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Anti-inflammatory Protein, Viral CC Chemokine Inhibitor
(vCCI), and the Human CC Chemokine, Eotaxin-1*
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Background: The mechanism used by viral protein vCCI to tightly bind to many CC chemokines is not known.
Results: Specific positively charged residues in the chemokine eotaxin-1 mediate binding to vCCI.
Conclusion: Basic residues in the chemokine each provide incremental affinity for vCCI.
Significance: This work shows how vCCI can bind a variety of CC chemokines.

Chemokines play important roles in the immune system, not
only recruiting leukocytes to the site of infection and inflamma-
tion but also guiding cell homing and cell development. The
soluble poxvirus-encoded protein viral CC chemokine inhibitor
(vCCI), a CC chemokine inhibitor, can bind to human CC
chemokines tightly to impair the host immune defense. This
protein has no known homologs in eukaryotes and may repre-
sent a potent method to stop inflammation. Previously, our
structure of the vCCI�MIP-1� (macrophage inflammatory pro-
tein-1�) complex indicated that vCCI uses negatively charged
residues in �-sheet II to interact with positively charged resi-
dues in the MIP-1� N terminus, 20s region and 40s loop. How-
ever, the interactions between vCCI and other CC chemokines
have not yet been fully explored. Here, we used NMR and fluo-
rescence anisotropy to study the interaction between vCCI and
eotaxin-1 (CCL11), a CC chemokine that is an important factor
in the asthma response. NMR results reveal that the binding
pattern is very similar to the vCCI�MIP-1� complex and suggest
that electrostatic interactions provide a major contribution
to binding. Fluorescence anisotropy results on variants of
eotaxin-1 further confirm the critical roles of the charged resi-
dues in eotaxin-1. In addition, the binding affinity between vCCI
and other wild type CC chemokines, MCP-1 (monocyte che-
moattractant protein-1), MIP-1�, and RANTES (regulated on
activation normal T cell expressed and secreted), were deter-
mined as 1.1, 1.2, and 0.22 nM, respectively. To our knowledge,
this is the first work quantitatively measuring the binding affin-
ity between vCCI and multiple CC chemokines.

Chemokines belong to a family of small (8 –14-kDa) secreted
proteins whose major function is to guide the migration and
development of leukocytes. As such, chemokines play a major
role in inflammation (1, 2). Despite differences in primary

sequence and varied functions within the superfamily, chemo-
kines all adopt very similar tertiary structures, including an
extended N terminus followed by a globular core composed of a
three-stranded �-sheet arranged in a Greek key motif with a
C-terminal �-helix (3, 4). Traditionally, chemokines are divided
into four subfamilies, C, CC, CXC, and CX3C, based on the
arrangement of their N-terminal cysteine residues (5).

Due to their involvement in immune cell trafficking, chemo-
kines have been implicated in a variety of inflammatory dis-
eases, including rheumatoid arthritis, heart disease, asthma,
type II diabetes, and cancer (6 –10). In addition, chemokines
have been implicated in the damaging activation and migration
of immune cells in the brain after traumatic brain injury (11,
12). Therefore, the development of strategies to inhibit chemo-
kine action has many potential benefits for human health.

Poxviruses and herpes viruses encode proteins that interfere
with the actions of chemokines, probably facilitating viral eva-
sion of the host immune system (13, 14). Three classes of such
proteins have been identified: chemokine homologs, chemo-
kine receptor homologs, and chemokine-binding proteins (15).
For example, vMIP-II, a viral chemokine homolog encoded by
human herpesvirus 8, broadly binds as an antagonist to CCR1,
CCR2, CCR5, and CXCR4 (16) and binds as an agonist to CCR3
(17, 18) and CCR8 (19). On the other hand, US28, a chemo-
kine receptor homolog encoded by the human cytomegalo-
virus, binds several human CC chemokines, including MCP-
1(CCL2),2 MCP-3(CCL7), MIP-1�(CCL3), MIP-1�(CCL4)
and RANTES(CCL5), and the CX3C chemokine, fractalkine,
with high affinity and has shown the ability to sequester chemo-
kines (20, 21). As for chemokine-binding proteins, poxviruses
encode a protein called vCCI (viral CC chemokine inhibitor;
also called “35K” due to its original presumed molecular
weight). This type II chemokine-binding protein inhibitor
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binds to CC chemokines tightly and has been shown to potently
inhibit the action of numerous CC chemokines in vitro and in
vivo, making it an effective anti-inflammatory agent (13, 22–25)
but raising the question of how one protein is able to bind with
high affinity to more than 20 different proteins. vCCI has been
shown to alleviate inflammation in the airway and the lung
parenchyma (22) and may be relevant to respiratory diseases,
such as asthma. Asthma involves an influx of inflammatory
cells, including eosinophils, that respond to signaling, which is
effected by the chemokine eotaxin family, eotaxin-1 (CCL11),
eotaxin-2 (CCL24), and eotaxin-3 (CCL26) (26, 27).

Structural information has been presented for various
chemokine binding proteins (28 –37). The structure of vCCI
from human cowpox virus was shown by x-ray crystallography
to be composed of two parallel �-sheets, two short �-helices,
and loops that connect the �-sheets and helices (28). One helix
is on the edge of the structure, and the other short helix is in the
exposed side of �-sheet I. A similar protein, EVM1 from mouse-
pox, was also determined (33). A solution structure of rabbitpox
vCCI in complex with a variant of human MIP-1� was also
reported by us and showed the interaction surface of vCCI to be
the �-sheet II side of the protein (32). The vCCI-chemokine
interaction appears to be largely driven by the negatively
charged surface of vCCI interacting with the positively charged
regions of the chemokine. Critical residues on vCCI appeared
to be negative charges at 141 and 143 and in the long loop
region from 53 to 77. These residues interact with several con-
served positive charges in the chemokine, including residue 18
and at least one residue at 24 or 45/46 of the 40s loop (the
numbering is according to the MIP-1� sequence) (32). These
chemokine positions have also been shown by mutagenesis of
other chemokines to be important in vCCI binding (23, 38).
More recently, mutagenesis has confirmed the essential role of
vCCI residues Glu-143 and Tyr-80 in chemokine inhibition.
This work also showed that the mutation of R89A in vCCI
results in an increase in chemokine inhibition (25).

