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ABSTRACT. Herpesvirus-8 macrophage inflammatory protein-1l (vMIP-11) binds a uniquely wide spectrum

of chemokine receptors. We report the X-ray structure of vMIP-II determined to 2.1 A resolution. Like
RANTES, vMIP-II crystallizes as a dimer and displays the conventional chemokine tertiary fold. We
have compared the surface topology and electrostatic potential of vMIP-1I to those of eotaxin-1, RANTES,
and MCP-3, three CCR3 physiological agonists with known three-dimensional structures. Surface epitopes
identified on RANTES to be involved in binding to CCR3 are mimicked on the eotaxin-1 and MCP-3
surface. However, the surface topology of vMIP-II in these regions is markedly different. The results
presented here indicate that the structural basis for interaction with the chemokine receptor CCR3 by
vMIP-II is different from that for the physiological agonists eotaxin-1, RANTES, and MCP-3. These
differences on vMIP-Il may be a consequence of its broad-range receptor recognition capabilities.

Kaposi's sarcoma-associated herpesvirus (KSHMN- infection may coexist0). The finding that patients with
tains three open reading frames that encode proteins withthis neoplasm have reduced AlIDS-related dementia or other
four positionally conserved cysteine residues that define the central nervous system (CNS) manifestations of infection
chemokine superfamilylj. One of these proteins, vMIP-Il,  raises the possibility that KSHV may encode products that
is most closely related to human MIR1MIP-13, and block the pathogenesis of the CNS damage induced by HIV-1
RANTES at the level of primary structur@)( vMIP-II has (11, 12). The mechanism for this protection may involve
been found to bind a uniquely broad spectrum of human G inhibition of entry into target cells of the CNS, antagonism
protein-coupled chemokine receptors, including members of of viral infection within this compartment, or inhibition of
the CC (CCR1, CCR2b, CCR3, CCR5, and CCR8), CXC toxicity to neural cells that is mediated by the HIV envelope
(CXCR4), C (XCR1), and CX3C (CX3CR1) receptor sub- protein (gp120) 13—16). As similar correlations have not
families 2—7). This represents a unique feature of vMIP- been made for other herpesviruses, which may also cause
I, as chemokines encoded by mammalian genes exclusivelyinfections during the course of AIDS, it is logical to consider
bind subsets of receptors within only one subfamily. The neuroprotective candidates among ORFs unique to KSHV.
interaction of vMIP-II with CCR3 results in signal trans- Indeed, the binding of vMIP-II to the two major HIV
duction @). There have been conflicting reports describing coreceptors CCR5 and CXCR4 enables it to inhibit binding
in detail vMIP-II interactions with CCR8; both agonid)( of gp120 from a variety of strains of HIV-1 and block

and antagonist activityd( 9) have been observed. vMIP-1I  infection in vitro @, 3). Some of the other chemokine
behaves as an antagonist with the remainder of the above+eceptors to which vMIP-II binds, particularly CCR2, CCR3,
mentioned receptor2(3, 7). CCRS8, and CXCR1 (2—5), have also been observed to

Since Kaposi's sarcoma is the most common malignancy function as HIV-1 coreceptors in vitrd {, 18). This makes
in the acquired immunodeficiency syndrome (AIDS), both vMIP-II a strong candidate for neuroprotection.
human immunodeficiency virus type 1 (HIV-1) and KSHV The four positionally conserved cysteine residues of
chemokines form intrachain disulfide bonds that stabilize
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(31). In many cases, hybrid Cher_nOkineS gener_ate_d by theTable 1: Crystallographic and Refinement Statistics for vMIP-I|
exchange of N-loops resulted in receptor binding and
wavelength (A) 0.9793 0.9790 0.9871

signaling properties defined by the N-loop sequen@ds-( 12 660 eV) (12 664 eV) (12 560 eV
395). It has therefore been concluded that the remainder of scattering factors (@ ( V) V) &)

