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ABSTRACT:. The CC chemokine, MCP-1, has been identified as a major chemoattractant for T cells and
monocytes, and plays a significant role in the pathology of inflammatory diseases. To identify the regions
of MCP-1 that contact its receptor, CCR2, we substituted all surface-exposed residues with alanine. Some
residues were also mutated to other amino acids to identify the importance of charge, hydrophobicity, or
aromaticity at specific positions. The binding affinity of each mutant for CCR2 was assayed with THP-1
and CCR2-transfected CHL cells. The majority of point mutations had no effect. Residues at the N-terminus
of the protein, known to be crucial for signaling, contribute less than a factor of 10 to the binding affinity.
However, two clusters of primarily basic residues (R24, K35, K38, K49, and Y13), separated by a 35 A
hydrophobic groove, reduced the level of binding by-190-fold. A peptide fragment encompassing
residues 1335 recapitulated some of the mutational data derived from the intact protein. It exhibited
modest binding as a linear peptide and dramatically improved affinity when the region which adopts a
single turn of a ®-helix in the protein, which includes R24, was constrained by a disulfide bond. Additional
constraints at the ends of the peptide, corresponding to the disulfide between the first and third cysteines
in MCP-1, yielded further improvements in affinity. Together, these data suggest a model in which a
large surface area of MCP-1 contacts the receptor, and the accumulation of a number of weak interactions
results in the 35 pM affinity observed for the wild-type (WT) protein. The receptor binding site of MCP-1
also is significantly different from the binding sites of RANTES and IL-8, providing insight into the
issue of receptor specificity. It was previously shown that the N-terminus of CCR2 is critical for binding
MCP-1 [Monteclaro, F. S., and Charo, I. F. (1996Biol. Chem. 27119084-92; Monteclaro, F. S., and
Charo, I. F. (1997). Biol. Chem 272, 23186-90]. Point mutations of six acidic residues in this region

of the receptor were made to test their role in ligand binding. This identified D25 and D27 of the DYDY
motif as being important. On the basis of our data, we propose a model in which the receptor N-terminus
lies along the hydrophobic groove in an extended fashion, placing the DYDY motif near the basic cluster
involving R24 and K49 of MCP-1. This in turn orients the signaling residues (Y13 and the N-terminus)
for productive interaction with the receptor.

Chemokines are small proteins most noted for their ability into four subfamilies based on the chromosomal location of
to recruit leukocytes to sites of inflammatiaB7), although their genes and the pattern of cysteine residues which form
there is some speculation that they may also be involved in structurally important disulfide bonds. The two major
other developmental processes that exploit their ability to families are thea/CXC chemokines which chemotax neu-
control cell migration §). These proteins have been classified trophils and nonhematopoietic cells and fl€C chemokines

which recruit monocytes, T cells, eosinophils, and NK cells.
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elevated in asthmatic patients where the level of expressionpeptides simultaneously oxidized using 10% DMSO and 2%

correlates with the severity of symptoms, but can be
suppressed by immunotherai®i(24). Finally, high levels
are found in the atherosclerotic lesions of humans, and
cholesterol-fed rabbits26, 26). Treatment with MCP-1

anisole in TFA 44). Each peptide was characterized by RP-
HPLC for purity, which typically exceeded 95%. The
molecular mass of each peptide was determined using a
SCIEX API 1 electrospray mass spectrometer or a Bio-lon

neutralizing antibodies or other biological antagonists reduced 20 Plasma Desorption mass spectrometer. All masses were

inflammation in a number of animal models, including lung
granuloma 27, 28), lipopolysacharride-induced deatk9j,
glomerulonephritis30), delayed-type hypersensitivity in the
skin (31), and adjuvant arthritis in mic®). These findings
and knockouts of either MCP-1 or its receptor CCR3-

35) demonstrate that modulation of MCP-1 expression or
activity may be beneficial in treating inflammatory diseases

within £0.5 Da of the expected values.

Preparation, lIsolation, and Characterization of L1.2
Transfectants Bearing the Mutant Recep®eceptor muta-
tions were introduced into pcDNA3.1 containing an amino-
terminal flag tagged hCCR2 receptd) (ising a previously
reported PCR method). This method amplifies the region
of receptor immediately surrounding the target mutation site.

and atherosclerosis. This has encouraged significant effortsThe region amplified during the mutagenesis procedure was

to understand the mechanistic details of how MCP-1 binds

sequenced to confirm the presence of the mutation and the

its seven transmembrane G-protein-coupled receptor, CCR2absence of unintended mutations.

and to develop reagents to interfere with the interaction.

Mutant and wild-type receptor-bearing plasmids were

In the study presented here, we identified surface-exposedtransfected into L1.2 cells, an Abelson virus transformed

residues of MCP-1 which are important for binding to CCR2.

mouse B cell line obtained as a gift from E. Butcher.

Our results refine and extend conclusions from related studiesTransfection and isolation of L1.2 cells lines were carried

(36—40) by providing a comprehensive analysis of the
receptor binding site with a series of 58 mutants. We also
explore the role of the amino terminus of MCP-1 with alanine

out with lipofectamine and procedures similar to those
previously described4f). Transfected L1.2 cells were treated
with 2 mM sodium butyrate in RPMI medium at a density

scanning mutagenesis rather than truncation to complemeniof 1 x 10 cells/mL for 5.5 h to increase the level of cell

previous work that implicates this region as being critical
for binding and agonism3@, 39). Finally, we analyzed the
effect of mutations of acidic residues in the N-terminus of
CCR2. Together, these data allow us to construct a prelimi-
nary low-resolution model of the interaction between MCP-1

surface expression of the receptor. The treatment was
performed prior to all receptor quantitation, affinity deter-
minations, and cell cloning procedures. The level of cell
surface receptor expression was increased 6.9-fold, as
measured by epitope tag specific fluorescent antibody

and CCR2, which can be used to guide future mutagenesisstaining. Accordingly, the level of MCP-1 binding increased

studies of the receptor. Comparison of our results to
mutagenesis studies with Il*&nd RANTES also provides
insight into the structural basis for chemokinreceptor
specificity.

MATERIALS AND METHODS

Preparation of MCP-1 MutantsGene construction, ex-
pression, and purification of WT and mutant MCP-1,
including'®*N-labeled protein, were carried out as previously
reported 41).

