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Abstract

Eotaxin is a CC chemokine with potent chemoattractant activity towards eosinophils.15N NMR relaxation data
have been used to characterize the backbone dynamics of recombinant human eotaxin.15N longitudinal (R1) and
transverse (R2) auto relaxation rates, heteronuclear {1H}- 15N steady-state NOEs, and transverse cross-relaxation
rates (ηxy) were obtained at 30◦C for all resolved backbone secondary amide groups using1H-detected two-
dimensional NMR experiments. Ratios of transverse auto and cross relaxation rates were used to identify NH
groups influenced by slow conformational rearrangement. Relaxation data were fit to the extended model free
dynamics formalism, yielding parameters describing axially symmetric molecular rotational diffusion and the
internal dynamics of each NH group. The molecular rotational correlation time (τm) is 5.09± 0.02 ns, indicating
that eotaxin exists predominantly as a monomer under the conditions of the NMR study. The ratio of diffusion rates
about unique and perpendicular axes (D‖/D⊥) is 0.81± 0.02. Residues with large amplitudes of subnanosecond
motion are clustered in the N-terminal region (residues 1–19), the C-terminus (residues 68–73) and the loop
connecting the first twoβ-strands (residues 30–37). N-terminal flexibility appears to be conserved throughout
the chemokine family and may have implications for the mechanism of chemokine receptor activation. Residues
exhibiting significant dynamics on the microsecond–millisecond time scale are located close to the two conserved
disulfide bonds, suggesting that these motions may be coupled to disulfide bond isomerization.

Abbreviations: 2D, 3D, two-, three-dimensional; HSQC, heteronuclear single-quantum coherence; MCP-1, mono-
cyte chemoattractant protein-1; NOE, nuclear Overhauser effect; RANTES, regulated upon activation normal T-cell
expressed and secreted; rmsd, root-mean-square deviation; vMIP-II, viral macrophage inflammatory protein-II.

Introduction

Chemokines are a superfamily of small secreted pro-
teins whose primary function is to attract leukocytes to
the sites of inflammation (Baggiolini et al., 1997; Lus-
ter, 1998). This activity is central to the inflammatory
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The supplementary material includes one figure, summarizing the
NMR data for the secondary structure determination of eotaxin, and
three tables, listing: (1) the relaxation parameters (R1, R2, NOE,
andηxy); (2) the model-free dynamics parameters (S2

s, S2
f , τe and

Rex) calculated for the axially symmetric molecular rotational dif-
fusion model; and (3) the model-free parameters calculated for the
isotropic diffusion model. The relaxation data have been deposited
with the BMRB (accession no. 4390).

response against infection as well as to many inflam-
matory diseases. Therefore, inhibition of chemokine
activity may be an effective therapeutic strategy
against inflammatory disease. Most chemokines can
be classified into two well-characterized subfamilies
designated CXC (orα) and CC (orβ), according
to whether the first two of four conserved cysteine
residues are separated by a single amino acid or ad-
jacent, respectively. Recently, novel chemokines have
been discovered whose sequences suggest the ex-
istence of two additional subfamilies designated C
(Kelner et al., 1994) and CX3C (Bazan et al., 1997).

Chemokine receptors are seven transmembrane he-
lix G-protein coupled receptors (Murphy, 1994; Lus-
ter, 1998). Little is known about the details of their
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structures or the molecular mechanism of receptor ac-
tivation by chemokines. It has been proposed, based
on mutagenesis data, that the ligand–receptor inter-
action occurs via a two-step mechanism in which
the N-loop of the chemokine (between the second
cysteine and the firstβ-strand) initially binds to the in-
active state of the receptor, then the N-terminus of the
chemokine (preceding the first cysteine) makes a sec-
ond receptor contact, causing the receptor to undergo
a conformational change to its activated state (Mur-
phy, 1994; Crump et al., 1997, 1998). The second step
of this mechanism may require that the chemokine it-
self has some conformational flexibility. Thus, both
the structure and dynamics of chemokines are of in-
terest in understanding the mechanism of receptor
activation.

