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Poxviruses express a family of secreted proteins that bind with
high affinity to chemokines and antagonize the interaction with
their cognate G protein-coupled receptors (GPCRs). These viral
inhibitors are novel in structure and, unlike cellular chemokine
receptors, are able to specifically interact with most, if not all,
CC-chemokines. We therefore sought to define the structural
features of CC-chemokines that facilitate this broad-spectrum in-
teraction. Here, we identify the residues present on human mono-
cyte chemoattractant protein-1 (MCP-1) that are required for high-
affinity interaction with the vaccinia virus 35-kDa CC-chemokine
binding protein (VV-35kDa). Not only do these residues correspond
to those required for interaction with the cognate receptor CCR2b
but they are also conserved among many CC-chemokines. Thus, the
results provide a structural basis for the ability of VV-35kDa to
promiscuously recognize CC-chemokines and block binding to their
receptors.
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The directed migration of leukocytes into areas of inflammation
or infection is an integral feature of the immune response. This

process is coordinated by chemokines, a class of chemotactic
cytokines that are secreted in response to a wide variety of
inflammatory stimuli (1–3). Chemokines are divided into four
families based on the pattern of cysteine residues (C, CC, CXC, and
CX3C), and they exert their effects by binding and signaling through
seven transmembrane G protein-coupled receptors (GPCRs) on
the surface of leukocytes. Although the molecular details remain
unclear, mutagenesis and NMR studies have revealed some of the
structural requirements for receptor binding and activation (4–15).
Collectively, these studies support a hypothesis whereby chemo-
kines activate their receptor through a putative two-step mecha-
nism. One important feature of the interaction involves epitopes
scattered on the face of chemokine opposite the C-terminal helix,
and contacts between this face and the N terminus of the receptor
(6, 7, 11, 14–18). A second interaction is mediated by the disordered
N-terminal region of chemokines preceding the first disulfide motif,
which has been shown to be necessary for receptor activation (5, 6,
8, 9, 12, 14, 15, 19–22).

Given that chemokines are so crucial to the host immune
response, it is not surprising that viruses have evolved several
strategies to manipulate or interfere with chemokine function
(23–25). Poxviruses express a family of secreted proteins collec-
tively known as the T1y35kDa CC-chemokine-binding proteins
(CBPs) (26). These CBPs, which include the leporipoxvirus T1
and the orthopoxvirus 35-kDa proteins, bind with high affinity
to many CC-chemokines from different species and competi-
tively inhibit their interaction with their cellular receptors (26–
30). Perhaps the most remarkable characteristic of these poxvi-
rus CBPs is that they bear no resemblance to any known
chemokine receptor or GPCR and that they have no known
mammalian homologues. Whereas the crystal structure of the
cowpox virus p35 CC-chemokine binding protein (CPV-p35) was
recently determined (31), the manner in which this family of

proteins is capable of promiscuously interacting with CC-
chemokines remains unknown. Given their broad-spectrum abil-
ity to interact with so many CC-chemokines, we hypothesize that
these poxvirus chemokine inhibitors recognize common struc-
tural features shared by most CC-chemokines.

In an effort to better understand the molecular nature of these
interactions, we sought to identify epitopes on the surface of a
CC-chemokine, monocyte chemoattractant protein-1 (MCP-1),
that contribute to the binding to the VV-35kDa (vaccinia virus
35-kDa protein) CC-chemokine binding protein. Using a panel
of deletion and site-directed MCP-1 mutants (6, 8, 32), we
identified several residues that contribute to the high affinity
interaction with VV-35kDa. Because these mutants were previ-
ously screened against CCR2b, it was also possible to compare
the regions of MCP-1 that are involved in binding the viral
inhibitor vs. the host receptor. This study reveals that VV-35kDa
recognizes similar epitopes on MCP-1 that are important for
binding to and signaling through CCR2b, demonstrating the use
of common determinants by structurally distinct proteins.

Materials and Methods
Preparation and Characterization of Human MCP-1 Mutants. MCP-1
mutants were generated as described (6, 8, 32). All mutants were
made in the context of MCP-1 M64I, which has been shown to
behave identically to wild-type in binding assays to CCR2b.
Kinetic parameters of wild-type MCP-1 (wtMCP-1) and M64I
with respect to binding VV-35kDa are indistinguishable (data
not shown). Mutants that had a large impact on binding to
CCR2b (T10E, R24A, K49A, K35A, 34P35, and Y13A) were
previously analyzed by NMR to verify that effects on binding
were directly due to the mutation rather than indirect effects of
structural perturbations (6).

