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ABSTRACT: Chemokines are important immune proteins, carrying out their function by binding to
glycosaminoglycans (GAGs) on the endothelial surface and to cell surface chemokine receptors. A unique
viral chemokine analogue, viral macrophage inflammatory protein-II (vMIP-1I), encoded by human
herpesvirus-8, has garnered interest because of its ability to bind to multiple chemokine receptors, including
both HIV coreceptors. In addition, vMIP-11I binds to cell surface GAGs much more tightly than most human
chemokines, which may be the key to its anti-inflammatory function in vivo. The goal of this work was to
determine the mechanism of binding of GAG by vMIP-II. The interaction of vMIP-II with a heparin-derived
disaccharide was characterized using NMR. Important binding sites were further analyzed by mutagenesis
studies, in which corresponding vMIP-II mutants were tested for GAG binding ability using heparin
chromatography and NMR. We found that despite having many more basic residues than some chemokines,
vMIP-II shares a characteristic binding site similar to that of its human analogues, utilizing basic residues
R18, R46, and R48. Interestingly, a particular mutation (Leul3Phe) caused vMIP-II to form a pH-dependent
CC chemokine-type dimer as determined by analytical ultracentrifugation and NMR. To the best of our
knowledge, this is the first example of engineering a naturally predominantly monomeric chemokine into a
dissociable dimer by a single mutation. This dimeric vMIP-1I mutant binds to heparin much more tightly than
wild-type vMIP-II and provides a new model for studying the relationship between chemokine quaternary
structure and various aspects of function. Structural differences between monomeric and dimeric vMIP-II

upon GAG binding were characterized by NMR and molecular docking.

yMIP-I (also called vCCL2)" is a viral chemokine analogue
that is produced by human herpesvirus-8. This protein is unique
because it binds to a wide range of chemokine receptors even
across different subfamilies: it binds to CCR1, CCR2, CCRS,
and CXCR4 as an antagonist and to CCR3 and CCRS as an
agonist (/—3). The ability to selectively block or activate multiple
receptors enables VMIP-II to preferentially inhibit acute Thl-
associated inflammation but upregulate the Th2-associated
immune response to help the virus evade the host immune
system (2, 3). Because of its potent anti-inflammatory properties,
vMIP-II has been successfully used to protect rat brain after
ischemic brain injury and spinal cord injury (4, 5), as well as
increase tolerance of cardiac and corneal allograft transplant in
mice (6, 7). More recently, vMIP-II has been shown to be pro-
angiogenic in both mature and progenitor endothelial cells,
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suggesting the possibility that this protein could be useful in
organ transplantation (8§). vMIP-II is also a valuable candidate as
an HIV inhibitor, because it blocks HIV cell entry through both
CCRS5 and CXCR4 coreceptors and preferentially inhibits in-
flammation of monocytes and Thl type T cells which are major
targets for HIV-1 (/—3). vMIP-II therefore is biologically
relevant in many diverse fields.

While studies have addressed the ability of vMIP-II to bind cell
surface receptors (/—3), very little has been reported about its
ability to bind glycosaminoglycans (GAGs) on the extracellular
surface of the endothelial cells. GAG binding plays an important
role in chemokine function. While GAG binding is not essential
for receptor binding in vitro (9—12), several studies have demon-
strated that the ability of a chemokine to bind GAGsis critical for
in vivo function (13—15). GAGs control chemokine function in
many ways: GAGs help immobilize chemokines on the endothe-
lial cell surface (16, 17), where natural chemokines presumably
form a concentration gradient (/7—22), and these chemokines
recruit leukocytes to move along the gradient by activating
chemokine receptors on the leukocyte surface (23). GAG binding
also protects chemokines from proteolysis and induces chemo-
kine oligomerization (24, 25). Overall, GAG binding helps
chemokines to increase their local concentrations and enhance
receptor signaling (9, 11, 26, 27). The major role of vMIP-II is
regulating immune responses, and as with human chemokines,
GAG binding may be essential for vVMIP-II to perform its natural
function in vivo. vMIP-II may build up its own concentration
gradient at the infection site and disrupt leukocyte recruitment,
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possibly by competing with human chemokines for binding to
many chemokine receptors on the leukocyte surface and/or by
displacing chemokines from cell surface GAGs to disrupt the
normal human chemokine gradient. Therefore, it is important to
understand the GAG binding mechanism of vMIP-II.

Several structural studies suggested that chemokines’ GAG
binding is mediated by basic residues on the chemokine surface,
because cell surface GAGs are negatively charged polysacchar-
ides. Previous studies on MIP-14 and RANTES confirmed that
positively charged residues like R18, and the 40s loop BBXB
domain residues (named for basic-basic-any-basic amino acids),
are critical for GAG binding (10, 28, 29). For MCP-1,
basic residues R18, K19, R24, and K49 form the primary
GAG binding site (30). The quaternary structure of the
chemokine also plays an important role in GAG binding.
The currently accepted hypothesis is that the dimer form is
more capable of binding GAGs, while the monomeric form of
the chemokine is responsible for binding the receptors (31). It
is likely that chemokines bind GAGs in the dimeric or oligo-
meric form and then dissociate into monomers to bind to the
receptors (10, 31, 32).

The structure of vMIP-II has been determined by both NMR
(33—35) and X-ray crystallography (36, 37). vMIP-11 is a highly
basic protein with eight Lys and five Arg residues of 71 total
residues and is predominantly a monomer under most con-
ditions (33—35, 37), although under some crystallization condi-
tions it has been observed as a dimer (36). In this work, a high-
affinity vMIP-II dimeric variant has been designed. We present
full backbone assignments of the dimeric vMIP-II variant by
NMR and demonstrate that vMIP-II provides an excellent
opportunity to study the structural and functional differences
between the two quaternary structural forms of chemokines at
the atomic level. Mutagenesis, NMR, chromatography, and
molecular docking are used to characterize the GAG binding
mechanism of both quaternary structural forms of vMIP-II.
Results show that vMIP-II uses a mechanism very similar to that
of human chemokines to bind GAGs despite having many more
basic residues than its close homologue, human MIP-1p, and also
show an interesting role for chemokine dimerization in GAG
binding.

