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Abstract

Eotaxin is a member of the chemokine family of about 40 proteins that induce cell migration. Eotaxin binds the CC
chemokine receptor CCR3 that is highly expressed by eosinophils, and it is considered important in the pathology of
chronic respiratory disorders such as asthma. The high resolution structure of eotaxin is known. The 74 amino acid
protein has two disulfide bridges and shows a typical chemokine fold comprised of a core of three antiparallelb-strands
and an overlyinga-helix. In this paper, we report the backbone dynamics of eotaxin determined through15N-T1, T2, and
$1H%-15N nuclear Overhauser effect heteronuclear multidimensional NMR experiments. This is the first extensive study
of the dynamics of a chemokine derived from 600, 500, and 300 MHz NMR field strengths. From theT1, T2, and NOE
relaxation data, parameters that describe the internal motions of eotaxin were derived using the Lipari–Szabo model free
analysis. The most ordered regions of the protein correspond to the known secondary structure elements. However,
surrounding the core, the regions known to be functionally important in chemokines show a range of motions on varying
timescales. These include extensive subnanosecond to picosecond motions in the N-terminus, C-terminus, and the N-loop
succeeding the disulfides. Analysis of rotational diffusion anisotropy of eotaxin and chemical exchange terms at multiple
fields also allowed the confident identification of slow conformational exchange through the “30s” loop, disulfides, and
adjacent residues. In addition, we show that these motions may be attenuated in the dimeric form of a synthetic eotaxin.
The structure and dynamical basis for eotaxin receptor binding is discussed in light of the dynamics data.
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Eotaxin ~Griffiths-Johnson et al., 1993; Jose et al., 1994! is a
member of the chemotactic cytokine~chemokine! family of pro-
teins involved in the immune and inflammatory response. The
chemokines promote recruitment of different subpopulations of

leukocytes through their binding and activation of seven trans-
membrane~7TM! receptors~Baggiolini et al., 1997 and references
therein!. The CC chemokine eotaxin is specific for the CCR3
receptor that is distributed on eosinophils and basophils~Jose
et al., 1994; Kitaura et al., 1996; Ponath et al., 1996! and T helper
2 ~TH2! cells ~Sallusto et al., 1997!. It is thought that the stimu-
lation and sustainment of an allergic reaction requires TH2 cells
that provide a source of IL-4 and IL-5 for growth and stimulation
of eosinophils and basophils~Corrigan & Kay, 1992!. The speci-
ficity of eotaxin for CCR3 on these three cell types may allow it to
play a coordinating role in the infiltration of these leukocytes into
the airways and has therefore been recognized as central to the
pathogenesis of chronic respiratory disorders such as asthma.

Members of both the CXC and CC chemokine families have
been the subject of intensive structural and functional studies in
an attempt to understand receptor binding determinants. Three-
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Purcell-Meiboom-Gill; CSA, chemical shift anisotropy; HPLC, high-
performance liquid chromatography; HSQC, heteronuclear single quantum
coherence; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser
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dimensional structural studies by NMR have revealed that mono-
meric chemokine structures are remarkably homogeneous and
differences that may be attributable to receptor specificity are cer-
tainly not obvious~Fairbrother & Skelton, 1996!. A standard chemo-
kine fold appears to consist of three antiparallelb-strands~b1, b2,
and b3! and an overlyinga-helix. The remainder of the protein
consists of an apparently disordered N-terminal region, an ex-
tended N-terminal loop, a “30s” loop connectingb1 andb2, the
40s turn connectingb2 andb3, and the 50s turn connectingb3 to
the C-terminala-helix. Numerous structure-function studies have
shown the N-terminal region preceding the CC or CXC motif to be
the most important region for receptor binding0activity ~Clark-Lewis
et al., 1994, 1995; Gong et al., 1996!, yet this region appears un-
structured in solution structures of monomeric subunits~Kim et al.,
1996; Crump et al., 1997, 1998!. The N-terminal loop~succeeding
the CXC or CC motif and preceding the firstb-strand! has been
shown to be important for receptor specificity and contributions to
binding~Clark-Lewis et al., 1994, 1995; Schraufstätter et al., 1995;
Lowman et al., 1996; Pakianathan et al., 1997!. In addition the di-
sulfide bridges and the 30s loop may play a very highly tuned struc-
tural role~Clark-Lewis et al., 1994, 1995; Rajarathnam et al., 1999!.
In all, a central core or scaffold ofb-strands and ana-helix appears
to be surrounded by functionally important regions of the protein.

We report the first detailed backbone15N NMR relaxation mea-
surements of eotaxin, the first such study on a human CC chemo-
kine. We have previously reported the three-dimensional structure
of synthetic eotaxin using multidimensional NMR methods that
revealed a predominantly monomeric species at the concentration
studied~Kd 5 0.0085, 308C, pH 5.0, NaOAc! and a typical chemo-
kine fold ~Crump et al., 1998!. However, this does not provide
details on the rotational and internal dynamics of the protein and in
particular, information of importance in functionally sensitive re-
gions. Heteronuclear NMR experiments provideT1, T2, and$1H%-
15N ~steady state heteronuclear Overhauser enhancement! relaxation
data at multiple protein sites~for reviews on15N NMR relaxation
see Palmer, 1993; Wagner, 1993!. Relaxation data are interpreted
in the context of motional models, in this case the Lipari & Szabo
model-free formalism~Lipari & Szabo, 1982a, 1982b!. This al-
lows the extraction of an overall correlation time~tm!, internal
correlation times~te!, and order parameters~S2! for backbone
N-H bond vectors. This study reveals that although the core of the
protein is well defined on the subnanosecond to picosecond time-
scale, the more functionally sensitive regions identified in other
chemokines show motions on various timescales. Three samples
were used; a recombinant uniformly15N labeled sample with a
GSHM N-terminal extension and two synthetic samples~N1 and
N2! with site specific15N labels. We show that the recombinant
sample is monomeric and the N- and C-termini undergo rapid
subnanosecond timescale motions. The N-loop shows reduced or-
der parameters and the 30s loop and adjacent residues in the
N-terminus show conformational exchange. The synthetic samples
are in a monomer0dimer equilibrium that allows the comparison of
the backbone dynamics for several specifically labeled residues in
the monomeric and dimeric form.

Results

15N-T1, T2, and NOE analysis

The backbone amide15N and1H chemical shifts for eotaxin have
been deposited in BioMagResBank with access code 4155. At 500

and 600 MHz,15N relaxation data for 61 out of 74 residues could
be obtained. The missing 13 residues were 8 prolines~no amide
proton!, Cys34 and Lys67~signal overlap!, Gly1, Cys10, and Phe11
~no signal observed!. Significantly fewer peaks were characterized
at 300 MHz due to poor signal to noise giving 47T1 data points and
54 T2 data points. Characteristic fits for theT1 and T2 data are
shown in Figure 1. Figure 2A showsT1 relaxation data at 300, 500,
and 600 MHz and the associated errors in fitting the decay curves.

