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ABSTRACT. The viral macrophage inflammatory protein-ll (vMIP-Il) encoded by Kaposi's sarcoma-
associated herpesvirus is unique among all known chemokines in that vMIP-IlI shows a broad-spectrum
interaction with both CC and CXC chemokine receptors including CCR5 and CXCR4, two principal
coreceptors for the cell entry of human immunodeficiency virus type 1 (HIV-1). To elucidate the mechanism
of the promiscuous receptor interaction of vMIP-Il, synthetic peptides derived from the N-terminus of
VMIP-1I were studied. In contrast to the full-length protein that recognizes both CXCR4 and CCR5, a
peptide corresponding to residues21 of vMIP-Il (LGASWHRPDKCCLGYQKRPLP) was shown to
strongly bind CXCR4, but not CCR5. The J&€of this peptide in competing with CXCR4 binding of
129-SDF-1a is 190 nM as compared to the J€of 14.8 nM of native vMIP-II in the same assay. The
peptide selectively prevented CXCR4 signal transduction and coreceptor function in mediating the entry
of T- and dual-tropic HIV-1 isolates, but not those of CCR5. Further analysis of truncated peptide analogues
revealed the importance of the first five residues for the activity with CXCR4. These results suggest that
the N-terminus of vMIP-Il is essential for its function via CXCR4. In addition, they reveal a possible
mechanism for the distinctive interactions of vMIP-1I with different chemokine receptors, a notion that
may be further exploited to dissect the structural basis of its promiscuous biological function. Finally, the
potent CXCR4 peptide antagonist shown here could serve as a lead for the development of new therapeutic
agents for HIV infection and other immune system diseases.

Chemokines are a superfamily of small proteins of pro- spectrum receptor binding property of vMIP-Il is unique
inflammatory mediators and potent chemoattractants for T among all known chemokines and thus provides a useful
cells, monocytes, and macrophages. Based on the positionsemplate to study chemokine ligandeceptor interaction and
of two conserved cysteine residues in their N-termini, design novel small-molecule anti-HIV agents. An important
chemokines can be mainly divided into CC and CXC question regarding the mechanism of action of vMIP-II is
subfamilies {). Chemokine receptors play an important role whether it uses common regions for the general binding of
as coreceptors for the entry of HI\-Into the target cell,  multiple receptors or distinctive sites within vMIP-1I have
among which CCR5 and CXCR4 are the two major HIV-1 been evolved for the selective interaction with different
coreceptorsd). Human CC chemokines such as RANTES receptors.
and MIP-13 (3) and CXC chemokines such as SDF:14,

5) inhibit HIV-1 entry via CCR5 and CXCR4 receptors,
respectively. In general, a particular chemokine can only bind
one or more receptors within the same subfamily. However,
VMIP-Il, a chemokine encoded by human herpesvirus 8
(HHV-8) (6), displays diverse interactions with both CC and
CXC chemokine receptors and inhibits HIV-1 entry mediated
through CCR3, CCR5, and CXCR4,(8). The broad-

In this study, we employed a synthetic peptide approach
to probe the mechanism of the biological function of vMIP-
[I. Comparison of amino acid sequences of vMIP-II and other
human chemokines reveals that the N-terminus of vMIP-II
has little homology with either CC or CXC chemokines
whereas other regions of vMIP-II share a high sequence
similarity with CC chemokines such as MIR:Iand MIP-

155 (8). It is known that the N-termini in a number of other
chemokines are critical for biological functioB)( Thus, it
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understanding the functional determinants of vMIP-II for then analyzed on a FACScan flow cytometer (Coulter EPICS
interactions with chemokine receptors and developing novel Elite, Coolten Corp., Hialeah, FL).

anti-HIV agents is discussed. 129.SDF-1o. Competitie Binding to CXCR4CEM-T4
cells were harvested and washed twice with PBS. Competi-
tion binding experiments were performed using a single

