
The solution structure of the anti-HIV chemokine vMIP-II

ANDY C. LIWANG, 1 ZI-XUAN WANG, 2 YI SUN,2 STEPHEN C. PEIPER,2

and PATRICIA J. LIWANG3,4

1Texas A&M University, Department of Biochemistry and Biophysics, College Station, Texas 77843-2128
2James Graham Brown Cancer Center, University of Louisville, Louisville, Kentucky 40202
3Purdue University, Department of Chemistry, West Lafayette, Indiana 47907

~Received March 17, 1999; Accepted July 23, 1999!

Abstract

We report the solution structure of the chemotactic cytokine~chemokine! vMIP-II. This protein has unique biological
activities in that it blocks infection by several different human immunodeficiency virus type 1~HIV-1! strains. This
occurs because vMIP-II binds to a wide range of chemokine receptors, some of which are used by HIV to gain cell entry.
vMIP-II is a monomeric protein, unlike most members of the chemokine family, and its structure consists of a disordered
N-terminus, followed by a helical turn~Gln25–Leu27!, which leads into the first strand of a three-stranded antiparallel
b-sheet~Ser29–Thr34; Gly42–Thr47; Gln52–Asp56!. Following the sheet is a C-terminala-helix, which extends from
residue Asp60 until Gln68. The final five residues beyond the C-terminal helix~Pro70–Arg74! are in an extended
conformation, but several of these C-terminal residues contact the firstb-strand. The structure of vMIP-II is compared
to other chemokines that also block infection by HIV-1, and the structural basis of its lack of ability to form a dimer
is discussed.
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Chemoattractant cytokines, chemokines, are products of the largest
family of cytokine genes, numbering over 40, that encode secreted
proteins of 8–12 kDa~Oppenheim et al., 1991; Schall, 1991; Bag-
giolini et al., 1997!. Chemokines promote inflammation by induc-
ing the directed migration of leukocytes, and they are distinguished
by their specificity for subsets of leukocytes~Baggiolini, 1998!.
Additional roles include the modulation~both positive and nega-
tive! of angiogenesis and growth regulatory functions~Rollins,
1997!. The family is recognized by the presence of four position-
ally conserved cysteine residues, although there is also similarity at
the level of primary structure. It is divided into four branches, or

subfamilies, based on the configuration of the two amino-proximal
cysteine residues. The two main branches are CXC, in which the
N-terminal cysteine residues are separated by a single residue, and
CC, in which these cysteines are juxtaposed~Baggiolini et al.,
1997!. In addition, there are two exceptions, each of which could
be considered a separate branch. Lymphotactin has two cysteine
residues with only one in the amino-proximal location~-C- branch!
~Kelner et al., 1994! and neurotactin0fractalkine has a C-X3-C
chemokine module that is expressed on the cell surface via a
mucinous stalk~Bazan et al., 1997!. The majority of the genes
encoding CXC and CC chemokines are located in gene clusters on
chromosomes 4q13 and 17q11.2-12, respectively, and share a com-
mon exon–intron structure~CXC, 4 exons; CC, 3 exons! ~Baggio-
lini et al., 1997!.

Receptors that mediate the cellular effects of chemokines are
members of the serpentine receptor superfamily that have seven
hydrophobic helices and are coupled to heterotrimeric G-proteins
for signal transduction. Chemokine receptors may be specific for
one ligand, but are typically shared in that they bind several chemo-
kines within the same subfamily~Holmes et al., 1991; Murphy &
Tiffany, 1991; Neote et al., 1993; Samson et al., 1996!. The single
exception to this rule is the Duffy chemokine receptor, which binds
to selected members of the CXC and CC branches, but has not
been shown to transduce a signal~Hadley & Peiper, 1997!. In
addition to their role in normal pathophysiology, a subset of chemo-
kine receptors has been implicated as portals of entry for infectious
agents. The initial example was the Duffy chemokine receptor,
which was shown to be necessary for the invasion of erythroid
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cells byPlasmodium vivax~Hadley & Peiper, 1997!. However, the
finding that a cadre of chemokine receptors functioned as corecep-
tors for entry of the human immunodeficiency virus type 1~HIV-1!
by ENV-mediated fusion sparked intense interest in this paradigm
~Alkhatib et al., 1996; Bleul et al., 1996; Deng et al., 1996; Dragic
et al., 1996; Oberlin et al., 1996; Doms & Peiper, 1997!. Because
the binding of cognate ligands~the chemokines! to coreceptors
blocks HIV-1 infection at the stage of viral entry, the structural
basis for the specificity of receptor engagement has come under
intense investigation. Attempts to develop coreceptor antagonists
have been complicated by the multiplicity of chemokine receptors
that can be utilized in ENV-mediated fusion, which, in effect,
results in a “moving molecular target” that may require agents that
have a broad specificity for a wide range of chemokine receptors.

The discovery and sequencing of the Kaposi’s sarcoma-associated
herpesvirus led to the identification of two open reading frames
that were predicted to encode proteins with features of chemo-
kines. Both encode CC chemokines with homology to MIP-1a and
MIP-1b ~Moore et al., 1996!. Characterization of the recombinant
proteins revealed that one, designated vMIP-II, showed promiscu-
ous binding to receptors, including receptors for CC and CXC
chemokines~Boshoff et al., 1997; Kledal et al., 1997!. The reper-
toire included three coreceptors thought to be most relevant to the
pathogenesis of HIV-1 infection, CCR5, CCR3, and CXCR4
~Boshoff et al., 1997; Kledal et al., 1997!. Whereas vMIP-II has
been shown to be an agonist for CCR3, it is an antagonist of the
remaining~co!receptors that it binds, including CCR5 and CXCR4
~Boshoff et al., 1997; Kledal et al., 1997; Sozzani et al., 1998!.
Understanding of the structural basis for the uniquely unrestricted
receptor binding repertoire of vMIP-II may provide insight into
requirements for chemokine receptor binding that will empower
the design of broadly active coreceptor antagonists.