Synthesis, Oxidation, and Purification of Peptidesptides
were synthesized by Multiple Peptide Systems (San Diego,
CA). Single disulfide formation was achieved by iodine
oxidation of peptides in a solution containing acetic adi@) (
Regioselective formation of double-disulfide bridges was
achieved using two orthogonally removable sets of paired
cysteine-protecting groups, trityl and methoxybenzyl. After
synthesis of peptides using traditional Fmoc-tButyl chemistry,
the trityl groups were removed from the cysteines concurrent
with cleavage from the resin using reagent K, a mixture of
TFA, phenol, water, thioanisole, and ethanedithiéB)(
Crude peptides were oxidized in solution with iodine and
purified by preparative reversed-phase HPLC (RP-HPLC).
The methoxybenzyl groups were then removed and the

1 Abbreviations: HSQC, heteronuclear single-quantum correlation
experiment; hMCP-1, human MCP-1; mMCP-1, mouse MCP-+9%
76]nMCP-1, hMCP-1 with residues-B deleted; [#10—76,7/9]hMCP-

1, hMCP-1 with residues-29 deleted and seven of nine lysines changed
to arginine or methionine (K75 and K69 are retained); WT*, hMCP-1
with a mutation of M64l; MGSA, melanoma growth stimulating
activity; IL-8, interleukin-8; RANTES, regulated upon activation,
normal T cell-expressed, and secreted; TFA, trifluoroacetic acid; GPCR,
G-protein-coupled receptor; TM-7, transmembrane helix 7.

4.1-fold (from 5100 to 21 000 receptors/cell).
Fluorescence-activated cell sorting was used to isolate
single clones and to quantify receptor expression. For flow
cytometry, 5x 1P cells were stained with &g of anti-flag
M1 monoclonal antibody (Eastman Kodak, New Haven, CT)
followed by 5.6ug of FITC-conjugated goat antibody. The
mean fluorescent intensity of receptor-bearing cell lines
compared to that of untransfected L1.2 cell controls was used
as a semiquantitative measure of the level of receptor
expression. This ratio correlates with the level of receptor
expression as measured by radiolabeled ligand receptor
binding assays (see the sodium butyrate treatment above).
Upon isolation, clones were checked to confirm the presence
of DNA encoding the desired mutation. Genomic DNA from
the clone was isolated using a QlAamp blood DNA isolation
kit (Qiagen GmbH, Hilden, Germany). The genomic DNA
was used as the template for PCR using primers encoded by
the T7 region of the pCDNA3.1 vector and ‘a@imer within
the receptor coding region,’-3AGAAGGCACAGTC-
GAGG. The PCR products were purified using Geneclean
columns (Bio101, La Jolla, CA) and then sequenced.
Binding AssayMembranes were prepared from cells that
were washed in phosphate-buffered saline and resuspended
in a 5-fold dilution of MCP buffer with protease inhibitors
and 0.2 mM EDTA. The cells were homogenized using five
strokes of a Dounce homogenizer followed by sonication;
each 25 mL aliquot was sonicated twice for 15 s at the
maximum level that does not cause foaming. DNAse was
added to a final concentration of 2@g/mL, and the
homogenate was rocked for 10 min at room temperature.
The cell debris was removed by centrifugation atG@ir 5
min. Membranes were then pelleted by centrifuging the
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supernatant for 30 min at 48090Finally, the membrane the solvent accessible surface area (SASA) from a monomer
pellet was resuspended in binding buffer. MCP buffer subunit of the experimentally determined structud; §0).

consists of 50 mM HEPES (pH 7.2), 1 mM CaCbh mM The maximum solvent accessible surface area for each amino
MgCl,, and 0.1% BSA. Protease inhibitors include 0.1 mM acid was estimated utilizing GGXGG model peptides. Using
PMSF, 1uM leupeptin, and 0.3xg/mL pepstatin. a PCR-based strategy, we mutated all residues with a SASA

The level of binding of MCP-1 mutants was measured of >33%, except for residues at the C-terminus which are
using membranes prepared from two cell lines, THP-1 and known to be unimportant for binding37). Most mutants
CCR2-CHL. For the peptides, binding was only tested in were made in the context of MCP-1 M64l, termed WT*,
CCR2-CHL cells. Each 30L assay was composed of which behaves just like WT in binding and activity assays
membranes from Xk 10° THP-1 cells or 0.5x 10° CCR2- (42). Initially, the chosen residues were individually changed
CHL cells, 50 pM [9]MCP (NEN Life Science Products, to alanine. Charged or hydrophobic residues which altered
Bedford, MA) at 1100 or 550 Ci/mmol, MCP buffer, protease binding were subsequently mutated to other residues to
inhibitors, and test protein or peptide. Equilibrium was elucidate the importance of the chemical nature of the side
achieved by incubation at 28C for 90 min. Membrane-  chain. In total, 58 mutants were constructed, expressed, and
bound [*4]MCP was collected by filtration through GF/B  purified. The average purity level was 95% based on
filters presoaked in 0.3% polyethyleneimine and 0.05% BSA, analytical HPLC.

followed by four rapid washes with approximately 0.5 mL Bindin
. L g of MCP-1 Mutants to THP-Zersus CCR2-CHL
of ice cold buffer containing 0.5 M NaCl and 10 mM HEPES Cells. The binding affinity of each of the 58 mutants was

(pH 7.4). measured with two cell types, THP-1 cells and CCR2-

THP-1 cells are a human monocyte cell line (ATCC TIP- :
transfected Chinese hamster lung cells (CCR2-CHL). Both
202) that express both CCR1 and CCR2. CCR2-CHL cells cell lines were used to assess the effect of cell background

are Chinese hamster lung cells (ATCC CRL-1657) that have on binding and ensure that measurement of THP-1 affinities

been stably transformed with an expression vector, pPSW104, .
bearing the human CCR2b receptor and a neomycin resis— oo not complicated by the presence of CCR1 recepors.

tance marker plasmid as previously describd8).(The The affinity of MIP-1o. in the THP-1 assay is' 100 nM,
P P y N while MCP-1, MCP-2, and MCP-3 compete wit values

CCR2-CHL and the THP-1-4X cells express approximately . S
10 000 CCR?2 receptors per cell. while THP-1, HEK-293- of 35, 320, and 50 pM, respectively. This indicates that we
CCR2b, and CHO-K1-CCR2b-cAMP-Luc-neo-22 cells ex- MY measure binding to CCR2 in the THP-1 assay. Figure
press approximately 5000 CCR2 receptors/cell (see below).;n‘j’jhcs)\g\‘j‘egproisﬁ]rgar:'q\:ﬁaz'tgdgnng 1'.?&??;?;?;’?5:%

