation w3x. In response to temporal changes in
chemoattractant concentrations, the switching fre-
quency of the flagellar motor is modulated such
that E. coli decrease the frequency of tumbling
when attractant concentrations increase over time,
and increase the frequency of tumbling when
concentrations decrease over timew4x. This simple
behavior allows the bacteria to migrate up che-
moattractant gradients and down chemorepellent
gradients.
The chemotaxis system in bacteria is governed

by a variety of transient protein–protein interac-
tions. Complexes form and dissociate and infor-
mation is passed from molecule to molecule
through conformational change. While chemotaxis
is one of the most comprehensively studied two-
component bacterial signal-transduction pathways
(for reviews seew5–7x) and the individual struc-
tures of the relevant molecules involved have been
solved, fundamental questions still remain about
the nature of the physical interactions of the
molecules involved.
Dissociation of an attractant ligand from the

periplasmic domain of the adapted receptor causes
a conformational change in its transmembrane
receptorw8x. This conformational change is trans-
duced across the periplasmic membrane and is
believed to cause a conformational change in the
complex formed by CheA, CheW and the cyto-
plasmic domain of the receptor. The result of

ligand dissociation is an increase in the auto-
phosphorylation rate of CheAw9x; this has the
direct consequence of increasing the ratio of phos-
phorylatedyunphosphorylated CheY. Phospho-
CheY modulates the switching frequency of the
flagellar motorw10,11x.
CheW is an essential protein component of the

bacterial chemotaxis pathwayw12x. The chemotax-
is signaling complex contains CheW, one or anoth-
er transmembrane receptor and the histidine
auto-kinase CheA(for review seew13x). CheW
appears to act as a coupling protein to allow
enhanced affinity of the receptor and kinase. In
the absence of CheW, ternary signaling complexes
are either not formed or poorly formedw14x. In
addition, these complexes assemble in a CheW-
dependent manner into a supra-molecular complex
with polar localization in vivow15,16x.
The work presented here describes the backbone

dynamics of CheW fromThermotoga maritima as
determined from N spin relaxation NMR spec-15

troscopy. Using the ‘model-free’ approach, order
parameters,S , the { H} – N heteronuclear NOE2 1 15

values and the chemical exchange rate,R , showex

that the amide backbone of CheW exhibits consid-
erable motional freedom from the picosecond to
millisecond time scales. Combined with the three-
dimensional structure of CheW fromT. maritima
(Fig. 1) w17x and two mutational studies put
forward by Liu and Parkinsonw18x and Boukhva-
lova et al. w19x, analysis of N relaxation data15
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paint a valuable picture of the multifunctional
surface of CheW.

2. Experimental

2.1. Sample preparation

CheW was expressed from the plasmid pCWy
TMW in E. coli strain M15 pREP4w20x. Isotopic
labeling was achieved by expression of CheW at
37 8C in M9T minimal media. Media contained
1.0 g l NH Cl (Isotec Inc) as the sole nitrogeny1 15

4

source for N uniformly labeled protein samples.15

The bacteria were grown to an optical density of
0.5 at 600 nm before induction. Protein production
was begun with the addition of 1 mM isopropyl
b-D-thiogalactopyranoside(IPTG). CheW was
purified as previously describedw20x. Collected
fractions were pooled and tested for purity by
reverse-phase HPLC. The purified protein was then
dialyzed against 2 l of final NMR buffer (50 mM
sodium acetate, 25 mM sodium chloride, 0.02%
sodium azide) for 24 h. Protein samples were
concentrated to;1 mM, as measured by bicin-
choninic acid(BCA Pierce) assay with Centricon
10 concentrators(Amicon). NMR samples con-
tained 50 mM sodium acetate, pH 4.5, 25 mM
KCl, 0.02% sodium azide. 10% D O was added2

to lock the signal.