The structures of several CC chemokines have been determined
previously~Clore et al., 1990; Kim et al., 1994, 1996; Lodi et al.,
1994; Zhang et al., 1994; Chung et al., 1995; Skelton et al., 1995;
Handel & Domaille, 1996; Meunier et al., 1997; Dealwis et al.,
1998!, and provide a wealth of data for comparisons of structure–
activity relationships. Although each member of this subfamily has
a consistent “chemokine fold” that is comprised of a series of three
antiparallelb-strands followed by a C-terminala-helix, there are
important differences between members of this family in at least
two areas. First, although chemokines share a significant degree of
similarity of amino acid residues in their regions of common sec-
ondary structure, the N-terminus of each chemokine is largely
distinct in sequence from the others, even among members of the
same subfamily~Schall, 1991!. The N-terminus has been impli-
cated in chemokine function, as it has been shown that truncation
or mutation in this region can lead to a dramatic change in activity.

For instance, truncation at the N-terminus can result in the loss of
agonist activity and the gain of potent antagonist function~Moser
et al., 1993; Gong & Clark-Lewis, 1995; Gong et al., 1996; Crump
et al., 1997!. In the CC chemokine RANTES, changes of individ-
ual amino acids at the N-terminus can specify loss of binding
ability or activating ability to one~but not all! of the receptors
utilized by the chemokine~Pakianathan et al., 1997!. In addition,
the deletion of a single N-terminal amino acid from the CC chemo-
kine MCP-1 sharply reduced its activity on basophil leukocytes.
This slight alteration in protein sequence also imparted upon the
chemokine the ability to activate eosinophils, an activity likely
mediated by a separate receptor~Weber et al., 1996!. It has also
been shown that addition to the N-terminus of RANTES produced
a potent antagonist~Wells et al., 1996; Simmons et al., 1997!,
while adding to the N-terminus of the CXC chemokine SDF-1
increased the activity of the protein~Crump et al., 1997!.

A region within the N-terminus has been termed the “N-loop”
and includes the amino acids immediately after the conserved cys-
teines~Fig. 1!. This region, although not part of a typical second-
ary structural motif, is structurally much better defined than the
more N-terminal amino acids, and has been postulated to also play
a role in the chemokines’ diverse interactions with their receptors
~Clark-Lewis et al., 1995; Schraufstatter et al., 1995; Pakianathan
et al., 1997!. The N-loop of chemokines also has significant se-
quence variation, which may affect both the activity and the struc-
ture of these proteins.

The second major difference among chemokines is their dispa-
rate quaternary structure. Most structures of chemokines reveal a
protein dimer~Clore et al., 1990; Fairbrother et al., 1994; Kim
et al., 1994; Lodi et al., 1994; Chung et al., 1995; Skelton et al.,
1995; Handel & Domaille, 1996; Meunier et al., 1997; Dealwis
et al., 1998; Hanzawa et al., 1998; Shao et al., 1998b!, with some
showing higher order multimers~Zhang et al., 1994; Mayo et al.,
1995!. Interestingly, the structural form of the dimer of CC chemo-
kines ~such as MIP-1b! is distinct from that of the CXC chemo-
kines. The dimer interface of the CC chemokine is located at the
N-terminus of the protein and is centered near the conserved cys-
teines, involving many amino acids that have been implicated in
receptor binding. In contrast, the CXC chemokine dimers are formed
by the antiparallel positioning of strandb1, resulting in a com-
pletely different overall shape and the subsequent exposure of
surface residues different than in the CC subfamily~see, for ex-
ample, Clore et al., 1990; Kim et al., 1994; Lodi et al., 1994;
Handel & Domaille, 1996!. This difference in dimer structure is
unique and interesting from a structural standpoint and also may
contribute to the distinct set of activities for each subfamily. Al-
ternatively, the differing protein–protein interactions of each dimer
may mimic the binding of the chemokine to the receptor surface,

Fig. 1. Pairwise amino acid sequence alignments of vMIP-II with MIP-1b, eotaxin, and SDF-1 using the program CLUSTALW
~Thompson et al., 1994!. Amino acids shown in bold are identical to vMIP-II at that position. The present work utilizes the mature
N-terminus of vMIP-II, which in our numbering system begins at residue Leu4. Also shown are the positions of the secondary structural
units for vMIP-II.
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providing part of the explanation for the lack of cross-binding
between the chemokines of one subfamily and the receptors of the
other subfamily.

The physiological significance of chemokine self-association
~dimerization! has not been elucidated. It has been established that
the formation of a chemo-attractant gradient is essential to the
induction of directed migration of leukocytes, and it has been
postulated that this may be developed through the association of
chemokines with proteoglycans~Tanaka et al., 1993; Wagner et al.,
1998!. The role of the dimer in chemokine activity is controversial,
as some chemokines have been shown to be active when modified
to exclude the possibility of dimer formation~Rajarathnam et al.,
1994, 1997; Paavola et al., 1998!. In addition, some recent chemo-
kine structures have reported monomeric structures~Kim et al.,
1996; Crump et al., 1997, 1998!, although in each case it appears
that solution conditions could be altered to produce either a mono-
mer or a dimer form.5 However, there is also evidence that obligate
chemokine dimers are active~Zhang & Rollins, 1995; Leong et al.,
1997!, and recent work has shown that cell surface sugars act to
locally concentrate chemokines, suggesting that chemokines may
be multimeric in the microenvironment of the cell surface~Hooge-
werf et al., 1997!. The wide variety of activity of chemokines and
their importance in human health make a study of the structural
features of chemokines that lead to each activity essential.

