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ABSTRACT: MCP-3 is a8 chemokine consisting of 76 amino acid residues. It has been described to be
involved in the activation of all leukocytic cells, activation mediated by the presence of multiple binding
sites on the target cells. Its three-dimensional structure has been studied by making use of two-dimensional
IH NMR spectroscopy. MCP-3 exhibits the same monomeric structure as the other chemokines, i.e., a
three-stranded antiparallglsheet covered on one face by arhelix. Although it belongs to the same
subfamily as RANTES (Chunet al,, 1995; Faitbrotheet al,, 1994) and hMIP-& (Lodi et al,, 1994), the

MCP-3 dimer is folded like IL-8 with the so-calleg)3 sandwich structural motif. Structural and sequence
analysis gives clear indications suggesting that the other MCP chemokines may have the same quaternary
structure, contrary to the oth@rchemokines.

Cytokines form a family of proteins which are produced these neutrophil receptors has been reported to induce the
in the course of immunitary and inflammatory responses and intracellular calcium release (Baggioliet al, 1994; Bag-
which serve as signal carriers in a dynamic cellular com- giolini & Dahinden, 1994). The chemokine network is then
munication network. The chemokinehemaactic cytkine) responsible for the communication between different cells
subfamily (Brownet al,, 1989) is composed of small induced in the aspecific response of the immunitary system.
secreted protein, which has a common genomic structure and MCP-3' (Van Damneet al, 1992; Opdenakkeet al.,
shares an amino acid sequence homology ranging from 20%1993; Minty et al, 1993) was characterized on the basis of
to 45% (Oppenheiret al, 1991). This family can be divided its inflammatory and chemotactic activities and its ability to
into two subfamilies according to the position of cystine regulate monocytes/macrophages. It has been described to
residues (Browret al, 1989): these residues are either be involved in the activation of a great variety of inflam-
separated by one amino acid residue (CX&xhemokine  matory cell types. This activation is mediated by the
family) or are contiguous (CC)pS( chemokine family). presence of multiple binding sites on the target cells. MCP-3
Mouse lymphotactin (Kelnegt al, 1994; Kelner & Zlothnik, s predicted to be able to interact with MCP-1 receptors on
1995; Kennedgt al,, 1995) and human SCM-1 (Yoshiéa monocytes and basophils (Sozzahal, 1994; Dahinderet
al., 1995) are lymphocyte chemoattractant proteins related al., 1994; Noscet al., 1994; Francet al, 1995; Combadiere
to chemokines. However, they possess only the second anct al,, 1995), selective RANTES receptors on basophils and
the fourth conserved cysteines and may be the first known eosinophils (Dahinderet al, 1994; Nosoet al, 1994),
proteins belongingata C ory chemokine subfamily (Kelner  selective MIP-#. receptors on basophils, eosinophils, and
et al, 1994). Although chemokines display a wide range neutrophils (Dahindeet al., 1994), and MIP-&/RANTES
of biological activities (Sherry & Cerami, 199%)ncluding receptors on monocytes (Combadiere al, 1995; Ben-
cell-specific chemotaxis and activation, regulation of cell Baruchet al, 1995).
growth, and differentiation, as well as modulation of inmune  several chemokine structures are known thus far: IL-8/
responsestheir common pharmacological feature is leuko- NAP-1 (Cloreet al, 1990; Baldwinet al, 1991; Clore &
cyte chemoattraction and activation (Browet al, 1989; Gronenborn, 1991)3-thromboglobulin/NAP-2 (Malkowski
Baggioliniet al, 1994; Baggiolini & Dahinden, 1994). They et al, 1995), PF-4 (St. Charlest al, 1989; Zhang, X.et
were initially reported to have a strict cellular specificity for g | 1994), and Gra/MGSA (Faitbrotheret al, 1994; Kim
neutrophils ¢ chemokines), for lymphocytes themokines), et al, 1994) asx chemokines and MIPAL(Lodi et al, 1994)
or, e.g., for monocytes, basophils, and eosinophfls ( and RANTES (Chungt al, 1995; Skeltoret al, 1995) as
chemokines) (Schall, 1991; Sherry & Cerami, 1991; Bag- g chemokines. Here we report the conformational analysis
giolini, 1993). Somes chemokines are presently known to  of MCP-3 by two-dimensionaH NMR spectroscopy. The
have specific receptors on neutrophils. The interaction with complete sequential assignment and the tertiary structure in
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solution are described, and preliminary quaternary structurescurve is a function of X#. We so obtained a set of restraints
are proposed, as well as a conformational comparison inwith upper limits defined for each volume.

terms of structurefunction relationships with the other Spin coupling constant&lyn, were measured with good

known chemokines. accuracy on the NOESY 80 ms mixing time recorded at 290
K, using the INFIT routine (Szyperskdt al, 1992) from

MATERIALS AND METHODS XEASY software. For a given residue, separated NOESY

cross-peaks with the backbone amide proton in &2
dimension were used. Several cross sections through these
cross-peaks were selected that exhibit a good signal-to-noise
ratio. They were added up, and only those data points of
the peak region that were above the noise level were retained.

