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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 antpatadiet's

and an overlyinge-helix. In this paper, we report the backbone dynamics of eotaxin determined th¥Nigh, T,, and

{*H}-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. Frdm fheand 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.

Keywords: backbone!®>N dynamics; CC chemokine; conformational exchange; eotaxin; monomer—dimer equilibrium

Eotaxin (Griffiths-Johnson et al., 1993; Jose et al., 19%! a leukocytes through their binding and activation of seven trans-
member of the chemotactic cytokiriehemoking family of pro- membrang7TM) receptorgBaggiolini et al., 1997 and references
teins involved in the immune and inflammatory response. Thetherein. The CC chemokine eotaxin is specific for the CCR3
chemokines promote recruitment of different subpopulations ofreceptor that is distributed on eosinophils and basoplitse

et al., 1994; Kitaura et al., 1996; Ponath et al., 299&d T helper

2 (Ty2) cells (Sallusto et al., 1997 It is thought that the stimu-

Reprint requests to: Brian D. Sykes, The Protein Engineering Networkation and sustainment of an allergic reaction requirg Tells
of Centres of ExcellencéPENCE and Department of Biochemistry, that provide a source of IL-4 and IL-5 for growth and stimulation

University of Alberta, Edmonton, Alberta T6G 2S2, Canada; e-mail: ; ; ; ; i
brian sykes@ualberta.ca. of eosinophils and basophi(€orrigan & Kay, 1992 The speci

Abbreviations:BPTI, bovine pancreatic trypsin inhibitor; CPMG, Carr- TCity Of e°ta)_(in fpr CCR3on th?s? thr_ee cell types may allow i_t to
Purcell-Meiboom-Gill; CSA, chemical shift anisotropy; HPLC, high- play a coordinating role in the infiltration of these leukocytes into
performance liquid chromatography; HSQC, heteronuclear single quanturthe airways and has therefore been recognized as central to the
gggi{?'&%&g\“{"Ff\iggcé‘;aerctrp;gcge;;? g&osngnfgét“‘n?ein”:;ﬁ; %‘éﬁ{;‘g‘gﬁﬁ%thogenesis of chronic respiratory disorders such as asthma.

T1, Io’ngitudinai relaxation timeil,, ’transver’se relaxation timé),/D,, ' Members o_f both _the C?(C and CC ChemOK'ne_ families '_”a"?
rotational diffusional anisotropy defined aB2(Dy + D,) whereD is the been the subject of intensive structural and functional studies in

rotational diffusion coefficient. an attempt to understand receptor binding determinants. Three-
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dimensional structural studies by NMR have revealed that monoand 600 MHz,**N relaxation data for 61 out of 74 residues could
meric chemokine structures are remarkably homogeneous anue obtained. The missing 13 residues were 8 prolinesamide
differences that may be attributable to receptor specificity are cerproton, Cys34 and Lys67signal overlap Glyl, Cys10, and Phell
tainly not obvioudq Fairbrother & Skelton, 1996A standard chemo-  (no signal observedSignificantly fewer peaks were characterized
kine fold appears to consist of three antipargiiedtrands 81, 82, at 300 MHz due to poor signal to noise giving #/data points and
and 83) and an overlyingx-helix. The remainder of the protein 54 T, data points. Characteristic fits for thR and T, data are
consists of an apparently disordered N-terminal region, an exshown in Figure 1. Figure 2A shows relaxation data at 300, 500,
tended N-terminal loop, a “30s” loop connectigd andB2, the  and 600 MHz and the associated errors in fitting the decay curves.
40s turn connectingg2 andB3, and the 50s turn connectig to
the C-terminake-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 bindifagtivity (Clark-Lewis |
et al., 1994, 1995; Gong et al., 199§et this region appears un- | A ]
structured in solution structures of monomeric subuiidisn et al., I o
1996; Crump et al., 1997, 1988 he N-terminal loogsucceeding 08t ]
the CXC or CC motif and preceding the fir8tstrand has been P a ]
shown to be important for receptor specificity and contributions to 1
binding(Clark-Lewis et al., 1994, 1995; Schraufstatter et al., 1995;
Lowman et al., 1996; Pakianathan et al., 199 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., 2999
In all, a central core or scaffold @-strands and an-helix appears
to be surrounded by functionally important regions of the protein.
We report the first detailed backbof®N 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(Kq4 = 0.0085, 30C, pH 5.0, NaOAgand a typical chemo-
kine fold (Crump et al., 1998 However, this does not provide
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details on the rotational and internal dynamics of the protein and in Time (ms)
particular, information of importance in functionally sensitive re-
gions. Heteronuclear NMR experiments proville T, and{*H}- 1

15N (steady state heteronuclear Overhauser enhanceratexiation
data at multiple protein sitegor reviews on'>N NMR relaxation
see Palmer, 1993; Wagner, 199Relaxation data are interpreted
in the context of motional models, in this case the Lipari & Szabo 0.8}
model-free formalism(Lipari & Szabo, 1982a, 1982bThis al- K
lows the extraction of an overall correlation tinte,,), internal
correlation times(re), and order parameters?) for backbone 2
N-H bond vectors. This study reveals that although the core of the2
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 41
were used; a recombinant uniformiyN labeled sample with a
GSHM N-terminal extension and two synthetic samgle& and
N2) with site specific’®N labels. We show that the recombinant
sample is monomeric and the N- and C-termini undergo rapid 0.2}
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

0.6}

L

are in a monomedimer equilibrium that allows the comparison of 0 50 100 150 200
the backbone dynamics for several specifically labeled residues in Time (ms)
the monomeric and dimeric form.

Fig. 1. Best and worst fits of°N relaxation data. Shown are fitted decay
curves for(A) ®N-T; and(B) *>N-T, at 500 and 600 MHz. The following
residues are shown that fitted with approximately 1% error in the fipal

Results or T, and are among the best fits of the dafe® (Lys47 609(+4.4)
ms{O}), T2 (Arg27 411(£5) ms{O}), T2 (Thr43 133(+1.7) ms{0}),
I5N-Ty, T,, and NOE analysis T,% (GIn36 118(+1.8) ms{d}). Also shown are representative plots of

. . . . . the some of the worst fit dataf;,*®° (Leul8 584(+21) ms {@}), T,°®
The backbone amid®N and'*H chemical shifts for eotaxin have (Leu13 463(+18) ms{x}), T (Leul8 167(8) ms{®}), TS (lle29

been deposited in BioMagResBank with access code 4155. At 50031(+8) ms {x}).
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Fig. 2. Relaxation data for eotaxin at three magnetic fields. PlotAof'>N-T;, (B) *°N-T, at 300{+}, 500{0}, 600{@®} MHz and

(C) NOE at 500 and 600 MH@Mo 300 MHz NOE data are reported due to the poor signal to noise ratio that was obtained in the proton
saturation half of the experimentElements of secondary structure are shown as determined from the coordinates of the average
minimized NMR structure determined by Crump et(@998. An arrow defines g@-strand, a box a helix, and a black line indicates

coil or loop structuré¢Secondary structurea@helix (19-22, 81 (25-29, B2 (38—-43, B3 (48-51), and helix-1(57—-68). Also shown

are plots of D) T%°%T,5%, (E) T,5°%T,°%, and(F) T,/T, for 600(®) and 500(0) MHz. Lines are shown oB andE for the theoretical

ratios T,%°% T,5%° = 1.25 andT,f°%T,°%° = 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.