We report the solution structure of vMIP-II. We and others have
shown that vMIP-II is fully a monomer in solution, even at high
concentrations~LiWang et al., 1999; Shao et al., 1998a! and, un-
like most or all other chemokines, this protein appears to have no
tendency to dimerize under conditions of altered salt or pH. Not
only is this steadfast monomer interesting from a structural stand-
point, the lack of dimerization may bear upon the ability of vMIP-II
to bind a wide variety of chemokine receptors, including CCR1,
CCR2, CCR3, CCR5, and even the CXCR4 receptor of the other
chemokine subfamily~Boshoff et al., 1997; Kledal et al., 1997!.
We discuss the structural features that are likely to contribute
to maintaining the monomeric form of vMIP-II and compare the
structure of this protein to several other chemokines, each possess-
ing a facet of the broad receptor binding ability of vMIP-II.

Results

Description of the structure

A family of 30 structures of vMIP-II was calculated, based on
numerous interproton distance and angle restraints, and is shown in
Figure 2A. To be consistent with the reported mature form of
vMIP-II ~Kledal et al., 1997!, the present work was carried out on
a protein having a shorter N-terminus than the protein used in our
previous vMIP-II dynamics publication~LiWang et al., 1999!. The
vMIP-II used for the present work begins with amino acid Leu4
using our numbering system. In addition, the pH of the sample in
our previous work~LiWang et al., 1999! was 2.5, for maximum
solubility and for consistency with the similar protein MIP-1b

~Lodi et al., 1994!. In the present work, we opted for a pH value
closer to neutrality~pH 5.4!, which produced nearly identical res-
onance assignments as the previous sample,6 but a decrease in
sample solubility.

To confirm that the present sample is composed entirely of a
monomeric protein, we performed15N T1 andT2 relaxation exper-
iments similar to those in our dynamics study~LiWang et al.,
1999!. It has been well established that15N relaxation parameters
are strongly dependent on the size of a protein~Kay et al., 1989;
Farrow et al., 1994; Laurence et al., 1998!, and experiments to
determine these parameters have been carried out on several chemo-
kines~Grasberger et al., 1993; Laurence et al., 1998; LiWang et al.,
1999!. The data for the present vMIP-II protein at pH 5.4 reveal an
overall correlation time of 4.26 0.3 ns, which is consistent with a
monomeric protein of 71 amino acids. For the vMIP-II~containing
an extended N-terminus! that we used in our dynamics calcula-
tions, the data showed a correlation time of 4.76 0.3 ns for 77
amino acids, again revealing a monomer~LiWang et al., 1999!.
The difference in the two correlation time values is consistent with
the difference in molecular weight of the two proteins. These val-
ues for vMIP-II are also wholly consistent with other work show-
ing a mutant MIP-1b monomer with a correlation time of 4.5 ns
~Laurence et al., 1998!. In addition, others have used diffusion
measurements at pH 3.25 to demonstrate that synthesized vMIP-II
is a monomer~Shao et al., 1998a!.

The root-mean-square deviation~RMSD! of the 30 structures
from the minimized mean structure is 0.31 Å for the backbone N,
Ca, and C9 over residues 14 to 72. For the same residues the
RMSD for all heavy atoms~excluding hydrogens! is 0.77 Å. As
noted in Table 1, the family of structures was calculated from 946
nontrivial NOE restraints~that is, excluding vicinal NOE peaks
when a stereoassignment was not possible!, 27x1 angle restraints,
and threex2 angle restraints~for Leu28, Leu65, and Leu69!. The
program X-PLOR was used for the calculations, using the distance
geometry0simulated annealing protocols of Nilges et al.~Nilges
et al., 1988, 1991; Kuszewski et al., 1992!. Twenty-eight backbone
hydrogen bonding restraints were determined based on slow amide
exchange with solvent~LiWang et al., 1999! and were added at the
later stages of refinement. The backbone hydrogen bonds were
also supported by NOE cross peaks between nearby protons and
by consistently close distances in the calculated families of struc-
tures. Fifty-five3JHNHa coupling constant restraints were also used
to restrainf angles~Lodi et al., 1994!. Therefore, in total, the
structure of vMIP-II was calculated with 18.1 restraints per residue
in the region Cys14–Thr72, 14.9 restraints per residue for the
whole protein.

As noted previously~LiWang et al., 1999! the N-terminal 13
amino acids~Gly4–Lys16! and the C-terminal two amino acids of

5SDF-1: Crump et al.~1997! carefully document the lack of a dimer for
SDF-1 under some solution conditions but Dealwis et al.~1998! report that
an active variant of SDF-1 is a dimer in the crystal structure. MCP-3: Two
groups have reported the solution structure of this protein, one deducing
that the protein is a monomer~Kim et al., 1996!, the other seeing evidence
of a dimer ~Meunier et al., 1997!. Eotaxin: Crump et al.~1998! discuss
adjusting solution conditions to favor the monomer form of the protein
over the dimer form.

6A chemical shift comparison of both recombinant proteins reveals very
few differences except in the very N-terminal region~the vMIP-II from our
previous paper began with AMAGDTLGA. . . , while the vMIP-II in the
present work simply begins with LGA . . .!. Although Leu4 at the N-terminus
is unobserved in the present protein, only the next four amide protons, and
Arg51 and Lys63 show changes greater than 0.03 ppm~0.37, 0.23, 0.06,
0.17, 0.04, and 0.05 ppm, respectively!. In addition, only Gly5 and Ser7
show a15N chemical shift changes greater than 0.75 ppm when compared
to the old construct, and indeed, there are no15N chemical shift changes
greater than 0.2 past position Asp12. This comparison was carried out at
similar pH values for both constructs~pH 5!. In our previous comparison
of pH 2.5 vs. pH 5 vMIP-II from the older construct, we also showed very
few chemical shift changes except in a few charged residues~LiWang
et al., 1999!.