) The left and the right ends of the peak region were then
effect (NOE) spectra (NOESY) (Jeereiral, 1979, Kumar 91t to zero intensity by a linear baseline correction. After

et al, 1981) were recorded at three temperatures, 290, 295,41anding the baseline-corrected peak region with zeros on
and 300 K. At 295 and 300 K, the spectra were recorded 1, sides, which is equivalent to oversampling in the time
on an AMX 500 Bruker spectrometer: clean TOCSY, with  4omain an inverse Fourier transformation was performed.

spin lock times of 60 and 120 ms; NOESY, with a mixing  he yalue of théJu, coupling constant was obtained from
time of 100 ms. The spectral acquisition was done by the (1o first local minimum. e coupling constants were

pure phase absorption method using the time-proportionalyangjated into angle restraints using HABAS (@Bartet al.
phase incrementation (TPPI) method (Marion & thhich, 1989, 1993) from the DIANA package.

1983). The water signal was suppressed using a low-power
irradiation. At 290 K, spectra were recorded on a DMX
600 Bruker spectrometer: clean TOCSY, with mixi_ng times assignement was determined either by HABAS ti@ut et
0f 10, 30, 50, 80, and 100 ms; NOESY, with a mixing time 5 1989 1993), by comparing respective distances involving
of 80 ms. The clean TOCSY we_re_recorded using the TPPI geminal protons, or by GLOMSA (Guertet al, 1991a,b),
method, using a low-power irradiation to suppress the water i, 5 nack analysis of the previously determined structures
signal, while the NOESY .spectrum was recorded using the j, a comparison with the respective distances involving both
States-TPPI method, using a watergate pulse SEQUENCE gominal protons. Both HABAS and GLOMSA are subrou-
(I?iottoet al, 1992; Sklenaet al, 1993) to suppress the water tines of the DIANA package (Guertet al, 1991a,b). Lower
signal. distance restraints were systematically setto 1.8 A. Disulfide
Processing. All spectra were processed by NMRPIPE pond restraints were used as followdsi—s,; = Osyicg =
software (Delagli@t al, 1995) on SGl stations. Zero-filing 3.1 A andds,i_s,; = 2.1 A. Hydrogen bond restraints were
was employed to yield final spectra of 40962048 data  onply added in the final steps of refinement, because no
points. The apodization was systematically done by a squareexchange data were avalaible; we thus used hydrogen bonds
sine bell window shifted by 60with a weighting function  gefined by DIANA calculations as being consistent in each
in both dimension§, andF,. After zero-filling, the digital ~ cajculated structure. Two distance restraints were used to
resolution was 3.91 Hz/point iR; and 2.2 Hz/point inF». define each hydrogen bondt; o = 1.7-2.01 A anddy_o
Restraint Collection. The assignment was carried out = 2.7—3.0 A.
using the Wthrich method (Wthrich, 1986) applied with Structure Calculation. Structure calculation was per-
the EASY software (Ecclest al, 1991) on an IPC SUN  formed by making use of the distance-geometry method
station. The spin system identification was obtained by (Havel & Withrich, 1984; Havel, 1991) with the DIANA
analysis and comparison of clean TOCSY at different mixing package (Gutertet al, 1991a,b). Acceptable structures, in
times. We failed in recording a useful DQF COSY spectrum, term of distance and angle restraint violations, were energy
and thus we used a 10 ms clean TOCSY instead. Peaksninimized and then submitted to a molecular dynamic
which are present on this spectrum correspond to only directsimulation procedure with X-PLOR 3.1 (Bmger, 1992).
correlations. The through-space connectivities were then RMSD (root mean square deviation) and solvent accessibility
demonstrated using NOESY spectra. The three recordedcalculations were also performed by making use of X-PLOR
temperature allowed us to resolve ambiguities which arise 3.1. Calculations were carried out on HP 9000/715 stations,
from chemical shift degeneracies. while graphic analysis was done on SGI stations, by using
NOE connectivities, used as input for the structure the TURBO-FRODO software (Roussel & Cambillau, 1989).
calculation, were obtained from NOESY spectra recorded A total of 1000 random structures were generated and used
in water at different temperatures: they constituted different in a first round of distance-geometry calculation with only
sets of complementary data. Peaks were integrated by thdntraresidue and sequential restraints. The analysis of the
peak integration routine of the EASY software (Ecclds  target function allowed the selection and the introduction of
al.,, 1991). The calibration curve was obtained after averag- the 500 best structures in a new calculation, using the
ing the volume of all resolved peaks used for the calibra- medium-range restraints. The 250 best structures were then
tion: it is based on known distances £ 1.8 A between computed with angle and long-range restraints. Successive

Samples.Samples for NMR spectroscopy contain 2 mM
CHO-recombinant MCP-3, dissolved in 90% deuterated
sodium acetate, 20 mM, and 10%@ at pH 5.