The averagd,®°° for all residues was 583 93 ms with an average proton saturatedwith NOE) {*H}-°N HSQC. Selecting residues
error of 11 ms, the average®™® was 478+ 95 ms with an average from the 300 MHz data that had already been identified as rigid
error of 10 ms, and the avera@e® was 316+ 128 ms with an  gaveT3°° = 258.7+ 17.2. The averag&°°%/T,°°°, T,%%/T;2% and
average error of 21 ms. Residues for which internal motion affectd,%°%/T,2®° was 1.24+ 0.035, 2.08+ 0.15, and 1.69+ 0.12
the T, values were identified by a NOE less than 0.65 or 0.60 at(Fig. 2D).

600 and 500 MHz, respectively. These included residues 3-13, Figure 2B showsl, data recorded at multiple fields. The ave-
15-17, 28-33, 37, 38, 45, 47, 63, and 68-73 at 600 MHz, 3-9rage T.°°° was 164+ 97 ms over all residues and 13816 ms
16-17, 21, 29, 31-38, 44-47, 49, 68—73 at 500 MHz. Excludinglaverage error 2.5 m®ver the residues with NOE 0.65(140+
these residues the averafié® was 541+ 28 ms with an average 9 ms with the exception of Ala51, which displayed an unusually
error of 9.7 ms and the averade® was 434+ 15 ms with an  smallT,). The averagd@,>°° was 161+ 76 ms over all residues and
average error of 8 ms. NOE data could not be collected atl39+ 15 ms(average error of 2.3 m®ver residues with NOE
300 MHz, principally due to poor signal to noise ratios in the 0.60 (140 = 9.5 ms excluding Ala5land the averag&;°° was



2044 M.P. Crump et al.

173+ 102 ms over all residues affgf’® = 135+ 17 (average error  connecting3l andB2. The core of eotaxiig1, 82, 33, and the
of 10 m9 over those residues selected with NOE 0.60 at  «-helix) is well defined, containing the majority of residues with
500 MHz (136 + 16 ms without Ala5L The averagd,2°%/T,>%°  NOE® or NOE>° greater than 0.65 and 0.60, respectively, 8Ad
(Fig. 2B), T2 T30 andT,>°%/ T2 was 0.98+ 0.05 ms, 1.05+ values around or greater than 0.80. At 600 MHz, 36 residues were
0.13 ms, and 1.05: 0.12 ms, respectively. fit well with either theS? — 7, or S — 7, — 7. models(T7, C9,

The average NOECis 0.52+ 0.34 over all residues and 0.62  Al14, N15, R16, K17, 118, Q21, R22, L23, S25, Y26, R28, G32,
0.14 over all residues with a positive NOE. The average ROE V39, F41-C50, D52, K54, W57-M62, Y64, L65, DG our res-
is 0.48=+ 0.40 over all residues and 0.880.15 for residues with  idues could not be fit by any modéA3, S4, T71, K73. At

a positive NOE. 500 MHz, 39 residues were fit with either t8¥ — 7, or S —
The averagd%°%/T,5%, T,5°%/T,5%° andT°%/T,2%° was 3.83+ Tm— Te Models(S4, L5, K17, 118, L20, Q21, R22, L23, S25, Y26,
0.27, 3.09+ 0.15, and 1.9% 0.30, respectivelyFig. 2F). R27, R28, T30, V39, 140-K42, K44—-C50, D52, K54, K55, W57-

D66, S68, and 3 residues could not be fit by any mo@erminal

- o _ residues A3, T71, K78
Determination of the overall correlation time of eotaxin For those residues that did not fit well to t88 — 7, or S2 —

The backboné®N relaxation data were interpreted with the Lipari— 7m — Te Models, alternative models were assurfies, S Tm ™~
Szabo method that interprets relaxation data in a model indeperfe ~ Rexand the two-timescale modein total, 14 and 17 residues
dent formalism. The information content of the relaxation data is'equired additional models at 600 and 500 MHz, respectively. A
expressed in terms of a generalized order paran®&ahat de- suitable model was selected according to the criteria of Farrow
scribes the degree of spatial restriction of a bond vectorranan €t @l.(1994 and Gagné et a[1998. These includél) that relax-
effective correlation time for the fast rate, < 0.3 ng of internal ~ ation parameters must be fit within 95% confidence le@gthat
bond vector motion. If ar, can be definedS? and 7, may be new parameters in the fit are significaa value larger than its
adjusted to account for internal motions. The overall correIation"j‘ssoc"'j‘tezd errgrand(3) the model must agree at multiple fields.
time was determined for recombinant eotaxin using 500 and™or theS® — 7m — 7 — Rex model, 10 residues satisfied these
600 MHz data sets independently. Initially an optima| was criteria(Fig. 3C) (Thr8,Asn12_, Glu24, lle29, Ser31, Lys33, GIn36,
calculated on a per residue basis by minimizing the differencdyS37, Ala38, and AlaSL Residues lle29 to Ala38 form an almost
between the experimental and the calculaled T,, and NOE contlguous_stretch of residues requiring Ry term (Gly32 and
(Equation 9 using the isotropic spectral density function given by 1hr30 requirecReterms at only one field strength and Cys34 and
Equation 8(Farrow et al., 1994 Once optimumr,, values were Pro35 could not be measupedhr8 and Asnl2 are on either side
calculated for each residue, an optimum averagevas calcu- of the disulfide bridges that connect the N-terminal region to the

lated. Ther,,, was calculated to be 5.50 ms and 5.56 ms at 600 and0S 00p and33 (see schematic in Fig.)3Ala51 is adjacent to
500 MHz, respectively. Cys50 connecting3 to the N-terminus and is in close proximity

to Ala38 and Val39 orB2. Thus these residues appear to form a
grouping around the 30s loop and disulfide bridges that experience
Model-independent analysis of backbone dynamics conformational exchange.
The presence of conformational exchange can be validated by
the ratio ofRex terms at different field strengths. Theoretically the
%SO/REQO ratio should be equal to 6800 or 1.44. The ratio for

From the measured;, T,, and NOE relaxation data, parameters
that describe the internal motions of eotaxin were determined usin

the model-free analysis under the assumption of isotropic tumbling . . 00 ;
o h he 30s loop is 1.36 0.18 and in every case t is greater
(Lipari & Szabo, 1982a, 1982bAppropriate models of spectral than R, Az shown in Figure 3C theyvalueshgx‘x’o angd RE00

density functions were selected for each residue. These incmdetglroughout the 30s loop are large, ranging from 1.4 to 68asd