EXPERIMENTAL PROCEDURES

Protein Preparation. The gene for vMIP-II was synthesized
using overlapping oligonucleotides. vMIP-II mutations were
made using the QuikChange site-directed mutagenesis method
(Stratagene, La Jolla, CA). Wild-type vMIP-II and its variants
were expressed in the pET-32a(+) expression vector along
with a thioredoxin fusion tag (Novagen, Madison, WI). The
vectors were transformed into BL21(DE3) and grown in 1 L of
'"N-labeled minimal medium using ’NH,Cl as the only nitrogen
source. For NMR chemical shift assignment experiments,
13C-labeled glucose was used as the only carbon source to produce
the 1*C- and "*N-labeled L13F variant, while for other mutants,
unlabeled glucose was used. Protein production was induced with
I mM IPTG. The cells were harvested by centrifugation 4 h after
induction. The cell pellet was resuspended in refolding buffer
[5 M guanidinium hydrochloride, 3 mM EDTA, 50 mM Tris, and
50 mM NaCl (pH 8.0)] with 10 mM benzamidine and French
pressed twice at 16000 psi. The solution was incubated at room
temperature for 2 h with stirring followed by a centrifugation at
20000g for 30 min. The supernatant containing the denatured
protein was passed through a Ni chelating column and eluted
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with imidazole in 5 M guanidinium chloride, 50 mM Tris
(pH 8.0), and 500 mM NaCl. The purified proteins were slowly
stirred overnight with the addition of 10 mM f-mercaptoethanol,
and refolding was achieved by dialysis against 50 mM NaCl,
2 mM CaCl,, and 20 mM Tris-HCI (pH 8.0). To remove the
fusion tag, recombinant enterokinase (Novagen, Madison, WI)
was added and the solution was incubated for 3—7 days at room
temperature. Precipitated matter was removed by centrifugation
at 20000g for 30 min, and the cut protein was purified on a C4
reversed phase chromatography column (Vydac, Hesperia, CA)
on an Akta purification system (GE Healthcare) and lyophilized
by the Labconco freeze-dry system (Labconco Corp., Kansas
City, MO).

NMR Spectroscopy. All NMR data were acquired at 25 °C
on a Varian Inova 500 or 600 MHz or Bruker 600 MHz
spectrometer. NMR samples were prepared by addition of
lyophilized proteins to 20 mM sodium phosphate (pH 2.5, 5.4,
or 7.4, depending on the specific requirement for each experi-
ment). The effect of pH variation on chemokine quaternary
structure was also evaluated by NMR. While many CC chemo-
kines require a low pH to avoid aggregation, vMIP-II was soluble
throughout the range. The chemical shift was referenced relative
to internal DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid) (38).
The data were processed using NmrPipe (39) and analyzed using
PIPP (40). For two-dimensional (2D) HSQC spectra, the SW
values were 6982.631 (‘H) and 1700.030 Hz (*°N), with 512%
points in 'H and 128* points in '*N. The three-dimensional (3D)
HNCACB experiments were conducted with SW values of
7804.117 ('H), 9599.232 (*C), and 1619.991 Hz (*’N), with
512* points in 'H, 64* in "*C, and 32* in '°N.

NMR Titration. Titrations of wild-type vMIP-II and vMIP-
IT dimeric variant Leul3Phe with disaccharide I-S (V-labs,
Covington, LA) were performed in 20 mM sodium pho-
sphate buffer (pH 7.4). Aliquots from stock solutions of dis-
accharide [I-S was also dissolved in 20 mM sodium phos-
phate buffer (pH 7.4)] were added to samples of 0.1—0.3 mM
'SN-labeled protein. At the concentrations used, wild-type vMIP-II
was observed to be entirely monomeric except upon the addition
of 1500 uM disaccharide, and for the L13F variant, only a single
set of peaks (dimer) were observed. The maximum concentration
of I-S titrated was 1500 M in wild-type vMIP-IT and 900 uM in
yMIP-II L13F. One "H—">N HSQC spectrum was acquired after
each titration. The change in the pH of the protein sample upon
addition of disaccharides was negligible. For every I-S titration
experiment, the changes in HSQC cross-peaks of the backbone
amide groups of the vMIP-II proteins were calculated as in
eq 1 (41), where the observed total chemical shift perturbation
(Ad,ps) for each residue can be calculated as the weight-average
chemical shift changes of "H (Ady) and "N (Ady).

Abops = {[(AdH)*+(AdN/5)%)/2} (1)

In the presence of different concentrations of disaccharides,
the chemical shifts for vMIP-II are the population-weighted
averages of the chemical shifts of free and disaccharide-bound
protein. As defined in eq 2, the observed chemical shift perturba-
tion (Adps) is related to the ratio of disaccharide-bound vMIP-I1
to total vMIP-II (Vy,/V5)

A(Sobs = (Vb/Vt) X Aémax (2)

where Ady.y is the difference in the chemical shifts between the
fully bound and free form of vMIP-11, V}, is the concentration of
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bound vMIP-II, and V; is the total concentration of vMIP-II.
Assuming that one disaccharide binds only one vMIP-II mono-
mer (or one subunit of the dimeric vMIP-IT L13F variant), we can
calculate the ratio Vy,/V, with eq 3 (42)

Vo Vi = 0.5{1 + KqVi+ DV, = [(14Kq/ V4D, V)
—4x D/1]"?} (3)

where D, is the total concentration of disaccharide I-S and Kj is
the apparent dissociation constant of the vMIP-II I-S complex.
For each titration, the ratio D,/ V', and the Ady, for those residues
that undergo disaccharide-induced chemical shift changes are fit
to eqs 2 and 3 using KaleidaGraph version 3.5 (Synergy Soft-
ware, Reading, PA) to give an apparent dissociation constant Ky
for each residue.