2.2. N relaxation15

Relaxation experiments were carried out on a
single sample of uniformly N labeled CheW at15

;1.0 mM. NMR spectroscopy was carried out at
308 K on a Varian Inova 600-MHz spectrometer
equipped with a Hw Cy Nx pulse-field gradient1 13 15

probe. The spectrometer was operated at a N15

frequency of 60.8 MHz and a H frequency of1

599.9 MHz. Spectra were collected for measure-
ment of the longitudinal relaxation rates(R ), the1

N transverse relaxation rates(R ) and the{ H} –15 1
2

N steady-state NOE of the N nuclei in CheW15 15

w21x. The pulse sequences included sensitivity
enhancement and gradient selectionw22x. Spectra
were recorded with 256=512 points and sweep
widths of 2000=8000 Hz in the indirect nitrogen
dimension and direct proton dimension, respective-

ly. R relaxation was determined from spectra1

recorded with delays of 218.0, 437.0, 655.0, 873.0,
1200, 1420 and 1640 ms with 32 scans pert1
period. A recycle delay of 1.5 s was used.R2

relaxation was determined from spectra recorded
with CPMG times of 16.8, 33.6, 50.3, 67.1, 83.9,
100.7, 117.9 and 151.0 ms, with 32 scans pert1
period. A recycle delay of 1.5 s was used. The
steady-state NOE was measured by taking a pair
of spectra with and without proton saturation. The
H saturation was achieved with 120 proton pulses1

applied every 5 ms. Data sets were identically
processed using FELIX95 (Molecular Simulations
Inc).

2.3. Data analysis

Peak heights were measured for each spectrum
in the series at a fixed amide resonance position.
The determination ofR and R values for each1 2

amide was carried out by fitting the series of
measured intensities to the equation:

UŽ . Ž .I t sI expyR t qC (1)0 1,2

where I(t) is the intensity at timet and I is the0

intensity at time zero. Non-linear least-squares
fitting as implemented by the KALEIDAGRAPH

program (Synergy Software) was employed for
the optimization ofI andR values. The{ H} –1

0 1,2

N steady-state values were determined from the15

ratio of the peak intensities with and without
proton saturation(I yI ). The relaxationNOE NO-NOE

of the amide N nuclear spin is dominated by the15

interaction of the dipole with the spin of the
directly attached proton and by chemical shift
anisotropy. The equations that describe this relax-
ation arew23x:

2 wR s(d y4) J(vHyvN)q3J(vN)1
2xq6J(vHqvN) qc J(vN) (2)

2 w wR s(d y8) 4J(0)q J(vHyvN)2

xq3J(vN)q6J(vH)q6J(vHqvN)
2 w xq(c y6) 4J(0)q3J(vN) qR (3)ex

2 wNOEs1q(d y4R )(gHygN) 6J(vH1

xqvN)yJ(vHyvN) (4)



362 I.J. Griswold, F.W. Dahlquist / Biophysical Chemistry 101 –102 (2002) 359–373

where ds(m hgNgHy8p )Nr M; csvNDsy63;0 2 y3
NH

m is the permeability in a vacuum;h is Planck’s0

constant;gN andgH are the gyromagnetic ratios
of N and H, respectively;r is the interatomic15 1

NH

distance of the proton–nitrogen bond;vH andvN
are the Larmor frequencies of N and H, respec-15 1

tively; andDs is the chemical shift anisotropy for
N nuclei. AnR term is included in Eq.(3) to15

ex

account for chemical exchange processes that con-
tribute to the decay of transverse magnetization
during the experiment used to measureR . Using2

an extended version of the ‘model-free’ formalism
of Lipari and Szabow24–26x, the amplitudes and
time scales of the internal motions were deter-
mined from the relation data using the program
MODELFREE w27x. This approach uses the spectral
density functionJ(v) modeled asw24x:

w z2 2 2
x |Ž . Ž Ž . .J v s2y5S S t y 1q vtf s m mµy ~

w z2 2
x |Ž . Ž Ž . .q 1yS t y 1q vt (5)s e e ∂y ~

wheret st t y(t qt ); t is the overall rota-e s m s m m

tional correlation time;t is the effective internale

correlation time;t is the effective internal corre-f

lation time on a fast time scale,t st , t -100–e f f

200 ps;t is the effective internal correlation on as

slow time scale,t st , t -t -t ; S sS S is2 2 2
e s f s m s f

the square of the generalized order parameter and
is representative of the degree of spatial restriction
of the internal motion.S and S are the squares2 2