Eotaxin is a CC-chemokine with specific chemoat-
tractant activity for eosinophils and basophils, me-
diated through the receptorCCR3. Eotaxin appears
to be a pivotal chemokine involved in eosinophil ac-
cumulation in vivo and is likely the most relevant
chemokine to eosinophilia-related diseases such as al-
lergic reactions (e.g. asthma) and parasitic infestations
(Weller, 1994; Rothenberg et al., 1995; Baggiolini,
1996; Garcia-Zepeda et al., 1997; Luster, 1998).
The specificity of eotaxin for the receptor CCR3 and
its predominant role in these diseases make it a fa-
vored target for drug design. The three-dimensional
(3D) structure of eotaxin has been determined re-
cently based on homonuclear and15N-edited NMR
data (Crump et al., 1998). The structure is similar to
those of other chemokines and consists of an unstruc-
tured N-terminal region, a three-stranded antiparallel
β-sheet, and a C-terminal overlyingα-helix. Theβ1-
andβ2-strands are connected by a relatively long loop
whereas theβ2- andβ3-strands and theβ3-strand and
α-helix are connected by short turns. The two con-
served disulfide bonds link the N-terminal region to
the β1-β2 loop and theβ3-strand. In this paper we
present the backbone dynamics of eotaxin determined
by analysis of15N NMR relaxation parameters.

Materials and methods

Uniformly 15N-labeled or13C,15N-doubly labeled eo-
taxin was prepared as an N-terminally (His)6-tagged
fusion protein by expression inEscherichia coli. The
fusion protein was purified by Ni2+-affinity chro-
matography, the fusion leader was removed prote-
olytically, and the mature protein (with a native N-

Figure 1. Examples of (A) R1, (B) R2 and (C)ηxy curve fits. In (A)
and (B), the peak intensity I(τ) is plotted as a function of time for
K68 ( ), L13 (N), and S4 (�). The peak intensities are shown on
an arbitrary absolute scale. The uncertainties in the peak intensities
are less than 0.1 unit for R1 and less than 0.05 unit for R2. K68
( ) is one of the best fits, L13 (N) is about average, and S4 (�) is
among the worst. In (C), the ratio of intensities in cross-relaxation
and auto-relaxation experiments (Icross/Iauto; Kroenke et al., 1998)
is plotted as a function of time for S69 ( ), R16 (N), and A51 (�).

terminus) was further purified by cation exchange
chromatography. N-terminal sequencing, amino acid
composition analysis, and mass spectrometry con-
firmed that the primary structure of the recombinant
eotaxin was as expected for native eotaxin (Kitaura
et al., 1996; Garcia-Zepeda et al., 1997).

Protein samples for NMR analysis were dissolved
at a concentration of∼0.8–1.0 mM in 20 mM deuter-
ated sodium acetate, 0.02% NaN3, 10% D2O, pH 5.0.
All NMR measurements were performed at 30◦C
on a Varian Unity INOVA 500 MHz spectrometer.
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Backbone and Cβ/Hβ resonance assignments were
achieved using standard heteronuclear and triple reso-
nance methods. The secondary structure deduced from
short- and medium-range NOEs,3JHNHα coupling
constants, and secondary chemical shifts is consistent
with the structure of Crump et al. (1998); these data
are summarized in the Supplementary material.

15N longitudinal (R1) and transverse (R2) relax-
ation rates, heteronuclear {1H}- 15N NOEs, and trans-
verse cross-relaxation rates (ηxy) were measured us-
ing 2D 1H-15N correlation pulse sequences (Farrow
et al., 1994; Kroenke et al., 1998).ηxy is the rate
constant for cross-relaxation between in-phase magne-
tization (Sx or Sy) and antiphase magnetization (2IzSx
or 2IzSy, respectively). This cross-relaxation process
results from cross-correlation or interference between
chemical shift anisotropy and dipolar relaxation mech-
anisms (Tjandra et al., 1996; Kroenke et al., 1998).
Delay values used were:τ = 11∗, 56, 133, 233∗, 377,
555∗, 888, and 1998∗ ms for the R1 experiment;τ =
17∗, 33, 67∗, 100, 150, 200∗, 284, and 384∗ ms for
the R2 experiment; andτ = 22∗, 43, 65∗, 76, 98, and
109∗ms for theηxy experiment; asterisks indicate time
points duplicated to allow estimation of uncertainties.
Two identical pairs of {1H}- 15N NOE experiments
were recorded. In one experiment of each pair, protons
were saturated for 3 s following the 5 s recycle delay
by application of 120◦ pulses (field strength 10 kHz),
spaced 5 ms apart. In the other experiment, a 12 s
recycle delay was used without proton saturation.