Expression and Purification of Baculovirus-Expressed VV-35kDa Pro-
tein. VV-35kDa was expressed in a recombinant baculovirus
system. Briefly, plasmid pCMVVL35-2 containing the gene
encoding the vaccinia virus (strain Lister) 35kDa CC-chemokine
binding protein was digested with BamHI, and the fragment was
inserted into BamHI-digested pBacPAK1 (CLONTECH). To
generate the recombinant virus, Spodoptera frugiperda (Sf-21)
insect cells were cotransfected with Bsu36I-digested BacPAK6
viral DNA and pBacPACV-35K, following manufacturer’s in-
structions (CLONTECH). To generate baculovirus-expressed
VV-35kDa, Sf-21 cells grown in SF-900 serum-free medium
(GIBCOyBRL) were infected with recombinant baculovirus
expressing VV-35kDa. Supernatants from baculovirus-infected
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cells containing VV-35kDa were harvested 2 days postinfection
and subjected to two rounds of anion exchange chromatography
followed by size exclusion chromatography (HitrapQ, MonoQ,
Superdex200 10y60; Amersham Pharmacia). Fractions were
pooled, concentrated, and found to be .95% pure by silver-
stained SDSyPAGE. To assess the molecular mass and oligo-
meric state of the baculovirus-expressed VV-35kDa protein,
VV-35kDa was also subjected to a calibrated Superdex 200
16y60 size exclusion column.

Biomolecular Interaction Analysis Using Surface Plasmon Resonance
(SPR). VV-35kDa was immobilized by using standard amine-
coupling chemistry (33) to a level of '300 response units (RU;
300 pgymm2) onto a CM5 chip using a BIAcoreX biosensor
(BIAcore, Uppsala). VV-35kDa-Fc fusion protein (R&D Sys-
tems) was immobilized via amine-coupled protein A. Chemo-
kines were serially diluted in running buffer HBS-EP [10 mM
Hepes, pH 7.4y150 mM NaCly3 mM EDTAy0.005% polysor-
bate 20 (volyvol)]. For association phases, 100 ml of chemokine
was injected at a fast f low rate (100 mlymin) over both flow cells,
and dissociation phases were monitored for up to 200 s by
injecting HBS-EP. Surface regeneration was achieved by using
10 mM acetate, pH 4.0. Sensorgram deviations introduced by
system noise were removed by using a second referencing
sensorgram made from a 100-ml HBS-EP injection (34, 35). Data
were globally analyzed with the analysis software BIAEVALUA-
TION 3.0 (BIAcore) using a 1:1 mass transport model. Three sets
of sensorgrams of four different concentrations (typically 0.93,
2.8, 8.3, and 25 nM) were each fit independently, and kon and koff
were determined for each set. The equilibrium dissociation
constant was determined by using the relationship between the
mean values for kon and koff (KD 5 koffykon). To demonstrate
reproducibility, sensorgrams of four concentrations of wild-type
or mutant MCP-1, each performed in triplicate, were overlaid
(Fig. 1). As a general criterion to assess the relative contribution
of the mutations on binding of MCP-1, the difference in Gibb’s
free energy was determined (DDG 5 RT ln(KD(mut)yKD(wt)),
where R is the gas constant and T is 298 K). Single alanine
mutations that resulted in a DDG that exceeded 0.5 kcalzmol21

were considered contact points that contribute to the interaction.
Stoichiometry of MCP-1 binding the VV-35kDa-Fc was

assessed by using the following equation: Rmax 5 Mr(MCP-1)y
Mr(VV-35kDa-Fc) 3 RU(VV-35kDa-Fc bound) 3 valency. Rmax is the

mass of bound MCP-1 (in RU) at saturation, Mr(MCP-1) and
Mr(VV-35kDa-Fc) are the relative molecular masses of monomeric
MCP-1 (8000) and dimeric VV-35kDa-Fc protein (114,000),
respectively, and RU(VV-35kDa-Fc bound) is the amount of immo-
bilized VV-35kDa-Fc protein (200 RU).