the protein serves as a scaffold to support the presentation /" -9.4/3.3  —7.4/53  —4.79/0.532
of the N-loop and the N-terminus for interaction with resolution limit () ~  30-2.1 30-2.1 30-2.1
receptors no. of unique reflections 8210 8251 8259
2 . ) . completeness (%) 92.9 92.7 92.8
The unique biological properties of vMIP-II that have been  overallRym (%) 8.3(38.1) 7.3(43.8) 6.4 (46.0)

demonstrated to date (i.e., its uniquely wide range of refinement statistics
chemokine receptor engagement) and its potential protective gsjg‘ct'o?&%”ge A 23*952/-214 .
. . . . . re st 0 . .
role during _HIV-1 |nfect|.on make |F an attractlvg targe_t for rms deviations
understanding mechanisms of binding to this family of bond lengths (&) 0.007
receptors. This information may elucidate approaches to the bond angles (deg) 1.311
design of broadly acting inhibitors of inflammation and = The numbers in parentheses are from the outer resolution shell
HIV-1 infection using vMIP-Il as a template. We have (2.2-2.1 A).

previously used NMR to determine the secondary structure

of vMIP-Il and to investigate the dynamics of the unstruc- gmgq) stretches of secondary structure could be observed
tured region at the N-terminu8g, 37). In the study presented  50nd the two molecules in the asymmetric unit. Short

here, we report the 2.1 A X-ray crystal structure of VMIP-Il  gyretches of polyalanine residues were built into similar
and compare its molecular surface with three other chemo-qqigns of the two molecules. Phases were further improved

kines that activate CCRS3. by 2-fold averaging using DMMULTI42, 43) from an initial
matrix calculated using LSQMAN4Q, 43). The above
EXPERIMENTAL PROCEDURES process of updating and refining the 2-fold relationship

between the two molecules was carried out for several cycles.
Initial MAD phases were also calculated using all data to
2.1 A using SHARP44). The SHARP maps were used along
with the density-modified maps from SOLVE to place side
chain atoms into density.
Model Building, Refinement, and Analydrefinement of

the model was performed using the maximum likelihood
protocol as incorporated in CN85). Hendricksor-Lattman
oefficients from the initial phased set were used throughout
he refinement. The model was built into electron density
using the program O4g). Initially, refinement was per-
formed using strict noncrystallographic symmetry. Toward
the end of the refinement process, the two molecules in the
asymmetric unit were refined separately. The structure was
analyzed graphically using the INSIGHT software package
(Molecular Simulations Inc.). Superposition of vMIP-Il and
and incorporated qualitatively into the peptide chain preac- the chemokines eotaxin-1, RANTES, and MCP-3 was also

tivated as the 1-hydroxy-7-azobenzotriazole ester. The result-mrforme{j with the INSIGHT program package. Coordinates

: : P . o for eotaxin-1 (PDB code 1EOT), RANTES (PDB code
ing native and selenomethionine proteins were purified by :
reverse-phase HPLC and lyophilized. 1RTO), and MCP-3 (PDB code 1BO0) were obtained from

llizati initiall hieved by the handing-d the Protein Data Bank. The electrostatic surface potential

aLslaton as il scieved by he 0GP maps were generted using he DelPh prora) s
concentration of 10 mg/mL, was crystallized by the dialysis incorporated in the INSIGHT program package.
method 89). Crystals were obtained from 11% (w/v) RESULTS
polyethylene glycol 4000, 11% (v/v) 2-propanol, and 0.1 M
citrate (pH 5.6). Structure Determination and Descriptioifhe structure