f s

of the order parameters in the fast and slow time
scales, respectively. The generalized order param-
eter reflects motions that are on the pico–nanosec-
ond time scale, withS s1 completely restricted2

to 0 for completely isotropic motion.
Five models were tested for each N spin for15

which relaxation parameters could be measured in
CheW. The parameters describing the internal
motion were calculated using the isotropic diffu-
sion model using the programMODELFREE w27x.
Model 1 calculates onlyS , making the assumption2

that internal motions are extremely fast(-20 ps)
and that motions on the slow time scale are
negligible, S s1 and t ™0. Model 2 calculates2

s f

S andt and assumes thatS s1 and slow motions2 2
f s

are negligible. Model 3 is derived from model 1,
but includes anR contribution to the relaxationex

to account for chemical exchange processes. Model
4 is a derivative of model 2, but includes a non-
zeroR term. Model 5 assumes that there are fastex

and slow time-scale motions and calculates order
parameters for both the fast(S ) and slow (S )2 2

f s

motions, as well as the correlation times for the
internal motions,t st and assumest ™0. Thee s f

initial estimate of the overall rotational correlation
time, t , was calculated from the ratio ofR yRm 1 2

trimmed to one standard deviation of the mean
using the programTMEST w27,28x. Data were fitted
to each of the five dynamic models, witht fixedm

at the initial estimate. A single model was then
chosen to describe the dynamic behavior of the
N spins by Monte Carlo simulations and appli-15

cation of theF-statistic test as described by Mandel
et al. w29x. Once a model was chosen for each N15

spin, thet and the internal motion parametersm

were simultaneously optimized. Uncertainties in
the parameters obtained were estimated by Monte
Carlo sampling, as implemented in the program
MODELFREE. In addition, an axial symmetric model
based on the diffusion tensor calculated from the
NMR solution structure of CheW was also tested.
This model was found not to be statistically sig-
nificant in describing the relaxation data.

3. Results

A single sample of uniformly N labeled CheW15

was used for characterization of the relaxation
properties of CheW. The N longitudinal relaxa-15

tion rate (R ), the N transverse relaxation rate15
1

(R ) and the{ H} – N steady-state NOE values1 15
2

were determined at 60.8 MHz by the analysis of
proton-detected H– N heteronuclear correlation1 15

spectroscopyw28x. Relaxation parameters were
measured for 134 of the 148 non-proline amides
at 35 8C. Spectral overlap precluded the accurate
measurement of residues 6, 18, 21, 27, 34, 66, 74,
80, 96, 99, 103 and 138.R and R values were1 2

calculated by linear least-squares fitting of a single
exponential decay to the experimental data. The
NOE value was calculated by taking the ratio of
peak intensity with and without H NOE enhance-1

ment. Fig. 2a–c show the values measured for the
relaxation parameters for CheW vs. residue num-
ber. Tabulated data forR , R and the{ H} – N1 15

1 2
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Fig. 2. Backbone N relaxation parameters at 600 MHz for CheW vs. residue number. Approximate location of secondary structural15

elements is shown at the top:(a) { H}– N NOE; (b) N R ; and(c) N R . Data were unavailable for the three proline residues1 15 15 15
2 1

at positions 41, 43 and 61, as well as for the N-terminal methionine. Spectral overlap precluded the measurement of residues 6, 18,
21, 27, 34, 66, 96, 80, 99, 103 and 138.

steady-state NOE are given in Table 1. The mean
values forR , R and{ H} – N steady-state NOE1 15

1 2

were 1.13, 12.8 and 0.61 respectively. To extract
the parameters describing the internal motion, we

analyzed theR , R and, { H} – N NOE data1 15
1 2

gathered on CheW using the extended ‘model-
free’ approach of Lapari and Szabo as implement-
ed in theMODELFREE program using an isotropic
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Table 1
Relaxation parameters of CheW at 358C

Residue R (s )y1
1 R (s )y1

2 NOE
number

2 0.767 2.546 y1.041
3 1.016 2.627 y0.675
4 1.105 2.821 y0.440
5 1.198 3.272 y0.391
6
7 1.240 3.825 y0.038
8 1.237 5.642 0.155
9 1.216 8.365 0.488