Results
Surface Plasmon Resonance Demonstrates That Wild-Type MCP-1
Binds VV-35kDa with Picomolar Affinity. The CPV-p35 CC-
chemokine inhibitor crystallized as a homodimer, in contrast to
observations that suggested it exists as a monomer in solution
(31). To determine the oligomeric state of baculovirus-expressed
VV-35kDa, size exclusion chromatography demonstrated that
the protein behaves as a homogeneous monomer with a molec-
ular mass of '27 kDa (theoretical Mr of VV-35kDa is 27,828),
whereas SDSyPAGE showed VV-35kDa migrating to 31 kDa
(not shown). The smaller size of baculovirus-expressed VV-
35kDa compared with the protein expressed in mammalian cells
(35–40 kDa) reflects a lower level of glycosylation in insect cells
as determined by glycosidase treatments (not shown).

Binding studies using VV-35kDa and other members of the
T1y35kDa family of proteins with CC-chemokines demon-
strated affinities in the low picomolar to nanomolar range
(27–29). Using SPR, we determined that wild-type human
MCP-1 binds VV-35kDa with rapid association kinetics (kon 5
5.6 3 107 M21zs21) and reasonably slow dissociation kinetics (koff
5 1.9 3 1022 s21), yielding a calculated KD of 339 pM (Fig. 1 A).
This KD was used as the reference for all MCP-1 mutants, which
had affinity constants ranging from 143 pM to no discernible
binding (Table 1, Fig. 2).

To assess potential steric effects caused by direct immobilization
of VV-35kDa to the CM5 chip, VV-35kDa-Fc fusion protein was
noncovalently immobilized to protein A on a CM5 chip (not
shown). Kinetic analysis demonstrated that the VV-35kDa-Fc
protein interacts with wtMCP-1 with an association rate and
dissociation rate of 1.33 3 107 M21zs21 and 1.72 3 1022 s21,
respectively. The resulting KD of 1.29 nM is a result of a 4-fold
slower kon compared with VV-35kDa whereas koff is similar for both
proteins. The absence of any dramatic difference in binding MCP-1
by the two forms of the viral protein suggests that there are no
severe effects caused by directly immobilizing VV-35kDa.

VV-35kDa Protein Monomer Binds Monomeric MCP-1. Many chemo-
kines form homodimers or oligomers at high nanomolar to
micromolar concentrations (36–39) whereas others exist strictly
as monomers (40–44). For IL-8, MCP-1, MCP-2, and I-309, the
monomeric form predominates in solution at physiological (nM)
concentrations (32, 44, 45). Furthermore, several studies have
shown that monomeric variants of chemokines are able to
efficiently bind and activate their host receptors, suggesting that
the monomer is the physiologically relevant form with respect to
chemotaxis (32, 41, 46, 47). Among these studies, it was shown
that an obligate monomeric variant of MCP-1 containing a
mutation of proline at position 8 to alanine (P8A) induces
chemotaxis of monocytes as potently as wtMCP-1 (32). We
exploited this mutant to investigate whether MCP-1 binds VV-
35kDa as a monomer or dimer. BIAcore sensorgrams generated
with immobilized VV-35kDa protein binding wtMCP-1 or P8A
showed that the binding kinetics and affinity constant of these
two proteins are very similar (Fig. 1 A and B, Table 1).
Importantly, MCP-1 P8A saturated at a Rmax level identical to
that of wtMCP-1, demonstrating that the monomeric form of
MCP-1 interacts with VV-35kDa. Given that monomeric VV-
35kDa protein was immobilized to the surface of the CM5 chip
and only one kon and koff rate could be discerned on the
sensorgrams, these observations suggest that, at physiological
concentrations, the stoichiometry is 1:1, with monomeric VV-
35kDa binding monomeric MCP-1.

Fig. 1. Real-time binding data of wt and mutant human MCP-1 to the
immobilized VV-35kDa protein. Sensorgrams are plotted as the mass of pro-
tein binding to immobilized VV-35kDa protein (in RU) as a function of time.
Experimentally derived curves (black lines) from three repeat injections of (A)
wtMCP-1 (B) MCP-1 P8A, (C) MCP-1 K19A, and (D) MCP-1 R24A at various
concentrations are shown overlaid. Triplicate curves were globally fit with
BIAEVALUATION 3.1 software using a 1:1 mass transport model (red lines) to
determine the kinetic parameters presented in Table 1.
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To further evaluate whether VV-35kDa interacts with MCP-1
with 1:1 stoichiometry, we used the noncovalently immobilized
VV-35kDa-Fc fusion protein to monitor the precise mass of the
VV-35kDa-Fc fusion protein immobilized at the surface. From
the ratio of the molecular masses of VV-35kDa-Fc and MCP-1,
Rmax and the amount of VV-35kDa-Fc immobilized, we calcu-
lated that one molecule of dimeric (divalent) VV-35kDa-Fc
protein interacts with two molecules of MCP-1. To determine
whether the observed stoichiometry resulted from one dimeric
MCP-1 molecule or two monomeric MCP-1 molecules, we again
used the monomeric P8A (kon 5 1.38 3 107 M21zs21; koff 5
0.0157 s21; KD 5 1.14 nM), and demonstrated that wtMCP-1 and
P8A saturate at identical Rmax levels of '30 RU (not shown).