NMR SpectroscopyClean total correlation spectra (clean
TOCSY) (Griesengeet al, 1988) and nuclear Overhauser

Pseudoatom corrections were added when no stereospecific
assignment was available (Wuwich, 1986). Stereospecific

geminal protonsg,y = 2.2 A in af strand;duqgj) = 2.3 A, computations were performed with the complete data set,
dangj) = 3.2 A, anddyngj) = 3.3 A between two antiparallel  including at each calculation step the new distance restraints
strands ofp sheet;dwy = 2.8 A, dungi+a = 3.4 A, don = determined from ASNO (Gutertet al, 1989, 1993) of the

3.5 A, dungiiray = 4.2 A, anddngivz) = 4.4 A in ana helix). DIANA package, using the newly recalculated structures.

Using this curve, we estimated the necessary constant forThe final calculation was performed after the global ste-
CALIBA of the DIANA package (Guatertet al, 1991a,b). reospecific assignment by making use of GLOMSA (&t
According to the manually obtained curve, the calculated et al, 1991a,b) of the DIANA package.
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Ficure 1: Contour plot of the fingerprint region the NOESY spectrum recorded with 80 ms mixing time, at 290 K, pH 5.07H& H
cross-peaks of each residue are labeled according to the sequential assignment (except in the overlapped region where they are forbidden
to let the figure more readable).

Structures were refined in an AMBER force field and then from the two-dimensionalH NOESY 80 ms spectrum at
assessed on the grounds of energy, restraint violations, an®90 K, and the chemical shift index, elements of secondary
deviation from standard protein geometries. We used a slow-structure can be located as follows: thgestrands (strand
cooling molecular dynamic simulation from 4000 to 300 K 1, 27—-32; strand 2, 4645; strand 3, 4954), some indi-
with 50 K steps. At each temperature step, 50 steps of 0.1cations for an additionnal extended region encompassing resi-

ps each were carried out. dues 14-16, and a C-terminal helix, encompassing residues
from 58 to 69. Taking into consideration the nonsequential
RESULTS AND DISCUSSION NOE's involving the backbone resonances of residues in an

. extended conformation allowed us to determine the sheet
Assignments.The sample was found to be soluble and . . . "
organization as an antiparallgl sheet, with an additional

stable at pH 5.0 and was used over a time period of several h id ded | 4 anti lellv ol
months without evidence of degradation. Since biochemicalt ree-resiaue extended zone, located antiparallelly close to
' strand 3. The sheet is thus folded as a greek key motif.

tests determined that MCP-3 is unstable at temperatures over, ;
303 K, spectra were recorded only at low temperatures, i.e.,AII prollr_les (Pro 2, Pro 21, Pro 37, Prq 95, I_Dro 4) yvere
290. 295 and 300 K sequentially connected through stro_ng intensity NO_E s be-
' ' o . tween Hyi—; and H; and are thus all itransconformation.
The spin system assignment was performed using the ) . . i i
method described by Whrich (1986) and led to nearly full Structure Calculation.Biochemical analysis determined
resonance assignment. Spin systems were identified by theith@t MCP-3 exists in a monomeric form at low concentrations
characteristic pattern, comparing clean TOCSY 10 ms of (Minty, personal communication). The first steps of the

mixing time with the other clean TOCSY spectra. The clean NMR analysis were thus done accordingly. A total of 850
TOCSY 10 ms fingerprint consists of 65 well-defined and NOE's were collected and translated in distance restraints.

resolved peaks, added with few low-intensity peaks which They cqnsist of 330 in_traresidue constrai_nts, 258 sequential
can be considered either as remaining Hbl/ebrrelations ~ constraints, 108 medium-range constraints {332; 50
from residues located in mobile zones or as probable relayed!:13; 251,i+4), and 154 long-range constraints. In addition,
magnetization between HN angBidf serines and threonines, 29 “JHna coupling constants were collected from a NOESY
First, NOESY spectra (Figure 1) were used to connect the 80 ms spe<_:trum and were translated in ang_l_e restralnts; 16
aromatic spin systems to the aliphatic ones belonging to the(10%) gemlnal protons were also sterepspemﬂcally assigned.
same residues. Second, they were used to obtain theO amide hydrogen-exchange experiments were recorded
sequential assignment which was achieved on the basis ofP€cause of instability during the lyophilization. During
sequential l/HN and HN/HN NOE connectivities. The distance-geometry calculation steps, 14 hydrogen bonds were
assignment was checked by sequentjalHiN connectivities identified which were consistent in each structure. Accord-

as far as possible (Figure 2). We also meastkh, ingly, they have afterward been used in the calculation as
coupling constants for most of the residues (Figure 2), and distance restraints.
we applied the chemical shift index method (Wishetral, During the sequential assignment, the hypothesis of a

1992) (Figure 3). Combining the qualitative interpretation dimeric quaternary structure was postulated: unambiguous
of the sequential NOE'’s, the coupling constants measuredrestraints were found between the first and last residues
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belonging to the same strand of {hesheet. This hypothesis
allowed the assignment of additional unambiguous NOE's.
The new data set consists of 1720 constraints [850 per
monomer, implemented with 20 intermonomeric restraints
(Table 1), 16 experimental restraints and 4 consistent
hydrogen bonds]. The distance-geometry calculation of the
dimer was independently performed following the same
strategy used for the monomer calculation, except that we
used only 100 initial structures. The NOE's used for the
final dimer calculation are summarized in a contact diagram
(Figure 4).