Structure DeterminatiarThe structure was determined by of vMIP-II was determined to 2.1 A by multiwavelength
multiwavelength anomalous diffraction (MAD) with three anomalous diffraction using a chemically synthesized sele-
wavelengths collected from a single crystal using the inverse nomethionine protein (Table 1). The structure was refined
beam method at beamline X4C of the National Synchrotron to an R-free value of 27.5% and aR-factor of 24.0% for
Light Source at Brookhaven National Laboratory (Upton, the reflections between 30.0 and 2.1 A. The final model
NY) (Table 1). Difference Patterson maps using data from consists of residues—74 (molecule A), residues-874
the remote wavelength and at maximum dispersion confirmed (molecule B), and 22 water molecules. All residues are in
the positions of the two selenium atoms using the PHASES the allowed region of the Ramachandran plot. The overall
program package4(). Initial phases were calculated by rms difference between the two molecules based on the C
SOLVE (41) to 3.0 A resolution. Phases were improved atoms is 0.58 A. An example of the electron density is
further by solvent flattening and histogram matching using displayed as a2, — F; map in Figure 1. The N- and
DM (42, 43). A distinct solvent boundary encompassing C-terminal residues appear to be flexible, as no electron

Chemical Synthesis and Crystallization @¥IP-II. For
the X-ray crystallographic studies, vMIP-II and seleno-
methionine-modified vMIP-II (replacing Met-66) were syn-
thesized, purified, and crystallized as described previously
(36). The amino acid sequence corresponds to residues 21
94 of vMIP-1l (GenBank accession number U75698). The
protein was synthesized by thioester-mediated native chemi-
cal ligation of unprotected peptide fragmen88)( Peptide
segments were synthesized by solid-phase methods eithe
manually or on an Applied Biosystems 430A peptide
synthesizer. The polypeptide vMIP-II[{174)(—SH)] was
purified and foldedn 2 M guanidine HCl and 100 mM Tris
(pH 8) containing 8 mM cysteine and 1 mM cystine. Met-
66 was replaced with a selenomethionine residue for
anomalous diffraction data collectioN-a-Fmoc-selena-
methionine was prepared from selenoaethionine (Sigma)



Crystal Structure of vMIP-II Biochemistry, Vol. 39, No. 42, 20002839

N-loop

loop

Ficure 1: Final 2/, — F. map superimposed on residues43.
This figure was produced with the programs BOBSCRIBY, {2)
and Raster3D70).