In the present work, we sought to expand our knowledge of
vCCI interactions by studying this protein structurally and bio-
chemically in complex with a chemokine having a different
function than MIP-1�, namely eotaxin-1 (which will hereafter
be referred to as eotaxin). Eotaxin has 36% sequence identity to
MIP-1� (Fig. 1), but its receptor binding profile is quite differ-
ent. Eotaxin is an important CC chemokine that has been
shown to exist primarily as a monomer in many different buffer

conditions, including pH 7.0 (39). This protein plays important
roles in allergy and asthma pathogenesis (40). vCCI has been
shown to be able to bind eotaxin and has also been shown in
vivo to reduce airway inflammation, probably due at least in
part to its ability to bind eotaxin (22). Whereas MIP-1� binds to
the receptor CCR5 and mediates chemotaxis of macrophages
and monocytes, eotaxin binds to CCR3 and mediates eosino-
phil influx, with particular relevance to asthma (41, 42). There-
fore, a study of the vCCI-eotaxin interaction is particularly
valuable for both biochemical insight and possible applications
of medical importance. Here we use nuclear magnetic reso-
nance (NMR) to determine the chemical shift assignments of
the vCCI�eotaxin complex and use the docking program
HADDOCK to model the interaction surface for the complex
(43, 44). We have made mutations to putative critical residues
on eotaxin and carried out binding experiments to vCCI using a
fluorescence anisotropy binding assay that may be generally
useful for studying vCCI interactions.

This work has allowed the identification of the contact sur-
faces present on vCCI and human eotaxin that are required for
high affinity interaction with each other. The structural model
of the vCCI�eotaxin complex is in agreement with the result
from the fluorescence anisotropy binding data and indicates
that vCCI binds to eotaxin similarly to MIP-1�, utilizing key
residues of the chemokine. This work suggests the basis for the
ability of vCCI to bind with high affinity to a broad array of
chemokines.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The encoding se-
quence for eotaxin and mutants was amplified via PCR and was
cloned into the pET-28a(�) vector with a SUMO fusion tag
(Novagen, Madison, WI). The plasmid was transformed into
Escherichia coli BL21 (DE3) (Novagen, Madison, WI). Cells
were grown at 37 °C. When A600 reached �0.8, protein expres-
sion was induced by adding isopropyl �-D-1-thiogalactopyra-
noside to a final concentration of 1 mM. The culture was then
shaken for 16 h at 16 °C, and the cells were harvested by cen-
trifugation at 6000 � g for 10 min. The cell pellet was resus-
pended in 20 mM Tris, 500 mM NaCl, and 20 mM imidazole (pH
8.0) with 5 mM benzamidine and French pressed twice at 16,000
p.s.i. After centrifugation for 1 h at 27,000 � g, the supernatant
was purified through a nickel-nitrilotriacetic acid column (GE
Healthcare), and then the purified protein was dialyzed against

FIGURE 1. Sequence comparison of CC chemokines (eotaxin, MCP-1, MIP-1�, MIP-1�, RANTES, and I-309) (A) and CXC chemokines (IL-8 and SDF-1�)
(B). Conserved cysteine residues are highlighted in yellow. The positively charged residues putatively critical to vCCI binding are highlighted in red. The
hydrophobic residue putatively important in vCCI binding is highlighted in pink. The 47th position has been shown to modulate binding such that mutation
to Ala can enhance binding to vCCI (cyan). In A, all of the chemokines are high affinity ligands for vCCI except for I-309 (for comparison, see Ref. 24). The
sequence numbers in A are according to eotaxin, and those in B are according to IL-8.
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20 mM Tris and 50 mM NaCl, pH 7.0, buffer overnight at 4 °C for
16 h. During the dialysis, 60 – 80 �l of 100 �M Ulp1 protease
(45) was added in the dialysis bag to cleave the SUMO fusion
partner. After dialysis, precipitated matter was removed by cen-
trifugation at 27,000 � g for 30 min. Finally, the cleaved protein
was purified over a C4 reversed phase chromatography column
(Vydac, Hesperia, CA) using the Akta purification system (GE
Healthcare). Most SUMO tag precipitated out during dialysis.
Protein concentration was quantified by measuring the absorb-
ance at 280 nm. The chemokine MCP-1 was also prepared as
described above. 15N-Labeled and 2H/15N-labeled protein was
prepared by using M9 minimal medium containing 15NH4Cl
(Cambridge Isotope Laboratory, Andover, MA) and/or D-[13C6]-
glucose (Sigma-Aldrich) as the sole nitrogen and/or carbon
resource, respectively. For deuterated samples for NMR, the
medium was prepared with 95% (final concentration) D2O.

MIP-1�-K45A/R46A/K48A, MIP-1�, and RANTES were
amplified via PCR and were cloned into pET-28a(�) vector
with a SUMO fusion tag. The purification of these proteins
involved refolding, as described previously (46).

The gene encoding rabbitpox virus vCCI was cloned into
pPIC9K plasmid and then transformed into Pichia pastoris
strain SMD1168 (Invitrogen). Unlabeled, 15N-labeled, 2H/15N-
labeled, and 2H/13C/15N-labeled protein samples were pre-
pared as described previously (32).

NMR Spectroscopy—Spectra were recorded on a Bruker 600-
MHz AVANCE III spectrometer equipped with a TCI cryo-
probe at 37 °C. 2,2-Dimethyl-2-silapentane-5-sulfonic acid was
used as an internal standard. Spectroscopic data were also col-
lected on the vCCI�eotaxin complex at the High Field NMR
Facility, William R. Wiley Environmental Molecular Sciences
Laboratory, allowing initial chemical shift assignments and
sample conditions to be tested. These experiments were carried
out on Varian Inova 800 spectrometers (Varian, Palo Alto, CA).
The NMRPipe software suite (47) was applied to process the
NMR data. PIPP, NMRView (48), Sparky (49), and Mars (50)
were used for visualization, resonance peak picking, and data
analysis.

For 2H/15N/13C-labeled eotaxin and the 2H/15N/13C-labeled
eotaxin/unlabeled vCCI complex, samples containing �450 �M

protein in a phosphate buffer (20 mM potassium phosphate, 100
mM NaCl, pH 7.0, and 0.05% (w/v) sodium azide in 95% H2O,
5% D2O) was used for NMR experiments. The backbone reso-
nances were assigned based on the TROSY version of three-
dimensional CBCA(CO)NH (51), HNCACB (51), HNCA (52),
HN(CO)CA (51), HNCO (53), and HN(CA)CO (53).