2 2 _ 2 _ 2 _ _ ’ . .
ST~ m S* = 7m Ter S” = 7m = Ry andS® = 7 = 7e ~ Rex 1.11 to 5.65 s?, respectively and are significant with respect to
models and a two-timescale mod€llore et al., 1990a, 1990kas their associated errd0.34+ 0.10 at 600 MHz and 0.38 0.13
defined in Materials and methods. Models were fitted separaterAIa51 shows the Iargeﬁe ?errlns of 8.96 and 6.21-4 ét 606 aﬁd
with 500 and 600 MHz data allowing the final model free param- 00 MHz. in a ratio ofx exactly 1'44 Thr8. and Asnl? have

eters to be independently determined by two datasets. Figures 3 00/RE%0 ratios greater than one although at 1.21 and 1.06, re-

and 3B show results for all residues fitted with 8¢ — 7, — 7 . .
model at both 500 and 600 MHz,, was fixed at 5.50 and 5.56 ns spectively, they are slightly lower than expecte_d. These_ r_esults,
however, strongly suggest the presence of sfavicro to milli-

gooroﬂlz/leHGOfgr?Zg:OgsMT; I\?g%a)b ;esopg;t!:eblyégit(e) g\‘;earﬁn%i[t second conformational exchange within the 30s loop and Ala51
z idues wi D915 J.oA L. that may also be related to a slow exchange involving residues

500 MHz with NOE® > 0.60 is 0.82(+0.03. The results agree Thrs and Asnl2
well between the 500 and 600 MHz d&thlot surprisingly, the N- fo and Asnts. . . .
’ The final isotropic spectral density function required was the

;nci'c?r;;?:\nllhnel :hg\r’:’aﬁLzr;%zr;ze?nzggggréoiﬁﬁa 'r;‘lj'(;ast'gf’ef;zto two-timescale model reported by Clore et @990a, 1990band
: : u ' ) u described by Equation 11. Using the above criteria, only one res-

seen throughout the N-loop with the exception of Leul3. In addl'idue adequately fit this model, Ser69. According to the family of

tion, there are also reducegf values throughout the 30s loop 32 NMR structures, Ser69 is situated at the C-terminal part of the

a-helix and shows angular order parametersS@b) = 0.97 and
5Values forre are extremely sensitive to the measured N®&y et al., S() = 0.75(S,S = 1 if the angle is identical in every structure and

1989 and systematically high NGE values lead to an observed reduction S = 0 if the angle is completely undefined; Hyberts et al., 1992

of 7¢ values at 600 MHz compared to 500 MHz. For a fixggof 5.50 ns .
angles2 of 0.85, the calculatedeCfEO/NOEsoovaries from )10%14 t01.01as 1€ NMR structures also suggest that subsequent residues show

7o changes from 0 to 100 p&agné et al., 1998 This compares to the further reductions irS(¢) and S(y) and that the helix begins to
actual ratio of 1.14+ 0.12 over residues in the core of eotaxin. fray at Ser69Crump et al., 1998 It is not surprising therefore that
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Fig. 3. Graphical representation of dynamics parameters derived from the Lipari and Szabo model free dripbsig& Szabo,
1982a, 1982b A: Order parameter§S?). B: Internal correlation timegre). C: Conformational exchange terni®,). D: Two-
timescale(rs) parameters are plotted as a series of sequential p@®tsndicates data at 600 MHz arid) indicates data at 500 MHz.
Afit to the S — 7, — RexOr the two-timescale model was only deemed significant by several criteria described in theRexasd
7s are shown only for those residues. Error barsSérare smaller than the symbols used for plotting and are not shown.

Ser69 shows a two-timescale motion with fast motions and arsets were used for the analysis and residues were selected on the

additional slow internal motion characterized by@of ~1.0 ns.  basis outlined by Tjandra et @l.995, 1996. Briefly, residues were

rejected if(1) the NOE® or NOE>®° smaller than 0.65 or 0.60,

respectively;(2) they were located in loops or turns; () the

residues were potentially undergoing conformational exchange iden-

It has been reported that fittéRl, terms can arise from rotational tified with the following condition:

diffusion anisotropy but be mistakenly interpreted as conforma-

tional exchangéTjandra et al., 19956 This can occur, for example,

in helices whose NH vectors lie along a similar axis to the unique (T2) = To.n)/(T2) = ((T1) = Tu,n)(T) > 1.50 @

rotational diffusion axis of a protein with a prolate shape, leading

to elevated>N-T,/T, ratios that can be mistaken as a increase inwhere T, , is the T, of residuen, T, is the averageT,, and o

1/T, by Rex (Equation 10. To ensure that the data had been inter-is the standard deviation of the avera@d,) — T,,)/T2) —

preted correctly, a model for rotational diffusional anisotropy was({(T;) — Ty»)/(T1). Using these conditions a set of 32 residues was

considered for eotaxin. Although the principal moment of the inertiaselected from the 500 and 600 MHz data sets and analyzed sepa-

tensor for eotaxin is 1.00:0.80:0.713.00:0.88:0.69 for residues rately. The data were fitted to three models for the diffusion tensor:

8-74) suggests that the protein tumbling should be approximatelysotropic, axially symmetric, and fully anisotropic. The coordinates

isotropic, the recent report of large rotational diffusion anisotropyof the average minimized NMR structure of eotaxin were used for

in vMIP-1I (D,/D, = 1.5, prolate (Liwang et al., 1999warranted the analysi§Brookhaven accession code 1EQThe results of the

a similar study for eotaxin. isotropic fit and the axially symmetric fits are shown in Table 1. In
Rotational diffusion anisotropy was analyzed for eotaxin in astark contrast with vMIP-II, the axially symmetric model predicts

similar fashion to Tjandra et al1995. The 500 and 600 MHz data D,/D, of 0.87 and 0.94oblate at 600 and 500 MHz, respectively.