The 24 lower energy monomer structures and the 9 lower
energy dimer structures were then refined and energy
minimized down to convergence. oQracing of monomer
superposition is shown in Figure 5, as well as views of the
lowest energy monomer and dimer structures (Figure 6).
Statistics of both final structure families are summarized in
Table 2. By analyzing the distribution of the restraints and
the RMSD curve for each residue (Figure 7), we observe
that the distribution is standard: extended zones are defined
by long-range restraints and helix zones by medium-range
restraints. Moreover, many restraints describe the secondary
structures, while loop regions are featured by a low number
of restraints per residue. This difference may perhaps explain
the RMSD obtained when we superimposed the structure
family on the average structure: it is about 4 A, despite the
high average number of restraints per residue (13.5).

Description of the Structure.The shape of the MCP-3
monomer is that of an elongated tetrahedral. It consists of
a three-stranded antiparall¢gl sheet and a three turn
C-terminal oo helix lying above the sheet floor. The
N-terminal extremity is disordered up to residue 12, but
located close to the helix; it consists of a long mobile loop,
spatially stabilized because of the two disulfide bonds which
link Cys 11 with Cys 36 and Cys 12 with Cys 52. Both
disulfide bonds adopt a left-handed conformation. This first
loop is followed by a five-residue extended zone (residues
12—-16). Residues from 17 to 26 form the second loop,
connecting this extended zone to strand 1. The first residue
(Ser 27) of strand 1 seems to be disordered, with a strong
HN/HN NOE between residues 26 and 27, together with a
low 3June coupling constant for residue 27. Actually, Ser
27 adopts a twisted conformation and its amide proton shares
the carbonyl of Lys 44 as hydrogen bond acceptor with the
amide proton of Glu 26. A third loop exists between strand
1 and strand 2: it runs from residue 33 to residue 39. The
turn between strand 2 and strand 3 (residues4dj is folded
as a five-residue hairpin loop with a typeSlturn and a
standards bulge (Richardson, 1981; Sibanda & Thornton,
1985). Strand 3 and the helix are connected together
through a hairpin running from residues 54 to 57. The
C-terminal extremity is highly mobile from residue 70 to
the end. Thea helix is packed close to th@ sheet,
especially through an important number of NOE’s between
hydrophobic residues of th@ sheet (Tyr 28, Val 41, Phe
43, lle 51, Ala 53) and of the helix (Trp 59, Val 60, Phe
63, Leu 67). The helix axis is roughly orthogonal to the
sheet axis, taking into account the mobility of the helix due
to the flexible turn connecting the helix to the sheet.

The MCP-3 dimer is globular. The dimer interface is
made of strand 1 antiparallel to itself. The interface is
determined on the basis of 16 unambiguous NOE's, and after
the first refinement steps, four hydrogen bonds were defined
as being consistent between the two monomers. Restraints
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Ficure 3: Chemical shift analysis of ¢d protons. Filled diamond shapes and curve represent calculated chemical shift variation from the
standard chemical shifts. Gray bars represent the chemical shift index as defined by Wishart (1992).

Table 1:

Intermonomeric Restraints Used in the Structure

Calculation of the Dimeric Structure Fanily

experimental restraints

hydrogen bonds

HN Leu 17 HN Lys 75 Tyr 28 HN O Arg 30 140 ' . ™
HN Leu 25 Hx Ser 34 Arg 30 HN O Tyr 28 130 3 ”
HN Tyr 28 HN Arg 30 120 ?
Ha Ser 27 Hx Thr 31 E

HN Tyr 28 Hou Thr 31 1o .‘v'f
N#Hz Arg 30 HB Asp 68 100 4

HN Glu 39 HN Thr 71

Hel Trp 59 H5 Lys 78

170
160

150

@ Hydrogen bonds were used as restraints only in the last refinement 7, i
calculation step. 3

03" m

between monomers are essentially located between strandss"‘;
1 and 1, but we also found NOE’s between HN of Asn 17 4 .

and HN of Lys 75, HN of Leu 25 and t of Ser 34, NyH, 50 . i,

of Arg 30 and KB of Asp 68, HN of Glu 39 and HN of Thr 24 .
71, and K1 of Trp 59 and K of Lys 75 (Figure 7). The 10