Heparin Chromatography. Lyophilized proteins were dis-
solved in 0.5 mL of 50 mM Tris buffer (pH 7.4) and injected into a
I mL Hi-Trap heparin column (GE Healthcare). The column was
rinsed with 5 mL of Tris buffer and followed by a NaCl con-
centration gradient from 0 to 1 M in the same buffer [S0 mM Tris
(pH 7.4)], with a flow rate of 0.5 mL/min. The absorbance at
280 nm was monitored. Each experiment was conducted in
duplicate to ensure the repeatability of the results. The same
experiments were repeated on I mL Hi-Trap SP columns (GE
Pharmacia) as a control. Essentially no differences in results were
observed when 50 mM sodium phosphate buffer was used instead
of Tris buffer.

Analytical Ultracentrifugation (AUC). Sedimentation
equilibrium analyses were performed at 25 °C on a Beckman
Optima XLA analytical ultracentrifuge, using an AN 60 Ti rotor
with multiple speeds and variable protein concentrations to
obtain the molecular weight and dimer dissociation constant of
the proteins. Wild-type vMIP-IT and L13F samples of different
concentrations were dissolved in 20 mM sodium phosphate
buffer containing 150 mM NaCl at pH 2.5, 5.4, and 7.4. Samples
were centrifuged at 3000, 15000, 35000, and 42000 rpm. During
each equilibrium experiment, samples were monitored by mea-
suring the absorbance at 280 nm. The data were processed with
Origin (Beckman), and each set of experimental data was fit to a
single-ideal monomer model or monomer—dimer equilibrium
model using a nonlinear least-squares fit. Data for wild-type
vMIP-IT at pH 2.5 and 5.4 fit to only the single-ideal monomer
model and could not be fit with the monomer—dimer equilibrium.
Data for wild-type vMIP-IT at pH 7.4 and vMIP-II L13F at all pH
values fit best to monomer—dimer equilibrium models. Vy,, for
each protein was estimated using Sednterp (www.rasmb.org), and
the dimer dissociation constant (43) was calculated using the
standard method described previously (44, 45) using the fit K,
from Origin (Beckman).

NMR Constraint-Driven Molecular Docking. Molecular
docking of disaccharide heparin I-S on monomeric and dimeric
VMIP-II (Protein Data Bank entries IVMP and 1CMO9, res-
pectively) was performed using HADDOCK?2.1 (A. Bonvin,
Utrecht University, Utrecht, The Netherlands). Experimental
data such as the chemical shift perturbation data from the NMR
titration and mutagenesis data on the heparin column are
introduced as ambiguous interaction restraints (AIRs) to drive
the HADDOCK docking process.

Residues with a chemical shift perturbation greater than the
average chemical shift perturbation plus one standard deviation
were selected as “active” residues as defined in the HADDOCK
instructions. The protein structures were further analyzed using
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the VADAR server, and residues with less than 50% surface
accessibility were excluded. “Passive” residues are defined as the
residues that are within or near the “active” residues, but only
residues with more than 50% surface accessibility were selected.
Active and passive residues were used to generate the ambiguous
interaction restraints (AIRs) (46) to drive the docking.

Optimized parameters for liquid simulation (OPLS) were used,
as described in the HADDOCK instructions. The geometric
coordinate and parameter files for the proteins were par-
allhdg5.3.pro and topallhdg5.3.pro. For the ligand (HIS from
the RANTES disaccharide complex 1U4L), the parameters were
calculated and optimized using the PRODRG server (47).

For both monomeric and dimeric vMIP-I1, the docking was
performed in a 1:1 disaccharide:protein ratio (the dimeric vMIP-
IT was defined as using only one of the two identical subunits for
docking). For each docking experiment, a total of 1000 complex
structures were calculated during the rigid body docking, and the
best 200 structures in terms of intermolecular energies were
further analyzed with semiflexible annealing and water refine-
ment. The root-mean-square deviations (rmsd) of the final set of
docked structures were calculated, and the final structures were
clustered using the algorithm described by Daura et al. (48). The
clusters were scored using a weighted sum of a combination of
energy terms.

RESULTS

Design of a vMIP-1I Dimer in Solution. Chemokines can
exist in a variety of quaternary states, which are influenced by
solution conditions (28, 32, 49). However, the viral chemokine
analogue vMIP-I1is observed to be predominantly monomeric in
solution under most conditions, even at millimolar concentra-
tions (Figure 1B) (33—35). To investigate how different quatern-
ary states of vMIP-II interact with disaccharide in solution, we
designed a vMIP-II variant which is a high-affinity dissociable
dimer in solution. Most human CC chemokines have a Phe or
Tyr in the 13th position. In MIP-14, the human analogue of
VMIP-II, Phel3 is the single most important residue for both its
quaternary structure and function. The mutant Phel3Leu dis-
rupts dimer formation in MIP-15, greatly reduces its GAG
binding affinity (/0), and also causes a >100-fold decrease in
CCRS receptor binding affinity (50). vMIP-I1, unlike its human
analogues, has a Leu in its 13th position. To further investigate
the role of the 13th position in vVMIP-II, we mutated Leul3 to Phe
and analyzed the structural and functional changes. Analytical
ultracentrifugation (AUC) experiments with this vVMIP-II variant
revealed that vMIP-II L13F is a dimer in solution, with a K4 of 41
uM at pH 5.4, while wild-type vMIP-I1 is a monomer under these
conditions (Figure 1A). Moreover, the dimerization of vyMIP-II
L13F was found to be dependent on pH, with a K4 ranging from
129 uM at pH 2.5to 41 uM at pH 5.4 t0 0.74 uM at pH 7.4 (data
not shown). This is in contrast to the case for wild-type vMIP-II,
which is almost universally observed as a monomer, although
AUC experiments show that it has a very weak tendency to
dimerize at pH 7.4 (data not shown).