Rotational diffusion anisotropy
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Table 1. Rotational diffusion anisotropy of eotaxin Comparison of monomer and dimer dynamics
600 MHz 500 MHz As discussed in a previous pap@rump et al., 1998 synthetic
eotaxin exhibits a monomgtimer equilibrium that is not observed
Axially Axially in the recombinant sample presumably due to the GSHM extension
Isotropic Symmetric Isotropic  Symmetric  that interferes with the dimerization interface. To investigate the
92 _ 22 . o dynamics of eotaxin in the monomeric state vs. the dimeric state,
»? _ 1008 _ 1348 we utilized synthetic samples of eotaxiiermed N1 and N2, see
D,/D,” 1 0.87 1 0.94 Materials and methodls
X2 148 117 78.11 73.8 In analyzing relaxation data for the two peptides, two situations
¥ 4.78 4.18 2.52 2.64  arose. First, the monomer and dimer backbone nitrogen and amide
Fy — 2.50 — 0.52 proton resonances could be degenerate leading to a single corre-

lation peak on the HSQC spectrum. For five residdesu20,

aAngles describing the orientation of the diffusion tensor in the identical Val23, Val39, Val58, and Serlthe *H-'*N correlation of the
coordinate frame as the deposited minimized average coordinates for eepnonomer coincides with the equivalent dimer correlation. Sec-

taxin (Brookhaven Protein Data Bank access code 1EOT ondly, separate resonances were observable in some cases for the
Defined as B,/(Dy + Dy). . . . .
SError function. y2 = S (Ty o/ Tae — Ta o/ Ta )20 monomer and dimer species. Interestingly, this occurred for three
dReduced error funclione? = yZ(N—my. residues, Ser31, Gly32, and Ala51, implying a possible strugtural
eTest for adding variables to the fitting proceduk@evington & Rob-  dynamical change for these residues upon dimerization. Figure 5A
inson, 1992 shows an expansion from%-'H NOESY d a 3 mM sample of

unlabeled eotaxin that was used to characterize the morfomer
dimer equilibrium(Crump et al., 1998 The NOEs connecting the
Ala51 amide to the Cys50&proton are labeled for the both the
A statistical F-test(Bevington & Robinson, 1992was used to monqmeric and d_imeric_state. Exchange peaks are labeled W_ith an
assess whether the fits occurred by chance with the inclusion diSterisk. The amide shifts of AlaS1 in the monomer and dimer
additional parameters. At 600 MHz the probability that the im- (970 and 9.82 ppm, respectivelgre seen to correspond exactly
provement in the fit for the axially symmetric model is &Q@02 with the two corr_elatlon peaks observed in _the HSQC spectrum of
that in this case justifies the application of this model. However,N2 (Fig. 5B), which were subsequently assigned to monomer and

for the 500 MHz data the probability that the improvement OC_dimerspe(?ies.AsimiIar analysis led to the identification of mono-
curred by chance is 0.67 and certainly does not represent a sigl€r and dimer resonances for Ser31 and Gly32. _

nificant improvement over the isotropic model. Considering just FOr the second case, where resolvable monomer and dimer peaks
the 600 MHz data set, there was no significant improvement in fits2® 0bserved, it is evident that monomer—dimer exchange is in the
when theD,/D, ratio was allowed to vary with a fully anisotropic slow excha?ge limit w;th respect to the chemical shift difference
model. Figure 4 shows eotaxin as a ribbon diagram with the prin{49) (rad §7%); (Tex-A8)* > 15 7ex= Ty -7p/(7m + 7p); wherery

cipal diffusion axis perpendicular to the page. In conclusion, the?"d7o are the lifetimes of the monomer and dimer, respectively.
anisotropy is small and does not account for the exchange termk° characterize the monomer—dimer exchange, we assumed a sim-
and reduced. values we observed. Therefore, for the remainderP'® model shown in Figure 6. The monomer and dimer are as-

of the manuscript interpretation of the results will be in the contextSUMed to exchange at a given rdiex = kup + kow) without
of isotropic models. 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 Zbelow), ke may be calculated by

analysis of NOESY spectréFig. 5A) at given mixing timegt):

Ic/(ld + (IN/3)) = {1 - exp(_2kext)}/{l + exm_Zkext)} (2)

wherel; and |4 are the intensities of the exchange and diagonal
peaks, respectivel@deener et al., 1979l is the intensity of the
NOE cross peaks and the tetyy3 is introduced to correct for the
NOE depletion of the diagonal cross pegdkatoh et al., 1999
Analysis of NOESY spectra at 75 and 150 ms for Ald8tat was
well resolved gave ake,of 1.0 2.

The relaxation data were therefore interpreted in the limit where
Tex/ Tim, 0 Tex/ Toam,p > 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 interigityin
Equation 3,

I(t) = 1(0)(pp exp(—t/Ty,20) + Pwm €XP(—1/Ty 2m)) 3

Fig. 4. Ribbon structure of the minimized average structure of eotaxin . . . . . -
relative to the axially symmetric diffusion tensor determined at 600 MHz. Wherel(0) is the initial signal intensityT, » is the longitudinal or
Note that in this orientatiol; is perpendicular to the plane of the page. transverse relaxation time for the dim@ ) or monomexT; ov),
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Fig. 5. Spectra demonstrating the exchange of eotaxin between monomeric and dimeridst&tgsansion of &H-H 2D-NOESY

plot recorded o a 3 mMsample of unlabeled synthetic eotaxin at pH 5.0;30The spectrum is annotated for Ala51 identifying the
intraresidue and sequential NOE correlation peaks to the amide proton in the maibjrend dimer(D) species. Exchange peaks

are marked with an asterisB: Expansion of the correspondirgl-*N HSQC spectra of a specifically labeled eotaxin santpl2)

showing a correlation for Ala51 in both the monomeric and dimeric species. Exchange peaks are just resolved when plotted at low
contour levels. Insert€ andD compare the decay curves for the Ala51 monomer and dimer resonances from asexpéfiments

with the N2 peptide.

andpp, pu are the populations of the dimer and monomer, respecrelaxation times determined from the recombinant sample for the
tively. Therefore, relaxation times for the dimer were extracted bymonomer.

fitting Equation 3 usingp andpy (determined from peak volumes

In the second case where clear monomer and dimer peaks were

in the HSQC,py = 0.77,pp = 0.23 and the known transverse observable, the time evolution of the longitudinal magnetization is



2048 M.P. Crump et al.

‘slow’ wherely p is the intensity of the monomer or dimer peak,, =
ko=0.23 5" (5){(a11 + @) * [(a11 — @z2)? + dkupkom] Y2}, a1 = 1/Tam +
2M AN kmp, anday, = 1/Tip + kpm. kup andkpy were calculated from

N D Kex» P, and pp giving kyp = 0.23 andkpy = 0.77 s'L. In the
N ke =077s" exchange limit wheréy,p andkpy are small andyy, and Ty, 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
‘Rex’ dimer, respectively,

Im(t) = Im(0)exp(—t/Tym) (6)

Ip(t) = Ip(0)exp(—t/Tp). (7)
2M* D*
) i __Similarly if the exchange is sufficiently slow that exchange line
Fig. 6. Amodel for the exchange of eotaxin between monomer and dlmerb dening i ligibl ith the additi | . that <
M denotes eotaxin in the monomeric state &denotes eotaxin in the roadening IS neg 'g,' e wi € additional provisos )
dimeric state. A simple two-state exchange is depicted with forward rate300 Hz and the spacing between successie180 pulses in the
(kwp) and backwardkpy) rate constants. In addition, the monomer is CPMG sequence is equal to 90&, then meaningful transverse

assumed to be in exchange with other internal stelé'y that we have  relaxation rates can be extracted from Equations 6 affearrow
characterized as conformational changes on a microsecond to mllllsecor& al., 1995,

timescale, and these are assumed to be fast with respect to the exchange_l_h d | f ifi id in th d
between monomer and dimer states. The possibility that these motions |N€ T1 and T values for specific residues in the monomer an

persist in the dimer is indicated by exchange with some f4te dimer are summarized in Table 2. It can be seen that for the five
core residuegleu20, Val23, Val39, Val58, and Serbanalyzed,
the values obtained fdr in the dimer are larger than the monomer
formally given by the solutions of the Bloch equations modified While theT; values are reduced, as expected for a larger molecular
for exchange between two statédcConnell, 1958; Farrow et al., Weight species. Th&N backbone dynamics of the CC chemokine