2272 A.C. LiWang et al.



vMIP-II undergo significant internal motion. The structure of
vMIP-II, shown in Figures 2A and 2B, consists of a disordered
N-terminal region having a substantial number of sequential NOE
contacts beginning at residue Trp8, but having no long-range NOE
contacts until Cys14, with these due largely to the participation of
both Cys14 and Cys15 in disulfide bonds~to Cys38 and Cys54,
respectively!. A helical turn from residues Gln25 to Leu27 leads

into the first of threeb-strands, beginning at residue Ser29. Strand
b1 extends from residues Ser29 to Thr34 and includes a proline at
position 33~unusual for ab strand; Minor & Kim, 1994!. Thef
angle of each proline~including Pro33! was constrained in later
stages of refinement and without violation to range from253 to
2738 ~MacArthur & Thornton, 1991!, and the structure reveals a
c angle of 1378 for Pro33, largely consistent with the canonical

C

Fig. 2. A: A stereoview of the overlay of the family of 30 structures of vMIP-II~superimposed with best fit to Ca! from residues
14–72. B: A stereoview of the ribbon diagram of vMIP-II.C: Three regions from the13C NOESY data, showing long-range
connections between amino acids near the firstb-strand and amino acids near the C-terminus.D: A surface of vMIP-II showing
electrostatic potential, calculated by the program SPOCK. Blue shows positively charged areas, while red shows negatively charged
areas. Visible underneath the surface is a ribbon drawing of the protein. Figures 2A, 2B, and 2D were created using the program
SPOCK~Christopher, 1998!.

Solution structure of vMIP-II 2273



b-strand geometry of around21008 for f and 11308 for c. An
irregular turn follows the firstb-strand, and leads into theb2
strand, which extends from residues 42 to 47 and shows numerous
NOE contacts to both theb1 andb3 strands, fully consistent with
an antiparallelb-sheet arrangement. Theb3 strand extends from
position Gln52 to Asp56 and leads into the C-terminala-helix of
vMIP-II, which extends from residue Asp60 to Gln68. The helix
lies at about a 608 angle with respect to theb strands and is
terminated shortly before the proline at position 70, after which the
protein makes several long-range contacts with theb1 strand, as
also shown in Figure 2C.

The family of structures, as well as the averaged, minimized
structure, show a possible side-chain H-bond between the C-terminus

of the protein and theb1 strand, which could explain why several
residues beyond the C-terminal helix show moderately high-order
parameters despite not being involved in a canonical secondary
structural unit~LiWang et al., 1999!. This putative H-bond is be-
tween the Ser30 side chain and the Thr72 side chain, with an
average distance of 2.9 Å~HG to OG! in the family of structures,
which is longer than generally accepted. There is also present a
slightly more distant interaction between the Thr72 side chain and
the Tyr32 backbone nitrogen. An additional H-bond occurs be-
tween the side chain of residue Thr47 and the backbone HN of
Arg51 ~2.2 Å average distance between HN and OG!, which serves
to stabilize the turn between theb2 andb3 strands. H-bonds are
also consistently observed between the side chain of Ser35 and the
HN of Leu37~2.4 Å average distance!, and between the side chain
of Asp56 and the HN of Ser58~2.7 Å average distance!. Each of
these H-bonds were inferred from interatomic distances that occur
in both the minimized structure and are overwhelmingly present in
the family of structures. These putative hydrogen bonds were not
used as restraints in the structure calculations.

The side chains of the residues comprising the helix make many
hydrophobic contacts with theb-sheet, including contacts between
Met66 and both Trp31 and Val43 and between Leu65 and Phe45.
The hydrophobic core of vMIP-II is approximately centered around
the side chain of Phe45 and includes the side chains of Leu23,
Leu28, Trp31, Val43, Phe45, Val53, Ala55, Trp61, Val62, Leu65,
Met66, and Leu69. These findings are quite similar to those for the
CC chemokine MIP-1b ~Lodi et al., 1994! and are consistent with
the general chemokine fold. Tyr18 and Ile44 are also significantly
buried residues, although they are not located as part of the “core”
of the protein.

The surface of vMIP-II is shown in Figure 2D and is similar in
shape and charge distribution to the monomeric unit of MIP-1b
~data not shown!, with the most significant charge differences
located on the loop leading to the C-terminal helix~where vMIP-II
has more positive charge!, and the region near theb1-strand~where
vMIP-II lacks the negative charge of Asp30 MIP-1b!. vMIP-II has
two disulfide bonds, which can be categorized using bond angles
by the method of Richards~Richardson, 1981!. Accordingly, both
the Cys14–Cys38 disulfide bridge and the Cys15–Cys54 disulfide
are more consistent with the left-handed spiral conformation than
with the right-handed hook.

We have previously investigated the backbone dynamics of
vMIP-II ~LiWang et al., 1999!, and the present structure is con-
sistent with our previous assumptions. As expected, the most
ordered residues fall largely within regions of defined second-
ary structure, while the intervening loops betweenb-strands are
less ordered. The N-terminal amino acids and those at the very
C-terminus are the most disordered, as revealed both by our pre-
vious dynamics study, and consistent with our present structure
determination.

Discussion

Here we report the high resolution structure of vMIP-II, a vi-
rally encoded CC chemokine that binds a unique repertoire of
receptors, including CCR1 and CCR5, which engage the struc-
turally related ligands MIP-1a and MIP-1b, as well as those
that bind divergent chemokine ligands~i.e., CCR2b, MCP-1;
CCR3, eotaxin and MCP-3; CCR8, I-309, and CXCR4, SDF-1!
~Boshoff et al., 1997; Kledal et al., 1997!. vMIP-II has a char-
acteristic chemokine fold and contains a free amino terminus

Table 1. Structural statistics for vMIP-II for 30 final structuresa

Distance restraints
Intraresidue~i 2 j 5 0! 320
Sequential~6i 2 j 6 5 1! 246
Medium range~6i 2 j 6 5 4! 127
Long range~6i 2 j 6 . 4! 253
Total distance restraints 946

Dihedral angle constraints,x ~27 x1, 3 x2! 30
3JHNHa coupling constants~Vuister & Bax, 1993;

Kuboniwa et al., 1994! 55
Hydrogen bonds~two restraints per 28 H-bonds! 28
Mean RMSDs from experimental restraintsb

Distance~Å! 0.0676 0.001
Dihedral angle~deg! 0.46 0.1

RMSD from 3JHNHa coupling constants~Hz! 0.226 0.01
Deviations from idealized covalent geometry

Bonds~Å! 0.00326 0.0001
Angles ~deg! 0.506 0.02
Impropers~deg! 0.536 0.02

PROCHECK Ramachandran analysis
~Laskowski et al., 1993!