Materials Recombinant human chemokines SDF-1, MIp- concentration (0.2 nM) of?3-SDF-la. in the presence of
18, and VMIP-Il (R&D Systems, Minneapolis, MN) were increasing concentrations of unlabeled ligands in a final
lyophilized and dissolved as agluL or 2.5 uglul stock ~ Volume of 100uL of binding buffer (S0 nM HEPES, pH
solutions in sterile phosphate-buffered saline (PBS) and 7-4: 1 M CaCl, 5 nM MgCl,, 0.1% bovine serum albumin)
stored at—20 °C in aliquots. The radioiodinated SDF1 containing 2x 1P cells. Nonspecific binding was determined
and MIP-18 were purchased from DuPont NEN. The specific bY the addition of 100 nM unlabeled SDke:Bamples were
activities of 123-SDF-1o. and 123-MIP-1 were 2200 Ci/ incubated for 60 min at room temperature. The incubation
mmol. Cell culture media and G418 were purchased from Was terminated by separating the cells from the binding
Life Technologies, Inc. The anti-CXCR4 monoclonal anti- buffer by centrifugation and washing once with 500 of
body (mAb) 12G5 {0) was purchased from PharMingen cold plndlng puffer. Bound ligands were quantitated by
(San Diego, CA). 293 and NIH/3T3 cells were kindly countingy emissions.
provided by Robert W. Doms of University of Pennsylvania  125-MIP-13 Competitve Binding to CCR5Following a
and maintained in Dulbecco’s modified Eagle’s medium plus similar experimental procedure as described above, 293 cells
10% fetal bovine serum. The human pcCXCR4 and recom- transfected with CCR5 and®i-MIP-13 were used to
binant vaccinia viruses encoding two Envs of HIV-1, vSC60 determine the specific binding activity of peptides to CCR5.
(BH10) (S. Chakrabarti and B. Moss, personal communica-  sone Re ; ; i
: porter Fusion Assayollowing a modified
tion) and vBD3 (89.6), and T7 RNA polymerase, vTF1.1 procedure published by our lahi4) and others 15-17), a

(11), were also generous gifts from Robert W. Doms.  gene reporter fusion assay was used to determine the
Peptide Synthesisthe peptides were prepared by solid jnhibition of the peptides on the coreceptor activity of
phase synthesis using Fmoc-strategy on a 430A peptideCXCR4 and CCR5 in mediating HIV-1 viral entry. HIV-1
synthesizer (Applied Biosystems, Foster City, CA) and a gny proteins and T7 RNA polymerase were introduced into
9050 Pepsynthesizer Plus (Perseptive Biosystems, Camxgffector 293 cells by infection with recombinant vaccinia
bridge, MA), as described previouslyZ, 13. The side chain  yirys and incubated overnight at 32 in the presence of
protecting groups of RFmoc N-(9-fluorenyl)methoxycar-  ifampicin (100ug/mL). NIH/3T3 target cells were cotrans-
bonyl] amino acids were Arg, Pmc; Asp, OtBu; Cys, Trt;  fected in 6-well plates with plasmids encoding CD4, CXCRA4,
Gln, Trt; His, Trt; Lys, Boc; Ser, tBu, Tyr, tBu; and Trp, o cCR5 and luciferase under the control of T7 promotor
Boc (Pmc=2,2,5,7,8-pentamethylchroman-6-sulfonyl, OtBu 1,y capQ transfection and incubated at 3¢ overnight. To
= tertbutyl ester, Trt= trityl, Boc = tert-butyloxycarbonyl, jnitiate fusion, 16 effector cells were added to each well
and tBu= tert-butyl ester). In every C(_)uplmg reac_tlon step, and incubated at 37C in the presence of ara-C and
a 4-fold excess of NFmoc amino acidO-benzotriazol-1-  yita mnicin. After 5 h of fusion, cells were lysed in 150L
yI-N.N.N',N'-tetramethyluronium hexafluorophosphate, and ot renrter Iysis buffer (Promega) and assayed for luciferase