A

B

Fig. 1. Best and worst fits of15N relaxation data. Shown are fitted decay
curves for~A! 15N-T1 and~B! 15N-T2 at 500 and 600 MHz. The following
residues are shown that fitted with approximately 1% error in the finalT1

or T2 and are among the best fits of the data:T1
600 ~Lys47 609~64.4!

ms$C%!, T1
500 ~Arg27 411~65! ms $▫%!, T2

600 ~Thr43 133~61.7! ms $C%!,
T2

500 ~Gln36 118~61.8! ms $▫%!. Also shown are representative plots of
the some of the worst fit data:T1

600 ~Leu18 584~621! ms $d%!, T1
500

~Leu13 463~618! ms $3%!, T2
600 ~Leu18 167~68! ms $d%!, T2

500 ~Ile29
131~68! ms $3%!.
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The averageT1
600 for all residues was 5836 93 ms with an average

error of 11 ms, the averageT1
500 was 4786 95 ms with an average

error of 10 ms, and the averageT1
300 was 3166 128 ms with an

average error of 21 ms. Residues for which internal motion affects
the T1 values were identified by a NOE less than 0.65 or 0.60 at
600 and 500 MHz, respectively. These included residues 3–13,
15–17, 28–33, 37, 38, 45, 47, 63, and 68–73 at 600 MHz, 3–9,
16–17, 21, 29, 31–38, 44–47, 49, 68–73 at 500 MHz. Excluding
these residues the averageT1

600 was 5416 28 ms with an average
error of 9.7 ms and the averageT1

500 was 4346 15 ms with an
average error of 8 ms. NOE data could not be collected at
300 MHz, principally due to poor signal to noise ratios in the

proton saturated~with NOE! $1H%-15N HSQC. Selecting residues
from the 300 MHz data that had already been identified as rigid
gaveT1

300 5 258.76 17.2. The averageT1
6000T1

500, T1
6000T1

300 and
T1

5000T1
300 was 1.246 0.035, 2.086 0.15, and 1.696 0.12

~Fig. 2D!.
Figure 2B showsT2 data recorded at multiple fields. The ave-

rageT2
600 was 1646 97 ms over all residues and 1386 16 ms

~average error 2.5 ms! over the residues with NOE. 0.65~1406
9 ms with the exception of Ala51, which displayed an unusually
smallT2!. The averageT2

500 was 1616 76 ms over all residues and
1396 15 ms~average error of 2.3 ms! over residues with NOE.
0.60 ~140 6 9.5 ms excluding Ala51! and the averageT2

300 was

A

B

C

D

E

F

Fig. 2. Relaxation data for eotaxin at three magnetic fields. Plots of~A! 15N-T1, ~B! 15N-T2 at 300$1%, 500 $C%, 600 $d% MHz and
~C! NOE at 500 and 600 MHz~no 300 MHz NOE data are reported due to the poor signal to noise ratio that was obtained in the proton
saturation half of the experiment!. Elements of secondary structure are shown as determined from the coordinates of the average
minimized NMR structure determined by Crump et al.~1998!. An arrow defines ab-strand, a box a helix, and a black line indicates
coil or loop structure~Secondary structure: 310 helix ~19–22!, b1 ~25–29!, b2 ~38–43!, b3 ~48–51!, and helix-1~57–68!!. Also shown
are plots of~D! T1

6000T1
500, ~E! T2

6000T2
500, and~F! T10T2 for 600~d! and 500~C! MHz. Lines are shown onD andE for the theoretical

ratiosT1
6000T1

500 5 1.25 andT2
6000T2

500 5 0.97. The plots reveal the superior quality of the 500 and 600 MHz data, which were used
for a complete isotropic and anisotropic relaxation analysis.
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1736 102 ms over all residues andT2
3005 1356 17 ~average error

of 10 ms! over those residues selected with NOE. 0.60 at
500 MHz ~1366 16 ms without Ala51!. The averageT2

6000T2
500

~Fig. 2E!, T2
6000T2

300, andT2
5000T2

300 was 0.986 0.05 ms, 1.056
0.13 ms, and 1.056 0.12 ms, respectively.

The average NOE600 is 0.526 0.34 over all residues and 0.626
0.14 over all residues with a positive NOE. The average NOE500

is 0.486 0.40 over all residues and 0.586 0.15 for residues with
a positive NOE.

The averageT1
6000T2

600, T1
5000T2

500, andT1
3000T2

300 was 3.836
0.27, 3.096 0.15, and 1.976 0.30, respectively~Fig. 2F!.

Determination of the overall correlation time of eotaxin

The backbone15N relaxation data were interpreted with the Lipari–
Szabo method that interprets relaxation data in a model indepen-
dent formalism. The information content of the relaxation data is
expressed in terms of a generalized order parameterS2 that de-
scribes the degree of spatial restriction of a bond vector andte, an
effective correlation time for the fast rate~te , 0.3 ns! of internal
bond vector motion. If atm can be defined,S2 and te may be
adjusted to account for internal motions. The overall correlation
time was determined for recombinant eotaxin using 500 and
600 MHz data sets independently. Initially an optimaltm was
calculated on a per residue basis by minimizing the difference
between the experimental and the calculatedT1, T2, and NOE
~Equation 9! using the isotropic spectral density function given by
Equation 8~Farrow et al., 1994!. Once optimumtm values were
calculated for each residue, an optimum averagetm was calcu-
lated. Thetm was calculated to be 5.50 ms and 5.56 ms at 600 and
500 MHz, respectively.

Model-independent analysis of backbone dynamics

From the measuredT1, T2, and NOE relaxation data, parameters
that describe the internal motions of eotaxin were determined using
the model-free analysis under the assumption of isotropic tumbling
~Lipari & Szabo, 1982a, 1982b!. Appropriate models of spectral
density functions were selected for each residue. These included
S2 2 tm, S2 2 tm 2 te, S2 2 tm 2 Rex, andS2 2 tm 2 te 2 Rex

models and a two-timescale model~Clore et al., 1990a, 1990b! as
defined in Materials and methods. Models were fitted separately
with 500 and 600 MHz data allowing the final model free param-
eters to be independently determined by two datasets. Figures 3A
and 3B show results for all residues fitted with theS2 2 tm 2 te

model at both 500 and 600 MHz.tm was fixed at 5.50 and 5.56 ns
for the 600 and 500 MHz data, respectively. The averageS2 at
600 MHz for residues with NOE600 . 0.65 is 0.83~60.04! and at
500 MHz with NOE500 . 0.60 is 0.82~60.03!. The results agree
well between the 500 and 600 MHz data.5 Not surprisingly, the N-
and C-termini show pronounced reductions inS2, indicating fast
motions in the subnanosecond timescale. LowerS2 values are also
seen throughout the N-loop with the exception of Leu13. In addi-
tion, there are also reducedS2 values throughout the 30s loop

connectingb1 andb2. The core of eotaxin~b1, b2, b3, and the
a-helix! is well defined, containing the majority of residues with
NOE600 or NOE500 greater than 0.65 and 0.60, respectively, andS2

values around or greater than 0.80. At 600 MHz, 36 residues were
fit well with either theS2 2 tm or S2 2 tm 2 te models~T7, C9,
A14, N15, R16, K17, I18, Q21, R22, L23, S25, Y26, R28, G32,
V39, F41-C50, D52, K54, W57-M62, Y64, L65, D66!. Four res-
idues could not be fit by any model~A3, S4, T71, K73!. At
500 MHz, 39 residues were fit with either theS2 2 tm or S2 2
tm2 te models~S4, L5, K17, I18, L20, Q21, R22, L23, S25, Y26,
R27, R28, T30, V39, I40–K42, K44–C50, D52, K54, K55, W57-
D66, S68!, and 3 residues could not be fit by any model~terminal
residues A3, T71, K73!.