As shown in Figure 1B, the L13F mutation causes a dramatic
change in the "N HSQC spectrum compared to that of the wild-
type protein, not only at the 13th position but also at many other
residues. Given the results of the analytical ultracentrifugation, it
is likely that the change in spectrum in the mutant is due to
dimerization, a possibility that is supported by the known
structures of chemokine dimers. Chemokines form two different
kinds of dimer, the CC-type dimer (which uses the N-terminus
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FIGURE 1: (A) Analytical ultracentrifugation data at pH 5.4. Data for wild-type vMIP-II fit to only a single-ideal monomer model, giving a fitted
molecular weight that is the same as that calculated from the protein sequence. Data for the vMIP-II L13F mutant fit to a monomer—dimer
equilibrium model, with a dissociation constant of 41 M. (B) Overlay of the chemical shift-assigned >N HSQC spectra of wild-type vMIP-II
(black) and vMIP-II L13F (red), both at pH 5.4 and a concentration of | mM. Peak shifts upon mutation were observed at many residues, not only
at the mutation site. (C) Chemical shift perturbation chart showing the chemical shift change of each residue from the monomer (wild type) to the

dimer (vMIP-11 L13F).

and 30s loop as the dimer interface) (5/) and the CXC-type dimer
(which uses f-strand 1 and the C-terminal helix to dimerize)
(52—54). Because a crystal structure of wild-type vMIP-II shows
a CC-type dimer (PDB entry 1CM9) (36), it is likely that the
dimer form of vMIP-II L13F is also a CC-type dimer. To enable
further analysis of the dimerization of LI13F, an HNCACB
experiment was performed. Full backbone chemical shift assign-
ments ("H, °N, °C,, and 13Cﬂ) of vMIP-II L13F were deter-
mined using standard methods, and the assignment is shown in
Figure 1B. This sequence assignment enabled a residue-by-residue
comparison with the wild-type protein, resulting in an estimation
of the relative extent of structural change for each residue. The
results (Figure 1C) showed that the greatest chemical shift per-
turbations occurred in the N-terminus, N-loop, 30s loop, and
residues 50—52 which are the same areas expected to be involved
in a CC chemokine dimer and correspond well to the vMIP-II
dimer crystal structure, indicating that vMIP-IT L13F indeed very
likely forms a CC-type dimer.

Wild-type vMIP-II and vMIP-II L13F, therefore, exhibit
two distinct forms of quaternary structure in solution, which
provide a good model for studying the relationship between
chemokine quaternary structure and chemokine—GAG binding
function.

NMR Studies of Disaccharide Binding by Wild-Type
vMIP-II. NMR studies were conducted to map the important
residues in the vMIP-II-GAG interaction. Polysaccharides
would be ideal for studying this interaction, but the presence of
either heparin or low-molecular weight heparin (which is a
mixture of heparins with an average length of ~10 saccharide
units) in solution caused dramatic aggregation of the protein.
Therefore, the disaccharide I-S, which has been used in several
chemokine binding studies, was used instead (28, 29, 32, 55).
Using the known sequential assignments of wild-type vMIP-II,
'H-""N HSQC experiments were conducted to monitor the
chemical shift changes of each residue upon titration of the
protein with heparin disaccharide I-S. An overlay of the HSQC
spectra of wild-type vMIP-II containing different concentrations
of disaccharide clearly shows changes, indicating binding or
conformational change in several areas (Figure 2A). Another

notable difference observed after titration in 1500 uM I-S was the
appearance of new peaks. These indicate the formation of a
vMIP-II dimer, consistent with previous results that showed that
addition of a high disaccharide concentration does promote di-
merization of chemokines (10, 26, 32, 56), even for this “mono-
meric” chemokine.

The chemical shift perturbation of each residue upon titration
with the heparin I-S disaccharide is shown in Figure 2B, where
red stars denote the regions that undergo the most change
in chemical shift during the titration. Residues R18, L25, K45,
R48, Q49, and W58 undergo the most significant chemical shift
changes, and the apparent affinity of I-S for these residues is
calculated by plotting the chemical shift perturbations at different
I-S concentrations and fitting them to a saturation curve
(Figure 2C). The maximum concentration of disaccharide titrated
was 1500 uM, because a higher concentration caused severe pre-
cipitation, so the fully saturated concentration may not have been
achieved. These residue-specific data allow an estimation of the
binding affinity of the heparin I-S for vMIP-II. The data of the
three adjacent 40s loop residues (K45, R48, and Q49) all can be fit
with a similar K4 of ~113 M, and another positively charged
residue (R18) also has a similar apparent Ky of 160 uM. These
residues possibly form a binding groove for the disaccharide,
which is in agreement with findings on its human chemokine ana-
logues which showed that R18 and the 40s loop BBXB domain
are critical GAG binding sites. The other basic residue, R46 in
vMIP-II's BBXB domain, was not visible in these HSQC spectra
at pH 7.4, so we were unable to assess the importance of this
residue for disaccharide binding with this NMR experiment.
Interestingly, a comparison of the structure of vMIP-II with the
chemical shift perturbation shows that the residues undergoing
the most significant chemical shift changes are all located on one
face of the protein. In contrast, residues from the other surface of
the protein do not show significant changes, even positively
charged residues K37, K54, K56, K60, and K61 (Figure 2D).

Heparin Chromatography of vMIP-I1I Variants. The
small size of heparin I-S (MW = 665) makes it in several ways
unlike a physiological GAG, which has many more saccharide
units that likely confer higher-affinity binding because of avidity
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FIGURE 2: (A) >N HSQC spectral overlay of wild-type vMIP-II (150 uM, pH 7.4) titrated with heparin I-S disaccharide with peak assignment.
Selected peaks are labeled. A separate color shows each spectrum at each titration amount: black, 0 uM I-S; red, 200 uM I-S; green, 400 uM 1-S;
yellow, 600 uM I-S; purple, 800 uM I-S; brown, 900 uM I-S; turquoise, 1100 uM I-S; salmon, 1300 uM I-S; blue, 1500 uM I-S. (B) Chemical shift
perturbation of wild-type vMIP-II after titration with 1500 mM disaccharide I-S. The red dashed line indicates the average value of the chemical
shift perturbation; the red stars denote the residues that undergo significant chemical shift change and do not overlap with other residues in the
spectra. (C) Heparin I-S binding affinity calculation for the six residues labeled with red stars in panel B. (D) Surface charge figure of vMIP-II.
Residues with positive charge and negative charge are colored blue and red, respectively. The left panel shows the “front” surface, containing R18,
R46, and R48, and the right panel the “back” surface of vMIP-II.