1995, dimer MIP-18 have been reported.aurence et al., 1998and the
values determined here for eotaxin are scattered around the aver-
In(T) = 1y (0){—(As — az)exp(—Ast) ?'\%I?F;I'llgnd T, valu_;_esnr)esporsttled_l_f(;;rstheS)CCI;ret res_iductes qu MW6-1
-1B averages]; + 51, T, 85+ 5). Returning to Figure 6,
+ (A1~ an)exp(= A2}/ (A1 = A) ) we are reminded that for several residues we have to consider

additional exchange terms characterized by internal motions. These

Iw(D) = I5(0){— (A, — -

M(D) =1o(0){=(A> = axz)exp(~ A1) considerations are pertinent to the relaxation analysis of both Ser31
+ (A — az)exp(—A 1)}/ (A — Ap) (5  and Ala51, both of which showed reducdg values that were

Table 2. T; and T, relaxation times for monomeric and dimeric eotaxin

Derived relaxation parametérs

Residue 0 ™ P Tobs e TP
Leu20 587+ 3 532+ 8 834 + 80° 123+ 0.4 154+ 2 54 + 10
Leu23 582+ 4 535+ 4 784 + 52 108+ 1.0 132+ 2 40 + 11
Val39 560+ 5 523+ 12 723+ 79 124+ 06 135+ 3 90 + 10
Val58 547+ 3 518+ 9 665 + 52 122+ 08 133+ 2 89 +9
Ser61 548+ 4 511+ 9 707 + 64 118+ 0.6 130+ 2 85+ 9
Residue TR ™ Tog TS LrA T8
Ser31 — 593+ 38 — 100+ 0.8 100+ 4 96 + 2
Gly32 — 609+ 25 — 105+ 0.8 134+ 7 103+ 4
Ala51 569 + 5 568+ 21 583+ 8 64+ 0.4 63+ 2 66 + 1.2

aThe top portion of the table describes experimefitabnd T, values and derived parameters for those residues that showed
overlapped monomer and dimer resonances. The bottom portion of the table deGcai@F, 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.

bT,°bs represents the observ@dor T, of an overlapped monomer-dimer peak fitted to a mono-exponential detagnd T,V are
the actual experimental values determined from the recombinant, monomeric sampleT #/lited T,° values shown in italics are
values for the dimer obtained from fitting the decay to a bi-exponential with the kiigvand T, values. Errors i,° andT.” were
estimated by including the error if™ and T,V and a 5% uncertainty in thiéq for the monomer—dimer equilibrium.

CToES and TR are the observed; and T, values for the monomer resonance, difi§s and T.28° are the observed, and T, values
for the dimer resonance determined from fitting to a mono-exponential as described in B¥uisd T, are again the actual values
measured for the monomeric recombinant sample.

9No T; measurements were made for the N1 peptide.
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attributable to conformational exchange. The transverse relaxatiomalian chemokine receptors. Eotaxin is a potent chemoattractant
times for Ser31 and Ala51 are 100 and 63 ms, respectively, in théor eosinophils, and it has been proposed that it could be important
monomer and 96 and 66 ms in the dimer. Interestingly, we notdor allergic responses, particularly in the lug@riffiths-Johnson
that there is much less line broadening of the dimer peaks wittet al., 1993; Jose et al., 1994; Kitaura et al., 1996; Ponath et al.,
respect to the monomer despite the increased molecular weight. 1996 where eosinophils predominate. Other molecules can also
fact, they both show transverse relaxation rates typical of a “core’bind CCR3 but eotaxin is particularly special in its potency. In
residue in the dimer. To clarify these results, potenfialalues  addition, eotaxin activates basophils and lymphocytes of the TH2
were simulated for an eotaxin dimer. This requires a value for thecategory that are involved in allergic reactio(®allusto et al.,
rotational correlation timér,,,) of the dimer. Although we cannot 1997). Blockade at this level has potential in the treatment of
extract an exact,, for the eotaxin dimer due to limited informa- chronic respiratory disorders such as asthma, and hence there is
tion, the 7, approximately doubled from monomer to dimer in a considerable interest in the structyfienction relationships of eo-
study of MIP-18 (Laurence et al., 1998; 4.6 vs. 8.6)nEor eo-  taxin and its selectivity for CCR3. We have performed extensive
taxin, Val39, Val58, and Ser61 that are considered reliable “core’trelaxation measurements for eotaxin to understand its internal dy-
residues show an averag@g/T, of 7.9+ 0.32 in the dimer, double namics and their relationship to structgienction. These are dis-
the average in the monomé3.83 + 0.27). To a first approxima-  cussed in detail below with relation to the structure and function of
tion, it can be assumed that, is doubled in the eotaxin dimer. the chemokine family.
Figure 7 shows simulate®, values(S? = 0.85,7, = 0) for a7,
of between 8 and 12 ns amr, values that are typically observed
in the monomerbetween 0 to 8 st). We see that &, of ~10 ns
andRe, = 0 givesT, values of~85 ms, close to the “core” values The rotational correlation time of eotaxin was determined to be
for Val39, Val58, and Ser61. If the same slow motions were presens.50 + 0.25 ns and 5.56 0.14 ns at 600 and 500 MHz, respec-
in the dimer as the monomer, we would expect a diminishedr tively. These correlation times were determined as averages from
Ala51 (where we identified an exchange term-e8 s 1) of ap- per residue fits of the relaxation data to t6& — 7, model ex-
proximately 50 ms. Similarly for Ser31R., in the monomer cluding residues with NO®° < 0.65 and NOE®® < 0.60(Farrow
~4 s71), aT, of ~65 ms is expected. TH® value of 66 ms for et al., 1994 The agreement between 500 and 600 MHz data is
Ala51 (S? = 0.85 in the dimer can only be derived if tHe, term good, and the correlation time confirms that recombinant eotaxin
is significantly reducedfrom 8 to 4 s*) (Fig. 7). Similarly for is in the monomeric state. For comparison, theof the mono-
Ser31, thel, value of 96 ms may be achieved by assuminggdn  meric CXC chemokine fractalkine is 6.0 iMizoue et al., 1998
of 0.75(as in the monomemand reducing th&.,term to close to 0.  monomeric vMIPII is 4.7 ngLiWang et al., 1998 monomeric
To verify these results, one dataset for the N2 peptide was recordddIP (9) (analog of MIP-]) is 4.5 ns while MIP-B dimer is 8.6 ns
as 500 MHz so the field dependence of g terms in the dimer  (Laurence et al., 1998
could be checked. For Ala51 the for the dimer was 78 ms, For eotaxin theD,/D, ratio was estimated at 0.80blate at
corresponding to a reduction &, to about 2 st The ratio 600 MHz and 0.94 at 500 MHz for an axially symmetric aniso-
RE9%/R3% s therefore~2 and agrees with the theoretical scaling of tropic diffusion tensor. Although the orientation of the principal
1.44 with magnetic field strength. Both results are consistent withaxis of the rotational diffusion tensor is similar for the 600 and
attenuation of slow motions upon dimerization. 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
Eotaxin is a human CC chemokine that is apparently specific fotthis reveals a small but measurable anisotropy. The probability that
CCR3 as it does not bind any of the other known functional mam-+he 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 studi¢$jandra et al., 1995; Gagné et al., 1998
but inevitable since only a small portid82) core residues in the
120 B-strands andv-helix satisfied the criteria for inclusion in an an-
isotropic analysis. Surprisingly, vMIP-II has been reported to show
a rotational diffusion anisotropy db,/D, = 1.5 (prolate, very
1007 different to eotaxin despite an extremely similar tertiary structure
(LiWang et al., 1999 For vMIP-II theT; /T, ratios were extremely