For those residues that did not fit well to theS2 2 tm or S2 2
tm 2 te models, alternative models were assumed~i.e.,S2 2 tm 2
te2 Rex and the two-timescale model!. In total, 14 and 17 residues
required additional models at 600 and 500 MHz, respectively. A
suitable model was selected according to the criteria of Farrow
et al.~1994! and Gagné et al.~1998!. These include~1! that relax-
ation parameters must be fit within 95% confidence levels,~2! that
new parameters in the fit are significant~a value larger than its
associated error!, and~3! the model must agree at multiple fields.
For theS2 2 tm 2 te 2 Rex model, 10 residues satisfied these
criteria~Fig. 3C! ~Thr8, Asn12, Glu24, Ile29, Ser31, Lys33, Gln36,
Lys37, Ala38, and Ala51!. Residues Ile29 to Ala38 form an almost
contiguous stretch of residues requiring anRex term ~Gly32 and
Thr30 requiredRex terms at only one field strength and Cys34 and
Pro35 could not be measured!. Thr8 and Asn12 are on either side
of the disulfide bridges that connect the N-terminal region to the
30s loop andb3 ~see schematic in Fig. 3!. Ala51 is adjacent to
Cys50 connectingb3 to the N-terminus and is in close proximity
to Ala38 and Val39 onb2. Thus these residues appear to form a
grouping around the 30s loop and disulfide bridges that experience
conformational exchange.

The presence of conformational exchange can be validated by
the ratio ofRex terms at different field strengths. Theoretically the
Rex

6000Rex
500 ratio should be equal to 600205002 or 1.44. The ratio for

the 30s loop is 1.366 0.18 and in every case theRex
600 is greater

than Rex
500. As shown in Figure 3C, the values ofRex

600 and Rex
500

throughout the 30s loop are large, ranging from 1.4 to 6.8 s21 and
1.11 to 5.65 s21, respectively and are significant with respect to
their associated error~0.346 0.10 at 600 MHz and 0.386 0.13!.
Ala51 shows the largestRex terms of 8.96 and 6.21 s21 at 600 and
500 MHz, in a ratio of exactly 1.44. Thr8 and Asn12 have
Rex

6000Rex
500 ratios greater than one although at 1.21 and 1.06, re-

spectively, they are slightly lower than expected. These results,
however, strongly suggest the presence of slow~micro to milli-
second! conformational exchange within the 30s loop and Ala51
that may also be related to a slow exchange involving residues
Thr8 and Asn12.

The final isotropic spectral density function required was the
two-timescale model reported by Clore et al.~1990a, 1990b! and
described by Equation 11. Using the above criteria, only one res-
idue adequately fit this model, Ser69. According to the family of
32 NMR structures, Ser69 is situated at the C-terminal part of the
a-helix and shows angular order parameters ofS~f! 5 0.97 and
S~c! 5 0.75~S,S5 1 if the angle is identical in every structure and
S 5 0 if the angle is completely undefined; Hyberts et al., 1992!.
The NMR structures also suggest that subsequent residues show
further reductions inS~f! and S~c! and that the helix begins to
fray at Ser69~Crump et al., 1998!. It is not surprising therefore that

5Values forte are extremely sensitive to the measured NOE~Kay et al.,
1989! and systematically high NOE600 values lead to an observed reduction
of te values at 600 MHz compared to 500 MHz. For a fixedtm of 5.50 ns
andS2 of 0.85, the calculated NOE6000NOE500 varies from 1.04 to 1.01 as
te changes from 0 to 100 ps~Gagné et al., 1998!. This compares to the
actual ratio of 1.146 0.12 over residues in the core of eotaxin.
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Ser69 shows a two-timescale motion with fast motions and an
additional slow internal motion characterized by ats of ;1.0 ns.

Rotational diffusion anisotropy

It has been reported that fittedRex terms can arise from rotational
diffusion anisotropy but be mistakenly interpreted as conforma-
tional exchange~Tjandra et al., 1995!. This can occur, for example,
in helices whose NH vectors lie along a similar axis to the unique
rotational diffusion axis of a protein with a prolate shape, leading
to elevated15N-T10T2 ratios that can be mistaken as a increase in
10T2 by Rex ~Equation 10!. To ensure that the data had been inter-
preted correctly, a model for rotational diffusional anisotropy was
considered for eotaxin. Although the principal moment of the inertia
tensor for eotaxin is 1.00:0.80:0.73~1.00:0.88:0.69 for residues
8–74! suggests that the protein tumbling should be approximately
isotropic, the recent report of large rotational diffusion anisotropy
in vMIP-II ~D50D45 1.5, prolate! ~LiWang et al., 1999! warranted
a similar study for eotaxin.

Rotational diffusion anisotropy was analyzed for eotaxin in a
similar fashion to Tjandra et al.~1995!. The 500 and 600 MHz data

sets were used for the analysis and residues were selected on the
basis outlined by Tjandra et al.~1995, 1996!. Briefly, residues were
rejected if~1! the NOE600 or NOE500 smaller than 0.65 or 0.60,
respectively;~2! they were located in loops or turns; or~3! the
residues were potentially undergoing conformational exchange iden-
tified with the following condition:

~^T2& 2 T2,n!0^T2& 2 ~^T1& 2 T1,n!0^T1& . 1.5s ~1!

where T2,n is the T2 of residuen, T2 is the averageT2, and s
is the standard deviation of the average~^T2& 2 T2,n!0^T2& 2
~^T1& 2 T1,n!0^T1&. Using these conditions a set of 32 residues was
selected from the 500 and 600 MHz data sets and analyzed sepa-
rately. The data were fitted to three models for the diffusion tensor:
isotropic, axially symmetric, and fully anisotropic. The coordinates
of the average minimized NMR structure of eotaxin were used for
the analysis~Brookhaven accession code 1EOT!. The results of the
isotropic fit and the axially symmetric fits are shown in Table 1. In
stark contrast with vMIP-II, the axially symmetric model predicts
D50D4 of 0.87 and 0.94~oblate! at 600 and 500 MHz, respectively.

A

B

C

D

Fig. 3. Graphical representation of dynamics parameters derived from the Lipari and Szabo model free analysis~Lipari & Szabo,
1982a, 1982b!. A: Order parameters~S2!. B: Internal correlation times~te!. C: Conformational exchange terms~Rex!. D: Two-
timescale~ts! parameters are plotted as a series of sequential plots.~d! indicates data at 600 MHz and~C! indicates data at 500 MHz.
A fit to the S2 2 tm 2 Rex or the two-timescale model was only deemed significant by several criteria described in the text soRex and
ts are shown only for those residues. Error bars forS2 are smaller than the symbols used for plotting and are not shown.

Backbone dynamics of eotaxin 2045



A statistical F-test~Bevington & Robinson, 1992! was used to
assess whether the fits occurred by chance with the inclusion of
additional parameters. At 600 MHz the probability that the im-
provement in the fit for the axially symmetric model is 8.03 1022

that in this case justifies the application of this model. However,
for the 500 MHz data the probability that the improvement oc-
curred by chance is 0.67 and certainly does not represent a sig-
nificant improvement over the isotropic model. Considering just
the 600 MHz data set, there was no significant improvement in fits
when theDx0Dy ratio was allowed to vary with a fully anisotropic
model. Figure 4 shows eotaxin as a ribbon diagram with the prin-
cipal diffusion axis perpendicular to the page. In conclusion, the
anisotropy is small and does not account for the exchange terms
and reducedT2 values we observed. Therefore, for the remainder
of the manuscript interpretation of the results will be in the context
of isotropic models.