hydrogen bonds later used in the structure calculations are © Py L vl L ua v L b

0 10 20 30 40 50 60 70 100 110 120 130 140 150 160 170

between HN of Tyr 28 and O of Arg 3@and HN of Arg 30
and O of Tyr 28 Monomer structures are identical, within Sequence
experimental error and loop mobility, due to the independent g,z 4: Summary of NOE data used for the structure calculation.
refinement of each monomer. MCP-3 dimerizes according Monomer 1 is numbered from 1 to 76, and monomer 2 is numbered
to a 2-fold rotation axis, centered between residues 29 offrom 101 to 176. Filled squares above the diagonal represent
each monomer. Because of the dimerization, fhgheet intramonor_neric restraint_s, while f_iIIed triangles below the diagonal
consists now of an eight-strandgdsheet, which is covered ~ ePresent intermonomeric restraints.
on one side by the two antiparallel helices. The five-residue backbone and side chain accessibilities for each residue in
extended zone is connected to strand 3 by one hydrogen bondhe monomeric and dimeric structure. The hydrophobic
involving HN of Cys 52 and O of Arg 14 and forms thus a residues Pro 2, Gly 4, Phe 15, lle 16, Pro 21, Leu 25, Tyr
real fourth strand. Thg sheet consists of eight antiparallel 28, Pro 55, and Leu 67, which are exposed in the MCP-3
f strands organized onto the monomer structure as ay(4,0) monomer, are buried in the MCP-3 dimer. The dimerization
greek key-types sheet (Hutchinson & Thornton, 1993), with  would thus allow to shield from the solvent the large
a three turn C-terminalk helix lying above the sheet floor:  hydrophobic surface. That results in a large interface surface
it is a closedaB sandwich. The helices, approximately of about 800+ 65 A2 The hydrophobic contacts between
separated by 10.5 A from axis to axis, are now stabilized the helix and the sheet are responsible for their relative
and form an angle of 80with the sheet axis. orientation. There is a close packing of Val 3, Phe 15, Leu
Hydrophobicity analysis clearly indicates that the MCP-3 25, Tyr 28, Val 41, Phe 43, lle 51, Ala 53, Pro 55, Trp 59,
monomeric structure is not stable, contrary to the MCP-3 Val 60, Phe 63, and Leu 67 (Figure 9).
dimer. In the monomeric structure, the proteic core is Val 60 exhibits upfield chemical shifts (compared to
actually exposed to the solvent. In Figure 8 are shown the standard chemical shifts) for each of its protons3[HN]
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Ficure 5: Ca tracing of the 24 best structures of the monomer family. The structures are represented and colored using secondary structure
standard colors: in blugg strands, in rede helices, and in yellow, loops and turns.

FiGure 6: (A) Molscript (Kraulis, 1991) stereo ribbon drawing of the lowest energy structure of the monomer, with the disulfide bridge
represented in green balls and sticks. (B) Molscript ribbon drawing with side chains of residues involved in intermonomeric restraints. Each
monomer main chain is shown in a different color, and side chains are colored in standard residue type color.

= —2.758 ppmAJ[Ha] = —1.426 ppmAJS[HS] = —0.382 a monomeric form. The three-dimensional structure of this
ppm, andAJ[CyHs] = —0.588 and—1.72 ppm. This is monomeric form perfectly superimposes on that of the
due to its location nearby Tyr 28, Phe 43, Trp 59, and Phe monomer we described; i.e., it is composed by a three-
63 from each monomer, which create a strong ring current stranded antiparalleb sheet with a C-terminab. helix
field in the environment of Val 60. crossing over thg sheet. Despite this homology, the authors
Comparison with the Synthetic MCP-3 StructurBe- gave evidence indicating that synthetic MCP-3 does not have
cently, Kim et al. (1996) reported the NMR structure of the propensity to dimerize and remains a monomer under a
synthetic MCP-3. Surprisingly, they found out that it is in wide range of conditions.
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Table 2: Structural Statistics of Both Structure Families

DDGmontD DGmono |]DGdiD DGdi
NOE violation 0 0 0 0
>0.2 A
RMSD (A)
bonds 0.025: 0.0006 0.023 0.025 0.003 0.028
angles 45+0.2 6.04 8.694t 0.327 6.09
impropers 0.8H0.05 0.7154 0.8730.105 0.6387
dihedrals 15+ 0.5 21.338 14.66% 0.497 22.215
torsion angles 51.4 2.8 46.665 51.16% 1.627 53.9808
NOE 0.017+0.001 0.014 0.0140.001 0.013
backbone 4.076 3.541
all heavy atoms  4.554 4.101
secondary 0.951 1.560
structures

2 [DG-Uare the final structures obtained by distance geometry and
slow cooling simulation refinement.DG- is the mean structure

obtained by averaging the coordinates of the individual DG structures.

Meunier et al.

15 (Lodi et al, 1994) (representing respectivety and 3
chemokines) allowed to determine a general rule for the
chemokine dimerization (Covelet al, 1994; Clore &
Gronenborn, 1995): a few conserved residues, characteristic
of each of the chemokine subfamilies, are involved in dimer
stabilization or destabilization. In MCP-3, the involved
residues are Tyr 28 (strand 1), Arg 30 (strand 1), and Asp
68 (helix). UponogS sandwich-type dimerization, these
residues are in close contact to one of the others in each
monomer. The guanidinium group of Arg 30 interacts with
the carboxyl group of Asp 68hrough a salt bridge. It also
exists an hydrogen bond betweeaHNof Arg 30 and either
the hydroxyl group of Tyr 28or the carboxyl group of Asp
68 (Figure 12). Moreover, in these polar interactions, it
occurs a hydrophobic contact between the aromatic ring of
Tyr 28 and one methyl group of Leu 67

This quaternary organization may also be found in MCP-1
and MCP-2: the tyrosine, the arginine, and the leucine are
conserved, as well as the aspartate, except in mouse MCP-1