NMR.One-dimensional proton spectra were collected with iqure 2. the binding affiniti f wild-t ’ nd mutant
a standard presaturation experiment to attenuate the Wate": gure <, the binding a s o ype a uta
signal. Two-dimensionatH—1N HSQC spectra were re- proteins were similar for THP-1 and CCR2-CHL cells

corded with a program that uses gradients and water flipback(ﬁorrel?lt'g n cl:(oefﬁm%n;of 0.98, _sl?lpe of 0'?]5)’ alsc|> |ndF|c_:at|n93
pulses 46) on a Bruker DMX spectrometer at 3%C. that cell background does not influence the results. Figure
Samples were approximately 1 mM at pH 5.40. THeand summarlzes.the binding dgta graphma_lly for all the mutants,
15\ spectral widths were 8090.615 and 800 Hz, respectively, SOM€ of Wh'ch are descrlbgd in .detall b.GIOW' A C.OrT‘p'eFe
with sign discrimination of aliased cross-peaks in thg tabl_e of the binding _data, |nclud_|ng replicate statistics, is
dimension. One hundred twenty-eight complex pairs were available as Supporting Information.
recorded for a total acquisition time in the indirect dimension ~ Binding Data Reeal a Number of Important Residues That
of 160 ms. Data were processed with the program AzaraAre Distributed oer a Large Surface of the Protein.
(W. Boucher, unpublished results) by zero-filling once and Structural studies have revealed that most chemokines form
apodizing with a squared sine-bell function in the direct and homodimers at micromolar to millimolar concentratioA8-
indirect dimensions. Chemical shifts were referenced indi- 54). As part of an effort to determine whether MCP-1 binds
rectly to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 25 and activates CCR2 as a monomer or dimer, we previously
°C using 3-(trimethylsilyl)propionate (TSP) to calibrate the showed that alanine substitution of Y13, a residue critical
temperature47). to formation of the dimer, had a significant effect on binding
Modeling of CCR2The model for CCR2 (Figure 8) was and activity &1). In the work presented here, we have a more
generated as follows. Sequence alignment of more than 100extensive set of mutants, but of all of the alanine mutants,
GPCRs was used to identify the hydrophobic transmembraneY13A had the largest effect on binding with a loss in affinity
regions of the human CCR2 receptor. A model of rhodopsin of 2 orders of magnitude relative to that of WT (Figure 3).
based on the bacteriorhodopsin structure was used as &lignment of MCP-1 sequences from different species
template, and the appropriate residues of the helices werg(Figure 4) indicates that Y13 is completely conserved.
mutated to the corresponding amino acid from the sequenceMutation to Phe, an alternative residue found in other CC
alignment using the program INSIGHTII (Molecular Simula- chemokines, does not affect binding. Mutation to larger (Trp)
tions, San Diego, CA). The side chains were minimized and or more polar aromatics (His) or replacement with Leu
placed in a reasonable conformation. The helices werereduced the level of binding by a factor of-22, defining
connected with appropriate loops; however, the conforma- some of the chemical requirements at this position. Others
tions of the loops are meaningless. have shown a slightly reduced affinity with mutation to lle,
consistent with these result3g). Figure 5a shows a ribbon
RESULTS diagram illustrating the location of Y13 and other residues
Mutagenesis Strategylhe surface-exposed residues of described below that produce the largest changes when
MCP-1 were identified with GRASP1.48) by computing mutated.
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vw

=100 | 0 wr , 3. The center line represents the best linear fit to the data, and the
g = outer lines represent the 95% prediction confidence limits for the
2 o K3SE* fit.

v—ll 80 - K35E*

B = K35E*+K38E* ) ) ) ) )

§ (Figure 5a) and is part of &@%helix that is present in every

= 60 chemokine structure that has been determined to date. It is
o conserved across different species of MCP-1 as well as in
”E 40 human MCP-2-4, but varies widely in other CC chemokines

2 and therefore may be involved in receptor specificity.
E 20 Mutation of R24 to Lys resulted in a protein with WT

= affinity. Mutation to Glu or GIn caused a 1600- and 28-fold
X o | | : : ) reduction in the level of binding to THP-1 cells, respectively,

107 107 107 10 100 Y10 107 100 10° suggesting that it interacts with a negatively charged residue

Chemokine (M) of the receptor.

Residue 49 is conserved as a basic Arg or Lys in different
MCP-1 species as well as most other CC chemokines (Figure
4). This residue is close to R24 (Figure 5a) on the same face

@

= 100

§ D\ of the protein. Mutation of K49 to Ala resulted in a4

2 so- 15-fold decrease in binding affinity. Replacement with an

e'-) = acidic residue has not yet been done to assess whether it is

= 60 o ept3 involved in electrostatic interactions with the receptor.

= o Pept 11 In the 30’s loop which is held in proximity to Y13 via the

8 ok & P2 disulfide bridge between C11 and C36, mutation of several

E - e residues to Ala had smalk(10-fold) but measurable effects

§ 20 on binding. This includes K35 and K38 which are largely

s conserved as basic residues in different MCP-1 species, and

2 ooy g g g Ty P37 which _is completely conse_rved in_ MCPs but pre_domi-
107 10 10 107 10° 107 nantly Ser in other CC chemokines (Figure 4). Mutation of

K35 to Glu caused a much greater reduction in affinity (69

175-fold), indicating that this residue may be involved in
THP-1 cells (A and B) by unlabeled WT* and several MCP-1 elelctrostat_lc Iﬂteractlonszr\]/v ith It(fge&ra\ec_?_ﬁtorawhglle K38tEt\.NaS
mutants and (C) by peptide fragments of MCP-1. The data shown 9Ny marginally worse then - 1he double muiation

are representative of-2L1 experiments where each data point is (K35E/K38E) showed a 266400-fold change in binding
the mean of duplicate measurements. affinity which is what one would anticipate from the single

mutations if the effects were additiveé5). Insertion of a
Additional residues which form part of the dimerization Pro between S34 and K35 reduced the binding affinity by
interface include V9 and T10. Single- and double-alanine more than 2 orders of magnitude, consistent with previous
mutants (V9A and V9A/T10A) had almost no effect on reports 40). Since Ala mutations of other residues in the
binding. However, mutation to Glu exaggerated the effects loop have no or smaller consequences, we suspect that the
and resulted in a 630-fold loss of affinity, similar to  effect of the Pro insertion is to change the orientation of

Peptide (M)
Ficure 1: Displacement of fA]MCP-1 from CCR2 expressed on

previous reports of a T10 mutation to Argq). Like Y13, key residues (Y13 and the N-terminus) which are structurally
T10 is completely conserved among MCP-1 sequences fromcoupled to the 30’s loop (see the NMR section below).
different species as well as in MCP-2 (Figure 4). Much more modest effects were observed for several other