For the 2H/15N/13C-labeled vCCI�unlabeled eotaxin com-
plex, an NMR sample containing �500 �M protein in phos-
phate buffer (20 mM potassium phosphate, 100 mM NaCl, pH
7.0, and 0.05% (w/v) sodium azide in 95% H2O, 5% D2O) was
used for NMR experiments. The backbone resonances were
assigned based on the TROSY version of three-dimensional
HNCA, HN(CO)CA, CBCA(CO)NH, HNCACB, HNCO, and
HN(CA)CO. The spectral overlay of the TROSY version of the
vCCI�eotaxin complex compared with the HSQC of free vCCI
(non-TROSY) (Fig. 2A) was made by correcting the chemical
shift of the TROSY version of the vCCI�eotaxin complex by

subtracting 0.76861 ppm in 15N and adding 0.07789 ppm in 1H
as suggested by Tjandra et al. (54).

All two-dimensional HSQC experiments for unbound
eotaxin variants and other CC chemokines were carried out at
25 °C with 50 �M protein in 20 mM potassium phosphate and
100 mM NaCl, pH 7, except for RANTES and MIP-1�, which
were measured at 50 �M protein concentration in 20 mM potas-
sium phosphate, pH 2.5 (data not shown). The HSQC spectra
clearly show that the proteins are well folded except for eotaxin
R16A/R22A/K44A, which has some peaks suggesting the pres-
ence of partially unfolded protein. HSQC experiments were run
with carrier positions of 4.75 ppm for 1H and 119.3 ppm for 15N,
sweep widths of 9615.385 Hz (15.9 ppm) for 1H and 1938.672
Hz (31.8 ppm) for 15N with 672 complex points in 1H and 128
complex points in 15N.

The weighted average chemical shift change of the 1H and
15N resonances for each residue upon binding was calculated
using the following equation (55),

��obs ����H
2 � ���N

5 �2

2
(Eq. 1)

where ��H and ��N are the chemical shift changes of the 1H
and 15N dimensions, respectively. Here, the ��obs is the differ-
ence between the bound and free forms of the 15N-labeled
complex.

Labeling Eotaxin-K63C with Fluorescein-5-maleimide—Eo-
taxin-K63C powder was dissolved in a buffer system composed
of 20 mM potassium phosphate and 50 mM NaCl, pH 8.0. The
concentration of eotaxin-K63C was adjusted to 50 –100 �M. In
the labeling reaction, 100 –200 �M tris(2-carboxyethyl)phos-
phine (Thermo Fisher Scientific Inc., Waltham, MA) was added
to reduce the disulfide bond potentially formed by K63C. The
concentration of tris(2-carboxyethyl)phosphine is usually
2-fold higher than the eotaxin-K63C concentration. The mix-
ture was first incubated at room temperature for 30 min to
break up potential disulfide formation between two eotaxin-
K63C monomers. Then fluorescein-5-maleimide powder
(�10-fold concentration of eotaxin-K63C) was added into the
solution (Anaspec, Inc., Fremont, CA). The labeling solution
was incubated at 4 °C for 16 h. To remove excess fluorescein-5-
maleimide and unlabeled eotaxin, two purification techniques
were utilized. The first was a desalting column (GE Healthcare)
to remove the unreacted fluorescein-5-maleimide. The second
purification step utilized a C4 reversed phase column to sepa-
rate fluorescein-labeled eotaxin-K63C from unlabeled eotaxin-
K63C. The singly fluorescein-labeled eotaxin-K63C was con-
firmed by 17% SDS-PAGE (data not shown) and mass
spectrometry (data not shown). Fluorescein-labeled eotaxin-
K63C concentration was quantified by the Coomassie (Brad-
ford) Protein Assay Kit (Thermo Scientific Pierce).

Fluorescence Anisotropy—All fluorescence anisotropy exper-
iments were carried out with a PC1 spectrofluorimeter and
VINCI software (ISS, Champaign, IL) at 25 °C controlled by a
water bath (VWR International, Visalia, CA). The excitation
and emission wavelength are 497 and 524 nm, respectively. All
of the experiments were performed in 20 mM potassium phos-
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phate and 100 mM NaCl, pH 7.0. For direct binding, 2 ml of 0.8
nM fluorescein-labeled eotaxin-K63C was used for each point.
Different amounts of vCCI were mixed with fluorescein-la-
beled eotaxin-K63C, and measurements were taken until the
anisotropy reached a plateau. The reaction was incubated at
25 °C for 5 min before measurement. All of the anisotropy val-
ues were normalized with respect to 1 as 100% bound. The data
were fit to a system of mass conservation equations and the
following,

� �
�L	free 	 Ka

1 � �L	free 	 Ka
(Eq. 2)

where � is the fraction of eotaxin bound, [L]free is the free vCCI
concentration, and Ka is the association constant. Fitting the
data in this way using Scientist software (version 2.02, Micro-
math, St. Louis, MO) means that it is not necessary to approx-
imate [L]free with [L]total. Each reported Kd value (1/Ka) is an
average of three independent experiments.

For competition binding, an 8 nM concentration of a 1:1 ratio
vCCI�eotaxin complex was prepared. 500 �l of the complex was
mixed with different amounts of unlabeled eotaxin mutant and
incubated at 25 °C for 30 min to ensure that the competition
binding reached equilibrium. The measurements with different
amounts of unlabeled mutants were taken until no additional
change in anisotropy was observed. All of the anisotropy values
were normalized with respect to 1 as 100% bound. The resulting
data were fit to a system of equations describing both the
vCCI�eotaxin-fluor equilibrium (known Kd) and the respective
unlabeled eotaxin-variant equilibrium (unknown Kd) using Sci-
entist software (Micromath, Salt Lake City, UT) as described
previously (58, 59).

Docking—Modeling of the vCCI�eotaxin complex was per-
formed using the HADDOCK docking program (version 2.1)
(43, 44, 56), with both mutagenesis data and fluorescence ani-
sotropy data providing information for restraints. The starting
structures for the docking were the NMR structures of vCCI
(Protein Data Bank code 2FFK) and eotaxin (Protein Data Bank
code 1EOT). The active and passive residues for HADDOCK
were based on the chemical shift perturbation data observed for
eotaxin and vCCI upon complex formation, competition fluo-
rescence anisotropy studies of eotaxin variants, and vCCI
mutagenesis data (25) and solvent accessibility as calculated by
VADAR (57). Active residues were defined as having a chemical
shift perturbation upon complex formation greater than 0.165
ppm for vCCI and 0.21 ppm for eotaxin with an average relative
solvent accessibility higher than 40%. All amino acids neighbor-
ing the active residues with a high solvent accessibility (�40%)
and oriented toward the interaction interface were defined as
passive residues. A 2-Å distance was used to define the ambig-
uous interaction restraints. During the rigid body energy min-
imization, 1000 structures were calculated. The 200 best solu-
tions were followed by a refinement in explicit water. Finally,
the structure with the best HADDOCK score was ranked first.