Comparison of monomer and dimer dynamics

As discussed in a previous paper~Crump et al., 1998!, synthetic
eotaxin exhibits a monomer0dimer equilibrium that is not observed
in the recombinant sample presumably due to the GSHM extension
that interferes with the dimerization interface. To investigate the
dynamics of eotaxin in the monomeric state vs. the dimeric state,
we utilized synthetic samples of eotaxin~termed N1 and N2, see
Materials and methods!.

In analyzing relaxation data for the two peptides, two situations
arose. First, the monomer and dimer backbone nitrogen and amide
proton resonances could be degenerate leading to a single corre-
lation peak on the HSQC spectrum. For five residues~Leu20,
Val23, Val39, Val58, and Ser61!, the 1H-15N correlation of the
monomer coincides with the equivalent dimer correlation. Sec-
ondly, separate resonances were observable in some cases for the
monomer and dimer species. Interestingly, this occurred for three
residues, Ser31, Gly32, and Ala51, implying a possible structural0
dynamical change for these residues upon dimerization. Figure 5A
shows an expansion from a1H-1H NOESY of a 3 mM sample of
unlabeled eotaxin that was used to characterize the monomer0
dimer equilibrium~Crump et al., 1998!. The NOEs connecting the
Ala51 amide to the Cys50 Ca proton are labeled for the both the
monomeric and dimeric state. Exchange peaks are labeled with an
asterisk. The amide shifts of Ala51 in the monomer and dimer
~9.70 and 9.82 ppm, respectively! are seen to correspond exactly
with the two correlation peaks observed in the HSQC spectrum of
N2 ~Fig. 5B!, which were subsequently assigned to monomer and
dimer species. A similar analysis led to the identification of mono-
mer and dimer resonances for Ser31 and Gly32.

For the second case, where resolvable monomer and dimer peaks
are observed, it is evident that monomer–dimer exchange is in the
slow exchange limit with respect to the chemical shift difference
~Dd! ~rad s21!; ~tex{Dd!2 . 1; tex5 tM{tD0~tM 1 tD!; wheretM

andtD are the lifetimes of the monomer and dimer, respectively.
To characterize the monomer–dimer exchange, we assumed a sim-
ple model shown in Figure 6. The monomer and dimer are as-
sumed to exchange at a given rate~kex 5 kMD 1 kDM! without
passing through stable intermediate states. In addition, we recog-
nize that there is additional exchange among internal states of the
monomer and perhaps the dimer, but these are neglected initially.

According to Equation 2~below!, kex may be calculated by
analysis of NOESY spectra~Fig. 5A! at given mixing times~t!:

Ic0~Id 1 ~IN 03!! 5 $12 exp~22kext!%0$11 exp~22kext!% ~2!

where Ic and Id are the intensities of the exchange and diagonal
peaks, respectively~Jeener et al., 1979!. IN is the intensity of the
NOE cross peaks and the termIN03 is introduced to correct for the
NOE depletion of the diagonal cross peak~Katoh et al., 1999!.
Analysis of NOESY spectra at 75 and 150 ms for Ala51~that was
well resolved! gave akex of 1.0 s21.

The relaxation data were therefore interpreted in the limit where
tex0T1M,D,tex0T2M,D .. 1. In the first case, for overlapped mono-
mer and dimer peaks, longitudinal and transverse relaxation rates
are given by the bi-exponential decay of the signal intensityI ~t! in
Equation 3,

I ~t! 5 I ~0!~ pD exp~2t0T1,2D! 1 pM exp~2t0T1,2M !! ~3!

whereI ~0! is the initial signal intensity,T1,2 is the longitudinal or
transverse relaxation time for the dimer~T1,2D! or monomer~T1,2M!,

Table 1. Rotational diffusion anisotropy of eotaxin

600 MHz 500 MHz

Isotropic
Axially

Symmetric Isotropic
Axially

Symmetric

ua — 22 — 24
fa — 2100.8 — 2134.8
D50D4b 1 0.87 1 0.94
x2c

148 117 78.11 73.8
xv

2 d
4.78 4.18 2.52 2.64

Fx
e — 2.50 — 0.52

aAngles describing the orientation of the diffusion tensor in the identical
coordinate frame as the deposited minimized average coordinates for eo-
taxin ~Brookhaven Protein Data Bank access code 1EOT!.

bDefined as 2Dz0~Dx 1 Dy!.
cError function,x2 5 (n~T1,e0T2,e 2 T1,c0T2,c!

20sT10T2
2 .

dReduced error function,xv2 5 x20~N 2 m!.
eTest for addingx variables to the fitting procedure~Bevington & Rob-

inson, 1992!.

Fig. 4. Ribbon structure of the minimized average structure of eotaxin
relative to the axially symmetric diffusion tensor determined at 600 MHz.
Note that in this orientationD5 is perpendicular to the plane of the page.
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andpD, pM are the populations of the dimer and monomer, respec-
tively. Therefore, relaxation times for the dimer were extracted by
fitting Equation 3 usingpD andpM ~determined from peak volumes
in the HSQC,pM 5 0.77, pD 5 0.23! and the known transverse

relaxation times determined from the recombinant sample for the
monomer.

In the second case where clear monomer and dimer peaks were
observable, the time evolution of the longitudinal magnetization is

Fig. 5. Spectra demonstrating the exchange of eotaxin between monomeric and dimeric states.A: Expansion of a1H-1H 2D-NOESY
plot recorded on a 3 mMsample of unlabeled synthetic eotaxin at pH 5.0, 308C. The spectrum is annotated for Ala51 identifying the
intraresidue and sequential NOE correlation peaks to the amide proton in the monomer~M ! and dimer~D! species. Exchange peaks
are marked with an asterisk.B: Expansion of the corresponding1H-15N HSQC spectra of a specifically labeled eotaxin sample~N2!
showing a correlation for Ala51 in both the monomeric and dimeric species. Exchange peaks are just resolved when plotted at low
contour levels. InsertsC andD compare the decay curves for the Ala51 monomer and dimer resonances from a set of T2 experiments
with the N2 peptide.
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formally given by the solutions of the Bloch equations modified
for exchange between two states~McConnell, 1958; Farrow et al.,
1995!,

IM ~T ! 5 IM ~0!$2~l2 2 a11!exp~2l1 t!

1 ~l1 2 a11!exp~2l2 t!%0~l1 2 l2! ~4!

IM ~D! 5 ID~0!$2~l2 2 a22!exp~2l1 t!

1 ~l1 2 a22!exp~2l2 t!%0~l1 2 l2! ~5!

whereIM,D is the intensity of the monomer or dimer peak,l1,2 5
~ 1

2
_!$~a11 1 a22! 6 @~a11 2 a22!

2 1 4kMDkDM#102%, a11 5 10T1M 1
kMD, anda22 5 10T1D 1 kDM. kMD andkDM were calculated from
kex, pM, and pD giving kMD 5 0.23 andkDM 5 0.77 s21. In the
exchange limit wherekMD andkDM are small andT1M andT1D are
the same order of magnitude, to a first approximation, the Equa-
tions 4 and 5 simplify to Equations 6 and 7 for the monomer and
dimer, respectively,

IM ~t! 5 IM ~0!exp~2t0T1M ! ~6!