In our hands, the NOESY spectra complexity (Figure 1), in which it is replaced by a threonine. Aspartate and
as well as several unambiguous NOE's, cannot be explainedihreonine have approximately the same steric hindrance, and

simply by assuming a monomeric structure. Furthermore,

the hydroxyl group of threonine may form a stabilizing

either at temperatures higher than 300 K, or at pH below 5, jnteraction with the arginine. In othgrchemokines, arginine
solubility problems are encountered: generally speaking the gnq aspartate are replaced by either residues which have an

recombinant MCP-3 is poorly soluble and has a strong

identical polarity (asparaginearginine, glutamateglutamate,

tendency to aggregate. In addition, it was also impossible tyrosine-glutamate) or residues having a larger overall steric

to solubilize MCP-3 after lyophilization. All these argu-

hindrance and which are thus unable to stabilize dife

ments, as well as the ones above-described, strongly indicateandwich dimer type. The structures of tf@hemokines

that recombinant MCP-3 exists as a dimeric form in highly
concentrated solutions.

Comparison with Other Chemokine3.he superimposi-
tion of the MCP-3 monomer onto all the other known chemo-
kine structures  chemokines as well aa chemokines)

are known thus far [hMIP-1b (Lodet al, 1994) and
RANTES (Chunget al, 1995; Faitbrotheet al,, 1994)], and
their quaternary structure is described as bean type avith
helices being located on each side of the molecule. MCP
chemokines may thus be considered as a subfamily within

clearly indicates that chemokines share a common topology,the 5 chemokine family (Prooset al, 1996).
despite the differences arising from mutations, deletions, and  Structure-Function Relationships Among chemokines,

insertions (Figure 10). All the monomers consist of a three-
stranded antiparallg? sheet covered on one face by an

MCP-1 is the member which shares the highest extent of
homology with MCP-3. The relationships between structure

helix. Nevertheless, a few structural differences between theand activity were elucidated for MCP-1 by site-directed
structures can be observed: structural discrepancies argnutagenesis (Zhang, Y. Xt al, 1994). This study was

essentially located on the N- and C-terminal extremities,
which adopt different orientations in the different molecules.
In Figure 11 is shown a multiple sequence alignment

aimed at determining which residues were involved in
monocyte chemotaxis. Differents parts of the molecule,
which had already been expected to be involved in the

among all the available chemokine sequences. Beyond theactivity, were specifically mutated (Tanakgal., 1988; Bealll
conserved cystines characteristic of the chemokine family, et al, 1992). Accordingly, the residues playing a crucial
a few conservative substitutions are observed within the role in activity could be identified. On the basis of the high

family. They concern residues Tyr 13, lle 20, Leu 25, Tyr
28, Val 41, lle 42, Phe 43, lle 51, Ala 53, and Val 60. By
analyzing independently CC and CXC chemokine subfami-

lies, several other strictly conserved residues are identified.

They consist of residues Tyr 28, Val 41, Phe 43, Thr 45,
Lys 46, Ala 53, Trp 59, Val 60, and Leu 67 in the CC

subfamily and of residues Leu 5, Thr 12, Pro 16, lle 22, Val
27, Gly 31, His 33, Leu 43, Leu 51, and Leu 66 (according
to the IL-8 numbering) in the case of CXC chemokines. In

homology between MCP-1 and MCP-3 (77%), the functional
residues can be assumed to be the same. Moreover, MCP-3
interacts with MCP-1 receptor C-C CKR-2A and -B. The
N-terminal region was found to be required for the activity,
expecially Asp 3. However, upon introduction of a charged
residue at any other position in the N-terminus, except
position 6, the activity could be restored. Tyr 28 and Arg
30 are crucial for the chemotactic activity. This is consistent
with the ability of a peptide consisting of residues—135 to

both cases these residues are essentially located in or ircompete with MCP-1 and to have chemoattractant activity

proximity of thefs sheet. No strictly conserved residues are

(Valenteet al, 1991). Moreover, Zhangt al.reported that

found in the helix. Nevertheless, the hydrophobic character Arg 24 is involved in the interactions with the receptor, since

of the helix is retained by means of conservative substitu-

tions.

a mutation of this residue drastically reduced monocyte
chemoattractant activity. Mutations in the C-terminal part,

Considering conserved and packed residues, it is clear thaiexpecially if located in the helices, decrease the monocyte
the monomer structure similarity between the chemokines chemotactic power of MCP-1. Asp 68 was also described

arises from the primary structure. A comparative analysis
of three-dimensional structures of IL-8 (Cloe¢ al,, 1990;
Baldwinet al,, 1991; Clore & Gronenborn, 1991) and hMIP-

to be involved in the activity.
All the residues described by Zhaegal. are conserved
in the MCP-3 sequence, except for Asp 3 which is replaced
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Ficure 7: Number of restraints and RMSD curve for each residue of the sequence. Sequential, medium-range, and long-range restraints
are shown twice (once for each residue it conne&sndicates intraresiduéd sequential® medium-range andl long-range restraints.

RMSD is calculated by superimposition of structure family and their average structilte: is the RMSD curve of the monomer structure,

—O—, the monomer A RMSD curve of the dimer structure, and—, the monomer B RMSD curve of the dimer structure.