Rotational correlation time

Discussion

1104

90 -
B (SR'Z'JS) uniform (approximately 3. over the core residues suitable for
807 S:‘o o selection in the authors determination of anisotropy so it is unclear
70 ( R -0 ) how such a value was achieved.
60 \\ R =2
R =4 .. .
ool \\e R The rigid core of eotaxin
40 . , . ' ° AP The core regions of secondary structure defined as spaig8er25
7 8 9 10 11 12 13 to 1le29, B2 (Ala38 to Lys43, B3 (Asp48 to Ala5), and the
Tm a-helix (residues 57 to 68have the most rigid backbone on the

Fig. 7. Plots simulating the expectdd relaxation times for a give, and nanosecond to picosecond timescale characterizedsdy =

Rex. An isotropic tumbling model was assumed, and the paramsteasd ~ 0-83 = 0.04 andS%,, = 0.82 + 0.03 (not including figures for
Te Were fixed at 0.85 and 0 ps, respectively. Ala51 and Ala38, see Fig. 3CThe dynamics study identifies
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these residues as the most ordered, which agrees well with previMotions in the N-loop

ous structural studies. Figure 8 compares the backbone order Phe N-loop is defined here as including residues succeeding the

; ; SCC motif up until the 3oturn(11-19. Both Phell1 and Asnl12 give
obtained from the family of 32 NMR structuréSrump et al., extremely weak!>N-tH correlations and no data could be ac-

1998. Although no direct relation exists betweshand the RMSD, . . - .
regions that lack definition in the NMR structures such as the N-qUIred for Phell, even when specifically labeled in the N1 peptide.

. 5 o
- . . . —Tm— z,and itis
and C-termini show the smalle§? while the regions with low Asnl2 fits anS*® — 7 — Rexmodel at 5(.)0 and GOO.MH T
. > - reasonable to speculate that Phell is undergoing a similar slow
RMSD show the highes$* values. However, the dynamics data . L ; )
conformational exchange resulting in attenuated signal amplitude.

do suggest that there are motions in the N-loop that are not %Fhe remainder of the N-loop has Id87 values when compared to
apparent from the RMSD plot. In this sense, the structural con,

u » ; 2 2
nectivities may not have been sensitive to the motions that ar%hgz)core residuedSsoo = 0.72+ 0.05, So0 = 0.70+ 0.05 vs.
present in this regiofa fluctuating distance between two protons ="
will tend to bias the NOE to the closest distape®@d as a result
may be overconstrained along this stretch of residues. Residues that show conformational exchange
(30s loop, Ala51, Thr8)

The relaxation data recorded at multiple fields strongly suggest the
presence of a slowmicro to millisecond conformational ex-
Order parameters for the N-terminus of eota¢dta3—Arg8) vary  change within the 30s loop, Thr8, Asn12, and Ala51. REZ/R3%°
between 0.26 and 0.1Fig. 8). Order parameters decrease steadily ratios observed are close to theoretical values and are strong evi-
and measured; and T, values increase as the N-terminus is ap- dence for conformational exchange.

proached. Negative NOE values and extensive motions on the Figure 9 shows a ribbon diagram with a width proportional to
picosecond timescale are indicative of a chain that becomes irthe amplitude of motion given by + S? and residues that show
creasingly disordered as it extends out into solution. The N-terminua slower timescale motiofmillisecond are shaded in purple. The

is constrained by the CC disulfide bridge but preceding this there30s loop, Thr8, Asn12, and Ala51 form a distinct unit connected by
are relatively few tertiary interactions with the core structure of thethe two disulfide bond$Fig. 9). In the ensemble of NMR struc-
protein. It therefore is not surprising that we observe large amplitures, the backbone angular order parameters of residues Thr8—
tude motions for this region of the protein at our measuremenfAsn12 and residues in the 30s logfor Thr30—Cys34 are
temperature of 3BC. In the monomeric fractalkingMizoue et al.,  significantly reduced. Conversely, Ala51 showed much higher an-
1999; study at 22.8C) and vMIP-II (LiWang et al., 1999; study at gular order parameterS(¢) = 1.00 andS() = 1.00. The x?
25°C), similar high amplitude motions occur, suggesting this mayangle of the first disulfide bon¢®—34) is disordered in the NMR

be a generally observed trend in monomeric chemokines. structure, and the second disulfi0—50 adopts a single con-

Motions in the N-terminus
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Fig. 8. Comparison between a structurally derived RMSD plot and backbone order paraf@3jederived from the present study.
A: The backbone nitrogen order paramete8%) at 600 MHz.B: The backbone RMSD of the ensemble of NMR structy@simp
et al., 1998. The secondary structure elements are shown on the top of the figure.
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dimer, theT; andT, parameters were fitted to biexponential decays
\ and showed values similar to core residues in the M3Riitneric
C : 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 fittBdvalues are similar to
that of other “core” like residues of the dimer. This would suggest
2 that the millisecond timescale motions that are observed in the
i eotaxin monomer might be attenuated upon dimerization. This idea
=4 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 residues3id. Previous NMR
studies have also suggested that a similar dimer interface is formed