Most favored regions 86.8%
Additional allowed regions 12.8%
Generously allowed regions 0.2%
Disallowed regions 0.2%

Atomic RMSDs from the mean, minimized
structure~Å!3

Backbone~N,Ca,C9! residues 14–72 0.31
Nonhydrogen residues 14–72 0.76

aThe force constants used in the target function for simulated annealing
are: 1,000 kcal mol21 Å22 for bond lengths, 500 kcal mol21 rad22 for
angles and improper torsions, 4 kcal mol21 Å24 for quartic van der Waals
repulsion, 50 kcal mol21 Å22 for experimental interproton distances and
hydrogen bonds, 200 kcal mol21 rad22 for the torsion angle restraints, 10
kcal mol21 Hz22 for the3JHNHa coupling constant restraints, and 0.5 for the
conformational database potential.

bNone of the structures in the family exhibited NOE violations greater
than 0.4 Å, and only three violations were above 0.3 Å. No dihedral
restraints were violated by 28 or greater. No3JHNHa violations larger than
1.4 Hz were observed. Backbone hydrogen bonding restraints~two per
hydrogen bond,rN-O 5 2.4–3.5 Å,rNH-O 5 1.5–2.8 Å! were deduced from
slowly exchanging amide resonances and were added in the later stages of
refinement. NOE distance restraints from protons on adjacent carbons were
not used except in the case of Ha to stereoassigned Hb protons.

cA total of 1,059 experimental restraints were used in the structure
calculation, including 6f restraints@one for each proline~MacArthur &
Thornton, 1991!#, giving 14.9 restraints per residue for the whole protein
~18.1 restraints per residue for residues 14–72!.

2274 A.C. LiWang et al.



that is followed by three antiparallelb-sheets and a carboxy-
terminal a-helix, typical of other chemokines that have been
analyzed. A structural model for the engagement and activation
of the cognate receptor~s! by chemokines has been proposed in
which distinct epitopes in the N-terminus proximal to the first
b-sheet are responsible for these interactions~Clark-Lewis et al.,
1995!. It has been elegantly shown for RANTES that the precise
residues that participate in binding and activation of signal trans-
duction differ for different receptors~Pakianathan et al., 1997!.
The structural role of the scaffold of antiparallelb-sheets and
the a-helix are critical to the activity of this N-terminal domain,
as has been demonstrated for SDF-1, although a heterologous
scaffold from IP-10 could also support the ability of the SDF-1
N-terminus to bind CXCR4~Crump et al., 1997!. The low iden-
tity between vMIP-II and the cognate ligands for the receptors
that it can associate with raises the possibility that vMIP-II may
employ a novel mechanism for high-affinity binding to chemo-
kine receptors.

vMIP-II is a monomer

The high resolution analysis of vMIP-II structure as well as15N T1

and T2 relaxation data at pH 5.4 confirms previous findings that
this viral chemokine does not self-associate~LiWang et al., 1999;
Shao et al., 1998a!. This lack of oligomerization, even at concen-
trations in the range of 1 mM, distinguishes vMIP-II from most
other known chemokines, which have been shown to form dimers
or multimers under various conditions~Clore et al., 1990; Fair-
brother et al., 1994; Kim et al., 1994; Lodi et al., 1994; Zhang
et al., 1994; Chung et al., 1995; Mayo et al., 1995; Skelton et al.,
1995; Handel & Domaille, 1996; Meunier et al., 1997; Dealwis
et al., 1998; Hanzawa et al., 1998; Shao et al., 1998b!. The closely
related human chemokine MIP-1b dimerizes through apposition of
segments of the amino terminal domain in the region of the first
canonical Cys residue~Lodi et al., 1994!, a region that has low
amino acid sequence identity with vMIP-II, suggesting a possible
reason for the lack of an effective dimer interface in vMIP-II~vide
infra!.

Despite the importance from a structural standpoint of under-
standing the wide range of dimerization ability among the chemo-
kines, our understanding of the significance of chemokine
dimerization is, at best, incomplete. Many chemokines have been
found to self-associate into homodimers at concentrations and con-
ditions used for high resolution structural studies. It is clear that
self-association is not required for biological activity for at least
some chemokines, as variants that form obligate monomers bind
ligand and induce signal transduction, as do those that constrain
dimerization~Rajarathnam et al., 1994, 1997; Zhang & Rollins,
1995; Leong et al., 1997; Paavola et al., 1998!. In addition, the
dimer dissociation constant of several chemokines appears to be
much higher than their physiological concentrations~Burrows
et al., 1994; Paolini et al., 1994; Paavola et al., 1998!. The monomer–
dimer controversy is well illustrated by the apparently contradic-
tory findings for MCP-1. Whereas in one report an N-terminally
truncated MCP-1 formed heterodimers with wild-type MCP-1 and
functioned as a dominant negative inhibitor of the wild-type pro-
tein ~but could not interfere with chemically cross-linked dimers!
~Zhang & Rollins, 1995!, it was recently described by Paavola
et al. ~1998! that at least one point mutation in the N-terminus of
this chemokine abrogates dimer formation, but does not alter re-
ceptor engagement and signaling.

Several chemokines have been reported to exist as monomers,
even at high concentrations. These include MCP-3~Kim et al.,
1996!, eotaxin~Crump et al., 1998!, SDF-1~Crump et al., 1997!,
fractalkine~Mizoue et al., 1999!, and I-309~Paolini et al., 1994!.
A conflicting report suggested that the CC chemokine MCP-3
formed a CXC-type homodimer~Meunier et al., 1997!. Also,
whereas one detailed analysis of SDF-1 failed to show evidence of
dimerization~Crump et al., 1997!, a crystallographic study showed
a dimer interface typical of other CXC chemokines~Dealwis et al.,
1998!. NMR examination has revealed that eotaxin, which, like
MCP-3, binds CCR3, exists in solution predominantly as a mono-
mer, but that there is an equilibrium between monomeric and di-
meric forms under some conditions~Crump et al., 1998!. In our
hands vMIP-II exists exclusively as a monomer, and preliminarily
we have not found conditions that allow a detectable dimer form to
exist in equilibrium with the monomer form.