80 1

o

solvent accessibility (A”2)

70

Sequence

FiGure 8: Solvent accessibility for the backbone of each residue in both the monemer-() and (- #- -) dimer structure. For the
dimer, accessibility values for each monomer are averaged.

Ficure 9: Stereoview of the & tracing of the average minimized dimer structure with aromatic (purple) and hydrophobic aliphatic (yellow)
residues involved in the relative orientation of the helix in regard with the sheet.

by a valine. Furthermore, no charged residue occurs in thecounterpart of Asp 3 are expected to be provided by site-
neighborhoods. Moreover, in MCP-3, Val 3 is buried in the directed mutagenesis experiments on MCP-3. Residues Tyr
hydrophobic close packing. Indications on the MCP-3 28 and Arg 30, being located in a cleft defined by the two
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MIP-1b

RANTES

MCP-3

IL-8

MGSA

PF-4

NAP-2

Ficure 10: Molscript stereo ribbon drawing of seven chemokine monomers: WMIR-Adi et al, 1994), RANTES (Chungt al., 1995;
Skeltonet al, 1995), IL-8 (Cloreet al, 1990; Baldwinet al, 1991; Clore & Gronenborn, 1991), MGSA/GrxdFaitbrotheret al, 1994;
Kim et al, 1994), PF-4 (St. Charlest al, 1989; Zhang, X.get al, 1994), and NAP-2 (Malkowsket al., 1995).

helices, are not accessible to the solvent. Although Arg 24 away from each other. This rearrangement would consist
points toward the helices, it is nevertheless accessible to theat the same time of a translation and a rotation, allowing the
solvent. Asp 68 is located in the C-terminal part of the exposition of the helix side containing the Asp 68.

helices and is in close interaction with Arg 30. Nevertheless, Conclusion. Two types of dimerization in the chemokine
these residues, except the Arg 24, are partially buried, andsubfamily are described thus far, i.e., IL-8 type and hMIP-
the Asp 68 is oriented toward th®sheet. They are thus 15 type. Residues of IL-8 involved in the binding of the
not accessible to the receptor. In order to allow the above- receptor would participate in intermolecular interface contacts
mentionned residues to interact with the receptor, a confor- in the hMIP-15 dimer: it is not yet clear whether chemokines
mational rearrangement of the helices should be invoked.act as monomers or dimers when interacting with their
This conformational change would occur upon interaction receptor (Clark-Lewigt al, 1991; Herberet al, 1991; Gayle
with the receptor and would cause the two helices to move et al,, 1993; Moseret al,, 1993; Clubbet al, 1994). The
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Chemokines a:

hulL-8

piglL-8

rabIL-8
huGroo/MGSA
huGrop/huMIP-2a
huGroy/huMIP-2p
moMIP-2
ratMIP-2
huNAP-2

boPF-4

huPF-4

Chemokines 8 :
boMCP-1
huMCP-1
moMCP-1/mJE
ratMCP-1
huMCP-2
huMCP-3

hul-309
huRANTES
moRANTES
huLD78p
huLD78/huMIP-1a
moMIP-1o
huMIP-1p
moMIP-1p

huG-26

Chemokines y:
moLymphotactin
huSCM-1

SAKELRCQCIKTYSKPFHPKFIKELRVIESGPHCANTEIIVKLS.
SA.ELRCQCINTHSTPFHPKFIKELRVIESGPHCENSEIIVKLV.
IGTELRCQCIKTHSTPFHPKFIKELRVIESGPHCANSEIIVKLV.
IHPKNIQSVNVKSPGPHCAQTEVIATLK.
IHLKNIQSVKVKSPGPHCQTEVIATLKK.
IHLKNIQSVNVRSPGPHCAQTEVIATLK.
VDFKNIQSLSVTPPGPHCAQTEVIATLK.
VDFKNIQSLTVTPPGPHCAQTEVIATLK.
IHPKNIQSLEVIGKGTHCNQVEVIATLK.
INPRHISSLEVIGAGTHCPSPQLLAT . KKTGRKICLDQQRPLYKKILKKLLDGDES
VRPRHITSLEVIKAGPHCPTAQLIATLK.NGRKICLDLQAPLYKKITKKLLES

ASVATELRCQCLQTLQG.
APLATELRCQCLOTLOG.
ASVVTELRCQCLQTLQG.
AVVASELRCQCLKTLPR.
VVVASELRCQCLTTLPR.

AELRCMCIKTTSG.

..EGGEDEDLQCVCLKTTSG.
EAEEDGDLQCLCVKTTSQ.

QPDAINSQVAC

QPDAINAPVTC.
QPDAVNAPLTC.
QPDAVNSPVTC.
QPDSVSIPITC.
QPVGINTSTTC.

KSMQVPFSRC.
SPYSSD.TTPC.
SPYGSD.TTPC.
APLAADTPTAC.
ASLAADTPTAC.
APYGADTPTAC.
APMGSDPPTAC.

APMGSDPPTSC

SAPMGSDPPTAC.

EGVGTEVLEESS. .
EGVGSEVSDKRT. .