density is present. Figure 2A shows arcarbon trace for
the vMIP-II monomer. The monomer displays af
topology with thregs-strands forming an antiparallgisheet.
The C-terminala-helix packs against thg-sheet. As with
other CC chemokines, this motif is stabilized by two disulfide
bonds and a conserved hydrophobic core. These residues
include the four cysteines (Cys-14, Cys-15, Cys-38, and Cys-
54), Leu-23, Leu-28, Trp-31, Val-43, lle-44, Phe-45, Val-
53, Ala-55, Trp-61, Val-62, Leu-65, Met-66, and Leu-69.
In contrast to solution studies with vMIP-II, which indicate
that vMIP-II is a monomer at millimolar concentrations and
at various pHs and NaCl concentration36,( 37), the
asymmetric unit of the crystal contains an elongated dimer Figure 2: (A) Ca trace of the vMIP-Il monomer. The disulfide
typical of other CC chemokines (Figure 2B). The dimer is forming cysteine residues are displayed as ball-and-stick models.
predominantly stabilized by interactions between residues 7 (B) Dimeric structure of vMIP-II, with each subunit colored green
and 19 of each subunit tht it o complementary grooves &P SHELn irece e Wl mer e oo
(Flgur_es_ 2C). Ot_her residues that contribute atoms to theWhich the second subunit (shown in ribbon form) fits. The residues
subunit interface include Ser-35, Leu-37, Cys-38, Ser-39, lle- that have atoms within 3.5 A of the adjacent subunit are also
44, GIn-52, and Cys-54. The interface consists of a combina-displayed.
tion of hydrophobic and polar interactions that include 10
hydrogen bonds. Approximately 8502/re buried upon  of VMIP-II correspond with obvious differences in the
formation of a dimer from the two monomers. The different monomers. Residues-1.3 in the NMR structure are highly
quaternary structures between the solution and crystal formsdisordered; the subsequent residues{19) adopt a different
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conformation as compared to the crystal structure of vMIP- orientation of the side chain for Leu-16 in vMIP-II, which
Il. Leu-46, which in the NMR structure3{) protrudes into results in a much smaller occupied volume relative to the
the surrounding solvent, is closely packed in the crystal aromatic side chains of eotaxin-1, RANTES, and MCP-3.
structure and contributes to the groove into which the other The positive charge in this region of vMIP-II is from residue
subunit binds. The factors that promote stabilization of the Lys-40. In eotaxin-1, the corresponding residue is GIn-36,
N-terminus (residues—719) and formation of complementary  while in RANTES, the corresponding residue is Asn-36 and,
monomer-monomer interactions are not known. therefore, does not contribute to the electrostatics in this
Although significant evidence points toward the chemokine region (Figure 4). Although in MCP-3 the corresponding
monomer being the active specie48(49), there is ac- residue is an Arg-38, it is oriented in the opposite direction
cumulating evidence that the presence of glycosaminoglycansin the structure and, therefore, does not contribute to the
and heparin can induce oligomerization of chemokirs ( electrostatic potential of the N-loop region. Other notable
51). However, the physiologically relevant quaternary con- similarities between eotaxin-1, RANTES, and MCP-3 in this
formation of chemokines still remains uncertain. We have region that are absent in vMIP-II provide further evidence
used the vMIP-1I monomer for all subsequent analysis. of structural divergence of the viral chemokine. A lysine in
Comparison with CCR3-Actating ChemokinesyMIP-II the 30s loop, which connects the first and secgradrands,
is able to interact with at least eight human chemokine is adjacent to the hydrophobic knob of eotaxin-1 and
receptors. Our current efforts have focused on understandingRANTES and appears as a positively charged protrusion
the interaction of vMIP-1I with CCR3, because interaction (white circle in Figure 3B). In MCP-3, the corresponding
with only this receptor leads to signal transducti@h Five residue is a histidine which also appears as a positive
other chemokines are agonists for CCR3: eotaxin-1, eotaxin-protrusion (white circle in Figure 3B). This is replaced by a
2, RANTES, MCP-3, and MCP-45p—55). The three- leucine residue (Leu-40) in vMIP-II (arrow in Figure 3B).
dimensional structures of eotaxin86f, RANTES 67), and This difference may be particularly important because (1)
MCP-3 (8) have been reported. RANTES is a dimer the 30s loop has been implicated in receptor binding of