Although vMIP-II induces signal transduction via CCR3, it has
little homology in the N-terminal region~the site of dimer inter-
face in other CC chemokines! with eotaxin, the primary ligand for
this receptor, and with MCP-3. However, it appears that these three
chemokines all exist preferentially as monomers in solution under
the conditions used for NMR analysis. Our previous studies dem-
onstrated that the N-terminal domain of vMIP-II is highly flexible
and mobile, and structural studies on eotaxin show similar disorder
in this region~Crump et al., 1998!. In contrast, in CC chemokines
that have a strong predilection to self-associate, the region at the
N-terminal dimer interface is typically more structured~Chung
et al., 1995; Skelton et al., 1995; Handel & Domaille, 1996!. In
addition, the available evidence suggests that the chemokine I-309
also exists as a monomer in solution~Paolini et al., 1994!. This
protein is the ligand for CCR8, a receptor expressed by Th2-
lymphocytes, which can also be activated by vMIP-II~Sozzani
et al., 1998!. Thus, while the amino terminal domain of CC chemo-
kines have been implicated in self-association and engagement of
cognate receptors, vMIP-II lacks an effective dimer interface, po-
tentially resulting in increased exposure of residues that are avail-
able to solvent in this region. This provides a potential mechanism
for the ability of this virally encoded protein to bind to a broad
spectrum of human chemokine receptors. The absence of self-
association by vMIP-II may also be the basis for the ability of this
virally encoded chemokine to stimulate signal transduction via
CCR3 and CCR8, both of which bind chemokine ligands that exist
in solution predominantly as monomers.

Comparison of vMIP-II to MIP-1b

The structure of vMIP-II provides several insights into the inability
of this protein to form a dimer. Probably the most useful compar-
ison with respect to dimerization is with MIP-1b, a CC chemokine
that shares the most sequence identity~around 40%! to vMIP-II
among chemokines of known structure~Fig. 1!, has a very similar
tertiary fold to vMIP-II ~Lodi et al., 1994!, and also tightly binds
the chemokine receptor CCR5~Combadiere et al., 1996; Raport
et al., 1996; Samson et al., 1996!. However, while MIP-1b acti-
vates CCR5, vMIP-II is an antagonist to CCR5~Boshoff et al.,
1997; Kledal et al., 1997!.

The dimer of MIP-1b is comprised largely of hydrophobic in-
teractions and involves many N-terminal residues that make con-
tact with both the N-terminus of the other subunit and with several
other non-N-terminal residues of the other subunit~Lodi et al.,
1994!. One important set of interactions in the MIP-1b dimer
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involves the side chain of Phe13 in one subunit making extensive
contact with both the Thr99 and Leu349 side chains of the other
subunit. The significance of this contact is underscored by our
preliminary result that a Phe13Ala mutation disrupts the ability of
MIP-1b to dimerize ~data not shown!. A sequence alignment
~Fig. 1! and a structural alignment of vMIP-II with MIP-1b reveals
that vMIP-II does not possess appropriately positioned amino acids
to make this crucial interaction. The equivalently positioned resi-
dues in vMIP-II are Leu16~in place of Phe13 of MIP-1b!, Asp12
~in place of Thr9!, and Leu37~same as Leu34!. Figure 3A shows
the MIP-1b dimer interface, while Figure 3B shows two vMIP-II
monomers relatively positioned as a CC chemokine-type dimer,
their positioning obtained by best fit superposition with the dimer
of MIP-1b. As can be seen, the Phe13 of MIP-1b is Leu16 in
vMIP-II, and this Leu16 does not have the wide, flat surface of a
Phe that may be ideal for a fit into the putative hydrophobic pocket
of the dimer that is formed in part by the Leu379 ~Leu349 in
MIP-1b!. Perhaps more importantly, Thr99 of MIP-1b is Asp12 in

vMIP-II. This residue in MIP-1b interacts with Phe13 of the other
subunit, completing the hydrophobic pocket formed by Phe13,
Leu349, and Thr99. An Asp in place of Thr, as occurs in vMIP-II,
cannot contribute to the formation of a hydrophobic pocket, and
would not be expected to make favorable dimer contacts with the
side chain of Leu16. In addition, when two vMIP-II monomers are
aligned to make a CC chemokine-type dimer as shown in Figure 3B,
this Asp12 becomes buried, an unfavorable situation that probably
contributes significantly to the lack of ability of vMIP-II to dimerize.

Also possibly contributing to the lack of a dimer in vMIP-II is
Lys13, which in MIP-1b is Ala10. In the MIP-1b dimer, this amino
acid is near the symmetry point of the molecule and is expected to
contact its counterpart in the other subunit. Even assuming that the
two lysine side chains in vMIP-II avoid like-charge repulsions, the
local structural changes required to accommodate the Lys13 of two
subunits of vMIP-II rather than an alanine may alter the configu-
ration in the area sufficiently to disrupt the hydrophobic contacts of
a dimer.