.CYTFNSKKISMOQRLMNYRRVTSSK
CYNFTNRKISVQRLASYRRITSSK.
CYSFTSKMIPMSRLESYKRITSSR.
CYTFTNKTISVKRLMSYRRINSTK.
CFNVINRKIPIQRLESYTRITNIQ.
.CPREAVIFKTKL.

.CSNEGLIFKLKR.

CYRFINKKIPKQRLESYRRTTSSH
CFSFAEQEIPLRAILCYRN.TSST

CFAYIARPLPRAHIKEYFY.TSGK.
CFAYLSLALPRAHVKEYFY.TSSK.
CFSYTSRQIPONFIADYFE.TSSQ.
CFSYTSRQIPONFIADYFE.TSSQ.
CFSY.SRKIPRQFIVDYFE.TSSL.
CFSYTARKLPRNFVVDYYE.TSSL.
.CFSYTSRQLHRSFVMDYYE.TSSL.
CFSYTARKLPRNFVVDYYE.TSIL.

CVNLQTQRLPVQKIKTYIIW.EG. . .AMRAVIFVTKR.
CVSLTTQRLPVSRIKTYTI.TEGS. ..LRAVIFITKR.
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.CPKEAVIFKTIL.

CPKEAVIFKTIV.
CPKEAVVFVTKL.
CPKEAVIFMTKL.
CPKEAVIFKTKR.

CSNPAVVFVTKR.
CSNLAVVFVTRR.
CSKPSVIFLTKR.
CSKPGVIFLTKR.
CSOPGVIFLTKR.
CSOPAVVFQTKR.
CSKPAVVEFLTKR.
CSQOPAVVFQTKR.

DGRELCLDPKENWVQRVVEKFLKRAENS
NGKEVCLDPKEKWVQKVVQIFLKRTEKQQQQQ
DGRELCLDPKEKWVQKVVQIFLKRAEQQES
NGRKACLNPASPIVKKIIEKMLNSDKSN
NGQKACLNPASPMVKKIIEKMLKNGKSN
NGKKACLNPASPMVQKIIEKILNKGSTN
GGQKVCLDPEAPLVQKIIQKILNKGKAN
DGHEVCLNPEAPLVQRIVQKILNKGKAN
DGRKICLDPDAPRIKKIVQKKLAGDESAD

GKELCADPKQKWVQDSINYLNKKNQTPKP
AKEICADPKQKWVQDSMDHLDKQTQTP
KREVCADPKKEWVQTYIKNLDRNQMRSEPT...
AKGICADPKQRKWVQDATIANLDKKMQTPKTL...
GKEVCADPKERWVRDSMKHLDQIFQNL
DKEICADPTQKWVQDFMKHLDKKTQTPKL

GKEACALDTVGWVQRHRKMLRHCPSKRK
NRQVCANPEKKWVREYINSLEMS
NRQVCANPEKKWVQEYINYLEMS
GRQVCADPSEEWVQKYVSDLELSA
SRQVCADPSEEWVQKYVSDLELSA
NRQICADSKETWVQEYITDLELNA
SKQVCADPSESWVQEYVYDLELN
GRQICPNPSQPWVTEYMSHLELN
SKQVCADPSETWVQEYVYDLELN

GLKICADPEAKWVLAAIKTVDGRASTRKNMA..
GLKVCADPQATWVRDVVRSMDRKSNTRNNMA...

Ficure 11: Sequence alignment of a few chemokine primary structures. Conserved cysteines are in bold characters.

HHz 308

- QD2 688

HH1 304

FiIGURe 12: Polar stabilizing interactions between monomers in the
MCP-3 dimer between residues Tyr 28, Arg 30 and Ar¢ add
Asp 68 and Asp 68

OD2 684

the endothelial surface, thereby preventing the soluble
chemokines from being rapidly washed awiayzivo and

permitting the formation of a chemokine concentration
gradient through which the effector cells can migrate (Tanaka

et al, 1993).

In this way, the local concentration of

chemokine would be high, and the dimeric form would then

HHI 30B

HE 30B

predominate. Beyond hMIPBL RANTES has a hMIPA
dimer type (both CC chemokines), and beyond IL-8,
chemokines having a IL-8 dimer type are PF-4, NAP-2,
MGSA/Groo. (all CXC chemokines) and MCP-3 (CC
chemokines). While leukocyte specificity is coded in the
primary structure, the formation of a stable dimer requires
the presence of a specific cluster of residues on the surface
of the monomer, able to form a complementary dimer
interface.

NOTE ADDED IN PROOF

An X-ray structure of MCP-1 has recently been published

(Lubkowski et al, 1997) describing two crystal forms. In
the P form, the standard CC chemokine dimer has been
found, while in the | form, a second mode of association,
identical to the one herein described, has been described in
the | form.
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circulating concentration of chemokines (in the nanomolar
range) is well below the equilibrium constant of dimerization SUPPORTING INFORMATION AVAILABLE

so that circulating chemokines would be monomeric under

physiological conditions (Burrowst al, 1994; Paoliniet

H chemical shift assignments of MCP-3 at 1@, pH
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