Together, these observations demonstrate that, at these concen-
trations, MCP-1 binds VV-35kDa as a 1:1 complex formed from
1 monomeric unit of VV-35kDa and 1 monomeric unit of
MCP-1.

N-Terminal Residues of MCP-1 Are Not Critical for Binding to VV-
35kDa. Structureyfunction studies of several chemokines, includ-
ing MCP-1, have demonstrated that the N-terminal region
before the first cysteine is a key determinant for receptor
signaling and, in some cases, contributes to the binding affinity
(6, 8, 9, 12, 14, 15, 19, 22, 48). To probe the role of the N terminus
of MCP-1 in binding VV-35kDa, kinetic and affinity parameters
were determined for a series of single and multiple point mutants
and for a deletion mutant. D3A, N6A, and a triple mutant (D3A
1 I5A 1 N6A or 3-7A MCP-1) had no significant effect on the
rate constants or binding affinity (Table 1, Fig. 2). We also tested
a mutant containing a proline substitution for isoleucine at
position 5 (I5P), which would be expected to disrupt the putative
310 helix observed in the crystal structure of MCP-1 (49), but
found no change in binding affinity. A double mutation of V9
and T10 to alanine (V9AyT10A) also had no effect on binding
to VV-35kDa (Table 1), although mutation of T10 to Glu (T10E)
produced a 6-fold reduction in affinity, suggesting that the
residue at position 10 to may be positioned close to a comple-
mentary region on VV-35kDa that is negatively charged. Exten-
sion of MCP-1 by adding methionine at the N terminus (Met-
MCP-1) had no effect on binding VV-35kDa, although this
mutation does affect MCP-1 binding to CCR2b. Finally, binding
of 7ND, a 7-aa N-terminal deletion mutant (6, 12, 13, 50),
demonstrated that the presence of an intact N terminus was not
critical for binding VV-35kDa.

VV-35kDa Contacts Many of the Same Residues of MCP-1 That Con-
tribute to CCR2b Binding. It was previously shown that two clusters
of primarily basic residues (R24, K35, K38, K49, and Y13) make

Table 1. Kinetic and affinity binding parameters for MCP-1
mutants binding VV-35kDa