Of the alanine mutants, R24A had the second largestresidues. In the so-called N-loop which corresponds to
impact on binding (35-fold decrease in affinity, Figure 3). residues between the first two cysteines and tHenalix,
This residue is at the opposite end of the protein from Y13 R18A and K19A showed a-23-fold decrease in binding
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Ficure 3: Summary of the binding affinity of various mutants to CCR2 on THP-1 cells and CCR2-CHL cells. The number plotted for each
mutant is (the mutariy)/(the WTKg). Each data point is the mean of at least duplicate and up to 441 replicate determinations. The relative
standard deviation of the med averages 4@ 21% for THP-1 cells and 3& 21% for CCR2-CHL cells. The mutant nomenclature is

as follows. Unless otherwise indicated, all sequences are humaté depresents full-length wild-type human MCPAL* represents a

mutant in the M64I background # indicates wild-type MCP-1 from R&D Systems, while a ## indicates wild-type MCP-1 produced as
described in Materials and Methods. Point mutations are denoted by noting the parent residue and its position followed by the single-letter
code for the residue to which the parent was changed. Deletions are indicated by inclusion of the residues present in the product protein;
thus, [H-9—76] indicates MCP-1 with residues-8 deleted. The mutant f110—76,7/9] indicates hMCP-1 with residues-2 deleted and

seven of nine lysines changed to arginine or methionine (K75 and K69 were not mutated). In other wiet@s;1@,7/9] is [1+10-76,-
K19M/K35R/K38R/K44R/K49R/K56R/K58R]IhMCP-1. Mutants with His6 appended have six histidines added to the C-terminus of the
full-length protein. Mutants preceded by an M retained the initiating methionine at the N-terminus. Dimer forms were made by the addition
of a cysteine (Cys77) to the C-terminus which was then oxidized to form a disulfide bridge between Cys77 of two correctly folded monomers.

affinity (Figures 3 and 5a). Similarly, mutation of S33A in by us @1), fails to induce chemotaxis and thus acts as a
the 30’s loop caused a—B-fold loss in affinity. All other receptor antagonist. On the other hand, extension of the
mutations of surface-exposed residues showed insignificantN-terminus by one residue, a Met which was not processed
changes in affinity (Figure 3). during bacterial expression, reduced the affinity by nearly 2
The N-Terminal Residues Contribute Little to Binding orders of magnitude (Figure 3). To further probe the role of
Affinity, and Their Exact Chemical Nature Is Also Unim- specific residues in the N-terminus, we introduced a number
portant. Previous studies have shown that the N-terminus of alanine substitutions. Previously, we showed that a P8A
of MCP-1 is critical for receptor activation. These data were mutant was identical to WT* in binding affinity and
generated by sequentially truncating residues from the aminobiological activity @1). Individual point mutations of D3,
terminus of MCP-1 and assaying for binding and receptor 15, and N6 to Ala (residues 4 and 7 are Ala in the WT
activation. One of the most interesting analogues; 9% protein) reduced the level of binding by only a factor of-2.7
76]hMCP-1, exhibits high-affinity binding (level of binding 2.8, while the triple mutant D3A/I5A/N6A was only slightly
reduced by 6 7-fold relative to that of WT in our hands; worse (2.4-4.8-fold lower than that of WT). Even a highly
Figure 3) but as reported elsewheB2,(36), and reproduced  nonconservative I5P mutation had little effect (188-fold);
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Eotaxin-1 . . ..... GEK &V AEExL ANRGAHEPARRE B. . .OAORA. BEcHERC XBH BORERLA@D . . #FARERXEO
Eotaxin-2 ... ITPROEN FR vSEREEENRY v...HA¢Ls. skErfEv@ecl HEYBExME00. .rEcBERMNED
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MIP-3a ... ... & pEELEA HPRILEPRKFYL v...@gHTRQeL ANEGEDINRE REdABR:xLE. .OERASEBRNTD
MIP-3b ... ... er EEZBV HOBPHEGYIYV R...NEEYLL IXDCERVERN UEHTHiRE®RC. .LERAPEDAPO
MIP-4 ... Kove EELVvA BEswoBBexFI v...pHSE.. EAPQENEREGH HiLERRAERS . .EEREENXDE
MIP-5 LENEVVLNSF EErEA 1sgsHBEcsLl ®...HBHFE. BEEEsEEcH HELEEXERC. .GERXEsSGPG
CcCC1 TKTESSEREP EEETH H?YEHERFBT M. . .pHAYE. BvHeEsEEGRE NEIRRRE=ES . .GETNESDOE@
cces HBEMNLBLVEE P EEEZA ErvyEEBRFE:I w...DHEYE. ByHeEsEEGH SHErHEAE R vicEpdrigdxv]
Exodus-2 .TEARTEESED A s¢erEHEAXVY R...HBARK¢H PEHLGESIEDRE LHLPRERST BEERELE
1309 ... KB8MQ B AECEHBEMRAI L...CH.QAy. DEBIMsSsvNEGL HERLKREEEE . LDEVGH
LVEC-1 rRsMEBRVEEWE ¥A YERVLERRLY V...GHA.R.. XauyEaitORE HEVEBRNKRE . NENDUE
TARC .. .... ARGT ¥l FRKGAHEMREMA X...rwWwyg.. BHEEPEsRDAE EEVHEVEERK. EERNER
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Ficure 4: Sequence alignment of MCP-1 from various species and with other CC chemokines. Sequences are shown only up to residue
70.

preparation of this mutant was motivated by the fact that in
the crystal structure of MCP-15(), residues 26 are
involved in a single turn of B-helix and insertion of Pro
would be expected to disrupt the helix. Thus, it appears that
the N-terminus accounts for very little of the 35 pM binding
affinity of the whole protein. Moreover, the chemical nature
of the residues is not critical, nor is the presence of helical
secondary structure.

Small Constrained Peptides lha Micromolar Affinities
and Reflect Some of the Important Structural Features of
the Protein.Some of the important interactions observed in
the intact protein can be recapitulated in the context of small
peptides as summarized in Table 1. Although the N-terminal
residues are required for signaling, as noted above, they
contribute little to binding affinity. Consequently, it is not
surprising that peptides corresponding to the first 10 (peptide
1) or 16 (peptide 2) amino acids are weak binders With
values of>100uM. However, a linear peptide (peptide 3)
spanning residues Y1X35 (Figure 5a, the region high-
lighted in yellow) had an affinity of 4&M, while truncation
from either end of this peptide (peptides@) caused a loss
in affinity. Constraining peptide 3 with a single disulfide
encompassing R24 (peptides 7 and 8) increased the affinity,
to 4.8-7.8 uM, probably by forcing the peptide chain to
reverse direction as in the complete protein. A similar
increase in affinity was achieved by restraining the ends of
the peptide with a disulfide that approximates the €CB6
disulfide in MCP-1 (peptide 10, Figure 5a). Introduction of
both types of disulfides improved the affinity even further;
the Kq values for peptide 11 and 12 were 2.1 and 2\,
respectively. However, mutation of R18 and R24 to Ala in
two peptides related to peptide 14 (18 and 19) caused a loss
of affinity, consistent with the protein mutational studies. Ficure 5: Molmol diagrams showing the locations of side chains
Surprisingly, smaller constrained peptides were also micro- which have the largest impact on binding. (a) MCP-1 binding to
molar binders, the best being peptide 17 which spans residue$ CR2. The region corresponding to residues 33 (peptide 3 from