identical in quaternary structure to vMIP-Il. The solution chemokinesZ1, 22, 28, 49) and (2) electrostatic interactions
structure of eotaxin-1 is a monomer, but the protein has beenplay an important role in the activation of CCR3 by eotaxin-1
shown to exist in monomerdimer equilibrium. MCP-3 has  (59). In this regard, there are a number of other substantial
been reported to be a monom&s8) in the structure used differences in vMIP-II as compared to eotaxin-1, RANTES,
here for comparisons. The vMIP-Il monomer backbone is and MCP-3. There appears to be a charge transposition in
very similar in structure to these three chemokines with C  which Asp-60 and Lys-64 of vMIP-II correspond to Lys-56
rms differences of 1.42, 1.53, and 2.20 A for eotaxin-1, and Asp-60 of eotaxin-1, Lys-56 and Glu-60 of RANTES,
RANTES, and MCP-3, respectively. Superposition of the and Lys-58 and Asp-62 of MCP-3.
backbone atoms between the first and last cysteines of Adjacent to the presumed receptor-binding hydrophobic
eotaxin-1, RANTES, and MCP-3 on vMIP-II is shown in protrusion in eotaxin-1, RANTES, and MCP-3 is a region
Figure 3A. The largest deviations in backbone conformation whose surface topology is that of an apolar groove (boxed
of vMIP-II from the other three chemokines are in the in eotaxin-1, RANTES, and MCP-3, Figure 3B). In vMIP-
N-terminal region. There is also some difference in overlap I, this region is also a groove but has a positive potential
in the loops between the thr8estrands and in the orientation  (black box in Figure 3B). This positive charge is due
of the C-terminal helix relative to the plane of tlestrands predominantly to the exposed side chain atoms of Lys-13;
of each chemokine. To gain insight into the structural basis in eotaxin-1 and MCP-3, the corresponding residue is a
for the binding and activation of CCR3, we compared the threonine, while in RANTES, the residue is a proline.
surface topology of each protein. We have focused on the The N-terminus of chemokines is known from truncation
N-loop (residues that precede the fifisstrand) and the 30s  and site-specific mutagenesis studies to be important for
loop, which have been shown to be critical for receptor signaling @2, 60, 61). In most three-dimensional structures
binding and activation in many chemokines, including of chemokines, however, this N-terminal region is structur-
RANTES 21, 22, 28, 49). Although RANTES and vMIP-I| ally flexible relative to the remainder of the proteidlj. It
share the greatest degree of identity in amino acid sequenceppears that a degree of flexibility in the chemokine
(43%) and backbone structure among the three chemokinesN-terminus is necessary for making the proper interactions
to understand potential interactions with the receptor, it is with the receptor, thus leading to signaling. The specific
more appropriate to compare the solvent-exposed molecularsequence of the N-terminus among various chemokines can
surface which involves all accessible atoms in the protein. reveal properties that are essential for signaling. For example,
The molecular surface of the N-loop and the surrounding CXCR1- and CXCR2-activating chemokines require the ELR
residues is most similar between eotaxin-1, RANTES, and sequence motif in the N-terminu62). In CCR3 signaling
MCP-3, suggesting a similarity in their interactions with mediated by eotaxin-1, RANTES, and MCP-3, Pro-2 appears
CCR3. The molecular surface of the N-loop region of to be particularly important22, 63). In contrast, for vMIP-
eotaxin-1, RANTES, and MCP-3 appears as a hydrophobicll there is no proline in the first seven residues of the
knoblike protrusion. This apolar region consists of a con- sequence. Moreover, the N-terminus of eotaxin-1, RANTES,
served aromatic residue, which is a phenylalanine in eo- and MCP-3 is largely composed of residues with apolar side
taxin-1 and RANTES and a tyrosine in MCP-3 (black circle chains. Conversely, the vMIP-II N-terminus includes a
in Figure 3B). The corresponding region in vMIP-Il lacks a relatively large number of charged residues. Also, while all
similar hydrophobic protrusion, is positively charged, and the N-terminal residues of eotaxin-1, RANTES, and MCP-3
has the appearance of a groove (white box in Figure 3B). preceding the first cysteine have small side chains, the
The source of this difference in surface topology is the N-terminus of vMIP-II includes residues with bulkier side
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30's loo