Relaxation rate constants were obtained by
weighted fits of the peak heights in the 2D spectra
as described previously (Stone et al., 1993; Kroenke
et al., 1998). Peak height uncertainties were deter-
mined from the duplicate time points as described
(Stone et al., 1993) and uncertainties in relaxation rate
constants were taken to be the standard errors of the
fitted parameters. Steady-state NOEs were calculated
as the ratios of the cross peak heights in the presence
and the absence of proton saturation. The NOE for
each NH group was calculated separately from each of
the two repeated pairs of experiments. The NOE was
taken to be the average of the two measurements. The
standard deviation of the differences between the two
measurements was divided by

√
2 to yield the absolute

uncertainty in the NOE (assumed to be the same for all
peaks).

The relaxation parameters were fitted to the
Lipari–Szabo model free dynamics formalism (Lipari
and Szabo, 1982a, b) or extended versions thereof
(Clore et al., 1990a, b; Barbato et al., 1992) using the

program Modelfree 4.0 (Palmer et al., 1991; Mandel
et al., 1995). Initially, the components of the mole-
cular rotational diffusion tensor were estimated from
the R2/R1 ratios of 36 residues (Kay et al., 1989;
Clore et al., 1990b; Barbato et al., 1992) using the
program r2r1−diffusion, for the cases of isotropic and
axially symmetric diffusion tensors, and the program
quadric−diffusion for the case of a fully anisotropic
diffusion tensor; these programs were provided by
Dr. A.G. Palmer, III (Columbia University). Isotropic
molecular rotational diffusion was characterized by a
single correlation timeτm. Axially symmetric diffu-
sion was defined by the ratio of diffusion rates about
unique and perpendicular axes (D‖/D⊥), a correlation
timeτm [defined as (2D‖ + 4D⊥)−1], and the orienta-
tion of the unique axis relative to the coordinates of the
average energy minimized NMR structure [PDB code
1EOT; Crump et al., 1998] (Tjandra et al., 1995). Fully
anisotropic diffusion was defined by the diffusion rates
about three orthogonal axes (Dxx, Dyy, and Dzz) and
the orientation of the axis system relative to the NMR
structure (Tjandra et al., 1995). R2/R1 data for 14
residues (A3, S4, V5, T7, T8, C9, R16, K33, A38,
L45, K68, S69, T71, K73) were excluded from the
initial estimation of diffusion tensor components on
the basis that the corresponding NH groups have large
amplitudes of fast time scale internal motions (NOE
< 0.5). Of the remaining 43 residues, an additional 7
residues (N12, L13, T30, S31, Q36, K37, A51) were
then excluded on the basis that the R2/ηxy values for
these residues exceed the average R2/ηxy value (1.80)
by more than one standard deviation (0.47), indicat-
ing that R2 values for these residues are influenced
by slow conformational exchange (Fushman and Cow-
burn, 1998). After selection of the appropriate model
to describe the molecular rotational diffusion, the data
for each NH group were then fitted to each of the fol-
lowing five internal motional models (Mandel et al.,
1995, 1996). Model 1 yields only an order parameter
(Sf