. ; : a1l . Table 1) is highlighted in yellow. For comparison, (b) the receptor
N17—R30 and contains an internal disulfide surrounding R24 binding sites of RANTES for CCR5 (CCR3 and CCR1 epitopes

(Ka = 8.2 uM). These data support the importance of the haye also been reported but are not shown hé&@)dnd (c) the
first disulfide bridge, the region between residues 13 and receptor binding site of IL8 for CXCRBR, 68, 73, 74). Side chains
30, and specifically residues R24 and R18, in receptor are colored blue, red, green, and orange for basic, acidic, hydro-
binding. phobic, and other polar, respectively. The Molscript diagrams were
. generated using monomeric subunits derived from the NMR
NMR Spectra of MCP-1 Mutants Indicate That They Are structures of MCP-1, RANTES, and IL8 (PDB file names 1DOM,
Properly FoldedTo rule out the possibility that the mutations 1RTO, and 1IL8).
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Table 1: Summary of Binding Data for Peptide Fragments of MEP-1

| |
| |
PQPDAINAPVTCCYNFTNRKISVQRLASYRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT

ssss hthtsssssss ssssssss tt sss tt hhhhhhhhhhhhhh

[1-76]hMCP-1 35 pM

1 QPDAINAPVT-nh2 >100uM
2 QPDAINAPVTSSYNFT-nn2 >100uM
3 AcYNFTNRKISVQRLASYRRITSSK-nh2 48 uM
4 acYNFTNRKISVQR-nn2 >100uM
5 acNRKISVQRLASYRR-nh2 >100uM
6 AacSVORLASYRRITSSK-nh2 >100uM
7 acYNFTNRKISCQRCASYRRITSSK-nn2 4.8uM
8 AcYNFTNRKI S_C_!QRLASERRITSSK—nhz 7 .8uM
9 acYNFENRKESVQRLASYRRITSSK-nn2 49 uM
10 AcYEFTNRKISVQRLASYRRITESK—nm 4. 7uM
11 acYCFTNRKISCORCASYRRITCSK-nn2 2.1uM

|
| |
12 ACYEFTNRKISEQRLASERRITESK—NHZ 2.0uM
| |
| |

13 AcNRKISEQREASYRRITSSK—nhz 7.7uM
14 acYNETNRKI SEQR_C_ASYRR—nhz 10.8uM
15 acNRKCSVQRCASYRR-nh2 23.0uM
16 AcNRKISEQRLASERR—nhZ 17.9uM
17 acNRKCSVQRLASCRR-nh2 8.2uM
18 AcYNFTNAKI SEQR_C_ASYRanhz 20. 6uM
19 acYNFTNRKIT S_C_QAEASYRR—nhz 72.2uM

aThe level of binding was measured on CCR2-CHL cells. The repdtiadliues are the average of triplicate measurements. In the singly cyclic
peptides, the underlined residues are disulfide bonded together except in peptide 9 which is linked by an amide bond. Brackets show the bonding
pattern for all doubly cyclic peptides. The secondary structure of MCP-1 as derived from NMR and crystallographic studies is shown under the
wild-type sequence with the following designations:Sssheet; ht, helical turn; and l-helix.

cause major structural perturbations, we recorded one-aggregation state of the protein; Y13A{2—76]hMCP-1,
dimensionatH and two-dimensiondH—°N HSQC spectra  and P8A are all monomeric at high concentratioh$) (n
of WT* and mutants that had the largest impact on binding contrast to WT and other mutants which form dimers. We
(R24A, K49A, K35A, 34P35, Y13A, [+9—76]hMCP-1, and previously demonstrated that P8A has wild-type binding
T10E). From these experiments, line widths, spectral disper-affinity and activity, indicating that MCP-1 binds CCR2 as
sion, the number of cross-peaks, and particularly differencesa monomer 41). This suggests that the minor change in
in chemical shifts can be used to assess the degree othemical shift does not reflect a structural perturbation that
structural change. In all cases, the spectra were well- affects binding. On the basis of the similar chemical shift
dispersed, indicating that the mutations do not cause mis-for 34P35, we predicted and subsequently confirmed that it
folding of the protein. The one-dimension# spectra of is also monomeric (data not shown). Thus, it appears that
several variants (R24A, K49A, K35A, and T10E) exhibited the conformation of the 30’s loop can be transmitted to the
two upfield-shifted resonances with chemical shifts identical dimerization interface by virtue of the disulfide bond between
to those observed in WT*, which were previously assigned C11 (in the dimer interface) and Cys36 in the 30’s loop.
to y-methyl protons of V60 and V4149Q). These residues  34P35 also has a 0.31 ppm upfield shift of the \f4dmethyl
are shifted because of their close proximity to F43 in the proton not seen in any of the other mutants, indicating
core of the protein. Since the extent of the shift is very additional structural change in the protein core. However,
sensitive to the distance and orientation from the aromatic this is not surprising given that it is a nonconservative
ring, preservation of the WT chemical shifts suggests that insertional mutation.
the core structures of these mutants are very similar to WT*. The HSQC spectra were also well-dispersed and cor-
For Y13A, [1+9—76]hMCP-1, P8A, and 34P35, the- roborate conclusions from the one-dimensional spectra. For
methyl protons of V60 were shifted downfield by 0.05 ppm analysis of the HSQC data, mutant proteins were divided
relative to those of WT*, indicating a small perturbation of into two groups according to their oligomeric state. Spectra
core structure. Interestingly, this shift correlates with the of dimers were compared to the spectrum of the WT* protein,
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FIGURE 6: Representative subspectra fréif—15N HSQCs of (a) WT* and (b) R24A. The similarity in the patterns of cross-peaks reflects
the structural integrity of the mutants.

described above, the T10E mutation impacts residues in the
30’s loop and mutations in the 30’s loop affect residues in
the dimerization interface. However, the consistency of

Table 2: Summary of Chemical Shift Changes in the HSQC
Spectra of Several Mutarits