Eotaxin-1

Ficure 3: (A) Ribbon diagram tracing of the superimposed backbone atoms of eotaxin-1 (red), RANTES (yellow), MCP-3 (green), and
VMIP-II (purple). (B) Comparison of surface topologies and electrostatic potentials of eotaxin-1, RANTES, MCP-3, and vMIP-Il. The
orientation of the four proteins is the same. The N-loop region of eotaxin-1 (F11), RANTES (F12), and MCP-3 (Y13) has the topology of
a bulging hydrophobic surface (black circle). The corresponding region of vMIP-II (white box) has the appearance of a positively charged
crevice. A second receptor-binding region (from the 30s loop) on eotaxin-1, RANTES, and MCP-3 is the positive knob (K33 in eotaxin-1
and RANTES and H35 in MCP-3) (white circle); in vMIP-II, this region is a groove indicated with the arrow. Below the N-loop bulge is

an apolar concave surface in eotaxin-1, RANTES, and MCP-3 (black box). The corresponding region in vMIP-II is positively charged
(white box).

chains. Although the significance of these observations between vMIP-II and the CCR3 physiological agonists at
remains to be determined, the differences in the sequencehe N-terminus are consistent with the structural differences



12842 Biochemistry, Vol. 39, No. 42, 2000 Fernandez et al.

1

Eotaxin-1: GP-ASV----PTTCCFNLANRKIPLQRLESYRRITSGK CPQKAVIFKTKLAKDI CADPKKKWVQDSMKYLDQKSPTPKP
1

RANTES : SPYSSD----TTPCCFAYIARPLPRAHIKEYFY-TSGK CSNPAVVFVTRKNRQV CANPEKKWVREYINSLEMS------
1

MCP-3: QP-VGINT— STTCCYRFINKKIPKQRLESYRRTTSSH CPREAVIFKTKLDKEI CADPTQKWVQDFMKHLDKKTQTPKL
1

vMIP-II1: GDTLGASWHRPDKCCLGYQKRPLPQVLLSSWYP-TSQL CSKPGVIFLTKRGRQV CADKSKDWVKKLMQQLPVTAR----

Ficure 4: Multiple-sequence alignment of eotaxin-1, RANTES, MCP-3, and vMIP-1l. The numbering schemes for eotaxin-1, RANTES,
and MCP-3 are identical to those given in entries 1EOT, 1RTO, and 1BOO, respectively. The displayed sequence corresponds to the mature
form of vMIP-II corresponding to the protein used by Boshoff et 2). The alignment was performed using the program DALIGNB).(

on the N-loop of these chemokines. This suggests that vMIP-helix are observed to be flexible in most chemokines. While
Il has a novel mode of binding to and activation of the chemokines of all subfamilies have similar backbone con-

receptor CCR3. formations, they display different receptor specificities. The
basis of this molecular recognition is a consequence of
DISCUSSION matching complementary surfaces between the chemokine

vMIP-II possesses the unique capacity to bind a range of and its receptor. Since CCR3 responds to eotaxin-1, RANTES,
receptors that breaches the subfamily specificities establishedVICP-3, and vMIP-II, we have compared the surface topol-
for mammalian chemokines. It is an antagonist for CCR1, ogy and the associated electrostatic potential of these
CCR2, CCR5, CXCR43), CX3CR1 @), and GPR5/XCR1  chemokines. If it is assumed that CCR3 binds to these
(7); an agonist for CCR32); either an agonist or antagonist chemokines through the same surface subsections, it may
for CCR8 @, 8, 9); and an inverse agonist for the human be expected that eotaxin-1, RANTES, MCP-3, and vMIP-I|
herpesvirus-8 chemokine receptor (ORF 74&/)( The would interact with CCR3 with similar surface topologies.
mechanism by which a single chemokine can interact with The surface properties of the N-loop for eotaxin-1, RANTES,
so many receptors and have different functional effects hasand MCP-3 are very similar to each other. This region of
only recently begun to be investigate@s( 66). Here we the N-loop of RANTES has been shown, by site-directed
report the crystal structure of vMIP-II and compare it with mutagenesis, to direct CCR3 recognition and bindi2i).(
three physiological CCR3 agonists: eotaxin-1, RANTES, and In contrast, the surface topology and electrostatic potential
MCP-3. Our analysis of the vMIP-Il surface topology of the N-loop for vMIP-II are very different from the
suggests that this viral chemokine employs a unique set ofcorresponding region of eotaxin-1, RANTES, and MCP-3.
interactions with CCR3. The unique mechanism of vMIP-II  The surface topology of eotaxin-1, RANTES, and MCP-3
may be due to the diverse functional effects (agonism, in the N-loop region takes the form of a hydrophobic knob.
antagonism, and partial agonism) mediated by promiscuousThis apolar bulge in RANTES is due to Phe-12 (Phe-11 in
receptor binding. These effects presumably enhance survivaleotaxin-1 and Tyr-13 in MCP-3) and is not observed in the
replication, or transmission of KSHV. surface topology of vMIP-II in this region. It is likely that