RESULTS

Mapping the Contact Surface between vCCI and Eotaxin—To
obtain detailed insight into the molecular interface between

vCCI and eotaxin, NMR titration and chemical shift assign-
ments of vCCI in the presence of eotaxin-1 were carried out at
37 °C and pH 7.0). Fig. 2A shows the HSQC spectra of 15N-
labeled vCCI in the presence and absence of eotaxin. NMR
titrations that were performed with 15N-labeled vCCI and unla-
beled eotaxin at 37 °C and pH 7.0 caused noticeable changes of
many peaks in the spectrum, indicating specific interaction
between these two proteins. The fully liganded spectrum is
shown in red in Fig. 2A, and a residue by residue histogram of
chemical shift changes is shown in Fig. 2C. Residues exhibiting
significant chemical shift changes (above 1 S.D. from the aver-
age: 0.165 ppm) were mapped onto the structure of the vCCI
(Fig. 2E). The significantly perturbed residues (chemical shift
changes above 1 S.D. greater than average) are located in the
�-strand 2 (Thr-49 and Ile-51), �-strand 3 (Thr-78, Thr-79,
Tyr-80, and Ser-82), �-strand 4 (Asn-91, Phe-94, and Thr-95),
�-strand 7 (Val-144 and Ser-145), �-strand 8 (Phe-195),
�-strand 9 (Lys-216), in the flexible region between �-strand 2
and �-strand 3 (Thr-52 and Glu-53), and in the loop region
after �-strand 5 (Lys-96) (Fig. 2E). All of the perturbed residues
form a distinct patch on the �-sheet II surface of vCCI (Fig. 2E).
For comparison, the HSQC spectrum and chemical shift
changes upon MIP-1� addition to 15N-labeled vCCI are
shown in Fig. 2, B and D, respectively. The assignments of
vCCI�MIP-1� are from our previous work (30 –32). Residues of
vCCI exhibiting significant chemical shift changes (above 0.107
ppm) upon the addition of MIP-1� were mapped onto the
structure of the vCCI (Fig. 2F). The significantly perturbed res-
idues also formed a distinct patch on the �-sheet II surface of
vCCI, which is very similar to the surface induced by the addi-
tion of eotaxin. Upon eotaxin or MIP-1� binding, vCCI also
reveals significant chemical shift changes in the loop between
�2 and �3 strands and a few additional changes across the
�-sandwich in �-sheet I (Fig. 2, C and D).

Chemical shift assignments and NMR titrations were also
carried out with a “reverse” labeling scheme (i.e. with 15N-la-
beled eotaxin and unlabeled vCCI at 37 °C and pH 7.0). The
addition of unlabeled vCCI into 15N-labeled eotaxin resulted in
noticeable changes of many peaks in the HSQC spectrum (Fig.
3A), again indicating specific interaction between these two
proteins. The residue by residue chemical shift changes are
shown in Fig. 3B, and the residues exhibiting significant chem-
ical shift changes (above the average shift of 0.21 ppm) were
mapped onto the structure of eotaxin (Fig. 3C). The signifi-
cantly perturbed residues are located in the N-loop (Cys-10,
Phe-11, Asn-12, Leu-13, and Arg-16) and Cys-50. The 20s loop
(Leu-20, Gln-21, Leu-23), 40s loop (Thr-43), and other resi-
dues, including Ala-38 and Asp-48, also have chemical shift
changes above the average of chemical shift change upon vCCI
binding. The majority of changes are located in the N-loop of
the chemokine, which is also a surface used in the CC chemo-
kine dimer interface. This suggests that binding by vCCI occurs
at or near the chemokine dimer interface and probably inter-
feres with chemokine dimer formation. Similar changes were
observed in the same interface upon MIP-1� binding to vCCI
(32). Overall, these chemical shift perturbations indicate that
both eotaxin and MIP-1� bind vCCI similarly.
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Eotaxin Binds vCCI with High Affinity—To understand the
binding properties of vCCI and eotaxin, we made mutants
based on the vCCI�MIP-1� structure (32) and performed bind-
ing studies using fluorescence anisotropy. Binding interactions
appear to derive from hydrophobic interaction of Phe-13 and
electrostatic interaction of Arg-18 and residues 24/45/46 on
MIP-1� to the corresponding region of vCCI. Therefore, to
obtain direct evidence for those specific interactions between
vCCI and eotaxin, these eotaxin variants, including single point
mutations, double point mutations, and triple point mutations,
at these residues were constructed and purified to determine
their importance for binding. All of the mutants and their bind-
ing affinities are shown in Table 1.

To carry out fluorescence anisotropy studies, a fluorescent
probe, fluorescein-5-maleimide, was linked to eotaxin via a cys-
teine on eotaxin resulting from a K63C mutation. Lys-63 is
located at the second turn of the C-terminal �-helix, which is
distal from the vCCI interaction surface and is solvent-exposed.
Mass spectroscopy results confirmed (data not shown) the fluo-
rescein-labeled eotaxin-K63C (hereafter referred to as eotaxin-
fluor) is singly labeled. To determine the ability of eotaxin-fluor
to bind vCCI, 0.8 nM eotaxin-fluor was titrated with increasing
concentrations of vCCI (Fig. 4A, left). The anisotropy changes
indicated that complex formation increased with increasing
vCCI concentration until saturation, as expected. The value of
Kd for vCCI�eotaxin was calculated to be 0.65 
 0.17 nM. This
value was used to fit all of the mutants and other CC chemo-
kines in the competition binding assays that will be described
below. As a control to show that this modified eotaxin-fluor has
essentially wild type binding, a competition experiment was
carried out in which 8 nM eotaxin-fluor and vCCI (1:1 ratio;
10-fold above Kd) were preincubated and then mixed with dif-
ferent amounts of unlabeled wild type eotaxin. The decreasing
anisotropy observed (Fig. 4A, right) indicates that non-fluores-
cently labeled wild type eotaxin successfully competes with the
eotaxin-fluor. The Kd of the vCCI-eotaxin interaction from this
control competition was calculated to be 0.29 
 0.12 nM. The suc-
cessful competition between eotaxin-fluor and unlabeled eotaxin
with vCCI indicates that eotaxin-fluor is functional and can be
useful in competition assays to determine the ability of variant
eotaxin and other chemokines to bind vCCI.