Mutant kon, 3 107 M21zs21* koff, 3 1022 s21* KD, nM†

wtMCP-1 5.59 6 2.0 1.90 6 0.69 0.339
Met-MCP-1 4.34 6 1.39 1.06 6 0.26 0.243
7ND 9.65 6 3.76 1.38 6 1.15 0.143
3-7A 5.87 6 5.93 0.73 6 0.07 0.124
D3A 3.52 6 1.64 0.81 6 0.76 0.231
I5P 4.98 6 1.39 1.58 6 0.44 0.317
P8A 7.06 6 3.42 2.57 6 1.71 0.364
V9E 4.12 6 1.36 0.59 6 0.17 0.143
V9A 1 T10A 4.35 6 2.72 1.02 6 0.34 0.234
T10E 2.52 6 0.65 4.77 6 0.90 1.893
Y13A 4.07 6 0.72 12.97 6 1.45 3.189
N14A 5.31 6 1.75 2.29 6 1.01 0.431
F15A 3.73 6 1.29 1.11 6 0.46 0.296
N17A 3.30 6 0.45 1.82 6 0.26 0.551
R18A 1.12 6 0.38 13.43 6 2.32 12.044
K19A 2.60 6 0.81 4.13 6 1.29 1.589
Q23A 2.99 6 0.86 1.41 6 0.05 0.472
R24A 1.07 6 0.36 6.42 6 2.18 5.986
R24E ndb ndb ndb
R24Q 1.86 6 0.011 11.05 6 1.23 5.943
S27A 3.39 6 0.45 0.78 6 0.12 0.230
Y28A 3.08 6 1.77 1.43 6 0.67 0.465
R29A 2.49 6 0.60 0.99 6 0.22 0.399
R30A 3.35 6 0.81 1.57 6 0.19 0.469
T32A 3.18 6 0.36 1.71 6 0.05 0.536
S33A 5.00 6 0.51 2.38 6 0.14 0.476
S34A 4.15 6 0.85 1.12 6 0.36 0.270
34P35 8.33 6 2.92 13.05 6 4.51 1.565
K35A 5.08 6 2.29 1.73 6 0.36 0.340
K35E 5.94 6 0.18 3.64 6 1.50 0.613
P37A 5.79 6 1.49 3.26 6 0.91 0.564
K38A 3.72 6 1.24 3.66 6 0.71 0.986
K38E 1.27 6 0.18 3.91 6 0.37 3.071
K35EyK38E 1.64 6 0.68 7.27 6 3.81 4.438
E39A 4.70 6 0.80 1.74 6 0.65 0.371
K44A 8.34 6 2.50 1.78 6 0.55 0.214
I46A 5.61 6 2.10 1.60 6 0.80 0.284
K49A 1.11 6 0.14 0.17 6 0.04 0.150
E50A 3.14 6 0.78 1.18 6 0.28 0.377
K56A 3.29 6 0.22 1.43 6 0.14 0.434
Q57A 3.62 6 0.36 1.24 6 0.75 0.342
K58A 5.41 6 1.20 2.79 6 1.59 0.516
H66A 5.37 6 2.73 2.23 6 1.48 0.415
K69A 5.07 6 2.58 2.32 6 0.98 0.457

ndb, no detectable binding. Boldface indicates Ala mutant that affects
binding to VV-35kDa compared with wtMCP-1.
*Values shown are the mean 6 SD from analysis of three replicate sets.
†KD was determined using the relationship between kon and koff (KD 5
koffykon).

Fig. 2. Fold changes in equilibrium dissociation affinity constants for mu-
tants relative to wtMCP-1. Fold changes in binding were determined from the
ratio of the KD for mutant MCP-1 compared with wtMCP-1 binding to VV-
35kDa. An asterisk indicates that this mutant displayed no detectable binding
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the largest contributions to the interaction between MCP-1 and
CCR2b (15- to 100-fold; ref. 6). Using the same panel of mutants,
we investigated whether VV-35kDa shares the same contact
points on MCP-1 as does CCR2b.

Table 1 and Fig. 2 summarize the results for these and other
MCP-1 mutants. Of all of the alanine mutants, R18A produced
the largest change (35-fold) in the binding affinity to VV-35kDa.
Mutation of the adjacent residue K19 to alanine reduced the
binding by '4.5-fold. These significant reductions in affinity
contrast with the binding to CCR2b where these mutations made
only a modest 2- to 3-fold change. On the other hand, these two
residues appear to be critical for the interaction of MCP-1 with
glycosaminoglycans (E.K.L. and T.M.H., unpublished results).
The reduction in affinity because of these mutations is a result
of a moderate decrease in the association rate and a significant
increase in the dissociation rate (Table 1, Fig. 1C). Interestingly,
R18 is highly conserved as a basic residue (lysine or arginine) in
many CC-chemokines (Fig. 3). This conservation is also true of
K19, although to a lesser extent. Thus, these basic residues may
be important in poxvirus CBP interactions with other CC-
chemokines, contributing to the promiscuity of binding partners.

Arginine at position 24 is also highly conserved among MCPs
and resides within a 310 helix present in every known CC-
chemokine structure (6). Mutation of R24 to alanine (R24A)
produced the second largest reduction (17-fold) in the interac-
tion with VV-35kDa (Table 1, Fig. 1D), similar to the effect that
R24A had on binding CCR2b (35-fold). We also examined the
effect of substituting R24 with glutamine (R24Q), a polar but
uncharged residue, and found no difference in binding affinity
compared with R24A (Table 1, Fig. 2). To assess the role of
electrostatics at this position, we substituted R24 with glutamic
acid (R24E). This mutant virtually abolished binding, suggesting
that R24 forms a critical interaction with a negatively charged
region of VV-35kDa, as was observed for CCR2b.