2) representing the amplitude of fast (<20 ps) in-
ternal motions (Lipari and Szabo, 1982a, b). Model 2
yields an order parameter (S2

f ) and an effective internal
correlation time (τf ) for fast (<500 ps) internal mo-
tions (Lipari and Szabo, 1982a, b). Model 3 yields an
order parameter (S2f ) for internal motions faster than
∼20 ps and an Rex term representing the contribution
of µs–ms time scale motions to the transverse relax-
ation rate constant R2 (Kay et al., 1989; Palmer et al.,
1996). Model 4 yields an order parameter (S2

f ) and
internal correlation time (τf ) for motions faster than
500 ps and also an Rex term. Finally, model 5 yields an
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order parameter (S2f ) for internal motions faster than
∼20 ps and an order parameter (S2

s) and corresponding
correlation time (τs) for internal motions slower than
500 ps but faster thanτm (Clore et al., 1990a, b). The
difference between parallel and perpendicular compo-
nents of the15N chemical shift tensor (σ‖ − σ⊥) was
taken to be−170 ppm. Fitting procedures and model
selection criteria have been described previously by
Mandel et al. (1995). Upon selection of the optimum
model for each residue, a final optimization was per-
formed in which the molecular diffusion parameters
and the selected internal dynamics parameters for each
NH group were optimized simultaneously. Uncertain-
ties in the dynamics parameters were determined using
Monte Carlo simulations carried out by the Modelfree
program (Stone et al., 1993). Data presented here are
for an axially symmetric molecular diffusion model;
data for both axially symmetric and isotropic diffusion
models are listed in the Supplementary material.

Results

Relaxation parameters
Relaxation data were obtained for 57 of the 65 back-
bone secondary amide nitrogen nuclei in eotaxin. The
eight NH groups not included were two that did not ap-
pear in the HSQC spectrum (C10 and F11), two pairs
of overlapped NH peaks (N15/K44 and D48/I29) and
one pair (C34 and Q67) that was too poorly resolved
to allow accurate measurement of peak heights. Peak
intensities observed in the R1, R2 andηxy experiments
fit well to the expected relaxation equations. Examples
are illustrated in Figure 1.

The R1, R2, R2/R1 and NOE values for each
residue are shown in Figure 2A–D. R1, R2 and NOE
values are all significantly lower than average in the
N- and C-terminal regions of the protein, indicat-
ing the presence of considerable motion on a fast
(picosecond–nanosecond) time scale. Several residues
in the loop that connects theβ1- andβ2-strands (T30–
K38) also exhibit lower than average R1 and NOE
values.

R2 values and R2/R1 ratios are elevated signifi-
cantly above the average for residues T8, N12, S31,
K37, and A51 and slightly above average for several
other residues (Figures 2B and 2D). This effect may
be indicative of slow (microsecond–millisecond) time
scale conformational rearrangement in the vicinity
of these residues. Alternatively, higher than average
transverse relaxation for specific15N nuclei could be

a result of anisotropic tumbling of the protein. Nuclei
for which the associated NH bond vector is aligned
parallel to the long axis of the diffusion tensor of
an anisotropically tumbling molecule reorient more
slowly than those aligned perpendicular to the long
axis. Thus, the former have increased low frequency
spectral densities and increased transverse relaxation
(Kroenke et al., 1998). Several methods have been
proposed to distinguish between increases in trans-
verse relaxation resulting from anisotropic tumbling
and those resulting from true slow time scale confor-
mational exchange (Akke and Palmer, 1996; Fushman
and Cowburn, 1998; Kroenke et al., 1998; Vis et al.,
1998). In the present study, we used the method of
Fushman and Cowburn (1998) in which the ratio of
transverse auto relaxation rate (R2) to the transverse
cross relaxation rate (ηxy) is compared across the pro-
tein. For residues without large amplitude fast internal
motion, this ratio is expected to be approximately
constant in the absence of slow conformational ex-
change but to be elevated for those residues affected
by slow conformational exchange. Values ofηxy and
R2/ηxy for each residue are shown in Figures 2E and
2F, respectively. Most residues in the core of the pro-
tein have R2/ηxy values of∼1.7. However, all of the
residues exhibiting high R2/R1 ratios (Figure 2D) also
have high R2/ηxy values (Figure 2F), indicating that
the fast transverse relaxation of these residues is a re-
sult of true slow time scale conformational exchange.
The high R2/ηxy values for residues close to the N-
and C-termini can likely be attributed to the presence
of large amplitude fast internal motions as indicated
by the negative NOE values for these residues (Fig-
ure 2C). However, slow time scale conformational
exchange may also contribute to the high R2/ηxy val-
ues for some of the residues near the N-terminus (see
below).