Electrostatic Interactions Are Important for Eotaxin and
vCCI Binding—The charged residue Arg-16 (eotaxin number-
ing) is conserved among most CC chemokines, including
MCP-1, MIP-1�, MIP-1�, and RANTES (Fig. 1A). In addition,
the charged residues located in the 20s and 40s loops of CC
chemokines have been suggested to be important for contrib-
uting to the interactions between chemokines and vCCI (23, 32,
38). Based on the structural information from the vCCI�MIP-1�

complex, Arg-16 of eotaxin is in close proximity to the nega-
tively charged Asp-141 and Asp-143 of vCCI (32). This residue
was mutated in eotaxin, and the R16A variant gave a Kd of 3.1 

0.61 nM, representing a 4.8-fold reduction in affinity for vCCI,
in competition experiments against vCCI�eotaxin-fluor (Fig.
4B). Residue 24 and residues 45 and 46 in the 40s loop of
MIP-1� are close to the acidic loop of vCCI (32). Single-site
mutations in the analogous resides of eotaxin (Arg-22 and Lys-
44, corresponding to residues 24 and 45 in MIP-1�) were made,
and the proteins were produced and purified. Competition flu-
orescence anisotropy studies were performed with these vari-
ants. Eotaxin R22A and K44A mutants showed a Kd with vCCI
of 1.3 
 0.57 and 0.97 
 0.34 nM, respectively, indicating only
an affinity loss of about 2- and 1.5-fold (Fig. 4B). This unexpect-
edly small loss of binding affinity suggests the possibility that
there may be compensation for the loss of only one of the two
proximal basic residues because the other site (position 22 or
44) was still positively charged. This is consistent with the sug-
gestion from our work with the vCCI�MIP-1� complex that
positively charged residues in the 40s loop compensate for res-
idues in the 20s loop, because those groups are proximal (32).
Therefore, in addition to single point mutants, we also made the
double point mutant, R22A/K44A. Another double point
mutant, R16A/R22A, and triple point mutant, R16A/R22A/
K44A, were also made to determine the importance of the over-
all electrostatic interaction by removing more charged residues
from this surface. The Kd of R22A/K44A was 3.1 
 0.93 nM,
showing a more robust 4.8-fold decrease in affinity and suggest-
ing that these two residues may compensate for each other,
with a loss of affinity occurring only if both are neutralized,
whereas high affinity is retained if only one charge is removed.
The other double mutant, R16A/R22A, resulted in a Kd of 12 

2.2 nM, an 18-fold decrease in affinity. The triple mutant, R16A/
R22A/K44A, represents a loss of a basic residue at the spatially
isolated 16th position as well as removal of charge at the co-lo-
calized 22/44 positions. This results in a Kd of 87 
 29 nM,
showing a 134-fold decrease in affinity. These results suggest
that charged residues at positions 16 and 22/44 are both impor-
tant and that, regarding 22/44, a single basic residue at 22 or 44
can compensate for the lack of charge at the other position due
to the proximity of these two residues.

To further investigate electrostatic interaction between
vCCI and eotaxin, we also made reverse-charged mutants,
R22E and R16A/R22E, in which positively charged Arg-22 was
mutated to negatively charged Glu (Fig. 4B). Both mutants
showed much lower affinity with vCCI than the positive-to-
neutral variants, with Kd values of 22 
 2.5 nM (34-fold decrease
in affinity) and 27 
 7.2 nM (42-fold decrease in affinity).

FIGURE 2. Mapping the contact surface of eotaxin and MIP-1� on vCCI. A, overlay of the 1H-15N HSQC spectra of free vCCI (black) and eotaxin-bound vCCI
(red). In these spectra, only the vCCI is isotopically labeled with 15N. B, overlay of the 1H-15N HSQC spectra of free vCCI (black) and MIP-1�-bound vCCI (red). C,
chemical shift changes of vCCI versus its residue number upon binding to eotaxin. 15N-Labeled vCCI was combined with unlabeled eotaxin to a final molar ratio
of 1:1. The average chemical shift change (��) is indicated with a solid horizontal line. The dashed lines indicate the 1 and 2 S.D. values from the average. Residues
with chemical shift changes above 0.165 ppm (1 S.D.) are considered significantly involved in contact with eotaxin. D, as in C, except that 15N-labeled vCCI was
combined with unlabeled MIP-1�. Residues with the chemical shift changes above 0.107 ppm (1 S.D.) are considered significantly involved in contact with
MIP-1�. E, mapping the significant eotaxin contact residues on the vCCI structure. Pink, chemical shift changes above 1 S.D. greater than average; red, chemical
shift changes above 2 S.D. values greater than average. The vCCI structure is from cluster 1 of the docked structure. F, as in E, except mapping the significant
MIP-1� contact residues on the vCCI structure (Protein Data Bank code for vCCI: 2FFK). B, D, and F, all MIP-1� data shown here are from Ref. 32 and used for
comparison.
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The putative hydrophobic interaction mediated by Phe-11
on eotaxin was also investigated. In the vCCI�MIP-1� complex,
this residue appears to be located within the binding distance to
a hydrophobic pocket of vCCI (32). The Phe-11 of eotaxin was
mutated to Ala, and the Kd of the F11A variant was determined
to be 1.7 
 0.47 nM (a 2.6-fold reduction in affinity), indicating
that Phe-11 may have some contribution to the interaction with
vCCI, which agrees with the previous finding that Tyr-13 in
MCP-1 has an impact on binding vCCI (23, 38).