Table 1: Heparin Binding Affinities for vMIP-II Variants As Measured by NaCl Elution Concentrations”

[heparin NaCl] (mM) [SP NaCl] (mM) ANaCI"? (mM) ANaCI" (mM)
WT 630+£1.5 623+ 1 - -
RISA 473+£1/585+ 1.5 487+0.5 157/45 136
K45A 593+£0.5 545 +£0.5 37 78
R46A 535405 503+1.5 95 120
R48A 514+2 5124£0.5 116 111
R46A/R48A 449+ 0.5 419+1 181 204
K45A/R46A/R48A 438+ 1 390+ 1 192 233
K54A 611+1.5 617 £1 19 6
LI3F 753+1 65342 -123 =30
PSA/L13F 5611 626+ 1 69 -3
LI3A 564+ 2 626+0.5 66 -3

“Every experiment was conducted in duplicate. ANaCl indicates the change in NaCl elution concentration from the wild-type value. All elution profiles are
similar in peak shape and height, and no unbound flow-through peaks were observed. For R18A, two peaks of approximately equal size were observed.

and possibly structural arrangement. As mentioned above, NMR measured, and all mutants exhibited spectral attributes similar
experiments in the presence of the longer “low-molecular weight to those of wild-type vMIP-II (data not shown), indicating the
heparin” resulted in precipitation and produced no usable results mutations did not affect the overall structure of the protein.
(data not shown). Therefore, to confirm our findings from the Commercially prepared immobilized heparin is a highly sul-
NMR experiments, and to provide data about the interaction of fated polysaccharide with 20—25 repeated units of disaccharides.
vMIP-II with longer chain GAGs, heparin chromatography was Proteins are loaded onto the heparin column and then eluted
conducted with vMIP-II and its variants to determine whether using NaCl buffer. The elution concentration of NaCl indicates
the residues mapped by NMR in the presence of disaccharide are the strength of the interaction between the protein and heparin.
also important in binding polysaccharides. As a control, the same experiments are repeated on an SP cation-
Several variants of vMIP-II were constructed and purified exchange column, which contains only the negatively charged

(Table 1). The HSQC NMR spectrum of each variant was sulfate but not the polysaccharides, to estimate the extent of
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specific binding to heparin versus the electrostatic binding to the
sulfate groups of the SP column.

As shown in Table 1, wild-type vMIP-II binds tightly to the
heparin column, requiring 630 mM NaCl for elution. As a
comparison, human chemokine MIP-14 has been shown to elute
earlier, at 500 mM NaCl (10, 31), and the chemokine RANTES, a
protein more basic than MIP-15 and also a dimer, has been
shown to elute at 800 mM (57). Single-point mutation in vMIP-1I
at R18 and each of the basic residues of the BBXB motif to Ala
significantly decreases the binding affinity of vMIP-II for heparin
(Table 1). Among the 40s loop point mutants, R46 and R48
exhibit a significant effect, and K45A shows the weakest effect.
Double mutant R46A/R48A and triple mutant K45A/R46A/
R48A on the 40s loop BBXB domain were also made, and these
variants showed the greatest loss of heparin binding affinity
among all mutants (Table 1). As a control, each mutant was
also bound to a sulfate-containing cation-exchange SP column
(Table 1). As expected, all the mutants with a loss of a positively
charge residue exhibited reduced affinity for the negatively
charged SP column.

Unlike the basic residues in the putative binding site formed by
R18, K45, R46, and R48, positively charged residues on the other
face of vMIP-II are not very important for GAG binding. For
instance, residue K54 is located in the middle of the “back”
surface. Heparin and SP chromatography results showed that the
K54A mutation did not affect binding to GAGs (Table 1).

For these variants with mutations of the positively charged
residues, the heparin and SP chromatography profiles showed
that the vMIP-II-GAG interaction is site-specific, and the
nature of this interaction is almost purely electrostatic between
the positively charged residues of the binding site and the
negatively charged sulfate groups on GAGs.

The Dimeric vMIP-1I Variant Binds GAGs More
Tightly Than the Wild-Type Protein. The vMIP-II L13F
dimeric variant requires 753 mM NaCl for elution from the
heparin column, a concentration much greater than that for
the wild-type protein (Table 1). As a control for the presence of
Phe at the 13th position (as opposed to dimer formation), a
mutation at a different site was made to vMIP-II L13F to
abrogate the dimer. The mutation from proline to alanine at
the eighth position has been shown for several chemokines to
disrupt the wild-type dimer (50, 58). We introduced a P8A
mutation in addition to the L13F mutation on vMIP-II, and
this double mutant was indeed a folded monomer in solution as

judged by NMR (data not shown). PSA/L13F vMIP-II did bind
to the heparin column with an affinity much lower than that of
L13F vMIP-II (Table 1), indicating that the quaternary state is
indeed a key mediator of GAG binding. In a comparison with
wild-type vMIP-1I, the PSA/LI3F variant exhibited slightly
weakened binding affinity for the heparin column. To further
test the importance of the 13th position in vMIP-II, we intro-
duced an L13A mutation which would reduce the size of the wild-
type side chain. As judged by the HSQC spectrum, L13A was also
observed to be a monomer in solution as expected (data not
shown). L13A exhibited not only a large decrease in the elution
concentration of NaCl from the dimeric L13F but also a
moderate decrease compared to that of the wild-type protein
(Table 1).