Molecular rotational diffusion
The R2/R1 ratios for residues not subject to large am-
plitude fast internal motions or to slow time scale
conformational exchange were used to estimate the
components of the molecular rotational diffusion ten-
sor. Calculations assuming a fully anisotropic diffu-
sion tensor gave diffusion components (Dzz:Dxx:Dyy)
in the ratio 1.40:1.29:1, indicating that the diffusion
rate around the y-axis is significantly lower than those
around the other two axes, but that diffusion rates
around x- and z-axes differ by less than∼10%. Thus,
these calculations suggested that the molecular rota-
tional diffusion tensor may be approximated by an
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Figure 2. Plots of the relaxation parameters (A) R1, (B) R2, (C) {1H}- 15N NOE, (D) R2/R1, (E) ηxy, and (F) R2/ηxy as a function of residue
number. The positions of the secondary structure elements of eotaxin are indicated at the bottom of each column as filled bars (β-strands) or
open bars (turn of 310-helix or C-terminalα-helix).

oblate ellipsoid with D‖/D⊥ [=2Dyy/(Dxx+Dzz)] =
0.74. Similarly, calculations assuming an axially sym-
metric diffusion tensor indicated that the data could
be fitted to an oblate model with D‖/D⊥ = 0.82±
0.04 or a prolate model with D‖/D⊥ = 1.12± 0.04;
this ambiguity has been discussed by Blackledge et al.
(1998). The oblate model was selected as being most
suitable for the current data set on the basis that: (1) it
gave a slightly better fit than the prolate model to
the experimental data (χ2 = 90 versus 99); (2) the
fully anisotropic tensor calculations support the oblate
model; (3) the improved agreement with the experi-
mental data observed for the oblate axially symmetric
model relative to the isotropic model is statistically
significant (p<0.05) according to an F-statistic test

(F = 3.19; Lee et al., 1997); and (4) the improved
agreement with the experimental data observed for the
fully anisotropic model relative to the oblate axially
symmetric model is not statistically significant (F=
0.87; p> 0.05).

After selection of appropriate internal dynamics
models and final model free calculations, the opti-
mized effective molecular rotational correlation time
τm was 5.09± 0.02 ns with D‖/D⊥ = 0.81± 0.02
and the unique (short) axis of the diffusion tensor ori-
ented as indicated in Figure 4. Five of the NH vectors
studied are aligned within 30◦ of the unique axis, 31
form angles of 30–60◦ with the unique axis, and the
remaining 21 (including most of those in theβ-sheet)
form angles of 60–90◦ with the unique axis. Calcula-
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Figure 3. Plots of the model-free dynamics parameters (A) S2
f ,

(B) τf and (C) Rex as a function of residue number. The positions
of the secondary structure elements of eotaxin are indicated at the
bottom of each column as in Figure 2. Theτf value of T30 is poorly
defined (324± 290 ps) and is not shown in the figure. Slow time
scale order parameters (not shown in the figure) were required for
R27, K68, T71 and K73. S2s values obtained for these residues were
0.88± 0.02, 0.73± 0.01, 0.62± 0.01 and 0.60± 0.01 respectively,
and correspondingτs values were 3184±820, 1045±131, 811±17
and 686± 16 ps, respectively.

tions assuming an isotropic rotational diffusion tensor
gave aτm value of 5.20± 0.02 ns, similar to the ef-
fectiveτm for the axially symmetric diffusion model.
Since the molecular weight of eotaxin is∼8.4 kDa,
a correlation time of∼5 ns indicates that the protein
exists predominantly as a monomer under the condi-
tions of the NMR study. Crump et al. (1998) have
determined the Kd for dimerization to be 8.5 mM at
pH 5.0, 30◦C, and low salt conditions, consistent

with the present results. Although the results presented
here are for an axially symmetric diffusion tensor, it is
noteworthy that analysis of the data using the isotropic
model yielded internal motional parameters that were
not significantly different from those obtained with
the anisotropic model; results for both models are
included in the Supplementary material.