Interestingly, it has been reported that substitution of residue
Lys-47 to Ala in MCP-1 actually results in an increased affinity
for vCCI binding (23, 38), and it has been suggested based on
the vCCI�MIP-1� structure that this might be due to relief of its
steric crowding and poor electrostatic interaction between the
Lys of the chemokine and nearby residues, Tyr-80 and Arg-89
on vCCI (32). Therefore, an eotaxin variant at the analogous
location (K47A) was produced. The Kd of the interaction
between vCCI and eotaxin K47A was determined to be 0.08 

0.06 nM (Fig. 4B), showing an 8-fold increase in affinity com-
pared with wild type eotaxin, making the variant the tightest
binding ligand of vCCI among eotaxin variants. This result sug-
gests that this position is in close proximity to vCCI and that in
this area of interaction, a small neutral amino acid on eotaxin is
better for affinity than a basic residue.

vCCI Binds to Other Wild Type Chemokines—Although the
qualitative binding capacity of vCCI to other CC chemokines
has been established (24, 32), there is still a lack of quantitative
information. vCCI binds most CC chemokines but not C, CXC,
and CX3C chemokines (13, 24). To gain quantitative binding
information for several CC chemokines and vCCI, we used
competition fluorescence anisotropy to investigate the binding
of vCCI by the CC chemokines, MCP-1, MIP-1�, and RANTES.
These proteins have been shown to activate different receptors,
including CCR1, CCR2, and CCR5. However, they all bind
vCCI tightly (23, 24, 38). We also used the competition fluores-

FIGURE 3. Mapping the contact surface of vCCI on eotaxin. A, overlay of the
1H-15N HSQC spectra of free 15N eotaxin (black) and vCCI-bound 15N eotaxin
(red). B, chemical shift changes of eotaxin versus its residue number upon
binding vCCI. 15N-Labeled eotaxin was combined with unlabeled vCCI to a
final molar ratio of 1:1. The average chemical shift change (��) is indicated
with a solid horizontal line. Residues with the chemical shift changes above
0.21 ppm are considered significantly involved in contact with vCCI. C, map-
ping the significant vCCI contact residues on the eotaxin structure. Orange,
chemical shift changes above the average; pink, chemical shift changes above

1 S.D. greater than average; red, chemical shift changes above 2 S.D. values
greater than average. Yellow, disulfide bond; the other disulfide bond is C10:
C50. The eotaxin structure is from cluster 1 of the docked structure.

TABLE 1
Fluorescence anisotropy results of interaction between vCCI and
eotaxin variants or between vCCI and other CC chemokines

Mutants Kd Change (Kd,mut/Kd,WT)a

nM -fold
WT eotaxin 0.65 
 0.17 1.0
F11A 1.7 
 0.47 2.6
R16A 3.1 
 0.61 4.8
R22A 1.3 
 0.57 2.0
R22E 22 
 2.5 34
K44A 0.97 
 0.34 1.5
K47A 0.08 
 0.06 0.12
R16A/R22A 12 
 2.2 18
R22A/K44A 3.1 
 0.93 4.8
R16A/R22E 27 
 7.2 42
R16A/R22A/K44A 87 
 29 134
MCP-1 1.1 
 0.11 1.7
MIP-1� 1.2 
 0.17 1.8
MIP-1�-K45A/R46A/K48A 2.2 
 0.36 3.4
RANTES 0.22 
 0.087 0.34

a Comparison is with wild-type eotaxin. Kd values are calculated as described un-
der “Experimental Procedures.” Errors are the S.D., determined from three inde-
pendent experiments. Student’s t test to compare the Kd of each variant with the
wild type protein resulted in a p value less than 0.05 for all variants except for
F11A, R22A, and K44A, which each had a p value greater than 0.05.
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cence assay to determine the affinity for vCCI of MIP-1�-
K45A/R46A/K48A, the variant that was used as the basis for the
vCCI�MIP-1� structure (32). The Kd values of these four
chemokines as determined by fluorescence anisotropy are as
follows: MCP-1, 1.1 
 0.11 nM; MIP-1�, 1.2 
 0.17 nM; MIP-
1�-K45A/R46A/K48A, 2.2 
 0.35 nM; and RANTES, 0.22 

0.087 nM. This is in agreement with previous work, although
surface plasmon resonance studies with MCP-1 showed a
higher affinity (0.29 nM (23) and 0.34 nM (38)).

Model of the vCCI�Eotaxin Complex—To gain structural
insight into the binding interface between vCCI and eotaxin
and the role of different residues in binding, docking of the
complex was performed using the HADDOCK program (43, 44,
56). The residues chosen as “active” were required to fulfill the
following three criteria: 1) chemical shift perturbation at that
residue is larger than average upon binding and/or mutagenesis
at the residue, resulting in significant changes in binding affin-
ity in the fluorescence anisotropy assay; 2) the residue is �40%
solvent-accessible; and 3) the side chains point outward to pos-
sibly form an interface rather than inward for self-interaction
(56). Residues were chosen to be “passive” if they were neigh-
boring residues of active residues, if they were 40% solvent-
accessible, and if the side chain was generally directed toward
the interaction interface rather than inward (56). For vCCI,
recent mutagenesis data were also considered (25). For this pro-
tein, seven active (positions 53, 78, 80, 96, 143, 180, and 215)
and four passive (positions 76, 89, 141, and 182) residues were
selected. For eotaxin, five active (positions 12, 16, 22, 44, and 47)
and four passive (positions 11, 22, 45, and 49) residues were
selected. These residues were used to generate ambiguous
interaction restraints between vCCI and eotaxin (2.0 Å cut-off).
The 200 calculated structures after water refinement clustered
in a total of eight groups. The average intermolecular energies
of resulting clusters were between �711.1 and �420.1 kcal/
mol, and average intermolecular root mean square deviations
were between 1.4 and 11.3 Å. Cluster 1 (the cluster with the
lowest energy and the best HADDOCK score) was the domi-
nant cluster, containing 98 structures, with the lowest intermo-
lecular energies of �711.1 kcal/mol and the lowest intermolec-
ular root mean square deviations of 1.4 Å. Fig. 5A shows the
overlay ribbon representation of the best scoring structure of
this cluster. Fig. 5B shows an overlay of the ribbon representa-
tion of one structure from this cluster (champagne) and the
vCCI�MIP-1� complex (blue; Protein Data Bank code 2FFK).
Fig. 5, C and D, depict the interaction interface of vCCI and
eotaxin, respectively. The average buried surface area of the 98
structures in cluster 1 is 1858.8 Å2. The overall structure of the
vCCI�eotaxin complex is similar to that of the vCCI�MIP-1�
complex that was obtained by NMR restraints using the pro-
gram Dynamo (Fig. 5B) (60). In the structure, �-sheet II of vCCI
exhibits interactions with the N-loop, 20s region, 40s loop, and

FIGURE 4. Fluorescence anisotropy studies of binding of eotaxin, eotaxin
variants, and other CC chemokines to vCCI. A, left, fluorescence anisotropy
of eotaxin-fluor binding to vCCI. Right, fluorescence anisotropy competition
assay between unlabeled eotaxin and a complex of eotaxin-fluor and vCCI.