Chromatography experiments on an SP Sepharose column
were conducted as a control for electrostatic interactions versus
specific binding to GAGs (Table 1). Because no change in charge
was involved in these mutations, little difference between L13
mutants and the wild-type protein was observed for SP column
elution, as expected, unlike the large difference observed for the
heparin column. Similarly, the PSA/L13F and L13A mutations,
which gave a moderate decrease in affinity for the heparin
column, had almost no effect on binding to the cation-exchange
SP column. This indicates that the overall structure (i.e., dimer)
of the L13F mutant is responsible for the tighter binding to
heparin, rather than simply an increase in local positive charges.

NMR Studies of Disaccharide Binding by Dimeric
vMIP-II L13F. Because different quaternary states of vMIP-
II clearly have different GAG binding ability, we conducted a
NMR titration experiment to study the disaccharide binding
properties of the vVMIP-II L13F dimer. Heparin I-S was titrated
to the vMIP LI3F protein solution, up to 900 uM (higher
concentrations of I-S caused aggregation). The resulting chemical
shift perturbation upon titration of heparin I-S with dimeric
L13F is shown in Figure 3A. The backbone sequence assignment
allows a residue-by-residue comparison between the wild type
and the dimeric variant upon GAG binding. As in the wild-type
protein, the important residues for heparin I-S binding on the
L13F variant are also apparently located at R18 and the 40s loop.
Residues 125 and V59, basic residues of the N-loop (K17 and
R18), and basic residues of the 40s loop (K45, R46, and R48)
undergo the most spectral change upon heparin I-S binding.
Large chemical shift differences are also apparent at the N-ter-
minus of the LI3F mutant upon titration with disaccharide
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Ficure 4: HADDOCK model of the interaction of vMIP-II in
complex with heparin disaccharide I-S. Positively charged and
negatively charged surface regions of vMIP-II are colored blue and
red, respectively. For both vMIP-II and disaccharide, yellow, red,
and blue colors represent sulfur atoms, oxygen atoms, and nitrogen
atoms, respectively. (A) Model of the interaction of monomeric
vMIP-II (PDB entry 1VMP) in complex with disaccharide I-S
(from PDB entry 1U4L). A representative complex structure from
cluster 1 is shown. (B) Close-up view of the binding site the
structure in panel A, with side chains of the important residues
shown. (C) Energetically less favorable model calculated by
HADDOCK that represents a possible alternative mode for
monomeric VMIP-II—disaccharide interaction. (D) Close-up view
of the binding site of the structure in panel C, with side chains of
the important residues shown. (E) HADDOCK model of the
interaction of dimeric vMIP-II (PDB entry 1CM9) in a complex
with disaccharide I-S (from PDB entry 1U4L). (F) Close-up view
of the binding site of the structure in panel E, with side chains of the
important residues shown.

(Figure 3A), unlike the wild-type protein, where the N-terminal
peaks are either not significantly perturbed or not visible in the
spectrum.

Modeling of Disaccharide Interaction with Monomeric
and Dimeric vMIP-II. To further characterize and compare the
GAG binding mechanisms of monomeric and dimeric vMIP-I1,
we used molecular docking calculations, using HADDOCK?2.1
(59), a well-established method that uses experimental data as
well as energetic and shape complementarity factors to drive
molecular docking (60). Chemical shift data were used to gene-
rate the ambiguous interaction restraints (AIRs) for the docking.
HADDOCK calculations produced clusters of complex struc-
tures and revealed interesting insights into the likely GAG
binding mechanism of vMIP-II.

A representative structure of I-S binding to wild-type mono-
meric VMIP-II [the best structure of the best ranking cluster, in
terms of intermolecular binding energy (Table 1 of the Support-
ing Information)] is shown in panels A and B of Figure 4, where
the disaccharide fits in the binding pocket formed mainly by R46,
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R48, and R18. An overlay of eight structures from the same
cluster showed a similar binding site with slight variations on the
orientation of I-S (Figure S1A of the Supporting Information).
The binding site correlates very well with the NMR titration data
(Figure S1C of the Supporting Information). Figure 4B shows
the residues of vMIP-II that possibly contribute to I-S binding.
As expected, electrostatic interactions between the negatively
charged sulfate groups and the positively charged Arg residues
play an important role. While NMR showed a large chemical
shift change for L25, which is located in the middle among R46,
R48, and R18, this residue is not exposed on the surface, so the
significant chemical shift change is probably due to structural
perturbations, not direct saccharide binding.

The docking calculation also generated an energetically less
favorable cluster, cluster 2. A representative structure (Figure 4C,
D) and the structure overlay (Figure SIB of the Supporting
Information) shows that in this case I-S binds on a different,
nearby site of the protein, making major contact with K45, R46,
and R48 (Figure 4D). The presence of this cluster 2 may suggest a
possible secondary binding site that may be used when multiple
disaccharides or a long chain polysaccharide binds to vMIP-II.

When disaccharide binding of the dimeric form of vMIP-II
was calculated, the structures were closely clustered and gener-
ated only one binding model. Dimer clusters 1, 2, and 3 all
showed very similar structures within 1 A rmsd of each other, and
in all structures, the I-S disaccharide binds in the middle of the
pocket formed by R46, R48, and R18 of one subunit and the
N-terminus of the other subunit (Figure 4E,F and Figure S2A of
the Supporting Information). The results also correlated well
with the NMR data (Figure S2B of the Supporting Information).
Figure 4F shows that in the bound dimer of vMIP-II, the
N-terminus of the other subunit inserts into the binding cleft
and is clearly involved in I-S binding. The much lower energy
terms compared to those from the monomer binding calculations
also indicate that disaccharide binding to the dimer is more
stable and tight, which is consistent with our experimental results
such as those from heparin chromatography.

DISCUSSION

The importance of chemokine quaternary structure in GAG
binding has been shown in many chemokine studies (10, 28,31, 32).
The quaternary state of chemokines is determined by many
factors. For instance, it has been shown that concentration,
pH, and the presence of certain ions such as phosphate can affect
the monomer—dimer equilibrium for chemokines (49, 61). It has
also been shown that GAG binding promotes dimer formation of
chemokines (10, 26, 32, 49, 56).