1-hydroxybenzotriazole and a 10-fold excess of diisopropyl- activity by using commercially available reagents (Promega).
ethylamine were used. The cleavage of peptides from the :
resin was carried out with the cleavage reagent (trifluoro- _ Intracellular Calcium MeasuremenSup T1 cells and

acetic acid/thioanisole/phenol/water/ethanedithiol/triisopro- CCRS-transfected 293 cells were used to measure the

pylsilane, 81.5:5:5:5:2.5:1) f@ h atroom temperature with  intracellular calcium influx. [C&]; was measured using
gentle stirring. Crude peptides were precipitated in ice-cold excitation at 340 and 380 nm on a fluorescence spectrometer

methyl tert-butyl ether, centrifuged, and lyophilized. The (Pgrkin—EImer LS50). Calibration was performed using 10%
crude peptides were then purified by preparative HPLC using T1iton X-100 for total fluorophore release and 0:5 M EGTA
a Dynamax-300 A @ 25 cmx 21.4 mm i.d. column with 0 chelate free Ca. Intracellular C&" concentrations were
two solvent systems of 0.1% TFA/ and 0.1% TFA/ calculated by using the fluorescence spectrometer measure-
acetonitrile. Fractions containing the appropriate peptide were Mént program.
pooled together and lyophilized. The purity of the final Chemotaxis Migration of Sup T1 cells was assessed in
product was assessed by analytical reverse phase highlisposable Transwell trays (Costar, Cambridge, MA) with
performance liquid chromatography, capillary electrophore- 6.5 mm diameter chambers and a membrane pore size of 3
sis, and matrix-assisted laser desorption/ionization time-of- 4M. SDF-1 at 100 nM (kindly provided by Elias Lolis of
flight mass spectrometry. All peptides were at least 95% pure. Yale University) in 0.5% BSA RPMI 1640 was added to
Flow CytometrySup T1 cells (2« 10°) were washed with ~ the lower well. Then 10Q.L of Sup T1 cells at 1x 10’
FACS buffer (0.5% bovine serum albumin, 0.05% sodium cells/mL in the same medium without SDF-1 was added to
azide in PBS) and incubated with anti-CXCR4 monoclonal the upper well. For peptide inhibition experiments, the cells
antibody (mAb) 12G5 (1@g/mL) for 30 min at 4°C. After were preincubated with various concentrations of the peptide
being washed with FACS buffer, cells were incubated with for 15 min at 25°C. The peptide at the same concentration
10 ug of FITC-conjugated goat anti-mouse IgG (Southern was also added to the lower well. After incubation at’87
Biotechnology Associates, Inc., Birmingham, AL) for 30 min and 5% CQ for 4 h, cells that migrated to the lower well
at 4°C. After washing twice with FACS buffer, cells were were counted. For each sample, at least three independent
fixed in the fixing buffer (2% palaformaldehyde in PBS) and experiments were carried out.

EXPERIMENTAL SECTION
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Table 1: Sequences of vMIP-II and N-Terminal Peptides of
VMIP-II

Table 2: CXCR4 Receptor Binding Affinity of vMIP-II-Derived
Peptides

VMIP-II (6) LGASWHRPDKCCLGYQKRPLPQVL peptides or ICso as characterized ICso as characterized
LSSWYPTSQLCSKPGVIFLTKRGRQ chemokines by ?3-SDF-1o (nM) by 12G5 antibody (nM)
VCADKSKDWVKKLMQQLPVTAR 3

V1 (residues 21 of vMIP-Il) LGASWHRPDKCCLGYQKRPLP \?l\alllzz’-lﬁ 12;178 %%3

V2 (residues 6-18 of VMIP-II) HRPDKCCLGYQKR Vi 19'0 6.40

V3 (residues 310 of vMIP-1I) LGASWHRPDK V2 ~100000 >100000

V3 5290 >10000
8 SDF-1a
] Py O VMIP-II
80 o - i
".? 100 I A V1 B T-tropic
W e V2 c
% o V3 -2 . M Dual-tropic
& ) =&
2 50 ="’ s 40+
5 82
3 \ e
2 z g2 ]
L e
0 N E .
X SDF-1 Vi %! \% % v2
10-1° 104 10 107 108 10 104 zoJ 200 nM 25uM 50 uM 100 pM 200 uM 200 uM