10 1.241 9.419 0.547
11 1.197 12.300 0.654
12 1.141 11.777 0.578
13 1.134 18.511 0.737
14 1.163 14.068 0.840
15 1.200 14.154 0.775
16 1.181 15.397 0.809
17 1.154 14.926 0.833
18
19 1.142 14.780 0.761
20 1.059 25.487 0.726
21
22 1.087 14.569 0.754
23 1.192 13.349 0.775
24 1.137 14.340 0.816
25 1.163 13.586 0.753
26 1.113 13.175 0.716
27
28 1.144 15.161 0.768
29 1.146 7.090 0.682
30 1.082 13.591 0.743
31 1.128 14.567 0.826
32 0.962 7.875 0.693
33 1.079 12.210 0.727
34
35 1.138 14.254 0.675
36 1.143 11.638 0.658
37 1.209 14.148 0.503
38 1.257 8.408 0.528
39 1.139 11.506 0.600
40 1.083 16.135 0.698
41
42 1.287 6.983 0.234
43
44 0.983 5.494 0.151
45 1.220 10.149 0.447
46 1.103 11.211 0.643
47 1.252 13.455 0.716
48 1.158 11.506 0.492
49 1.147 14.573 0.750
50 1.060 15.658 0.763
51 1.048 15.777 0.750
52 1.095 14.822 0.762
53 1.094 16.069 0.757
54 1.173 10.618 0.734

model to describe the diffusionw24–26x. This
approach provides information on the internal and
overall motions of the molecule of interest. The
N R , R and { H} – N NOE data were fitted15 1 15

1 2

to five dynamic models, witht fixed at 10.441m

ns, assuming an isotropic rotational diffusion mod-
el. Based on the criteria outlined by Mandel et al.,
a single model was chosen to represent each N15

spin w29x. The number of residues represented by
each of the five models was 23, 16, 20, 33 and 42
for models 1–5, respectively. The residues fit by
model 1 were 14, 15, 19, 23, 25, 30, 31, 49, 64,
65, 68–70, 81, 83, 122, 123, 125, 135 and 139–
142. The residues fit by model 2 were 12, 26, 33,
36, 39, 57, 63, 79, 94, 105–110 and 127. The
residues fit by model 3 were 16, 17, 24, 28, 50,
60, 62, 67, 73, 84, 85, 93, 95, 98, 101, 104, 126,
134, 137 and 144. The residues fit by model 4
were 13, 20, 21, 35, 37, 40, 51–53, 55, 59, 71,
72, 75–78, 82, 86, 90–92, 97, 100, 111, 120, 124,
128, 133, 136, 143, 145 and 146. The residues fit
by model 5 were 2–11, 29, 32, 38, 42, 44–48, 54,
56, 58, 87–89, 112–119, 121, 129–132 and 147–
151. All of the N spins for which data were15

available could be represented by one of the five
models. The parameters representing the internal
motion, as well ast , were simultaneously fittedm

to the experimental data using the dynamic model
chosen for each amide N spin. The finalt was15

m

determined to be 10.588 ns, as compared to the
initial estimate of 10.411 ns. Fig. 3a–c show the
extracted parameters describing the internal motion
of CheW vs. residue number. Values forS , t2

e

andR , as well as the model used for each spin,ex

are given in Table 2.

3.1. Picosecond–nanosecond motions

Small or negative NOE values represent the
presence of motion on the picosecond–nanosecond
time scale. The only NOE values in CheW that
were negative were residues 2–5 in the N-terminus
and residues 150 and 151 in the C-terminus(see
Fig. 2a). The finding that the termini exhibit
significant flexibility was not surprising, given that
these residues appear disordered in the structural
ensemblew17x. As shown in Fig. 4, the NOE
values observed mirror the calculated RMSD quite
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Table 1(Continued)