Internal dynamics parameters
Internal motional parameters were obtained using the
models described in Materials and methods. The data
for 2 and 33 residues were adequately accounted for by
Models 1 and 2, respectively. Data for 18 residues re-
quired incorporation of the exchange broadening term,
Rex; all of these were fit to Model 4. Finally, data
for 4 residues could only be adequately described by
Model 5, incorporating two time scales of internal mo-
tion faster than theτm. The sufficiencies of the fits
were evaluated by comparison of the weighted sum of
the squared residuals (SSE) to the 95% critical value
(Stone et al., 1993; Mandel et al., 1995). According
to this criterion, data for 45 residues (79%) were ade-
quately fit at the 95% confidence level; residues not
satisfying this criterion were K17, R22, S25, Y26,
R28, T30, G32, I40, I49, D52, W57, and Q59. By
comparison, data for 42 residues were adequately fit
at the 95% confidence level in calculations assuming
an isotropic rotational diffusion tensor.

The internal dynamics parameters optimized for
each residue are plotted in Figure 3. The average gen-
eralized order parameter of backbone NH groups in
eotaxin is 0.68 (standard deviation 0.18), which is sub-
stantially lower than the average order parameter of
0.84± 0.11 for the 20 proteins in the Indiana Dy-
namics Database (J.L. Goodman, M.D. Pagel, and
M.J. Stone, unpublished results). Figure 4A shows
the backbone structure of eotaxin, color coded ac-
cording to the values of the fast time scale order
parameters. The S2f values range from 0.14 to 0.88
and appear to be dependent on secondary structural
environment. In general, residues in the termini and
in loops and turns are significantly more flexible than
those in the threeβ-strands, theα-helix, and the
single turn of 310-helix. Thus, the low average or-
der parameter partly reflects the high proportion of
residues in these flexible regions. The average order
parameter for residues in secondary structure elements
(0.75 ± 0.07) remains lower than the typical aver-
age for other proteins but is similar to the average
values observed previously for the glucose permease
IIA domain (Stone et al., 1992) and dihydrofolate re-
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ductase (Epstein et al., 1995). Substantial variations
of average order parameters have been observed be-
tween proteins previously studied by NMR relaxation
methods. The causes of these differences are not well
established, but may reflect differences in data collec-
tion and analysis methods as well as true differences
between the dynamics of proteins with different struc-
tural folds and stabilities. In this regard it is interesting
to note that eotaxin undergoes very rapid hydrogen
exchange with solvent, suggesting that it is relatively
thermally unstable (Crump et al., 1998).

The Rex terms, indicative of microsecond to mil-
lisecond time scale conformational exchange, are plot-
ted in Figure 3C. All nine residues that require Rex
terms greater than 1 s−1 also have elevated R2/ηxy val-
ues indicating that the Rex terms reflect true conforma-
tional exchange rather than the effects of anisotropic
molecular diffusion. Most of the residues requir-
ing Rex terms are located in regions of the amino
acid sequence adjacent to the four conserved cysteine
residues. In particular, T7, T8, C9, N12, L13, and
A14 are close to the first two cysteine residues (C9
and C10), S31, K33, Q36, K37 and A38 in theβ1-
β2 loop are close to the third cysteine (C34), and A51
immediately follows the fourth cysteine (C50). Fur-
thermore, the backbone NH groups of C10 and F11
are not observed in the HSQC spectrum of eotaxin,
presumably due to a very high degree of conforma-
tional exchange broadening. In addition, peaks in the
HNCACB, CBCA(CO)NH, and CCC-TOCSY-NNH
spectra corresponding to residues 8, 9, 12, and 13
tended to be somewhat weaker than other peaks in
these spectra, suggesting increased transverse relax-
ation rates for the carbon and/or nitrogen nuclei in
these residues (data not shown). Figure 4B illustrates
the spatial proximity of NH groups exhibiting confor-
mational exchange broadening to the two conserved
disulfide bonds (C9-C34 and C10-C50). These results
suggest that the residues near to the disulfide bonds
may be experiencing a concerted conformational re-
arrangement. It is noteworthy that the absence of an
Rex term for C50 does not necessarily indicate the ab-
sence of motion on theµs–ms time scale because the
Rex value is dependent on the chemical shift difference
and relative populations of the exchanging species as
well as the rate of exchange (Palmer et al., 1996 and
references therein). Dynamics parameters were not
determined for C34 due to spectral overlap.