B, selected fluorescence anisotropy competition assays between unlabeled
eotaxin variants and a complex of eotaxin-fluor and vCCI. C, fluorescence
anisotropy competition assays between unlabeled CC chemokines and a
complex of eotaxin-fluor and vCCI. Three independent experiments were
performed for each assay. The graphs show a representative experiment.
Error bar, S.D. of multiple measurements of that point. The Kd was calculated
as described under “Experimental Procedures.”
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the third �-strand of eotaxin. Some small differences were
observed between the two structures, however, including the
docked vCCI�eotaxin structure showing a longer �2 strand (Fig.
2E), the eotaxin showing some �-structure around residue 20
(Fig. 3C), and the overall tilt of the chemokine being somewhat
different between eotaxin and MIP-1� (Fig. 5B). Some of these
differences could be due to the lower resolution inherent in a
docked structure.

DISCUSSION

vCCI is a secreted protein encoded by poxviruses that con-
tributes to the evasion of the host immune response (61). vCCI
can bind specifically and generically to CC chemokines with
high affinity, making it a potent and specific anti-inflammatory
agent with demonstrated effectiveness in vivo (22, 62). A com-
prehensive analysis of the binding profile of vCCI with an
extensive panel of more than 80 chemokines revealed that vCCI
binds to 26 CC chemokines with high affinity, including 14
human chemokines, such as eotaxin, MCP-1, MIP-1�, MIP-1�,
and RANTES (24). Although vCCI possesses no close molecu-
lar similarity to known mammalian or other eukaryotic pro-
teins (13, 63), its broad spectrum, high affinity CC chemokine
binding ability suggests that it might provide further clues as to
how to develop specific therapeutic agents to abrogate chemo-
kine-mediated disease conditions.

The vCCI-Eotaxin Interaction—As shown in Fig. 4 and Table
1, our data show three residues in eotaxin that are potentially
critical in binding vCCI: Arg-16, Arg-22, and Lys-44. Arg-16 of
eotaxin is a relatively isolated and basic residue. When this res-
idue is mutated, the variant R16A shows an almost 5-fold loss of
binding to vCCI, making it the worst single point mutation

among the alanine substitution mutants. This indicates that
position 16 is important in the interaction with vCCI. In work
using surface plasmon resonance with the chemokine MCP-1,
the R18A variant in MCP-1 (in the corresponding position)
caused a �20-fold reduction in affinity to vCCI (23, 38), and in
general, high affinity vCCI-binding chemokines have a basic
residue in this position (Fig. 1A). Electrostatic potential map-
ping of eotaxin in Fig. 5D clearly shows that this amino acid is
located in a positively charged patch on the surface of eotaxin.
When in complex with vCCI, this residue is close to the con-
served, negatively charged vCCI residues Asp-141 and Glu-143,
indicating its probable involvement in electrostatic interac-
tions. In a recent study, both positions 141 and 143 of vCCI
were mutated with charge swap residues or alanine, with the
result that Asp-141 mutants impaired the function of the pro-
tein, and the Glu-143 charge swap mutant led to total loss of
function (25).

Two residues in the chemokine that are also important for
binding, Arg-22 and Lys-44, are spatially close to each other.
These two amino acids are located in a highly positively charged
patch that is very close to the loop in vCCI between the �2 and
�3 strands. This loop region of vCCI is highly negatively
charged, as shown in Figs. 2E and 5C, and is quite flexible (32),
so it would be expected to interact favorably with positively
charged residues in the chemokine. It was suggested by Zhang
et al. (32) that at least one positive charge in the 22/44 position
was required for high affinity binding to vCCI and that the
absence at one position could be compensated for by the pres-
ence of a basic residue at the other (in that paper, the residue
numberings were 24 and the adjacent 45/46 positions). The
present work supports this prediction, because R22A, K44A,
and R22A/K44A single and multiple mutants in eotaxin showed
weaker binding, particularly when both residues were mutated.
The suggestion that high affinity binding to vCCI requires a
positive charge in the 22/44 position of the chemokine is also
supported by previous work that showed that R24A in MCP-1
caused a �10-fold drop in affinity; in this chemokine, Arg-24
(position 22 in eotaxin) is the only cognate positive charge
because there is no corresponding basic residue in the 44-posi-
tion in MCP-1 (Fig. 1) (23). Therefore, loss of this positively
charged amino acid cannot be compensated for by a nearby
positive charge in MCP-1. The present experiments show that a
single point mutation, R22A in eotaxin, caused only a 2-fold
reduction in affinity for vCCI, whereas an R22E mutant caused
34-fold loss of binding, strongly indicating the role of electro-
static interactions at this site. This is consistent with work on
MCP-1, where it was shown that the R24E mutation had no
detectable binding to vCCI, indicating that a negatively charged
amino acid is disfavored in this position (38). The chemokine
MIP-1� possesses a hydrophobic amino acid (Phe-24; Fig. 1) in
this position and still binds to vCCI with high affinity (32), indi-
cating that a large hydrophobic residue is also tolerable here
(and in the case of MIP-1� is probably compensated for by the
basic residues in the 45/46 positions).

In the present structure model (Fig. 5), Arg-16 and some
residues from the 40s loop in eotaxin are involved in the inter-
action with vCCI. The corresponding residues in MIP-1� are in
its GAG-binding region (32, 64, 65), so it is possible that vCCI also

FIGURE 5. Structural model of the vCCI�eotaxin complex. A, overlay of four
docking structures from the vCCI�eotaxin cluster 1. Eotaxin is shown on the
left, and vCCI is shown on the right. B, overlay of the vCCI�eotaxin (pink and
blue) complex and the vCCI�MIP-1� (light pink and light blue) complex for
comparison. The vCCI�MIP-1� complex is from Ref. 32. C and D, electrostatic
potential maps are shown for the binding interface of vCCI (C) and eotaxin (D).
Negatively charged residues are shown in red, and positively charged resi-
dues are shown in blue. The vCCI and eotaxin surface is from cluster 1 of the
docked structure.
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interferes with GAG binding by eotaxin. Interference with the
chemokine concentration gradient formation through inhibiting
its GAG binding capability may be a general strategy for a virus to
escape or utilize the host immune response (66, 67).