Residue R (s )y1
1 R (s )y1

2 NOE
number

55 1.129 14.102 0.690
56 1.149 11.943 0.657
57 1.183 12.882 0.617
58 1.225 10.936 0.551
59 1.078 12.976 0.686
60 1.132 19.902 0.773
62 0.983 14.769 0.771
61
63 1.117 12.496 0.700
64 1.121 13.836 0.798
65 1.164 14.179 0.806
66
67 1.141 14.397 0.826
68 1.172 13.787 0.807
69 1.162 14.437 0.803
70 1.115 13.670 0.813
71 1.144 14.910 0.762
72 1.019 13.070 0.725
73 1.090 16.514 0.771
74 1.056 13.604 0.763
75 1.119 14.957 0.719
76 1.214 14.579 0.717
77 1.140 14.723 0.726
78 1.057 13.539 0.676
79 0.989 11.747 0.610
80 1.137 10.112 0.627
81 1.185 13.749 0.798
82 1.136 14.815 0.747
83 1.142 14.522 0.795
84 1.069 15.032 0.809
85 1.030 14.620 0.786
86 1.111 15.743 0.715
87 1.179 11.817 0.634
88 1.208 11.816 0.514
89 1.096 10.245 0.574
90 1.028 13.298 0.716
91 1.113 13.305 0.672
92 1.043 15.046 0.771
93 1.030 13.618 0.772
94 1.025 10.643 0.652
95 1.192 16.809 0.792
96
97 1.095 15.072 0.739
98 1.099 16.113 0.783
99

100 0.895 14.694 0.698
101 1.068 15.093 0.785
102 0.978 27.559 0.761
103
104 1.121 14.149 0.778
105 1.166 13.334 0.733
106 1.181 13.134 0.719
107 1.203 13.357 0.703
108 1.208 13.525 0.717

Table 1(Continued)

Residue R (s )y1
1 R (s )y1

2 NOE
number

109 1.144 13.128 0.728
110 1.075 12.579 0.697
111 1.034 13.292 0.652
112 1.243 11.242 0.581
113 1.266 9.079 0.572
114 1.254 8.308 0.441
115 1.351 8.030 0.460
116 1.312 12.606 0.544
117 1.203 9.518 0.511
118 1.174 12.414 0.591
119 1.241 11.047 0.621
120 1.138 21.927 0.586
121 1.252 13.336 0.692
122 1.178 14.630 0.770
123 1.141 13.208 0.763
124 0.981 13.334 0.574
125 1.132 13.777 0.722
126 0.989 14.146 0.770
127 1.099 12.920 0.682
128 1.092 13.501 0.617
129 1.287 9.478 0.561
130 1.357 9.399 0.506
131 1.173 10.256 0.466
132 1.129 10.686 0.587
133 1.064 14.138 0.749
134 1.112 14.729 0.801
135 1.152 14.516 0.803
136 1.192 15.824 0.768
137 1.129 12.769 0.685
138
139 1.055 14.821 0.777
140 1.028 14.783 0.766
141 1.059 14.719 0.782
142 1.064 16.355 0.787
143 1.115 14.204 0.707
144 1.114 15.336 0.765
145 1.095 16.136 0.734
146 1.143 16.429 0.664
147 1.288 9.938 0.522
148 1.277 8.893 0.327
149 1.258 6.952 0.113
150 1.162 4.274 y0.194
151 0.947 2.618 y0.452

well. When the NOE values are mapped to the
structure of CheW, regions of CheW that show
low NOE values correspond to loop 1, the hairpin
at the end of strands 4y5, the end of the hairpin
composed of strands 6y7, loop 2 and the end of
the hairpin of strands 9y10 (Fig. 5a). These
regions of low NOE values closely match regions
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Fig. 3. Backbone N parameters describing the internal motion of CheW at 600 MHz vs. residue number. Approximate location of15

secondary structural elements is shown at the top:(a) S ; (b) R ; and (c) t .2
ex e

of the protein that had high root mean square
deviation(RMSD) in position within the structural
ensemble(Fig. 5b). Loops 1 and 2 appeared
disordered in the structural ensemble and their low
NOE values confirmed that this disorder was due

to fast time scale motion rather than an under-
determination of the structure in this region. In
CheA, however, each of these loops participates
in a protein–protein interaction either via crystal
or inter-domain contactw30x. The ends of the
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Table 2
Parameters describing the internal motions of CheW at 358C

Residue S2 R (Hz)ex t (ms)e Model
number number

2 0.124 498.65 5
3 0.108 665.39 5
4 0.114 767.82 5
5 0.139 780.12 5
6
7 0.173 976.84 5
8 0.306 1025 5
9 0.505 1258.4 5