Discussion and conclusions

Fast time scale motions
The distribution of residues in eotaxin with large
amplitude motion on a subnanosecond time scale is
similar to those observed previously for the dimeric
CXC chemokine interleukin-8 (IL-8; Grasberger
et al., 1993) and the monomeric CC-chemokine vi-
ral macrophage inflammatory protein-II (vMIP-II; Li-
wang et al., 1999). In particular, all three chemokines
have very low order parameters for residues on the
N-terminal side of the CXC or CC motif and for the
last two or three residues in the C-terminalα-helix. In
addition, the order parameters reported here correlate
well with the rmsd values for the calculated ensem-
ble of eotaxin structures (Crump et al., 1998) and
also with the tertiary structural differences between
the CC chemokines RANTES and MCP-1 (Skelton
et al., 1995; Handel and Domaille, 1996; Crump et al.,
1998), suggesting that the variations in these structures
may be attributed to true conformational flexibility
rather than to lack of geometrical constraints in the
disordered regions.

The N-terminus of chemokines has been identified
as the most important region involved in activation of
chemokine receptors (Crump et al., 1997, 1998, and
references therein). Therefore, the observation that
large amplitude flexibility occurs near the N-terminus
of several chemokines suggests that flexibility of this
region may be important for the mechanism of re-
ceptor activation. According to the two-step model
(Murphy, 1994; Crump et al., 1997, 1998), the first
step of receptor activation involves binding of the
chemokine N-loop to the receptor, whereas the sec-
ond step comprises two theoretically separable events
– binding of the N-terminus to the receptor and a con-
formational change of the receptor. If the N-terminal
region of the chemokine were rigid, then it is likely
that the two events comprising step two would occur in
a concerted manner, i.e. the conformational rearrange-
ment of the receptor would bring it into contact with
the static chemokine. On the other hand, if the bound
chemokine were flexible then the N-terminus may
come into contact with the receptorbeforethe confor-
mation of the receptor has changed significantly; this
contact would then befollowedby a conformational
change of the receptor (and possibly the chemokine)
causing the activation of the receptor. The current dy-
namics data, along with the previous data for IL-8
and vMIP-II (Grasberger et al., 1993; Liwang et al.,
1999), indicate that indeed the N-terminus and the N-
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Figure 4. Stereoviews of the backbone Cα traces of eotaxin color coded according to the values of (A) the order parameters (S2
f ) and (B) the

conformational exchange terms (Rex). The unique axis of the diffusion tensor is aligned perpendicular to the plane of the page. Residues are
colored in a continuous spectrum from red to blue, with red corresponding to the most flexible and blue to the most rigid regions. The color
scale is: (A) red (S2f ≤ 0.2), yellow (S2

f = 0.40), green (S2f = 0.60), and blue (S2f ≥ 0.80); and (B) red (Rex ≥ 5 s−1), yellow (Rex = 3 s−1),

green (Rex = 1 s−1), and blue (Rex = 0 s−1). Those residues whose relaxation data were not available due to spectral overlap are colored in
gray. The side chains of the four conserved cysteine residues and the two disulfide bonds are shown as gray cylinders. Atomic coordinates were
taken from the energy-minimized average NMR structure (PDB code 1EOT; Crump et al., 1998). This figure was prepared using the program
MOLMOL (Koradi et al., 1996).

loop are both flexible and can undergo considerable
motion relative to each other. Thus, these data are con-
sistent with a mechanism in which the second binding
event and the receptor conformational change occur
sequentially.