ID~t! 5 ID~0!exp~2t0T1D!. ~7!

Similarly if the exchange is sufficiently slow that exchange line
broadening is negligible, with the additional provisos thatDd ,
300 Hz and the spacing between successive15N 1808 pulses in the
CPMG sequence is equal to 900ms, then meaningful transverse
relaxation rates can be extracted from Equations 6 and 7~Farrow
et al., 1995!.

The T1 andT2 values for specific residues in the monomer and
dimer are summarized in Table 2. It can be seen that for the five
core residues~Leu20, Val23, Val39, Val58, and Ser61! analyzed,
the values obtained forT1 in the dimer are larger than the monomer
while theT2 values are reduced, as expected for a larger molecular
weight species. The15N backbone dynamics of the CC chemokine
dimer MIP-1b have been reported~Laurence et al., 1998!, and the
values determined here for eotaxin are scattered around the aver-
age T1 and T2 values reported for the core residues of MIP-1b
~MIP-1b averages,T1 7086 51,T2 856 5!. Returning to Figure 6,
we are reminded that for several residues we have to consider
additional exchange terms characterized by internal motions. These
considerations are pertinent to the relaxation analysis of both Ser31
and Ala51, both of which showed reducedT2 values that were

Fig. 6. A model for the exchange of eotaxin between monomer and dimer.
M denotes eotaxin in the monomeric state andD denotes eotaxin in the
dimeric state. A simple two-state exchange is depicted with forward rate
~kMD! and backward~kDM! rate constants. In addition, the monomer is
assumed to be in exchange with other internal states~M* ! that we have
characterized as conformational changes on a microsecond to millisecond
timescale, and these are assumed to be fast with respect to the exchange
between monomer and dimer states. The possibility that these motions
persist in the dimer is indicated by exchange with some stateD*.

Table 2. T1 and T2 relaxation times for monomeric and dimeric eotaxin

Derived relaxation parametersa

Residue T1
obsb

T1
M T1

D T2
obs T2

M T2
D

Leu20 5876 3 5326 8 8346 80b 1236 0.4 1546 2 54 6 10
Leu23 5826 4 5356 4 7846 52 1086 1.0 1326 2 40 6 11
Val39 5606 5 5236 12 7236 79 1246 0.6 1356 3 90 6 10
Val58 5476 3 5186 9 6656 52 1226 0.8 1336 2 89 6 9
Ser61 5486 4 5116 9 7076 64 1186 0.6 1306 2 85 6 9

Residue T1,M
obsc

T1
M T1,D

obs T2,M
obs T2

M T2,D
obs

Ser31 —d 5936 38 — 1006 0.8 1006 4 96 6 2
Gly32 — 6096 25 — 1056 0.8 1346 7 1036 4
Ala51 5696 5 5686 21 5836 8 64 6 0.4 636 2 66 6 1.2

aThe top portion of the table describes experimentalT1 and T2 values and derived parameters for those residues that showed
overlapped monomer and dimer resonances. The bottom portion of the table describesT1 andT2 values and derived parameters for those
residues where distinct resonances were observed for the monomer and dimer species. All values derived for the dimer are italicized.

bTn
obs represents the observedT1 or T2 of an overlapped monomer-dimer peak fitted to a mono-exponential decay.T1

M andT2
M are

the actual experimental values determined from the recombinant, monomeric sample, whileT1
D andT2

D values shown in italics are
values for the dimer obtained from fitting the decay to a bi-exponential with the knownT1

M andT2
M values. Errors inT1

D andT2
D were

estimated by including the error inT1
M andT2

M and a 5% uncertainty in theKd for the monomer–dimer equilibrium.
cT1,M

obs andT2,M
obs are the observedT1 andT2 values for the monomer resonance, andT1,D

obs andT2,D
obs are the observedT1 andT2 values

for the dimer resonance determined from fitting to a mono-exponential as described in results.T1
M andT2

M are again the actual values
measured for the monomeric recombinant sample.

dNo T1 measurements were made for the N1 peptide.
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attributable to conformational exchange. The transverse relaxation
times for Ser31 and Ala51 are 100 and 63 ms, respectively, in the
monomer and 96 and 66 ms in the dimer. Interestingly, we note
that there is much less line broadening of the dimer peaks with
respect to the monomer despite the increased molecular weight. In
fact, they both show transverse relaxation rates typical of a “core”
residue in the dimer. To clarify these results, potentialT2 values
were simulated for an eotaxin dimer. This requires a value for the
rotational correlation time~tm! of the dimer. Although we cannot
extract an exacttm for the eotaxin dimer due to limited informa-
tion, thetm approximately doubled from monomer to dimer in a
study of MIP-1b ~Laurence et al., 1998; 4.6 vs. 8.6 ns!. For eo-
taxin, Val39, Val58, and Ser61 that are considered reliable “core”
residues show an averageT10T2 of 7.96 0.32 in the dimer, double
the average in the monomer~3.836 0.27!. To a first approxima-
tion, it can be assumed thattm is doubled in the eotaxin dimer.
Figure 7 shows simulatedT2 values~S2 5 0.85,te 5 0! for a tm

of between 8 and 12 ns andRex values that are typically observed
in the monomer~between 0 to 8 s21!. We see that atm of ;10 ns
andRex5 0 givesT2 values of;85 ms, close to the “core” values
for Val39, Val58, and Ser61. If the same slow motions were present
in the dimer as the monomer, we would expect a diminishedT2 for
Ala51 ~where we identified an exchange term of;8 s21! of ap-
proximately 50 ms. Similarly for Ser31~Rex in the monomer
;4 s21!, a T2 of ;65 ms is expected. TheT2 value of 66 ms for
Ala51 ~S2 5 0.85! in the dimer can only be derived if theRex term
is significantly reduced~from 8 to 4 s21! ~Fig. 7!. Similarly for
Ser31, theT2 value of 96 ms may be achieved by assuming anS2

of 0.75~as in the monomer! and reducing theRex term to close to 0.
To verify these results, one dataset for the N2 peptide was recorded
as 500 MHz so the field dependence of theRex terms in the dimer
could be checked. For Ala51 theT2 for the dimer was 78 ms,
corresponding to a reduction ofRex to about 2 s21. The ratio
Rex

6000Rex
500 is therefore;2 and agrees with the theoretical scaling of

1.44 with magnetic field strength. Both results are consistent with
attenuation of slow motions upon dimerization.

Discussion

Eotaxin is a human CC chemokine that is apparently specific for
CCR3 as it does not bind any of the other known functional mam-

malian chemokine receptors. Eotaxin is a potent chemoattractant
for eosinophils, and it has been proposed that it could be important
for allergic responses, particularly in the lung~Griffiths-Johnson
et al., 1993; Jose et al., 1994; Kitaura et al., 1996; Ponath et al.,
1996! where eosinophils predominate. Other molecules can also
bind CCR3 but eotaxin is particularly special in its potency. In
addition, eotaxin activates basophils and lymphocytes of the TH2
category that are involved in allergic reactions~Sallusto et al.,
1997!. Blockade at this level has potential in the treatment of
chronic respiratory disorders such as asthma, and hence there is
considerable interest in the structure0function relationships of eo-
taxin and its selectivity for CCR3. We have performed extensive
relaxation measurements for eotaxin to understand its internal dy-
namics and their relationship to structure0function. These are dis-
cussed in detail below with relation to the structure and function of
the chemokine family.