'30s' loop

I{“ ” for eotaxin(Crump et al., 1998 Quaternary interactions formed
3 _ 4 upon dimerization may lead to a stabilization of the complex and
N et 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
N N-|00p subunit with the corresponding diméRajarathnam 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
Fig. 9. Ribbon diagram of eotaxin where the ribbon thickness is propor-grea of future study.
tional to the amplitude of fast internal motions-1 S2. Residues that
exhibit conformational exchangdsignificantRe, terms are shaded in pur-

ple with the depth of color proportional to the size of tRg term Relationship of dynamics to structyfanction
(600 MH2. of the chemokines

- i /'-

Numerous studies have addressed the functional role of chemokine

oligomerization and structural determinants of receptor binting
formation. In the case of the 30s loop and the residues surroundingctivation or discriminatior{Clark-Lewis et al., 199%and refer-
the first disulfide, the slow motions may arise for several reasonsences thereinBaggiolini et al., 199Y. The critical receptor binding
First, the residues are in general proximity to the rapid motions ofregions are in the first 20 residues of both the CC and CXC
the N-terminus, and second, there are relatively few tertiary interehemokines. Often the N-terminus preceding the disulfide bonds is
actions between the 30s loop and residues adjacent to the firgihe most critical, controlling both receptor binding and activation
disulfide. The first disulfide itself may be undergoing rapid con- while the N-loop succeeding the disulfides forms a second but
formational fluctuations that slowly modulate the separation be-somewhat less critical binding site. Additional sites have been
tween N-terminus and 30s loop resulting in a coupled slow motionidentified by mutagenesis in different chemokines including resi-
Ala51 and Ala38 display the large&., terms at both 500 and dues within the firs{3-strand(edge and the 30s loop. The well-
600 MHz, and while the positioning of Ala38 in the 30s loop structured regions of the protein are not directly implicated in
makes this less surprising, Ala51 is more unusual as it is situateteceptor binding, and we have previously proposed that they pro-
in the more rigid “core” of the protein. Ala38 is in close proximity vide a scaffold that presents the receptor with the binding regions
to, but not in direct contact with, Ala51 but they are both in closein an optimal fashioriClark-Lewis et al., 1994 Recent structural
proximity to the second disulfide bond. The amide bond of Ala51studies have begun to confirm this hypothesis through examination
points inward toward the disulfide linkage and the methyl group ofof chemokine structuggunction and even complexes of chemo-
Ala38 packs against the disulfide. Lacking other explanations okines and receptor fragments. In particular, IL-8 and a CXCR-1
these motions, it is therefore possible that despite appearing strubased peptide are found to interact along the N-loop of IL-8, a
tured in the NMR ensemble, the second disulfide may undergdinding region thought to control specificity for CXCR-1 over
conformational fluctuations or a slower isomerization that inducesCXCR-2 (Skelton et al., 1990
a slowly changing chemical environment for Ala38 and Ala51. This study and other backbonéN relaxation studies on the
Alternatively Ala38, Ala51, Asnl12, and perhaps even Cys10 andL-8 dimer and monomeric chemokines reveal flexible N-termini
Phell may all be undergoing slow motion induced by motion in(Grasberger et al., 1993; LiWang et al., 1999; Mizoue et al., 1999
the second disulfide. A similar dynamic equilibrium has been char-Conversely the N-terminus in the CC chemokine dimer appears to
acterized in BPTI and shown to give rise to millisecond motions ofbe well structured in several structural NMR stud{&sirbrother
residues adjacent to the disulfide bor{&zyperski et al., 1993 & Skelton, 1996. It has been speculated that the differing dimer

We have also attempted to characterize motions in the dimestructures and properties of CXC and CC may dictate CXCR and

structure by examining a synthetic sample of eotaxin. We haveCCR specificity or furthermore be a fundamental requirement for
shown previously that eotaxin without an N-terminal extension ischemokine activityBaggiolini et al., 1997 and references thejein
in exchange between monomer and dimer. For core residues th@in the other hand, engineered monomeric chemokines do remain
showed no chemical shift difference between the monomer andctive (Rajarathnam et al., 1994nd MCP-1 has been shown to
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dimerize in both formgLubkowski et al., 199Y. Regardless of the 5.00=+ 0.10(glass electrode, uncorrected for isotope effeatish
arguments for and against, if the monomeric form is the activeNaO?H.
chemokine species then the physiological relevance of flexibility
in the N-terminus must be addressed. On the one hand, th
N-terminus is free to explore multiple conformations in solution,
including the “bound” state. Similarly, the slow motions in the 30s NMR experiments were performed on Varian Unity 600 MHz and
loop, N-loop, and perhaps the disulfide bgsidmay allow this  Varian Inova 500 MHz spectrometers equipped veidxis pulsed
region to exchange between two or more states, again including feld gradient triple resonance probes and a Varian Unity 300 MHz
“bound” form. The question is can we reconcile these motions withspectrometer wit a 5 mminverse detection prob@onpulsed field
a picture other than the normal “static” complex? If we first make gradieny. *>N-Ty, T,, and{*H}-15N NOE experiments were con-
the assumption that the structure of the extracellular receptor loopducted at 500 and 600 MHz using pulsed field gradient sequences
are not static and that the amplitude of the fluctuations are ofpreviously describedFarrow et al., 1994 In these cases, pulsed
similar magnitude to the ligand, then the answer might reside in thdield gradients were employed for coherence selection, sensitivity
fact that the structure of the free chemokine is undergoing conforenhancement, and reduction of spectral artifatits 180° pulses
mational fluctuations to match a fluctuating receptor. In the broadewere used for elimination of cross-correlation effects betwéén
sense, this could be an advantage for affinity and molecular rect>N dipolar and*>N CSA relaxation mechanisms during relaxation
ognition. The molecular recognition may benefit from the fact thatperiods(Goldman, 1984; Kay et al., 199Zor theT; experiments,
the probability of a fluctuating receptor being recognized by a550 us cosine modulated rectangular pulses were employed with
ligand should be higher when the ligand itself is fluctuating. In excitation maxima 2 kHz away from the carrier to minimally dis-
other words, it could be a kinetic advantage to have a ligand andurb the water resonan¢€mallcombe, 1993; Farrow et al., 1994
receptor that are able to sample many potentially competent “boundAt 300 MHz sensitivity-enhanced nongradient pulse sequences
forms. Then assuming a complex that also fluctuééssopposed were adapted from those of Kérdg{ordel et al., 1992and pro-
to a static comple) the stability of the complex may benefit from grammed in house. At 500 and 600 MHE, data were acquired
a “dynamic” close packing that maintains the favorable enthalpicusing relaxation delays of 11.1, 55.5, 122.1, 199.8, 277.5, 388.5,
contributions one associates with a “static” complex, while reduc-499.5, 666.0, 888.0, and 1,110 ms and at 300 MHz with delays of
ing the unfavorable loss of conformational and vibrational entropy.10.0, 50.2, 100.3, 150.5, 200.6, 280.9, 361.2, 501.6, and 702.2 ms.
The precise nature of the interaction is difficult to predict, exceptT, data were acquired at 600 MHz using delays of 16.3, 32.6, 48.9,
to say that it is likely that entropic considerations may fine tune the65.2, 81.4, 97.7, 114.0, 130.3, 146.4, 162.88, and 179.17 ms, at
free energy of bindindaffinity). Some answers may come from 500 MHz with delays of 16.6, 33.3, 49.8, 66.5, 83.0, 99.7, 116.3,
looking at changes in order parameters between the free state ai82.9, 149.5, 166.1, and 182.7 ms and at 300 MHz with delays of
the bound state of the chemokine. This would allow changes irl6.6, 33.2, 49.7, 66.3, 82.9, 99.5, 116.1, and 132.6 ms. Folthe
conformational entropy to be estimatédang & Kay, 1996, and  pulse sequence, the delay between transients was 2.5 s at 500 and
we are currently pursuing these goals in our laboratory. Ultimately600 MHz and 2.0 s at 300 MHz, and the field strengths for nitrogen
chemokine binding must be strong enough to maintain agonistiecoupling and hard pulses are shown in Table 3. Keeping nitrogen
driven desensitization of the receptor but not prevent the eventuglowers to a minimun(3.7 to 4.2 kHz coupled with sufficient
resensitization. delays between transients has been shown to drastically reduce the