Fig. 3. A: A ribbon diagram of MIP-1b, showing the side chains for three residues at the dimer interface~Thr9, Phe13, Leu34!.
Structure obtained from reference~Lodi et al., 1994!. PDB number: 1HUM.B: A ribbon diagram of two vMIP-II monomers, placed
into the position of a MIP-1b-type dimer by superpositioning each vMIP-II monomer onto a subunit of the MIP-1b dimer~Lodi et al.,
1994!. The superpositioning was done for Ca atoms and the two proteins were matched over the threeb-strands and the N-terminal
region near the conserved cysteines. Figure 3 was created using the program SPOCK~Christopher, 1998!.
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Despite these specific differences between vMIP-II and MIP-
1b, a comparison of their overall structure reveals them to be quite
similar, with an RMSD of 1.6 Å upon best fitting the Ca over
residues 14–56 for vMIP-II~11–53 for MIP-1b! and an RMSD of
0.83 Å when a best fit is performed on the threeb-strand regions.
The turns between theb-strands and thea-helix occur with similar
angles and positioning for the two proteins, which leads to the
possibility that the “scaffolding” of vMIP-II is competent to form
a dimer, despite the lack of specific residues that allow dimer
formation. In support of this hypothesis, we have produced a chi-
meric vMIP-II that contains the N-terminus of MIP-1b grafted
onto theb-sheet anda-helix of vMIP-II and preliminarily find that
this protein is in equilibrium between the monomer and dimer
form ~unpublished!. The functional consequences of this mutation
are currently being explored.

Comparison of vMIP-II to eotaxin and SDF-1

The repertoire of chemokine receptors bound by vMIP-II includes
CCR3 and CXCR4, which have both been implicated as HIV-1 co-
receptors. However, the engagement of CCR3 by vMIP-II results in
signal transduction, whereas vMIP-II does not activate CXCR4
~Boshoff et al., 1997; Sozzani et al., 1998!. Eotaxin and SDF-1 show
exclusive binding to CCR3 and CXCR4, respectively, and thus rep-
resent important structural models for comparison to vMIP-II.

Eotaxin has about 36% sequence identity with vMIP-II, with the
highest levels of identity in theb2 andb3 strands~Fig. 1!. Both
chemokines appear to exist predominantly as a monomer, although
observation of a monomer–dimer equilibrium was reported in the
case of eotaxin~Crump et al., 1998!. Both have an unstructured
N-terminal region, and aside from the canonical Cys–Cys motif,
seven amino acids are shared in an N-terminal segment of 26
residues~24 in eotaxin!: Ala6, Ser7, Pro11, Arg21, Pro24, Gln25,
and Leu27. Theb-strand regions of the two proteins can be over-
laid with an RMSD~using Ca! of 0.64 Å, although the turn be-
tween theb2 andb3 strands is quite different~Crump et al., 1998!.
The C-terminala-helix of eotaxin is almost an entire turn longer
than in vMIP-II and is of similar length to the helix in MIP-1b
~Lodi et al., 1994; Crump et al., 1998!.

Three regions of vMIP-II are more similar in sequence to eo-
taxin than they are to MIP-1b. First, near the N-terminus of the
proteins, vMIP-II shares little or no identity with MIP-1b for the
first seven amino acids, while both vMIP-II and eotaxin have an
identical Ala–Ser pair. Due to the high degree of disorder in this
part of the structures of all chemokines, it is difficult to assess the
significance of these amino acids, although the N-terminus of chemo-
kines has been shown to be crucially important to chemokine
activity ~Gong & Clark-Lewis, 1995; Gong et al., 1996; Weber
et al., 1996; Wells et al., 1996; Pakianathan et al., 1997!. The other
regions of identity between vMIP-II and eotaxin that are not shared
by MIP-1b are in the loop preceding the firstb-strand~including
the first amino acid in the strand!, where both vMIP-II and eotaxin
have an LeuXSer while MIP-1b has PheXVal; and in the region
around the C-terminala-helix, particularly Lys59~vMIP-II !0
Lys55~eotaxin!, where MIP-1b has Glu56. The difference in charge
and reach at each of these positions may result in differential
function due to a change in the ability to bind cell surface sugars
or to naturally aggregate; although most chemokines have these
abilities, their in vivo relevance is not yet known~Tanaka et al.,
1993; Graham et al., 1994, 1996; Hoogewerf et al., 1997; Koop-
mann & Krangel, 1997!. An additional similarity between vMIP-II

and eotaxin is the disruption of their C-terminala-helix by a
proline, followed by several amino acids that have a largely ex-
tended conformation in solution~Crump et al., 1998!. This struc-
tural feature is quite distinct from thea-helix of MIP-1b, which is
as long as that of eotaxin, but which continues in a helical structure
until the C-terminus of the protein~Lodi et al., 1994!.

A structural understanding of the binding of vMIP-II to the
chemokine receptor CXCR4 is difficult, due to the fairly extensive
differences in sequence between this virally encoded chemokine
and SDF-1, the exclusive natural ligand for this receptor~Fig. 1!.
This is particularly true in regions of SDF-1 that have been shown
to be critical for high-affinity binding to CXCR4. It is of interest
that vMIP-II binds CXCR4 at high affinity, yet it lacks the RFFESH
motif that has been implicated as critical for engagement by SDF-1
~Crump et al., 1997!. Although the overall folds of vMIP-II and
SDF-1 are similar, they share only one identical amino acid prior
to the first canonically conserved Cys~Ser7 in vMIP-II, Ser4 in
SDF-1!. Aside from the N-terminal region~which does have low
similarity among chemokines!, the overall identity between vMIP-II
and SDF-1 is about 17%. The arrangement of secondary structural
units and turns is largely the same, which may account for the
ability of vMIP-II to bind to the same receptor as SDF-1. One
difference between the structure of vMIP-II and SDF-1 is that the
C-terminala-helix of vMIP-II has a different angle with respect to
the b-sheet than SDF-1, possibly due to variations in the packing
of the hydrophobic core~Crump et al., 1997!. In vMIP-II the
a-helix is oriented more perpendicular~about 608! to theb-sheet,
while in SDF-1 thea-helix angle is more parallel~about 408!
~Crump et al., 1997; Dealwis et al., 1998!. As to the question of
why vMIP-II binds but does not activate through CXCR4, an
explanation could range from the significant differences in se-
quence identity to the potential difference in quaternary structure,
as SDF-1 has been reported to be a CXC chemokine-type dimer
upon crystallization~Dealwis et al., 1998!, although it is a mono-
mer in solution~Crump et al., 1997!. Indeed, the difficulty in
verifying regions of chemokines that allow for their wide range of
distinct activities is underscored by Crump et al.~1997!, who
constructed a series of mutants and chimeras of SDF-1. These
workers found that many of the sequence and structural features of
the protein that were predicted to be important for activity on the
CXCR4 receptor were “paradoxically” not critical for binding or
activation~Crump et al., 1997!.