Additional basic residues that were important for CCR2b
binding include K49, K35, and K38 (Fig. 4B). K49A had little
effect on binding affinity to VV-35kDa; in fact it increased the
affinity slightly in contrast to the 14- to 15-fold reduction
observed for CCR2b binding. One possible explanation for this
result is that the interaction between MCP-1’s K49 and VV-
35kDa is destabilizing, but contributes to specificity in the
complex similar to buried polar groups observed in other
complexes such as coiled coils (51, 52). K38A displayed a
minimal 3-fold reduction in affinity (Table 1, Fig. 2), whereas
mutation to glutamic acid resulted in a 9-fold reduction, similar
to what was observed for CCR2b. Thus, this basic residue may
also confer specificity to the formation of the complex while
contributing little to affinity.

Apart from these basic residues, Y13 was the only other
residue identified as a contact residue for VV-35kDa from an
extensive panel of mutants. Previously, Y13A caused the single
largest decrease in binding to CCR2b and was also found to be

necessary for CCR2b signaling (6, 8). For VV-35kDa, the
binding affinity of Y13A was reduced by '10-fold, which is the
third largest change in affinity of all of the alanine mutants
tested. This residue is also conserved as a phenylalanine, ty-
rosine, or leucine among many CC-chemokines (Fig. 3), sug-
gesting that aromaticity andyor hydrophobicity at this position
may be important for recognition by VV-35kDa.

As in the screen against CCR2b (6), the only other significant
effect was observed for 34P35, a mutant containing a proline

Fig. 4. Comparison of the binding determinants of MCP-1 for CCR2b and
VV-35kDa. (a) Ribbon diagram of the backbone structure of a monomeric
subunit of MCP-1 extracted from the x-ray structure (49). The figure was
generated by using MOLMOL (56). Panels b and c were generated in INSIGHTII (San
Diego, CA) by using the NMR structure (57) and shows van der Waal surface
representations of MCP-1 with residues that are important for binding to (b)
CCR2b and (c) VV-35kDa protein, colored in the following manner: light blue
represents basic residues that affected binding by a factor less than 5; purple
represents basic residues that affected binding greater than 5-fold; green
represents aromatic residues that affected binding; yellow represents the N
terminus involved in CCR2b signaling. The hydrophobic groove identified as
an interaction site by NMR titration of a peptide from the N terminus of CCR2
is indicated with an arrow.

Fig. 3. Alignment of CC-chemokines. Human MCP-1 aligned with a set of representative CC-chemokines. The red line over the MCP-1 sequence shows the MCP-1
residues that were tested for binding against VV-35kDa. Residues in black illustrate the conserved cysteines. MCP-1 residues involved in binding VV-35kDa are
shown with asterisks above the residues and are also shown in color to illustrate their conservation amongst CC-chemokines. Residues are colored in the following
manner: light blue represents basic residues that affected binding by a factor less than 5; purple represents basic residues that affected binding greater than
5-fold; green represents aromatic residues that affected binding. Murine MCP-1 is shown only up to residue 76.
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insertion between residues 34 and 35. We found that 34P35
reduced the binding affinity by 4.6-fold. However, the effect is
likely due to a structural perturbation that alters the relative
orientation of key residues in the 30s loop (e.g., K38) and the
N-loop (e.g., Y13) to which it is structurally coupled via the first
disulfide. Indeed, it was previously shown (6) that this mutation
eliminated the ability of MCP-1 to dimerize, presumably because
of structural changes propagated to residues that stabilize the
dimer (e.g., Y13).

Discussion
Given the role of CC-chemokines as key mediators of the
immune response during normal and chronic inflammatory
situations, understanding the interaction between a soluble,
secreted viral CC-chemokine binding protein and CC-
chemokines provides useful insights into structural aspects of
viral immunology as well as chemokine biology. In addition to
contributing to the understanding of the functional epitopes of
chemokines, such studies should also help facilitate the rational
design of chemokine receptor antagonists. In the present study,
SPR (BIAcore) was used to identify specific residues of human
MCP-1 that contribute to the interaction with VV-35kDa. We
determined the contribution of individual amino acids by mon-
itoring the real-time binding of wild-type and mutant MCP-1 to
immobilized VV-35kDa. From a detailed kinetic analysis of the
data, we were able to extract information regarding the speed,
stability, specificity, and stoichiometry of the VV-
35kDayMCP-1 complex.