The viral chemokine homologue vMIP-II is observed as a
monomer in solution under most conditions, including at milli-
molar concentrations, in the presence of phosphate, and at a
variety of pH values, although under certain crystallization
conditions, it has been observed as a CC-type dimer (33—37).
In our experiments, wild-type vMIP-II is predominantly ob-
served as a monomer in solution, but the dimeric form of vMIP-II
may also play a role in its function as evidenced by its weak
tendency to dimerize in analytical ultracentrifugation experi-
ments at physiological pH and by the appearance of a small
proportion of dimer peaks in the HSQC spectrum in the presence
of 1500 uM heparin I-S disaccharide. To improve our under-
standing of the GAG binding mechanism of vMIP-I1, the ability
to manipulate its quaternary state is important.
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The point mutant L13F apparently transforms vMIP-II from
a largely monomeric protein to a CC chemokine-type dimer. The
NMR chemical shift changes upon L13F mutation are wholly
consistent with expected changes based on the dimeric crystal
structure of vMIP-II (36). In particular, residues undergoing the
most significant chemical shift change include the N-terminus
and N-loop, which are a critical part of the CC chemokine dimer
interface, making contact with residues 50—52 and the 30s loop
of the other subunit, respectively, all of which also exhibit
chemical shift changes.

Many studies have been performed to drastically increase the
rate of dissociation of dimeric chemokines to form largely
monomeric variants (28, 50, 58, 62—64), but vMIP-1I L13F is
the first dimer made from a predominantly monomeric chemo-
kine by a single-point mutation. With wild-type vMIP-II being
predominantly monomeric and vMIP-II L13F being predomi-
nantly dimeric throughout the NMR titration, we have an
excellent model for studying the role of dimerization in chemo-
kine disaccharide interaction.

The NMR titration results provide an indication of which
region is used by wild-type vVMIP-II to interact with GAGs
(Figure 2B). Basic residues, in particular, N-loop residue R18 and
the 40s loop residues, play an important role in the interaction
with the negatively charged sugar. Two hydrophobic residues,
L25 and W38, also have resonances that shift significantly upon
binding I-S, but it is likely that the chemical shift change is due to
overall structural change propagation rather than being involved
in GAG binding directly, since L25 is an internal residue located
in the middle of the groove formed by R46, R4S, and R18 and
W38 is located outside of this groove with the bulky hydrophobic
side chain pointing near the backbone of R18.

To investigate how vMIP-I1 interacts with longer polysacchar-
ides, heparin chromatography was used. Variants RI8A, R46A,
and R48A showed the most significant decreases in heparin
binding affinity which is consistent with NMR titration results
indicating these residues form a heparin binding site, similar to
the case in human chemokines MIP-15 and RANTES (10, 29, 57).
Perhaps surprisingly, the vMIP-II variant K45A did not show a
great change in heparin binding affinity, although the residue is
part of the so-called BBXB GAG binding domain, and signifi-
cant change was observed for the nearby single mutants R46A
and R48A. Further, the double mutant R46A/R48A showed
almost the same loss of affinity for the heparin column as the
triple mutant K45A/R46A/R48A, again indicating that the
K45A mutation is not particularly important in GAG binding.
This was not expected since the NMR titration in the presence of
the disaccharide heparin I-S showed a large movement of this
residue. In similar studies with MIP-1p, it was found that K45A
and R46A mutations caused a significant decrease in NaCl
elution concentration during heparin column binding, while in
that case, the K48A mutation had no effect (/0). While this may
suggest a different binding mode between vMIP-1I and MIP-15,
examination of both of their structures clarifies the issue. Both
proteins have basic residues at positions 18, 45, 46, and 48 (the
latter three being the BBXB motif). However, the surface charge
figure of vMIP-II (Figure 2D) shows that R18, R46, and R48
form a clear binding surface while residue K45 is located away
from the surface. In contrast, dimeric MIP-1f has a clear binding
surface comprised of R18, K45, and R46 (28, 65). These
findings indicate that GAG binding on chemokines is site-
specific, and vMIP-II likely binds GAGs using its positively
charged surface formed by R18, R46, and R48, which is shifted
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from the binding site of MIP-1/ which primarily uses R18, K45,
and R46.

Interestingly, as opposed to the patch of basic residues
encompassed by R18, R46, and R48, the other face of vMIP-
I1, which also has many basic residues (Figure 2D), does not
appear to be involved in high-affinity GAG binding. Basic
residues K37, K54, K56, K60, and K61 do not exhibit significant
chemical shift changes upon titration with disaccharide I-S,
suggesting that these basic residues may not be directly involved
in disaccharide binding. Further, when a mutation to K54 was
introduced, this variant exhibited GAG binding affinity similar
to that of wild-type vMIP-II in heparin chromatography
(Table 1). This indicates that vMIP-II binds GAGs fairly
specifically at one site, encompassed by residues R18, R46, and
R438, despite being overall a highly basic protein with many other
positive charges throughout its surface. Basic residues on the
back side of vMIP-II do not appear to contribute to high-affinity
GAG binding as much as the residues from the binding site do,
but overall, they may help maintain a basal level of electrostatic
attraction to the GAG target. Mutating the whole BBXB domain
in vMIP-II with the triple mutation K45A/R46A/R48A causes a
significant decrease in heparin binding affinity but does not
totally abolish GAG binding as the analogous mutant does in
MIP-1p (10). This may be similar to the case for the very basic
chemokine RANTES, for which mutating the BBXB domain
significantly disrupts binding to the heparin column but does not
abolish binding completely (57).