Dimeric Variants

mutant  no chande shifted® not found chemical shifts throughout the rest of the protein suggests
T10E 36resonances R29, S33, 142, F43,K44 T10, C11, R30 that all of these mutants retain the WT structure with only
R24A 42 resonances L25 R24 small local perturbations.
K3S5A 36 resonances \gg}(oéé: 11, N14, F15-36 As for the one-dimensional spectra, the mutants that
K49A 4lresonances T45, V47 K49 exhibit significant differences in the HSQC spectra relative
Monomeric Variants to that of WT* are those that are monomeric. For these
mutant no change shifted not found mutants (Y13A, 34P35, P8A, and B—76]hMCP-1),
[1+9-76] 42resonances T45, 146, K49, I51,A4, I5 significant changes are expected due to the loss of extensive
W59 contacts at the dimerization interfacg&l]. However, all of
Y13A 39 resonances T32, S33, E39, TAX13, N14, F15, the spectra are very similar to the spectrum of P8A (Table
146, 151, W59 K35 :
34P35  33resonances F15, 131, S33, 142Y13, N14, R30, 2). Backbone (R, **N, Co, and (§) assignments have been
F43, T45, 146, T32, K35, E39 made for P8A (L. Mizoue and T. Handel, manuscript in
151, C52, A53 preparation), 50 of which could be transferred to the other

a For dimeric variants, the data indicate that the structures are nearly Mutants as probes of structure. Most probes were unshifted
identical to WT* as chemical shift changes are localized to residues in relative to P8A (Table 2). This indicates that apart from dimer
the immediate vicinity of the site of mutation. For the monomeric formation. the mutations do not perturb structure to any

variants, chemical shift changes relative to WT* are more extensive _. .. P
because of the loss of contacts at the dimer interface. Nevertheless, al§|gmflcant extent, and the_eﬁeCts on blndmg can be safely
monomeric mutant spectra resemble P8A, a variant which has wT attributed to the loss of direct contacts with the receptor.

binding affinity and activity, indicating these proteins are also properly The exception is 34P35 which is well-folded but may have
folded.® Compared to WT*, 44 resonances are suitable for unambigu- some conformational differences that compromise the ori-
ous comparisort Compared to P8A*, 50 resonances are suitable for entation of key residues, such as Y13 or the N-terminus
unambiguous comparison. . : . TR

with the receptor, accounting for its large reduction in binding

while spectra of monomeric variants were compared to the NIty

spectrum of P8A. Of the dimers, we have complete resonance Amino-Terminal Mutations of the MCP-1 Receptor, CCR2,
assignments only for the WT proteidq). Nevertheless, it ~ Suggest Important Features of the Receptdgand Interac-

was possible to transfer assignments of 44 residues from thetion. Because most of the residues that contribute signifi-
WT spectrum to that of WT* and the other dimeric mutants. cantly to binding affinity are basic, we examined the receptor
These are dispersed throughout the protein and serve agor acidic residues which might be involved in electrostatic
probes for structural perturbations in local and remote regionsinteractions with the ligand. There are 13 negatively charged
of the mutations. Figure 6 shows representative subspectraesidues in the extracellular domains and transmembrane
of WT and R24A to illustrate the similarity in the patterns helices of CCR2. Five of these are located in the amino
of chemical shifts. For R24A, K49A, T10E, and K35A, the terminus in a stretch of 14 amino acids (residues-28).
largest chemical shift changes are largely localized to the This region features two clusters of negatively charged
region of the mutation (Table 2). For example, in the HSQC residues separated by a hydrophobic region (sequence being
subspectra of R24A (Figure 6b), the only difference from ESGEEVTTFFDYDY) that complements the two basic
WT* is a slight shift of L25. Elsewhere in the spectra, R24 patches separated by a hydrophobic groove on MCP-1. Since
is missing and 120 is slightly shifted. Because of the apparent the receptor N-terminus has been shown to be an important
coupling between the dimerization interface and the 30’s loop ligand binding determinant by mutagenesis for CXCR1 and
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Table 3: Summary of Acidic to Ala Mutations in CCR2

Kg (nM)2 fluorescence intensity no. of receptors per cell
mutant meant SD N mean+ SD N mean+ SD N Kq ratio (mutant/WT)
WT 0.06+ 0.01 8 302+ 147 10 2100Gt 8000 7 1.0
D36A 0.04+ 0.01 3 74+ 20 3 6000+ 1000 3 0.7
D25A/D27A >3 4 15+1 3 uTme 4 >50
E15A/E18A/E19A 0.12+ 0.05 3 240+ 55 3 11000+ 2000 3 2.0

aK,4 values were determined via saturation binding usid]MCP-1. ® Shown is the fold increase in fluorescence intensity of the transfected
cell line over that of the untransfected L1.2 control lir@wo stable populations were present. The mean fold increase of the more brightly
fluorescent population is shown. The two populations were present after two rounds of single cell dahiiymeans unable to measure, since
saturation was not achieved at 3 nM]MCP-1.
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FiGUure 7: Two views of MCP-1 highlighting the residues which interact with CCR2. (Left) CPK model with residues which do not affect
binding (or were not mutated) shown in pink. The eight N-terminal residues which together contribute less than a factor of 10 to binding
affinity, but are important for signaling, are shown in yellow. Basic residues (K18, K19, R25, K35, K38, and K49) are shown in blue;
hydrophobic residues, Y13 and P37, are shown in green. C11, F15, T16, and 151 are shown in gray; these residues were identified by NMR
(L. Mizoue and T. Handel, manuscript in preparation) and cluster in the hydrophobic pocket bounded by the basic residues and Y13 (see
the text). (Right) Surface electrostatic model illustrating the hydrophobic groove which extends between the two patches of basic residues.
Electrostatic potentials were calculated within GRASB) (Using the PoissonBoltzmann equation and are indicated by blue for positive

and red for negative.

-2 (56, 57), CCR2 (), and DARC §8), and by NMR for molecular details of how chemokines bind and activate their
CXCR1 (9, 60), CX3sCR1 (61), and CCR2 (L. Mizoue and  receptors remain incomplete. Here we have undertaken a

T. Handel, manuscript in preparation), we mutated the comprehensive mutagenesis study of MCP-1 to determine
charged N-terminal residues in CCR2 to Ala, and examined which residues are important for binding. Mutants which had

their impact on binding. a significant effect on affinity weréN-labeled and char-

Table 3 summarizes the binding affinities of the mutant acterized by one-dimensionad and two-dimensionaiH—
receptors. A triple mutant containing E15, E18, and E19 is >N HSQC spectra to ensure that the mutations did not cause
clearly unimportant for binding as the affinity for MCP-1is  structural perturbations. In all cases, chemical shift changes
only 2-fold higher than that of the wild-type receptor. The were localized to the site of mutation. Therefore, we can be
affinity of the single-point mutation of D36A is 0.7-fold  certain that the indicated residues make direct contacts with
lower than that of the wild-type receptor, again an insignifi- CCR2.