Slow time scale conformational exchange
The 15N exchange broadening terms calculated for
eotaxin indicate that the residues adjacent to the two
conserved disulfide bonds may be experiencing a
concerted conformational rearrangement (Figure 4B).
This conclusion is supported by the observation of
defined local structure but apparent segmental mo-
tion and low backbone angular order parameters of
the β1–β2 loop in the ensemble of NMR structures
of eotaxin (Crump et al., 1998). A possible source of
the observed slow conformational exchange may be
isomerization of one or both disulfide bonds between
the two most favored conformations. Typically, the
dihedral angle around disulfide bonds (χ3) is ±90◦
(Creighton, 1993) and exchange between the two
conformations is limited by an activation barrier of

∼7–9 kcal mol−1 (Fraser et al., 1971). Exchange ki-
netics on theµs–ms time scale, as observed in the
present study, would require an activation barrier of
∼8–12 kcal mol−1, similar to that expected for disul-
fide isomerization. Thus, it would not be surprising
to observe conformational exchange broadening for
nuclei adjacent to disulfide bonds. Indeed, NMR stud-
ies have revealed evidence of slow conformational
exchange in the vicinity of disulfide bonds in basic
pancreatic trypsin inhibitor (BPTI) (Szyperski et al.,
1993; Beeser et al., 1997, 1998), the C-terminal
Kunitz domain of humanα3-chain type VI collagen
(Sørensen et al., 1997), human type-α transforming
growth factor (Li and Montelione, 1995), toxinα
from Naja nigricollis (Guenneugues et al., 1997), and
the denatured state of hen lysozyme (Schwalbe et al.,
1997). In the solution structure of eotaxin (Crump
et al., 1998) the C9-C34 disulfide bond is relatively
poorly defined. Furthermore, it appears that this disul-
fide bond could undergo isomerization without any
significant reorganization of the well-ordered regions
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of the structure. Therefore it seems reasonable to pro-
pose disulfide bond isomerization as the source of the
slow conformational exchange observed in the present
study.

It is instructive to compare the slow conforma-
tional exchange behavior of eotaxin with that observed
for other chemokines. The dimeric CXC-chemokine
IL-8 displayed quite different exchange behavior from
eotaxin, with Rex terms prevalent in theα-helix and
in β-sheet regions contacting the helix (Grasberger
et al., 1993). These effects were interpreted as sug-
gesting that the helix-sheet interface is dynamic on a
µs–ms time scale. In contrast, the exchange behavior
of the CC-chemokine vMIP-II (Liwang et al., 1999)
was similar to that of eotaxin, with exchange terms
required in the regions of the sequence surrounding
the four conserved cysteine residues; exchange terms
were also found in the 310-turn that precedes the
β1-strand. Both of these previous studies were per-
formed assuming isotropic molecular tumbling, so it
is possible that some of the Rex terms observed re-
flect alignment of the relevant NH bond vectors along
the long axis of the molecule. However, given that
the cross-relaxation experiments for eotaxin confirmed
that the Rex terms arise from true conformational ex-
change, it seems likely that the Rex terms found in
the corresponding region of vMIP-II also reflect real
conformational flexibility. Thus, it is possible that
conformational exchange in the vicinity of the disul-
fide bonds is a common feature of CC-chemokines.
The CC or CXC motif of chemokines is located be-
tween the N-terminus and the N-loop, the two regions
implicated in receptor binding and activation. There-
fore, conformational changes in this region could
potentially allow for reorientation of these two re-
gions relative to each other during receptor activation.
Dynamics studies of additional chemokines will be re-
quired to determine whether disulfide bond flexibility
is a general feature of CC-chemokines.

In summary, we have identified the regions of eo-
taxin that are conformationally mobile on subnanosec-
ond and microsecond–millisecond time scales. Fast
time scale flexibility of the N-terminal region appears
to be a conserved feature of all chemokines and may
be important in allowing this region to adopt a suitable
conformation for activation of chemokine receptors.
Flexibility on the slower time scale is limited to the
immediate vicinity of the two conserved disulfide
bonds, reflecting possible disulfide bond isomeriza-
tion. A similar observation for vMIP-II (Liwang et al.,

1999) suggests that this type of mobility may also be
conserved among the CC-chemokines.
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