Molecular docking based on our experimental data gave a
more comprehensive understanding of the disaccharide binding
mechanism of vMIP-II. As shown in panels A and B of Figure 4,
the docking model predicts that the groove encompassed by
positively charged R46, R48, and R18 is the energetically favored
binding site for disaccharide. Another set of less favorable
complex structures (cluster 2, Figure 4C,D) suggested a possible
secondary binding site for disaccharide when multiple disacchar-
ides or a long chain polysaccharide binds to vMIP-II. This is
supported by the heparin chromatography data of the RISA
variant which showed two elution peaks. When R18 is mutated to
alanine, the original binding pocket may become less favorable,
and a saccharide could then bind to multiple sites. No calculated
structure shows binding to the positively charged residues on the
back side of vMIP-II, indicating that this is not a favorable
disaccharide binding site, which is also consistent with our NMR
and mutagenesis data. Possibly, the back side is unfavorable
because of the interference of the negatively charged D57 residue
located in the middle of the patch, or perhaps the shape of the
pocket is not energetically favorable.

With the NMR sequence assignment of both the monomeric
and dimeric forms of vMIP-II, NMR titration allows a residue-
specific comparison between their mechanisms of GAG binding.
The chemical shift perturbation charts show that while many
features of the overall binding site appear to be the same for the
monomer and dimer forms of vMIP-II, differences are observed,
particularly in the N-terminal region. In the dimeric L13F
variant, the N-terminal residues undergo much larger chemical
shift changes, indicating that the N-terminal residues are involved
in disaccharide binding in the dimeric form of the protein. In the
CC-type chemokine dimer structure, the N-terminus of one
subunit is in the proximity of the conserved basic residues on
the other subunit, likely forming part of the saccharide binding
site. A calculated docking model (Figure 4E,F) confirmed this
hypothesis, predicting that disaccharide binds to dimeric vMIP-II
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(PDB entry 1CMY) at the new binding pocket encompassed by
basic residues R46, R48, and R18 and several N-terminal residues
from the other subunit. The biggest difference compared to the
monomer model is the involvement of the N-terminus from the
other subunit which is consistent with our NMR data. Compared
to the monomer disaccharide binding model which has two major
binding conformations and higher-energy terms, the dimer
vMIP-I1—disaccharide interaction is more specific and energeti-
cally more favorable. This is consistent with the heparin chro-
matography data showing that vMIP-II LI3F binds to the
heparin column more tightly than wild-type vMIP-I1.

Previous GAG binding studies of vVMIP-II’s human analogues
MIP-15 and RANTES have shown binding mechanisms similar
to what we have shown for vMIP-11. For MIP-1p, basic residues
of the BBXB domain and R 18 form the principal binding pocket,
and N-terminal residues are also shown to be involved in GAG
binding for this dimeric chemokine (28). For RANTES, posi-
tively charged residues of the BBXB domain, but not the ones on
the other side of the protein, are responsible for GAG bind-
ing (57). An X-ray crystal structure of RANTES in complex with
disaccharide confirmed the role of the BBXB motif in GAG
binding, but also showed unexpected disaccharide binding in the
N-loop and 30s loop which could not easily be explained by
previous studies (29). In general, we can conclude that the viral
chemokine vMIP-II binds GAGs using a mechanism similar to
that of its human CC chemokine analogues. This could provide
an explanation for its natural function: This viral chemokine that
antagonizes many chemokine receptors could build up its own
concentration gradient upon viral infection (as the human
chemokines do), by binding to endothelial surface GAGs.
vMIP-II could be protected from proteolysis and could interact
with human cell surface receptors more efficiently and carry out
its anti-inflammatory function. Because vMIP-II tends to bind to
GAGs more tightly than many human chemokines, it might also
disrupt the concentration gradient of human chemokines by
displacing them from GAGs on the endothelial surface.

This study also raises certain questions. Assuming the viral
chemokine vMIP-II evolved from a human chemokine ancestor,
why did it adopt a Leu at the 13th position which resulted in
weaker dimerization and GAG binding, instead of Phe, as its
human analogues do? A functional comparison between vMIP-II
and human CC chemokine analogue MIP-1/ suggests a possible
explanation. Unlike MIP-1p, which requires a Phe in the 13th
position for both receptor binding and GAG binding (10, 50), our
preliminary results (manuscript in preparation) show that
although the L13F mutation does significantly enhance the
heparin binding ability, it does not change the affinity of
VMIP-II for cell surface receptor CCRS or CXCR4. Therefore,
for receptor binding, L13 and F13 are equivalent for vMIP-II,
and it has apparently achieved promiscuous receptor binding
without Phel3. With regard to GAG binding, although the lack
of a Phe residue at the 13th position leads to a predominantly
monomeric form, vVMIP-II is still able to tightly bind GAGs,
more tightly than the dimeric human chemokine MIP-15. Con-
sidering vVMIP-II’s natural function, which is apparently to
subvert the human immune system and antagonize multiple
chemokine receptors, it is possible that binding GAGs more
tightly (as does the Phel3-containing dimer form) would hinder
its anti-inflammatory function, perhaps by decreasing its mobility.

In conclusion, NMR, mutagenesis, and molecular docking
were conducted to elucidate the structural features of GAG
binding for the anti-inflammatory viral chemokine homologue
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VMIP-II. These experiments show that vMIP-II tightly binds
glycosaminoglycans using residues distributed along only one
face of the protein, such as R18, R46, and R48, even though the
protein is highly basic throughout its surface. This study also
provides a valuable model for studying the role of the chemokine
quaternary state in GAG binding. With wild-type vMIP-II being
predominantly monomeric, and the point mutant vMIP-II L13F
being predominantly dimeric throughout the NMR titration
experiments, we were able to analyze the difference in GAG
binding mechanisms between the two quaternary states at the
atomic level. NMR studies reveal a shift in the GAG binding site
between monomer and dimer, where the N-terminus is involved
in GAG binding for the dimeric form. Docking models con-
firmed this finding and suggested that GAG binding to the dimer
form of vMIP-II is energetically more favorable. The tighter
GAG binding of the vMIP-II L13F dimer also reinforces past
results suggesting that the major physiologic role of the chemo-
kine dimer may be to bind to GAGs. The results presented here
clarify several aspects of the biochemistry of vVMIP-II, suggest
possibilities for how this viral chemokine analogue may function,
and improve our understanding of the mechanism of how
quaternary structure affects GAG binding.
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