cant change. In contrast, the double mutant D25A/D27A has  pcp-1 Binding Surface As Suggested by Mutagenesis,
no measurable affinity up to 3 nM MCP-1. This change of Peptide Studies, and NMR Dafgigure 7 shows CPK models
at least 50-fold in binding affinity is highly significant and 4 pcp-1 highlighting the residues which showed the largest
d_em_onstrates the importance of these residues in ligandgffects on binding. Apart from the N-terminal region, the
binding. data define two patches of primarily basic residues which
DISCUSSION are separated by apprqximately 35 A Together with the
N-terminus, these mutations account for approximately 50%
A number of studies have identified residues in chemo- of the binding affinity for the receptor. Therefore, the affinity
kines that are important for receptor interaction, but the which is not accounted for must come from interactions with
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backbone atoms, the structurally important cysteine residues,of bioactivity (K. Jarnagin et al., manuscript submitted for
or hydrophobic interactions with apolar residues that were publication) which is consistent with previous reports that
not mutated because such mutations would probably alterextension with Ala completely impairs chemotaxi39).
protein structure. One candidate region is a shallow hydro- These effects may occur by a steric mechanism whereby the
phobic groove that spans the two basic clusters (Figure 7).additional Met prevents the critical N-terminal residues from
We have evidence from NMR studies (L. Mizoue and T. making productive contacts with the receptor. Following the
Handel, manuscript in preparation) that several residues inobservation that one can modulate signaling without signifi-
this groove, particularly C11, F15, T16, and 151, make cantly interfering with binding, Simmons and co-workers
contacts with the N-terminus of the receptor, which was made a chemically derivitized form of RANTES (aminooxy-
previously identified as an important binding determinant pentane-RANTES) which retains nanomolar affinity but is
in CCR2 (). Additional residues ranging from the dimer a potent receptor antagonist of CCR¥s). The similarity in
interface at one end of the molecule to R18 and K19 at the the consequences of Met extensions of MCP-1 and RANTES
other end are also perturbed in the NMR studies, suggestingsuggests that aminooxypentafdCP-1 might also function
that the receptor N-terminus spans the surface of MCP-1 inas a receptor antagonist of CCR2.
an extended fashion. This hypothesis is supported by the For each of these proteins, particularly MCP-1, much of
recently determined structure of a complex between the the binding energy comes from the core domain (everything
receptor N-terminus of CXCR1 and IL-8&(). excluding the N-terminus). Of the surface-exposed residues
Comparison to Other Chemokinésn important question  in MCP-1, Y13 contributes the most to binding affinity. The
is how chemokines discriminate between different receptors corresponding residues in RANTES and IL-8 are F12 and
because all structurally characterized chemokines have veryl10, respectively; mutation of these to alanine caused 5000-
similar tertiary structures. Thus, specificity must be due to and 100-fold reductions in affinity for CCR3/CCR5 (RANTES
a combination of subtle conformational and sequence dif- receptors) and CXCR1 (IL-8 receptor), respectively. Thus,
ferences. With such an extensive mutational analysis, we areresidues immediately following the first two cysteines may
now in a position to address the issue of specificity by be a common recognition element in chemokines. Like Y13
comparing the CCR2 binding site of MCP-1 to the binding in MCP-1, F12 is buried in the dimer interface of RANTES,
surface of other chemokines. Figure 5 shows ribbon diagramsand it was postulated that the dimer could be the active
of MCP-1, RANTES, and IL-8, with residues that are species for binding to the recept@3j. However, we feel
important for binding highlighted according to charge and that this is unlikely because we previously demonstrated that
hydrophobicity. From a cursory inspection, one can see thata P8A mutant of MCP-1 is as active as WT, even though it
there are some similarities but also significant differences does not dimerize4(). Therefore, these residues probably
in the chemical nature and distribution of residues that directly contact their receptors in the context of the monomer
constitute the binding sites. structures. This further implies that to bind and activate their
In all three cases, N-terminal residues are important for receptors, subunit dissociation must be required for MCP-1
binding and particularly receptor signaling. For MCP-1, we and RANTES. This contrasts with IL-8 which does not
have shown that the amino terminus contributes little to require subunit dissociation for binding&), presumably
affinity and that the exact sequence is not important; mutation because 110 is not involved in formation of the IL-8 dimer.
of D3, N6, and |17 altered the level of binding by less than  Additional hydrophobic residues in the so-called “N-loop”
a factor of 5, and deletion of eight or nine residues at the (residues between the second cysteine andhkedix; i.e.,
N-terminus reduced the level of binding by 7-fold. residues 1320 in MCP-1) have been shown to be important
However, the deletion has been shown previously to com- for IL-8 receptor binding and for determining the specificity
pletely inhibit chemotaxis32, 37). Nevertheless, the triple  of MGSA for IL-8 receptors CXCR1 and -&7). The key
mutant D3A/N6A/I7A retains the ability to drive chemotaxis residues in IL-8 include Y13, F17, F21, and 12&7( 68).
(K. Jarnagin et al., manuscript submitted for publication). These cluster to form a large hydrophobic pocket well
Taken together, these data suggest that the presence of aeparated from the ELR motif (Figure 5c). In RANTES, two
polypeptide chain of the correct length is the most critical hydrophobic residues (115 and L19) also contribute signifi-
requirement. By contrast, the precise ELR motif of IL-8 (E4, cantly to binding CCR5; mutation to Ala caused~&000-
L5, and R6; Figure 5c¢) has been known to be crucial for the fold reduction in affinity 63). For MCP-1, mutation of many
interaction with CXCR1 and -2. Ala mutations of any one of the N-loop residues had little or no effect. Small changes
of these residues causes a Ha@00-fold loss in affinity, were observed for two basic residues, R18 (demonstrated
and the triple mutant is completely inactive in calcium assays primarily by peptide 18, Table 1) and K19 (Figure 3). Other
(62). Likewise, RANTES binding to CCR5 (Figure 5b) is  buried hydrophobic residues in the MCP-1 N-loop were not
dependent on the presence of P2; mutation to Ala results inmutated because they were expected to affect folding of the
a 5000-fold loss of affinity §3) and virtually no calcium protein. However, as previously mentioned, we have NMR
response. Thus, the chemical nature of these residues anévidence (L. Mizoue and T. Handel, manuscript in prepara-
how much they contribute to affinity are entirely different tion) that F15 and T16 (and 151) interact with the N-terminus
among these three chemokines. of the receptor (not shown in Figure 5a). Interestingly, T16
One similarity between RANTES and MCP-1 is that is highly conserved across different MCP-1 sequences and
extension of the N-terminus by a methionine leads to a is the equivalent of 115 in RANTES. We have also
reduction in affinity [95-fold for MCP-1 (Figure 3) and 10 demonstrated a qualitatively similar interaction of the N-
15-fold for RANTES]. In the case of RANTES, the resulting terminus of CXCR1 with this region of fractalkine by NMR
protein acts as a receptor antagon®)( Elsewhere, we  (61). Likewise an N-terminal peptide of CXCR1 was shown
show that in MCP-1, the Met also causes a significant loss to bind to the N-loop of IL-8 %9, 60). Thus, the N-loop
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may be a common recognition element involved in chemok-
ine—receptor interactions, but the nature and distribution of
the residues may impart specificity.