10 0.581 1290.9 5
11 0.798 899.42 5
12 0.821 67.789 2
13 0.866 5.36 30.526 4
14 0.914 1
15 0.935 1
16 0.92 1.445 3
17 0.9 1.283 3
18
19 0.901 1
20 0.807 13.236 22.063 4
21
22 0.834 1.917 18.87 4
23 0.91 1
24 0.887 0.898 3
25 0.905 1
26 0.849 31.79 2
27
28 0.892 1.642 3
29 0.406 2394.2 5
30 0.853 1
31 0.91 1
32 0.489 1899.8 5
33 0.814 23.923 2
34
35 0.857 1.23 49.705 4
36 0.849 54.893 2
37 0.868 0.896 149.23 4
38 0.503 1404 5
39 0.831 67.871 2
40 0.82 3.675 31.454 4
41
42 0.4 1024.1 5
43
44 0.318 915.79 5
45 0.638 916.58 5
46 0.726 904.01 5
47 0.878 958.81 5
48 0.744 618.51 5
49 0.921 1
50 0.826 3.134 3
51 0.803 3.59 16.266 4
52 0.842 2.05 17.72 4
53 0.839 3.328 18.995 4
54 0.672 2017.6 5

hairpins formed by strands 4y5 and 6y7 together
form the top of theb-barrel formed by domain 2
of CheW, and show a slight increase in backbone
RMSD over residues closer to the central hydro-
phobic core. This result is consistent with the
limited number of long-range NOEs observed in
the structure solution and indicates that the resi-
dues may also fluctuate on a fast time scale.
Fast (pico–nanosecond) motions of the amide

HN bond vector are expressed in terms of the
square of the order parameter(S ), ranging from2

0 (unrestricted motion) to 1 (completely restricted
motion). Generally, rigid regions of the protein
have S values of approximately 8.5 or greater,2

while flexible regions of the protein haveS values2

below 8.0. The order parameterS obtained from2

the isotropic model showed a significant spread in
values throughout the CheW protein chain(Fig.
3a). The N and C termini hadS values as low as2

0.11. Of the 134 N spins for which data were15

available, 52 hadS values below 0.8. This,2

combined with low overall NOE values, indicates
that CheW is highly mobile on the picosecond–
nanosecond time scale with respect to the overall
tumbling of the molecule. Other regions that
showed lowS values were loops 1 and 2, as well2

as the end of the hairpin formed by strands 9 and
10 (Fig. 6). The residues that haveS values2

above 8.5 are 13–17, 23–26, 28, 30, 31, 33, 35–
37, 49, 55, 57, 60, 63–65, 67–71, 73, 75–77, 81–
83, 95, 97–98 104–109, 121, 123, 125, 134–137
and 143–146. These residues cluster around the
central hydrophobic core of CheW and indicate
that this probably forms the rigid framework of
CheW.

3.2. Microsecond–millisecond motions

Amide bonds that undergo chemical or confor-
mational exchange on the slow(micro–millisec-
ond) time scale are manifest by non-zeroRex

values. Model-free analysis indicates that there are
several regions of CheW that experience fluctua-
tions in this time regime(Fig. 3c). The residues
that exhibitedR values greater than 1 s werey1

ex

13, 16, 17, 20, 22, 28, 35, 37, 40, 50–53, 55, 60,
62, 71–73, 75, 77, 78, 82, 84–86, 90, 92, 93, 95,
97, 98, 100–102, 111, 120, 124, 126, 128, 133,



368 I.J. Griswold, F.W. Dahlquist / Biophysical Chemistry 101 –102 (2002) 359–373

Table 2(Continued)