Rotational correlation time

The rotational correlation time of eotaxin was determined to be
5.506 0.25 ns and 5.566 0.14 ns at 600 and 500 MHz, respec-
tively. These correlation times were determined as averages from
per residue fits of the relaxation data to theS2 2 tm model ex-
cluding residues with NOE600 , 0.65 and NOE500 , 0.60~Farrow
et al., 1994!. The agreement between 500 and 600 MHz data is
good, and the correlation time confirms that recombinant eotaxin
is in the monomeric state. For comparison, thetm of the mono-
meric CX3C chemokine fractalkine is 6.0 ns~Mizoue et al., 1999!,
monomeric vMIPII is 4.7 ns~LiWang et al., 1999!, monomeric
MIP~9! ~analog of MIP-1b! is 4.5 ns while MIP-1b dimer is 8.6 ns
~Laurence et al., 1998!.

For eotaxin theD50D4 ratio was estimated at 0.87~oblate! at
600 MHz and 0.94 at 500 MHz for an axially symmetric aniso-
tropic diffusion tensor. Although the orientation of the principal
axis of the rotational diffusion tensor is similar for the 600 and
500 MHz data, there is a discrepancy in the degree of anisotropy.
In fact, the fit of the 500 MHz data was poor, and the probability
that it occurred by chance was greater than 50%. The 600 MHz
data were fit well by the axially symmetric diffusion tensor, and
this reveals a small but measurable anisotropy. The probability that
the experimentally observed diffusion anisotropy is caused by ran-
dom error in the data is 0.08. This value is relatively high when
compared to other studies~Tjandra et al., 1995; Gagné et al., 1998!
but inevitable since only a small portion~32! core residues in the
b-strands anda-helix satisfied the criteria for inclusion in an an-
isotropic analysis. Surprisingly, vMIP-II has been reported to show
a rotational diffusion anisotropy ofD50D4 5 1.5 ~prolate!, very
different to eotaxin despite an extremely similar tertiary structure
~LiWang et al., 1999!. For vMIP-II theT10T2 ratios were extremely
uniform ~approximately 3.0! over the core residues suitable for
selection in the authors determination of anisotropy so it is unclear
how such a value was achieved.

The rigid core of eotaxin

The core regions of secondary structure defined as strandb1 ~Ser25
to Ile29!, b2 ~Ala38 to Lys43!, b3 ~Asp48 to Ala51!, and the
a-helix ~residues 57 to 68! have the most rigid backbone on the
nanosecond to picosecond timescale characterized byS600

2 5
0.83 6 0.04 andS500

2 5 0.82 6 0.03 ~not including figures for
Ala51 and Ala38, see Fig. 3C!. The dynamics study identifies

Fig. 7. Plots simulating the expectedT2 relaxation times for a giventm and
Rex. An isotropic tumbling model was assumed, and the parametersS2 and
te were fixed at 0.85 and 0 ps, respectively.
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these residues as the most ordered, which agrees well with previ-
ous structural studies. Figure 8 compares the backbone order pa-
rameters derived in this study with the backbone RMSD values
obtained from the family of 32 NMR structures~Crump et al.,
1998!. Although no direct relation exists betweenS2 and the RMSD,
regions that lack definition in the NMR structures such as the N-
and C-termini show the smallestS2 while the regions with low
RMSD show the highestS2 values. However, the dynamics data
do suggest that there are motions in the N-loop that are not as
apparent from the RMSD plot. In this sense, the structural con-
nectivities may not have been sensitive to the motions that are
present in this region~a fluctuating distance between two protons
will tend to bias the NOE to the closest distance! and as a result
may be overconstrained along this stretch of residues.

Motions in the N-terminus

Order parameters for the N-terminus of eotaxin~Ala3–Arg8! vary
between 0.26 and 0.70~Fig. 8!. Order parameters decrease steadily
and measuredT1 andT2 values increase as the N-terminus is ap-
proached. Negative NOE values and extensive motions on the
picosecond timescale are indicative of a chain that becomes in-
creasingly disordered as it extends out into solution. The N-terminus
is constrained by the CC disulfide bridge but preceding this there
are relatively few tertiary interactions with the core structure of the
protein. It therefore is not surprising that we observe large ampli-
tude motions for this region of the protein at our measurement
temperature of 308C. In the monomeric fractalkine~Mizoue et al.,
1999; study at 22.58C! and vMIP-II ~LiWang et al., 1999; study at
258C!, similar high amplitude motions occur, suggesting this may
be a generally observed trend in monomeric chemokines.

Motions in the N-loop

The N-loop is defined here as including residues succeeding the
CC motif up until the 310 turn ~11–19!. Both Phe11 and Asn12 give
extremely weak15N–1H correlations and no data could be ac-
quired for Phe11, even when specifically labeled in the N1 peptide.
Asn12 fits anS2 2 tm 2 Rex model at 500 and 600 MHz, and it is
reasonable to speculate that Phe11 is undergoing a similar slow
conformational exchange resulting in attenuated signal amplitude.
The remainder of the N-loop has lowS2 values when compared to
the “core” residues~S500

2 5 0.726 0.05, S600
2 5 0.706 0.05 vs.

0.82!.

Residues that show conformational exchange
(30s loop, Ala51, Thr8)

The relaxation data recorded at multiple fields strongly suggest the
presence of a slow~micro to millisecond! conformational ex-
change within the 30s loop, Thr8, Asn12, and Ala51. TheRex

6000Rex
500

ratios observed are close to theoretical values and are strong evi-
dence for conformational exchange.

Figure 9 shows a ribbon diagram with a width proportional to
the amplitude of motion given by 12 S2 and residues that show
a slower timescale motion~millisecond! are shaded in purple. The
30s loop, Thr8, Asn12, and Ala51 form a distinct unit connected by
the two disulfide bonds~Fig. 9!. In the ensemble of NMR struc-
tures, the backbone angular order parameters of residues Thr8–
Asn12 and residues in the 30s loop~for Thr30–Cys34! are
significantly reduced. Conversely, Ala51 showed much higher an-
gular order parameters~S~f! 5 1.00 andS~c! 5 1.00!. The x2

angle of the first disulfide bond~9–34! is disordered in the NMR
structure, and the second disulfide~10–50! adopts a single con-

A

B

Fig. 8. Comparison between a structurally derived RMSD plot and backbone order parameters~S2! derived from the present study.
A: The backbone nitrogen order parameters~S2! at 600 MHz.B: The backbone RMSD of the ensemble of NMR structures~Crump
et al., 1998!. The secondary structure elements are shown on the top of the figure.
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formation. In the case of the 30s loop and the residues surrounding
the first disulfide, the slow motions may arise for several reasons.
First, the residues are in general proximity to the rapid motions of
the N-terminus, and second, there are relatively few tertiary inter-
actions between the 30s loop and residues adjacent to the first
disulfide. The first disulfide itself may be undergoing rapid con-
formational fluctuations that slowly modulate the separation be-
tween N-terminus and 30s loop resulting in a coupled slow motion.
Ala51 and Ala38 display the largestRex terms at both 500 and
600 MHz, and while the positioning of Ala38 in the 30s loop
makes this less surprising, Ala51 is more unusual as it is situated
in the more rigid “core” of the protein. Ala38 is in close proximity
to, but not in direct contact with, Ala51 but they are both in close
proximity to the second disulfide bond. The amide bond of Ala51
points inward toward the disulfide linkage and the methyl group of
Ala38 packs against the disulfide. Lacking other explanations of
these motions, it is therefore possible that despite appearing struc-
tured in the NMR ensemble, the second disulfide may undergo
conformational fluctuations or a slower isomerization that induces
a slowly changing chemical environment for Ala38 and Ala51.
Alternatively Ala38, Ala51, Asn12, and perhaps even Cys10 and
Phe11 may all be undergoing slow motion induced by motion in
the second disulfide. A similar dynamic equilibrium has been char-
acterized in BPTI and shown to give rise to millisecond motions of
residues adjacent to the disulfide bonds~Szyperski et al., 1993!.