effects of sample heatingGagné et al., 1998 {*H}-5N NOEs

were measured by recording HSQC spectra with and without pro-
Materials and methods ton saturation'the field strengths for proton and nitrogen pulses
and decoupling are shown in Tablg Zhe spectra recorded at all
three fields without NOE were recorded with delayfs50s and
spectra with NOE ugk3 s ofproton saturation ah2 s ofdelay to
Recombinant human eotaxin was prepared from the eotaxin gengive the same total delayf 8 s between transients.
subcloned into an expression vector pET18lmvagen, Madison,
Wisconsin) in Escherichia colistrain BL21(DE3) as previously
described(Crump et al., 1998 Two synthetic eotaxin samples
with specifically backboné®N labeled sites were synthesized by All spectra were processed with the program NMRRipelaglio
stepwise solid phase methods using t-Boc protection chemistret al., 1995. Ninety-degree-shifted sine and sine-squared window
Peptide 1, termed N1, was labeled with Phell, Ser31, and Gly3Zunctions were applied i, andt,, respectively, and both dimen-
Peptide 2, termed N2, was labeled with Leu20, Leu23, Val39sions were baseline corrected using B@LY-auto function. Lin-
Ala51, Val58, and Ser61. After hydrogen fluoride deprotection, theear prediction was used to extend the experimental points in the
polypeptides were folded and purified as described previouslydimensions by 25 or 50%, argandt, dimensions were zero filled
(Clark-Lewis et al., 1994 Purity of the products was assessed by to twice the number of points. The first two-dimensional spectrum
ion-exchange HPLC and mass spectrometry. The measured masfa 300, 500, and 600 MH#N T, or T, series was peak picked
of each of the final products, as determined by electrospray massanually using the program PIP@arrett et al., 1991 Sub-
spectrometry, was consistent with the average mass calculated frosequent spectra in a series were automatically picked using the
the atomic composition. program CAPRGarrett et al., 1991allowing the whole procedure

NMR sampleg(1 mM) were prepared by dissolving the lyoph- to be automatedT, and T, values were obtained by nonlinear

ilized protein in 50QuL of sodium acetate buffe¢®0%*H,0/10%  least-squares fits of the amide cross-peak intensities to a two-
2H,0) containing 1 mM Nal (sodium azidgand 1 mM DSS2,2  parameter exponential decay using software provided by Lewis E.
dimethyl-silapentane-5-sulfonic agidThe pH was adjusted to Kay. Uncertainties in th&, andT, values were estimated from the

RMR spectroscopy

Sample preparation

Data processing
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Table 3. Acquisition parameters for eotaxiftN relaxation at 300, 500, and 600 MHz
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Experiment BN-T,  BN-T,  BN-T, ™N-T, N-T,  N-T,  {!H}®N NOE {H}!SN NOE {'H!!5NOE
Field (MHz) 600 500 300 600 500 300 600 500 300
¥B: (kHz)

'H pulses 28 29 31 28 29 31 28 29 31
1H saturation 118 10 14

N pulses 5.3 6.5 3.7 4.2 3.6 3.7 5.3 6.5 3.7
15N dec.(WALTZ) 0.8 1.1 0.6 0.8 1.1 0.6 0.8 1.1 0.6
5N (CPMG 4.2 3.6 3.7
F, swP (kHz) 8.0 7.0 4.0 8.0 7.0 4.0 8.0 7.0 4.0
Fy swP (kHz) 1.6 1.3 0.7 1.6 1.3 0.7 1.6 1.3 0.7
F, points 512 512 320 512 448 320 512 512 320
F points 128 64 48 128 96 40 128 64 48
Transients 8 48 128 8 32 256 32 160 96

@Sat indicates a saturation pulse train with 1p0QIses applied every 5 ms.
bSpectra width.
°Real points.

nonlinear least-squares fits. Uncertainties in the NOE values werethere Toppy and Tocsa represent théH—'N dipole-dipole and
estimated from the baseplane noise in two-dimensifha-5N}- 15N chemical shift anisotropy contributions to the measufgd
HSQC spectra recorded with and without proton saturation accordfhese models are referred t08&— 7,, — Rey OF S — 7y — 7o —

ing to Farrow et al(1994). Rey. In addition, internal motions were accounted for with a two-
timescale mode(Clore et al., 1990a, 1990lthat allows internal
motions to occur on two distinct timescales. This leads to the
following expression for the spectral density, referred to as a two-
The theoretical basis fdF;, T,, and NOE relaxation of®N is well timescale model:

established. These quantities are related to a spectral density func-
tion at*H and*°N frequency combination@) (Abragam, 1961

It is popular to relate these data to motional parameters using the
“model free” assumption for the correlation functi¢hipari &
Szabo, 1982a, 1982hkvhere the spectral density function is

Theory

J(w) = 2/5((S?7w/(1 + (@7n)?)

+(F —S?)1/(1+ (01)?)) (11

whereS? = <2 and Y7 = 1/7, + 1/7s. % and S are the order
parameters characterizing the féptcosecong and slow(nano-
second motions, respectively, angs is the effective correlation
time for the slow internal motions. Equation 11 omits an additional
where 7, is the overall correlation timéisotropic tumbling is term for fast internal motions that have been shown to contribute
assumey] S? is the order parameter, ® = 7,1 + 751, and7. is negligibly to the relaxatioriClore et al., 1990b Analysis of data
the effective correlation time describing fast internal motions. Thesavith an anisotropic tumbling model was also considered as re-
are referred to aS? — , or S2 — 7, — 7, models, depending on Ported by Tjandra et a(1995.

whether a fast motion is required for the fit or not. Model free

parameters from the experimental data were obtained by mi”imiZAcknowledgments

ing a target functionEquation 9 describing the differences be-
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