Following the N-loop and immediately adjacent to thé 3
helix, R24, a completely conserved residue in MCP-1
sequences, had the second largest impact on binding to CCR2
(Figure 5a). The corresponding residue in IL-8 is 1B3)(
which altered binding to the IL-8 receptor by approximately
the same magnitude (Figure 5c). Thus, this may also be a
binding and specificity-determining position in many chemo-
kines. Basic residues in MCP-1 (K35, K38, and K49) are
also important for binding and cluster together in two patches
that are separated by a hydrophobic groove (Figures 5a and
7). Although extensive mutagenesis has been carried out on
IL-8, analogous basic motifs have not been reported. Overall,
it appears that the receptor binding site on IL-8 (Figure 5c)
is significantly more hydrophobic than that on MCP-1
(Figure 5a).

Interaction with the Receptoin light of the basic and
hydrophobic binding surface illustrated in Figure 7, the work
by Monteclaro and co-workers which demonstrates the
importance of the CCR2 N-terminu%)( NMR data which
show that the CCR2 N-terminus interacts with a large surface
area of MCP-1 (T. Handel and L. Mizoue, manuscript in
preparation), and the complementary acidic and hydrophobic
nature of the CCR2 N-terminus, we mutated acidic residues
in the receptor to further test ideas about the ligareteptor
interaction. In particular, the sequence 15-ESGEEVTTFFDY-
DY-28 contains two clusters of acidic residues separated by
several hydrophobic residues. Simple molecular docking of
this sequence in an extended conformation onto MCP-1
suggested that the peptide could span the 35 A between the
two basic patches, allowing interaction of the basic residues
of the ligand and the acidic residues of the receptor. The
mutational analysis demonstrated the importance of D25 andricure 8: Low-resolution model for the interaction of MCP-1 with
D27 for the receptorligand interaction. However, E15, E18, CCR2. A monomeric subunit of MCP-1 from the crystal structure

E19, and D36 do not appear to play a significant role. is shown in light blue. A model of CCR2 is shown in gray. Side
interestingly, D25 and D27 are part of a DYDY motit  ShanS fihe DY seduence e eceptorfterminus and D2se
which is a signature sequence for tyrosine sulfation. This iS k49 of MCP-1 (dark blue) are docked in close proximity to the
a post-translational modification which occurs at the N- DYDY sequence of the receptor. K35 (dark blue) of MCP-1 is
terminus of CCR5 and is important for both chemokine shown in close proximity to D284 of the receptor. The side chains
binding and HIV infection 9). Tyrosine sulfation could ~ ©f K58 and HE6 (dark blue) are shown pointing away from the
| mechanism for achieving specificity in receptor, allowing for possible interaction with glycosaminoglycans
sErve ?(S a generta i Wheth g sp b ){th on an endothelial cell surface. The key signaling residues (Y13
chemokine-receptor recognituon. ether one or DOIN  and the N-terminus) are shown in green.
tyrosines in CCR2 are sulfated and whether mutation of D25
or D27 affects binding directly, or indirectly by affecting We also introduced mutations of two other negatively
sulfation, is under investigation. US28, a viral chemokine charged residues into the receptor, D284A and E291A at

that binds MCP-1, also has a DYD sequence, suggesting thathe top of TM-7. These mutations affected MCP-1 binding

H66 RZ24

at least the first tyrosine in CCR2 may be important: by factors of 4.7- and 8.5-fold, respectively, and also

impaired small molecule antagonist binding (T. Mirzadegan
CCR2(19-32): EVTTFFDYDYGA PC et al., manuscript in preparation). While we cannot rule out
US28(9-23): ELTTEFDYDDEATPC the possibility that the mutations cause structural perturba-

tions of the receptor and indirectly affect binding, it is
In any event, it is likely that the acidic DYDY sequence possible that one of these acidic residues interacts with K35,
interacts with one of the basic patches of the ligand. We at the opposite end of the hydrophobic groove from R24
suspect that the interaction is with R24 and K49, and to a and K49.
lesser extent with R18 and K19, because of their relative At this point, we can only construct a very crude model
orientations and contributions to binding affinity as deter- of the interactions we have observed, but such a model can
mined from mutagenesis and peptide studies. Recall that anbe used to generate hypotheses and guide further mutagenesis
R24E mutation also significantly decreased the level of and structural studies. In Figure 8, we illustrate the MCP-
binding, implicating R24 in an interaction with a negatively 1—receptor complex using a monomer of MCP-1, since
charged residue. previous studies demonstrated that a monomeric mutant had
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wild-type binding affinity and activity 70). Included in the
model is the interaction of the receptor N-terminal DYDY
motif and the basic patch, including R24 and K49 on MCP-
1, an interaction of which we are fairly confident. Our NMR

11.

data suggested additional interactions between residues from 1o

the receptor N-terminus and the hydrophobic groove of
MCP-1. The most likely candidates are residues preceding
(VTTFF) or following (GAPC) the DYDY motif, which we
are testing. In the model, we have placed K35 of MCP-1 in
close proximity to the charged residues of TM-7, although
this remains to be proven. Whether the interaction of the
crucial signaling residues (Y13 and the N-terminus of MCP-
1) occurs within the helices or with the extracellular loops

of the receptor, and where, also remains to be determined.

Finally, two residues which have been identified as important
for binding to glycosaminoglycans (GAGs) have been
included {1).

In summary, these studies are beginning to illuminate some
of the similar and distinguishing molecular features of
chemokine-receptor recognition. On the ligand side, the
hydrophobic groove formed by the N-loop appears to be a
common binding determinant for CC, CXC, and £X
chemokines, while the N-terminus controls signaling. On the
receptor side, the N-terminus appears to bind into the N-loop
pocket of the ligand, and at least in the case of RANTES
and MCP-1, DY motifs are utilized. Interestingly, the
receptor N-terminus also seems to be important for the
unrelated GPCR, C5A7Q). Despite these common recogni-
tion elements, the chemical details of the receptor binding
sites are very different as is the nature of residues required
for receptor signaling (K. Jarnagin et al., manuscript submit-
ted for publication). This bodes well for exploiting these
differences in targeting specific receptors with antagonists
in the treatment of inflammatory diseases.

SUPPORTING INFORMATION AVAILABLE

Table of the binding data, including replicate statistics.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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