We have also attempted to characterize motions in the dimer
structure by examining a synthetic sample of eotaxin. We have
shown previously that eotaxin without an N-terminal extension is
in exchange between monomer and dimer. For core residues that
showed no chemical shift difference between the monomer and

dimer, theT1 andT2 parameters were fitted to biexponential decays
and showed values similar to core residues in the MIP-1b dimeric
structure~Laurence et al., 1998!. We were also able to obtain
results for two residues that displayed microsecond to millisecond
conformational exchange in the monomer, Ser31 and Ala51. Both
show nitrogen and amide proton chemical shift changes upon di-
merization suggesting a possible structural or dynamical change,
but more surprising is the observation that after taking into account
the monomer–dimer exchange, their fittedT2 values are similar to
that of other “core” like residues of the dimer. This would suggest
that the millisecond timescale motions that are observed in the
eotaxin monomer might be attenuated upon dimerization. This idea
is not without merit as the dimer interface identified in other CC
chemokines involves numerous intersubunit contacts between
N-terminus, N-loop, 30s loop, and residues inb3. Previous NMR
studies have also suggested that a similar dimer interface is formed
for eotaxin~Crump et al., 1998!. Quaternary interactions formed
upon dimerization may lead to a stabilization of the complex and
reduce the amplitudes of motions in the monomer subunit. A “tight-
ening” of the structure of IL-8 has been suggested in a previous
study that compared amide exchange rates of a monomeric IL-8
subunit with the corresponding dimer~Rajarathnam et al., 1994!.
We do exercise, however, some caution in the interpretation of
only a limited sample of relaxation parameters, and this will be an
area of future study.

Relationship of dynamics to structure0function
of the chemokines

Numerous studies have addressed the functional role of chemokine
oligomerization and structural determinants of receptor binding0
activation or discrimination~Clark-Lewis et al., 1995~and refer-
ences therein!; Baggiolini et al., 1997!. The critical receptor binding
regions are in the first 20 residues of both the CC and CXC
chemokines. Often the N-terminus preceding the disulfide bonds is
the most critical, controlling both receptor binding and activation
while the N-loop succeeding the disulfides forms a second but
somewhat less critical binding site. Additional sites have been
identified by mutagenesis in different chemokines including resi-
dues within the firstb-strand~edge! and the 30s loop. The well-
structured regions of the protein are not directly implicated in
receptor binding, and we have previously proposed that they pro-
vide a scaffold that presents the receptor with the binding regions
in an optimal fashion~Clark-Lewis et al., 1994!. Recent structural
studies have begun to confirm this hypothesis through examination
of chemokine structure0function and even complexes of chemo-
kines and receptor fragments. In particular, IL-8 and a CXCR-1
based peptide are found to interact along the N-loop of IL-8, a
binding region thought to control specificity for CXCR-1 over
CXCR-2 ~Skelton et al., 1999!.

This study and other backbone15N relaxation studies on the
IL-8 dimer and monomeric chemokines reveal flexible N-termini
~Grasberger et al., 1993; LiWang et al., 1999; Mizoue et al., 1999!.
Conversely the N-terminus in the CC chemokine dimer appears to
be well structured in several structural NMR studies~Fairbrother
& Skelton, 1996!. It has been speculated that the differing dimer
structures and properties of CXC and CC may dictate CXCR and
CCR specificity or furthermore be a fundamental requirement for
chemokine activity~Baggiolini et al., 1997 and references therein!.
On the other hand, engineered monomeric chemokines do remain
active ~Rajarathnam et al., 1994! and MCP-1 has been shown to

Fig. 9. Ribbon diagram of eotaxin where the ribbon thickness is propor-
tional to the amplitude of fast internal motions 12 S2. Residues that
exhibit conformational exchange~significantRex terms! are shaded in pur-
ple with the depth of color proportional to the size of theRex term
~600 MHz!.
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dimerize in both forms~Lubkowski et al., 1997!. Regardless of the
arguments for and against, if the monomeric form is the active
chemokine species then the physiological relevance of flexibility
in the N-terminus must be addressed. On the one hand, the
N-terminus is free to explore multiple conformations in solution,
including the “bound” state. Similarly, the slow motions in the 30s
loop, N-loop, and perhaps the disulfide bond~s! may allow this
region to exchange between two or more states, again including a
“bound” form. The question is can we reconcile these motions with
a picture other than the normal “static” complex? If we first make
the assumption that the structure of the extracellular receptor loops
are not static and that the amplitude of the fluctuations are of
similar magnitude to the ligand, then the answer might reside in the
fact that the structure of the free chemokine is undergoing confor-
mational fluctuations to match a fluctuating receptor. In the broader
sense, this could be an advantage for affinity and molecular rec-
ognition. The molecular recognition may benefit from the fact that
the probability of a fluctuating receptor being recognized by a
ligand should be higher when the ligand itself is fluctuating. In
other words, it could be a kinetic advantage to have a ligand and
receptor that are able to sample many potentially competent “bound”
forms. Then assuming a complex that also fluctuates~as opposed
to a static complex!, the stability of the complex may benefit from
a “dynamic” close packing that maintains the favorable enthalpic
contributions one associates with a “static” complex, while reduc-
ing the unfavorable loss of conformational and vibrational entropy.
The precise nature of the interaction is difficult to predict, except
to say that it is likely that entropic considerations may fine tune the
free energy of binding~affinity!. Some answers may come from
looking at changes in order parameters between the free state and
the bound state of the chemokine. This would allow changes in
conformational entropy to be estimated~Yang & Kay, 1996!, and
we are currently pursuing these goals in our laboratory. Ultimately
chemokine binding must be strong enough to maintain agonist
driven desensitization of the receptor but not prevent the eventual
resensitization.

Materials and methods

Sample preparation

Recombinant human eotaxin was prepared from the eotaxin gene
subcloned into an expression vector pET15b~Novagen, Madison,
Wisconsin! in Escherichia colistrain BL21~DE3! as previously
described~Crump et al., 1998!. Two synthetic eotaxin samples
with specifically backbone15N labeled sites were synthesized by
stepwise solid phase methods using t-Boc protection chemistry.
Peptide 1, termed N1, was labeled with Phe11, Ser31, and Gly32.
Peptide 2, termed N2, was labeled with Leu20, Leu23, Val39,
Ala51, Val58, and Ser61. After hydrogen fluoride deprotection, the
polypeptides were folded and purified as described previously
~Clark-Lewis et al., 1994!. Purity of the products was assessed by
ion-exchange HPLC and mass spectrometry. The measured mass
of each of the final products, as determined by electrospray mass
spectrometry, was consistent with the average mass calculated from
the atomic composition.