Residue S2 R (Hz)ex t (ms)e Model
number number

55 0.852 1.148 42.917 4
56 0.776 857.9 5
57 0.864 82.15 2
58 0.695 1006.5 5
59 0.814 0.607 33.037 4
60 0.883 6.522 3
62 0.767 3.148 3
61
63 0.841 37.527 2
64 0.88 1
65 0.918 1
66
67 0.89 0.914 3
68 0.912 1
69 0.914 1
70 0.872 1
71 0.879 1.576 24.354 4
72 0.776 1.285 18.477 4
73 0.85 3.637 3
74 0.831 1
75 0.851 2.03 32.716 4
76 0.922 0.569 72.722 4
77 0.868 1.533 35.474 4
78 0.796 1.437 31.837 4
79 0.742 33.445 2
80 0.641 1268.7 5
81 0.922 1
82 0.87 1.606 27.785 4
83 0.915 1
84 0.833 2.4 3
85 0.803 2.452 3
86 0.844 2.919 32.182 4
87 0.764 929.27 5
88 0.762 702.21 5
89 0.656 956.97 5
90 0.781 1.426 20.963 4
91 0.837 0.577 43.386 4
92 0.803 2.858 11.647 4
93 0.803 1.445 3
94 0.76 31.31 2
95 0.93 2.719 3
96
97 0.837 2.362 23.66 4
98 0.857 3.125 3
99

100 0.677 4.401 14.373 4
101 0.833 2.472 3
102 0.751 16.162 10.232 4
103
104 0.874 0.897 3
105 0.887 40.239 2
106 0.894 54.866 2
107 0.908 73.935 2
108 0.909 63.304 2

Table 2(Continued)

Residue S2 R (Hz)ex t (ms)e Model
number number

109 0.871 36.188 2
110 0.815 30.03 2
111 0.774 1.522 32.481 4
112 0.716 1058.2 5
113 0.552 1459.8 5
114 0.498 1193.4 5
115 0.467 1338.4 5
116 0.811 810.36 5
117 0.592 1128.2 5
118 0.809 583.54 5
119 0.701 1236.6 5
120 0.838 9.168 72.003 4
121 0.869 881.56 5
122 0.936 1
123 0.885 1
124 0.721 2.354 36.363 4
125 0.887 1
126 0.771 2.458 3
127 0.835 37.675 2
128 0.81 1.163 50.07 4
129 0.58 1381.4 5
130 0.568 1296.8 5
131 0.651 865.8 5
132 0.686 960.93 5
133 0.815 1.771 17.829 4
134 0.867 1.584 3
135 0.915 1
136 0.917 1.91 33.712 4
137 0.85 44.434 3
138
139 0.822 2.355 3
140 0.802 2.631 3
141 0.825 2.207 3
142 0.83 3.781 3
143 0.845 1.362 35.121 4
144 0.869 2.165 3
145 0.836 3.444 24.865 4
146 0.858 3.384 54.325 4
147 0.615 1193.4 5
148 0.541 950.89 5
149 0.401 885.97 5
150 0.214 821.59 5
151 0.112 748.07 5

134, 136 and 139–146. When mapped into the
structure of CheW, these residues cluster primarily
to theb hairpins formed by strands 4y5, stand 6y
7 and helix B(Fig. 7a). The implication of non-
zero R terms is that these structural elementsex

undergo fluctuation between at least two states.
This result, combined with theS and NOE results,2
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Fig. 4. { H}– N NOE and backbone RMSD vs. residue number. Left scale forw Hx– N NOE in blue and right scale for RMSD1 15 1 15

in red.

indicates that the 4y5, 6y7 hairpins and helix B
likely experience motions on both the milli–micro-
second and pico–nanosecond time scales.

4. Discussion

It is becoming increasingly clear that NMR-
derived dynamics information can provide clues
about the interaction surfaces in proteins. In some
cases, unfolded regions in individual proteins are
observed that become structured upon interaction
with other macromolecular componentsw31,32x,
while in others the presence of millisecond dynam-
ics in certain regions indicates regions coupled to
binding and other functional eventsw33–35x.

Analysis of the N relaxation parameters for15

CheW has revealed that CheW exhibits a high
degree of motion on the pico–microsecond time
scale. The results from this study show that loops

1 and 2, which show a high degree of variability
in the structural ensemble solved, have dynamic
fluctuations on the pico–nanosecond time scale,
but not in the milli–microsecond regime. This
result implies that loops 1 and 2 have extreme
conformational freedom, usually associated with
the termini of a protein chain.
A somewhat unexpected outcome of this anal-

ysis was that the top of domain 2 experienced
relaxation on the milli–microsecond time scale, as
measured byR (Fig. 7a). In the structural ensem-ex

ble these regions were ordered as measured by
backbone RMSD. These regions of highR co-ex

localize will the regions of CheW affected by
CheA binding, and thus this conformational
exchange may indicate partitioning between states,
one of which is competent to bind CheA in the
receptor complex. This is analogous to what has
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Fig. 5. Ribbon diagram representations of CheW, colored based on the { H}- N NOE and the backbone RMSD.(a) Ribbon diagram1 15

of CheW representing { H}- N NOE values as a continuous color scale, as indicated.(b) Ribbon diagram of CheW representing1 15

the RMSD on a continuous color scale, as indicated.