This study confirms that wtMCP-1 binds VV-35kDa with high
affinity (KD 5 340 pM, DG 5 212.9 kcalzmol21) as a result of
very fast association rates and reasonably slow dissociation rates.
As a functional inhibitor of chemokines, the binding parameters
described are well within the realm to competitively block the
interaction of MCP-1 to its receptor CCR2b, whose reported KD
ranges from 35 pM to 440 pM (6, 53, 54). Control experiments
of wtMCP-1 binding the VV-35kDa-Fc fusion protein demon-
strated a KD of 1.29 nM. In addition to validating values
determined for VV-35kDa using SPR, the Fc-fusion protein
permitted comparison of SPR technology to other methods used
in other studies. For instance, the use of a scintillation proximity
assay demonstrated that human MCP-1 binds the VV-35kDa-Fc
protein with a KD of 15.1 nM (29), whereas plate-binding assays
showed that murine MCP-1 could bind an Fc-fusion construct of
the highly related CPV-p35 protein with a KD of 83 pM (28). We
conclude that SPR technology offers comparable binding con-
stants and that no artifacts were introduced as a result of the
coupling chemistry.

Alcamı́ et al. (29) suggested that the binding stoichiometry of
VV-35kDa with MCP-1 is 1:2; but in our hands, using both the
monomeric VV-35kDa protein and the dimeric VV-35kDa-Fc
fusion protein, the stoichiometry is 1:1 at physiological concen-
trations of MCP-1. Furthermore, the association and dissocia-
tion profiles show evidence for only one affinity class of binding
sites. Finally, P8A, a mutant that does not dimerize, had almost
identical binding and saturation parameters as wtMCP-1. Al-
though these observations do not rule out the possibility that the
monomeric VV-35kDa protein can interact with a dimer of
MCP-1 in solution at higher concentrations of MCP-1, we
predict that in vivo monomeric VV-35kDa interacts with mono-
meric MCP-1, supporting the idea that VV-35kDa has evolved
to recognize the biologically relevant form of CC-chemokines.

The amino acid sequence and length of the N-terminal region
preceding the dicysteine motif of CC-chemokines is highly
variable (Fig. 3) and likely imparts specificity in signaling
through cognate receptors. Using mutants of MCP-1 that were
altered within the first 7 N-terminal amino acids, we showed that
this region does not participate in binding of MCP-1 to VV-
35kDa. Despite observations that the N-terminal regions of

some chemokines are necessary for binding to receptors (5, 6, 9,
14, 20, 22, 55), the absence of a contribution of MCP-1’s N
terminus in binding VV-35kDa is consistent with our hypothesis
that the viral protein does not contact regions of high disparity
but recognizes epitopes that are relatively conserved amongst
the CC-chemokines.

Although mutation of most residues in MCP-1 had little or no
effect on binding affinity, significant effects were observed for
three residues within the so-called ‘‘N-loop’’ (Y13, R18, and
K19) and one residue, R24, within the 310 helix. The importance
of Y13 as a residue involved in binding VV-35kDa provides
additional evidence in favor of the 1:1 stoichiometry; the use of
Y13 by VV-35kDa would likely obstruct MCP-1 dimer formation
because Y13 is sequestered in the interface of the MCP-1 dimer.
Mutation of K38 and K49 to alanine produced minor effects on
binding affinity but may contribute to specificity of the complex.
Analogous to the binding surface mapped by mutagenesis for
CCR2b (Fig. 4B), these residues define two discontinuous,
largely basic, regions of the chemokine surface separated by a
hydrophobic groove (Fig. 4C).

Supporting the notion that basic residues on CC-chemokines
play a role in binding VV-35kDa, the recent crystal structure of
the related CPV CC-chemokine binding protein revealed a
highly negatively charged surface that could complement the
constellation of basic residues identified on MCP-1 (31). How-
ever, analysis of the energetic contribution of the basic residues
fails to fully account for the free energy change for the inter-
action of wtMCP-1 with VV-35kDa (DG 5 212.9 kcalzmol21),
suggesting that additional epitopes contribute to CC-chemokine
binding. For example, interactions with backbone atoms could
be involved, but cannot be identified by mutagenesis. Residues
within the hydrophobic groove of MCP-1 (Fig. 4 B and C) could
also contribute to the interaction; these residues were not
mutated because of the possibility of structural perturbation.
However, a peptide derived from the N terminus of CCR2b was
shown to interact with the groove (6) (L. Mizoue, unpublished
results). Because VV-35kDa is large in comparison with MCP-1
and makes contact with residues that flank the groove, it is
possible that the viral protein also contacts the intervening
hydrophobic groove where CCR2b’s N terminus purportedly
binds, thereby forming a continuous interaction surface. In sum,
VV-35kDa not only binds to the same molecular face on MCP-1
that is used for CCR2b, but also interacts with many of the same
residues that constitute recognition hotspots for the host recep-
tor (Fig. 4 B and C). The observation that similar binding
epitopes are used for recognition of both VV-35kDa and CCR2b
provides a structural basis for the ability of VV-35kDa to occlude
the binding of MCP-1 with its host receptor.