NMR samples~1 mM! were prepared by dissolving the lyoph-
ilized protein in 500mL of sodium acetate buffer~90% 1H2O010%
2H2O! containing 1 mM NaN3 ~sodium azide! and 1 mM DSS~2,2
dimethyl-silapentane-5-sulfonic acid!. The pH was adjusted to

5.006 0.10~glass electrode, uncorrected for isotope effects! with
NaO2H.

NMR spectroscopy

NMR experiments were performed on Varian Unity 600 MHz and
Varian Inova 500 MHz spectrometers equipped withz-axis pulsed
field gradient triple resonance probes and a Varian Unity 300 MHz
spectrometer with a 5 mminverse detection probe~nonpulsed field
gradient!. 15N-T1, T2, and $1H%-15N NOE experiments were con-
ducted at 500 and 600 MHz using pulsed field gradient sequences
previously described~Farrow et al., 1994!. In these cases, pulsed
field gradients were employed for coherence selection, sensitivity
enhancement, and reduction of spectral artifacts.1H 1808 pulses
were used for elimination of cross-correlation effects between1H–
15N dipolar and15N CSA relaxation mechanisms during relaxation
periods~Goldman, 1984; Kay et al., 1992!. For theT1 experiments,
550 ms cosine modulated rectangular pulses were employed with
excitation maxima 2 kHz away from the carrier to minimally dis-
turb the water resonance~Smallcombe, 1993; Farrow et al., 1994!.
At 300 MHz sensitivity-enhanced nongradient pulse sequences
were adapted from those of Kördel~Kördel et al., 1992! and pro-
grammed in house. At 500 and 600 MHz,T1 data were acquired
using relaxation delays of 11.1, 55.5, 122.1, 199.8, 277.5, 388.5,
499.5, 666.0, 888.0, and 1,110 ms and at 300 MHz with delays of
10.0, 50.2, 100.3, 150.5, 200.6, 280.9, 361.2, 501.6, and 702.2 ms.
T2 data were acquired at 600 MHz using delays of 16.3, 32.6, 48.9,
65.2, 81.4, 97.7, 114.0, 130.3, 146.4, 162.88, and 179.17 ms, at
500 MHz with delays of 16.6, 33.3, 49.8, 66.5, 83.0, 99.7, 116.3,
132.9, 149.5, 166.1, and 182.7 ms and at 300 MHz with delays of
16.6, 33.2, 49.7, 66.3, 82.9, 99.5, 116.1, and 132.6 ms. For theT2

pulse sequence, the delay between transients was 2.5 s at 500 and
600 MHz and 2.0 s at 300 MHz, and the field strengths for nitrogen
decoupling and hard pulses are shown in Table 3. Keeping nitrogen
powers to a minimum~3.7 to 4.2 kHz! coupled with sufficient
delays between transients has been shown to drastically reduce the
effects of sample heating~Gagné et al., 1998!. $1H%-15N NOEs
were measured by recording HSQC spectra with and without pro-
ton saturation~the field strengths for proton and nitrogen pulses
and decoupling are shown in Table 2!. The spectra recorded at all
three fields without NOE were recorded with delays of 5 s and
spectra with NOE used 3 s ofproton saturation and 2 s ofdelay to
give the same total delay of 5 s between transients.

Data processing

All spectra were processed with the program NMRPipe~Delaglio
et al., 1995!. Ninety-degree-shifted sine and sine-squared window
functions were applied int2 and t1, respectively, and both dimen-
sions were baseline corrected using thePOLY-auto function. Lin-
ear prediction was used to extend the experimental points in thet1
dimensions by 25 or 50%, andt1 andt2 dimensions were zero filled
to twice the number of points. The first two-dimensional spectrum
of a 300, 500, and 600 MHz15N T1 or T2 series was peak picked
manually using the program PIPP~Garrett et al., 1991!. Sub-
sequent spectra in a series were automatically picked using the
program CAPP~Garrett et al., 1991! allowing the whole procedure
to be automated.T1 and T2 values were obtained by nonlinear
least-squares fits of the amide cross-peak intensities to a two-
parameter exponential decay using software provided by Lewis E.
Kay. Uncertainties in theT1 andT2 values were estimated from the
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nonlinear least-squares fits. Uncertainties in the NOE values were
estimated from the baseplane noise in two-dimensional$1H–15N%-
HSQC spectra recorded with and without proton saturation accord-
ing to Farrow et al.~1994!.

Theory

The theoretical basis forT1, T2, and NOE relaxation of15N is well
established. These quantities are related to a spectral density func-
tion at 1H and15N frequency combinations~v! ~Abragam, 1961!.
It is popular to relate these data to motional parameters using the
“model free” assumption for the correlation function~Lipari &
Szabo, 1982a, 1982b! where the spectral density function is

J~v! 5 205~~S2tm0~11 ~vtm!2 ! 1 ~12 S2 !t0~11 ~vt!2 !! ~8!

where tm is the overall correlation time~isotropic tumbling is
assumed!, S2 is the order parameter,t21 5 tm

21 1 te
21, andte is

the effective correlation time describing fast internal motions. These
are referred to asS2 2 tm or S2 2 tm 2 te models, depending on
whether a fast motion is required for the fit or not. Model free
parameters from the experimental data were obtained by minimiz-
ing a target function~Equation 9! describing the differences be-
tween experimental relaxation parameters and relaxation parameters
calculated from the spectral density functions assumed,

x2 5 FT1
e 2 T1

c

sT1
G2

1 FT2
e 2 T2

c

sT2
G2

1 FNOEe 2 NOEc

sNOE G2

~9!

where the superscriptse andc denote experimental data and cal-
culated values, respectively;s is the experimental error associated
with the measurement; andx2 is the squared sum of the residual
errors for all nuclein. x2 is minimized for residues individually
except when a “global” optimumtm is calculated.

In cases where the relaxation data did not fit anS2 2 tm or S2 2
tm 2 te model, an additional model was considered that incorpo-
rates conformational exchange as anRex term in theT2 equations:

10T2 5 10T2~DD! 1 10T2~CSA! 1 Rex ~10!

whereT2~DD! andT2~CSA! represent the1H–15N dipole-dipole and
15N chemical shift anisotropy contributions to the measuredT2.
These models are referred to asS2 2 tm 2 Rex or S2 2 tm 2 te 2
Rex. In addition, internal motions were accounted for with a two-
timescale model~Clore et al., 1990a, 1990b! that allows internal
motions to occur on two distinct timescales. This leads to the
following expression for the spectral density, referred to as a two-
timescale model:

J~v! 5 205~~S2tm0~11 ~vtm!2 !

1 ~Sf
2 2 S2 !t0~11 ~vt!2 !! ~11!

whereS2 5 Sf
2SS

2 and 10t 5 10tm 1 10ts. Sf
2 andSs

f are the order
parameters characterizing the fast~picosecond! and slow~nano-
second! motions, respectively, andts is the effective correlation
time for the slow internal motions. Equation 11 omits an additional
term for fast internal motions that have been shown to contribute
negligibly to the relaxation~Clore et al., 1990b!. Analysis of data
with an anisotropic tumbling model was also considered as re-
ported by Tjandra et al.~1995!.
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