Fig. 6. Ribbon diagram representations of CheW colored based on theS value represented with a continuous color scale, as2

indicated.

been found in the response regulator NTRC. Volk-
man and co-workersw36,37x were able to show
through dynamics experiments that NTRC was
partitioning between states and that phosphoryla-
tion of this molecule only served to shift the
population distribution of these states. In this
system, highR values also co-localize with theex

mutations thought to effect receptor binding, again
highlighting a possible binding interfacew18x (Fig.
7b, green spheres).
When the crystal structure of CheA was solved

in the Simon laboratory, they recognized that the

regulatory domain of CheA is similar in amino
acid sequence to CheW and suggested that the two
proteins share a common fold. Our solution struc-
ture of CheW confirmed this homology. In CheA,
the regions homologous to loops 1 and 2 of CheW
are ordered, loop 1 formingb strands and loop 2
forming a loose helixw30x. In CheA, however,
these loops participate in protein–protein interac-
tions either via crystal or interdomain contact. The
region corresponding to loop 1 participates in a
crystal contact with a symmetry-related molecule,
while the region corresponding to loop 2 packs
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Fig. 7. Ribbon diagram representations of CheW showingR values and chemical shift changes associated with CheA bindingex

superimposed with mutational data.(a) Ribbon diagram representation of CheW, colored based on theR value represented withex

a continuous color scale, as indicated.(b) Ribbon diagram of CheW with a continuous color ramp showing chemical shift changes
upon CheA binding. Sites of suppressor mutations of receptor mutants depicted as green spheresw18x. Mutations effecting ternary
complex formation depicted as purple spheresw19x. Mutations abolishing CheW binding to CheA and the receptor depicted as
yellow and red spheres, respectivelyw19x.

against the kinase domain of CheA. The implica-
tion is that these conserved loops may participate
in mediating CheW interactions within the sensor
kinase complex, with the loops only becoming
ordered upon binding. Interestingly these two loops
are immediately followed by two conserved gly-
cines(Fig. 7b), the mutation of which eliminates
CheA binding in the case of glycine 51 and ternary
complex formation in the case of glycine 124w19x.
The dynamics results, together with the mutational
data, further argue that these loops participate in
protein–protein interactions in the receptor com-
plex, likely becoming ordered upon complex for-
mation. The chemical shifts of residues near loop
1 are affected by CheA binding, so it is not
surprising that mutations in this region may effect
CheA binding. Loop 2, however, is unaffected by
CheA binding and seems removed from the muta-
tions directly effecting receptor binding. The
approximate two-fold symmetry of the CheW
structure naturally suggests two surfaces for inter-
action with other protein components. This was

likely part of the motivation of Shimizu et al.w38x
to suggest that one domain interacts with CheA
and the other with the receptor. With the exception
of glycine 124, mutations affecting the formation
of the ternary complex were found to localize to
domain 1 w19x (Fig. 7b, purple spheres). The
combination of chemical shift perturbation and
genetic data argues that domain 2(and loop 1)
interacts with both CheA and the receptor. What
then is the role of loop 2? It is unlikely that loop
2 as always unstructured in the cell. It is difficult
to imagine a function that would require an unfold-
ed chain. Furthermore, while the degree of amino
acid identity is low for all CheW proteins in the
sequence database, the extent of conservative ami-
no acid substitution is very high in the CheW
family. This holds true for the residues in loop 2.
This again suggests that loop 2 is designed to
interact with some other components and is likely
to become structured upon such interaction,
exploiting these conserved chemical properties. We
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propose that loop 2 plays a role in forming the
higher-order complexes observed at the cell poles.
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