The mutation F11A in eotaxin resulted in a 2.6-fold reduc-
tion in affinity for vCCI (Table 1). The equivalent residue in
MIP-1� (Phe-13) makes close contact with a hydrophobic
patch of vCCI at the edge of the two sheets of the vCCI �-sand-
wich (32). Mutation of an analogous residue, Y13A, in MCP-1
showed a �10-fold reduction in affinity (23, 38). In all human
chemokines that bind to vCCI with high affinity, a hydrophobic
amino acid or an aromatic amino acid is located in this position
(24). The conservation of this position in chemokines that bind
vCCI with high affinity suggests the importance of this residue
for them to bind the chemokine inhibitor vCCI. The analogous
residue Phe-13 in MIP-1� has been shown to be critical for
receptor binding and for dimer formation (68), and has been
demonstrated to be critical for several other CC chemokines
(69, 70), indicating that vCCI probably functions through com-
petition for the binding of chemokines to its receptors.

The N-terminal region of CC chemokines is important for
receptor binding and dimer formation (71), but this region is
not likely to be important in binding to vCCI. In the present
model of vCCI�eotaxin (Fig. 5), the N terminus of eotaxin is not
involved in the interaction, but the model is not definitive
because it is based on NMR data, which shows no peaks for this
region, probably due to high flexibility in the chemokine here
(Fig. 3). However, the flexibility that is implied by the lack of
resonances in both forms indicates that the N terminus is not
involved in binding to vCCI. Our results are consistent with
other work showing that the N termini of MIP-1� and MCP-1
do not contribute to binding vCCI (23, 32, 38). This highlights
one strategy used by vCCI to bind chemokines; vCCI probably
does not contact regions of high flexibility and disparity but
recognizes epitopes that are relatively rigid and conserved
among the CC chemokines.

Rationale for vCCI Binding Interactions—The vCCI�eotaxin
structure model presented here is very similar to the
vCCI�MIP-1� complex structure (Fig. 5B) (32). This similar-
ity is evident from the similar chemical shift changes exhib-
ited by vCCI upon binding of MIP-1� or eotaxin, as shown in
Fig. 2, and the docked structure from the current
vCCI�eotaxin data shows great similarity to the NMR-de-
rived structure of vCCI�MIP-1� (Fig. 5). It is interesting that
vCCI binds to eotaxin in a similar way as it binds to MIP-1�
despite the identity between the two proteins being only 36%
and their general lack of ability to cross-react with each
other’s cognate receptor.

It has been shown qualitatively that vCCI binds to most CC
chemokines well but does not bind CXC chemokines, such as
SDF-1� and IL-8, although the monomeric tertiary structures
of CC and CXC chemokines are highly similar. The main rea-
son for this difference could be because the interaction between
vCCI and its ligand CC chemokines derives mainly from elec-
trostatic interaction at specific conserved positions, such as 16,
22, and 44/45 (according to eotaxin numbering). However, cor-
responding residues in CXC chemokines, such as SDF-1� and
IL-8, possess mostly non-charged residues at these locations

(Fig. 1). Whereas eotaxin has three basic residues in the key
positions 16, 22, and 44/45, IL-8 and SDF-1� have only one
positively charged residue (and a basic residue in the “unfavor-
able” position 47) (Fig. 1B). This lack of a properly positioned
basic surface may explain why IL8 and SDF-1� bind more
weakly to vCCI. Indeed, whereas CC chemokines with the pos-
itively charged residues at 16, 22, or 44/45 result in high affinity
binding to vCCI (24), CC chemokines, such as I-309, possess a
neutral Gln at position 16 and also tend to show weaker binding
to vCCI (24). Our work suggests that this is due to the lack of a
basic residue in this position. Unlike the 22/44-positions that
are close in space to each other and can compensate for each
other, Arg-16 is isolated. Because chemical shift perturbation in
eotaxin shows significant changes in this position, it appears
that this residue is involved in binding vCCI and is most effec-
tive when positively charged (Fig. 3B). Therefore, it could also
explain why there is only slightly weaker binding of MIP-1�-
K45A/R46A/K48A compared with wild type MIP-1� (Table 1)
because this mutant retains a positive charge at position Arg-
18. Overall, the data support the conclusion that electrostatic
interaction is a major factor in the vCCI-CC chemokine
interaction.

As mentioned, several techniques have been utilized in past
and present studies to investigate the vCCI-chemokine interac-
tion, leading to the overall consistent picture described here.
Surface plasmon resonance has been used to investigate the
binding of the chemokine MCP-1 with vCCI, and this work
indicated a vCCI�MCP-1 binding Kd of 0.3 nM (23, 38). In the
work by Zhang et al. (32), the EC50 for WT MIP-1� was found
to be 0.66 nM using an ELISA-type assay. In the present work,
fluorescence anisotropy indicates that eotaxin binds to vCCI
with a Kd of 0.65 
 0.17 nM. The results of a fluorescence com-
petition binding assay also provide a vCCI�MCP-1 Kd of 1.09 

0.11 nM and a vCCI�MIP-1� Kd of 1.16 
 0.17 nM. In addition,
we show that RANTES, which also has appropriately placed
basic residues, binds to vCCI the most tightly (Kd � 0.22 

0.087 nM), which is consistent with the importance of electrostatic
interactions in vCCI binding. These methods each provide a con-
sistent measure of the tight binding of chemokines to vCCI and are
also consistent with the more qualitative work of Burns et al., who
studied an extensive list of wild type chemokines (24).

This eotaxin-binding pattern of vCCI modeled here shows a
general strategy for vCCI to interfere with the immune system:
effectively masking important residues in CC chemokines that
are required for interaction with receptors or possibly cell sur-
face GAGs. Overall, the data indicate that each basic residue in
eotaxin has an incremental effect on vCCI binding, leading to
overall high affinity. This suggests how each chemokine can
have some combination of these “binding blocks” to also arrive
at high affinity for vCCI without necessarily showing sequence
identity with each other.

In summary, this work reveals a general strategy for vCCI
to selectively bind to chemokines with high affinity, which
will help facilitate the rational design of chemokine receptor
antagonists. The studies have contributed to insight into
the binding modes of these viral proteins and host
chemokines.
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