Current evidence supports a two-site model for chemo- this represents a critical difference because only the F12A
kine—receptor interactionss(). A similar model has been  point mutant was found to lack the ability to bind CCR3
proposed for the interactions between C5a and its receptoramong alanine-scanning mutants of RANTEZ)( This
except that the receptor binding site consists of regions in indicates the importance of the apolar aromatic side chain
the core of C5a and the second site results from the in making interactions with CCR3. In addition to topological
unstructured C-terminus$Y). In chemokines, sequences in features of the chemokines, which are expected to comple-
the N-loop, which comprise residues between the two amino- ment the surface of CCRS3, electrostatic interactions have
proximal cysteine residues and the figtstrand, confer ~ been shown to be important in the activation of CCR3 in
specificity for receptor binding. Once the chemokine is response to eotaxin-1 and presumably other agor§)s (
correctly positioned on the receptor, the residues in the In this regard, the electrostatic potentials of the N-loop and
N-terminal segment are utilized for triggering signal trans- the surrounding regions of eotaxin-1, RANTES, and MCP-3
duction. Structural comparisons of vMIP-II and three physi- are more similar to each other than to vMIP-IIl. Moreover,
ologic ligands of CCR3, eotaxin-1, RANTES, and MCP-3 comparison of the primary sequence of the N-terminal
revealed unexpected differences. All four chemokines haveresidues of these chemokines reveals a cluster of basic
similar degrees of pairwise homology (343% identity) and residues for vMIP-II, some with bulky side chains, but no
similar numbers of identical residues within the N-loop. charged residues for eotaxin-1 and MCP-3, and one aspartic
Structurally, the largest deviations are in the N-terminus, acid for RANTES (Figure 4). Studies of physiological
which in chemokines is known to be flexible and to assume agonists of CCR3, including eotaxin-1, eotaxin-2, and
multiple conformations in the unbound state. Similarly, the RANTES, confirm the involvement of the N-terminal seg-
loops that connect the thrg®strands and the C-terminal ment in receptor activation. Cleavage of two N-terminal
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residues of eotaxin-1 and RANTES by the protease CD26
was reported to result in proteins that bind CCR3 but lack
the ability to induce signaling2@, 68). Similarly, it was
found that truncation of three residues of eotaxir2? @nd
alanine-scanning mutagenesis of Pro-2 and Tyr-3 in RANTES
eliminated CCR3 agonist activity2®). The second residue
for eotaxin-1, eotaxin-2, RANTES, and MCP-3 is a proline,
a structurally constrained amino acid. The structural signifi-
cance of this proline residue in the CCR3 signaling mech-

anism remains to be determined. In contrast, the equivalent

position in vMIP-II is occupied by a glycine residue which
is structurally the most flexible amino acid. These sequence
and structural differences at the N-terminus and N-loop
suggest that vMIP-Il may have a different mechanism of
receptor binding and activation than the physiologic agonists
of CCRa. It is likely that vMIP-1l employs alternate surface
areas for interactions with CCR3. Alternatively, while vMIP-

Il may continue to make use of the surface topology dictated
by the N-loop for binding to CCR3, it might bind to the

receptor at a unique but overlapping site also used by eotaxin-

1, RANTES, and MCP-3.

It may be expected that chemokines that activate the same

receptor do so with similar surface subsections. However,
RANTES and MCP-3 also activate other distinct receptors
(61). When this is taken into account, the similarity in the
regions of the surfaces of eotaxin-1, RANTES, and MCP-3
is surprising. We have observed that vMIP-Il is the only

CCR3 agonist that possesses a surface topology that is

different from the physiological agonists, particularly in the
presumed receptor-binding site. Also, unlike the other CCR3
agonists (eotaxin-1, RANTES, and MCP-3), vMIP-Il does
not appear to utilize key residues associated with these
physiological agonists in the same manner for CCR3
activation. It is likely that the vMIP-II gene was originally
pirated from a mammalian gene and retained the receptor
binding properties of the mammalian gene product. The
N-loop of vMIP-Il is probably involved in interactions with
the receptor (or its closest present ancestor) of the original
mammalian gene product. During the course of evolution,
VMIP-II acquired new properties that conferred benefits to

the Kaposi's sarcoma-associated herpesvirus. One possibility 20.

may be that vMIP-1l was unable to accommodate within the
N-loop the selective pressures that resulted in promiscuous
receptor binding and diverse functional effects (antagonism,

agonism, and inverse agonism) mediated by these receptors. 5o

Therefore, new regions of the protein surface were recruited
for chemokine receptor interactions with CCR3.
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