Conclusions

We have determined the solution structure of vMIP-II, a CC chemo-
kine that is unique in its ability to cross-bind the receptors of both
major chemokine subfamilies~CC and CXC!, and whose binding
ability imparts broad anti-HIV properties. Although vMIP-II has
an overall fold that is similar to other known chemokines, this
protein is fully monomeric and has significant sequence variation
with other chemokines in several key regions, particularly at the
N-terminus and at amino acid sites crucial for both CC and CXC
dimer formation.

Materials and methods

Production and purification of vMIP-II

The gene for vMIP-II was generously provided by Dr. Patrick
Moore and Dr. Yuan Chang, Columbia University. vMIP-II was
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expressed in the Novagen~Milwaukee, Wisconsin! pET32a~1!
expression vector, which allows production of the protein of in-
terest along with a thioredoxin fusion tag. The vector containing
the sequence encoding the mature form of vMIP-II was trans-
formed into BL21~DE3!, and an individual colony was grown in 1
L minimal medium containing15NH4Cl ~Martek Biosciences, Co-
lumbia, Maryland! as the only nitrogen source, and with either
13C6-glucose~Martek Biosciences! or unlabeled glucose. Cells
were induced atA550 5 0.9 by making the cell culture to 1 mM
IPTG ~Calbiochem, La Jolla, California! and harvested by centri-
fugation after 5 h~for the 15N, 13C preparation! or 4 h~for the 15N
preparations!. The fusion protein was purified and cleaved as de-
scribed previously~LiWang et al., 1999!, except that in this case
some fusion protein was also isolated from the cell supernatant by
loading the crude supernatant directly onto a Ni chelating column.
The protein was eluted with imidazole and dialyzed against 50 mM
Tris pH8 and subsequently cleaved with enterokinase and purified
as described~LiWang et al., 1999!. The resulting protein begins
with amino acids Leu4–Gly5–Ala6~using the numbering system
of our previous work; LiWang et al., 1999!, which has been re-
ported to be the mature N-terminus of vMIP-II~Kledal et al.,
1997!. Protein samples were lyophilized and the protein was dis-
solved in 10 mM sodium phosphate, 0.05% sodium azide~buffer
pH 5.4!, and the overall solution made to 5% D2O for the “H2O”
samples. For the “D2O” samples, the lyophilized protein was taken
up in 10 mM NaOP, 0.025% sodium azide, buffer pH 5.0~lower
pH to correct for the effect of the D2O!, and an excess~about
5 mL! of 99% D2O ~Isotec, Miamisburg, Ohio! was added. The
sample was relyophilized and the powder was dissolved in 99.996%
D2O ~Isotec!.

NMR spectroscopy

All spectra except15N relaxation measurements were recorded at
258C on a Varian UnityPlus 600 MHz spectrometer at Purdue
University, equipped with a z-shielded gradient triple resonance
probe.15N T1 andT2 measurements were collected at 258C on a
Varian UnityPlus 500 MHz spectrometer at Texas A&M University
in a manner identical to that described earlier~LiWang et al.,
1999!. Sample tubes were purchased from Shigemi Inc.~Allison
Park, Pennsylvania!. Chemical shift referencing is relative to DSS,
using the method proposed by Wishart et al.~1995!. Triple reso-
nance spectra used to assign1H, 13C, and 15N resonances were
acquired and processed as described earlier~LiWang et al., 1999!.
1H–1H NOE distance restraints were obtained from15N- and13C-
separated three-~LiWang et al., 1999! and four-dimensional NOESY
spectra~Clore & Gronenborn, 1991, 1998; Bax & Grzesiek, 1993!.
3JHNHa values, determined from a three-dimensional HNHA spec-
trum ~Vuister & Bax, 1993!, were used asJ coupling restraints
during structure calculations with the program X-PLOR~Brünger,
1992!. 3JHNHb and3JHaHb values, determined from three-dimensional
HNHB ~Archer et al., 1991; Madsen et al., 1993! and HACAHB-
COSY spectra~Grzesiek et al., 1995!, were used to determine the
x1 angles~608, 2608, or 1808! of amino acid side chains. Further
x1 information for valine, isoleucine, and threonine residues were
obtained from long-rangeJ-coupling constants between backbone
15N and13C9 spins and side-chain methyl protons~Grzesiek et al.,
1993; Vuister et al., 1993; Bax et al., 1994!. x2 Dihedral angle
information for leucine residues was determined from three-bond
13C–13C J-couplings~Bax et al., 1992!.

Structure calculations

Interproton distances were grouped into four ranges, depending on
the corresponding NOESY cross-peak volume. Strong, medium,
weak, and very weak cross-peaks were given distance ranges of
1.8–2.7 Å~1.8–2.9 Å for NOEs involving NH protons!, 1.8–3.3 Å
~1.8–3.5 Å for NOEs involving NH protons!, 1.8–5.0 Å, and 1.8–
6.0 Å ~Bewley et al., 1998!. Distances involving methyl groups
were given an additional 0.5 Å for the upper bound. The program
X-PLOR ~Brünger, 1992! was used to calculated structures of
vMIP-II using simulated annealing protocols~Nilges et al., 1991!.
In addition to the usual energy potentials for experimental distance
and dihedral angle restraints, an energy potential for measured
3JHNHa ~Garrett et al., 1994! was applied as well. Also, a confor-
mational database potential for nonbonded contacts was applied
during all calculations~Kuszewski et al., 1996, 1997!.

vMIP-II coordinates

The Protein Data Base accession number for the reported structure
is 1vmp.
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