Similar arguments can be extended to the interaction of
VV-35kDa with other CC-chemokines to explain the broad-
spectrum inhibition. For example, RANTES (regulated upon
activation, normal T cell expressed and secreted) requires R17
(MCP-1’s R18 equivalent) to bind CCR1, F12 (MCP-1’s Y13
equivalent) to bind CCR3, and both F12 and I15 to bind CCR5
(9). Likewise, macrophage inflammatory protein-1b (MIP-1b)
requires F13 (MCP-1’s Y13 equivalent) to bind CCR5 (46), and
we predict that the corresponding residue in MIP-1a will also be
necessary. We also speculate that R18 in MIP-1a and MIP-1b
will be critical for binding VV-35kDa, similar to R18 of MCP-1.
Finally, several groups have also shown interactions between
other chemokines and N-terminal receptor peptides (7, 11, 15,
18), suggesting that additional residues on the same face of
chemokines may constitute a common recognition feature of
chemokines by chemokine receptors. Interaction with this com-
mon binding region by VV-35kDa suggests how VV-35kDa could
obstruct other CC-chemokines from binding their receptors.

The present study supports a model whereby VV-35kDa
interacts over a large surface area that includes the N-loop, the
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downstream 310 helix, and possibly a region spanning the hy-
drophobic groove of MCP-1 (Fig. 4C). These are significant
contact points that are not only structurally conserved amongst
CC-chemokines (Fig. 3), but are also necessary to initiate
binding to their GPCRs, the first step in receptor activation.
Other studies (28, 29) and our own data (unpublished) involving
the kinetic analysis of VV-35kDa with other CC-chemokines
help to extend some of the predicted requirements that govern
the specificity of the VV-35kDa interaction with CC-
chemokines. For instance, relatively acidic chemokines (e.g.,
MIP-1a) continue to have a high affinity interaction, demon-
strating that overall pI may have little role in regulating the
recognition by VV-35kDa. On the other hand, the CC-
chemokine I-309 has a relatively low affinity interaction with
VV-35kDa (29) and may be due to the lack of basic residues at
the corresponding positions to MCP-1’s residues at positions 18,
19, 24, and 38 (Fig. 3) although the extra disulfide bond in I-309
may play a role in altering its structure in a manner that might
affect binding. CXC-chemokines are basic proteins and fold
similarly to CC-chemokines yet do not bind VV-35kDa with any
appreciable affinity. A plausible explanation for this very low or
absent binding to CXC-chemokines may be that the residues
identified here are not typically found in the corresponding
position among CXC-chemokines although the formal possibil-
ity exists that the CXC motif itself may be one of the distin-
guishing features for recognition by VV-35kDa. Nonetheless, the
present results suggest that the VV-35kDa has recapitulated a
similar binding surface to that provided by CC-chemokine
receptors for binding CC-chemokines.

In summary, despite the amino acid sequence diversity among
CC-chemokines, VV-35kDa and members of the T1y35-kDa
family of CC-chemokine inhibitors possess the unique ability to
bind many CC-chemokines with high affinity. The results pre-
sented here represent one of the most extensive studies exam-
ining a viroceptor’s structural interaction with a host ligand and
help explain both the ability of VV-35kDa to block CC-
chemokines from their GPCRs and its capacity for broad-
spectrum recognition of CC-chemokines. Future studies involv-
ing the analysis of site-directed mutants of VV-35kDa and
solution of crystal structures of complexes should help further
elucidate the molecular details of this broad-spectrum interac-
tion and define the complete energetic parameters that contrib-
ute to binding. The discovery that poxviruses produce a novel set
of proteins to broadly disrupt CC-chemokines underscores the
importance of CC-chemokines during viral infection (23, 24).
Lessons from this family of viral chemokine inhibitors highlight
important structural features of chemokineychemokine recep-
tor interactions and point toward strategies to rationally develop
antagonists of chemokine function.
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