Competitor concentration (M)

FiGure 2: Inhibition by vMIP-II-derived peptides of HIV-1
FiGURE 1: CXCR4 binding of peptides V1a(), V2 (®), and V3(J) coreceptor function of CXCR4 for vSC60 (BH10) T-tropic and 89.6

as well as SDF-d (W) and vMIP-II (O) as characterized bi?3- dual-tropic isolates in a ceficell fusion assay. The bars represent
SDF-1o. competitive binding assay. The results shown here are the the mean values of at least three independent assays, whereas the
mean values of three independent assays. Data were processed k§fror bars are the standard errotsSE).

using Prism 2.01 (Graphpad Software, Inc.). The mean values of
three independent experiments are shown. strated that the peptides derived from the N-terminus of
VMIP-II interact with CXCR4 but not CCR5. This is in
contrast with native vMIP-II that can recognize both recep-

tors.

The V1 Peptide Seleetly Inhibits T- and Dual-Tropic
HIV-1 Entry. Using a celt-cell fusion assay, we tested the
ability of the peptides in blocking coreceptor function of
CXCR4 and CCR5 in mediating cell entry of various HIV-1
isolates. The V1 peptide showed inhibition of both T- and

RESULTS

The V1 Peptide Binds CXCR4 but Not CCRbie V1
peptide was synthesized corresponding to residuexl lof
the N-terminal region of vMIP-II (Table 1). Since vMIP-II
can interact with CXCR4 and CCRB)( we tested the
binding activity of V1 peptide with both receptors. For
CXCRA4 binding, the peptide, together with native vMIP-II
and SDF-i as controls, was examined by using béth- dual-tropic HIV-1 gpl20-mediated celtell fusion via
SDF-1o. and anti-CXCR4 mAb 12G5 competitive binding CXCR4 (Figure 2). As expected from its significant loss in
assays (Figure 1 and Table 2). The V1 peptide was shownCXCR4 binding (Figure 1), the truncated V2 peptide did
to strongly compete with the CXCR4 binding 8fl-SDF- not show any activity. On the other hand, both V1 and V2
1a in a concentration-dependent manner with ag & 190 peptides displayed no effect on M-tropic HIV-1 gp120-
nM. Thus, the V1 peptide appears to have much higher mediated cet-cell fusion via CCR5 (data not shown). These
CXCR4 binding affinity than other reported peptides derived results were consistent with binding studies and demonstrated
from the SDF-1 N-terminuslg, 19. Since the dimerization  that the V1 peptide selectively inhibited CXCR4 coreceptor
of a cysteine-containing peptide derived from the SDF-1 function in mediating HIV-1 entry.

N-terminus has been reported to contribute to receptor The V1 Peptide Blocks the Signaling and Chemotaxis of
binding (18), we wanted to examine any dimer formation of SDF-1 via CXCR4.As the V1 peptide can bind CXCR4
the V1 peptide which contains two cysteines. Analysis by receptor, its ability to induce a signal or interfere with SDF-1
mass spectrometry demonstrated a pure monomer with nosignaling via CXCR4 was studied by measuring intracellular
dimer detectable (data not shown), thus excluding the calcium influx in Sup T1 cells expressing the receptor. At
contribution of dimerization to the strong CXCR4 binding various concentrations, the peptide did not show any signal-
by the V1 peptide. ing activity via CXCR4, suggesting that it is an antagonist

To further characterize residues within the N-terminus of (Figure 3a). In addition, this peptide interfered with the
VMIP-II important for CXCR4 recognition, truncated V1 signaling of SDF-1, a natural CXCR4 ligand, and almost
analogues were synthesized (Table 1). The V2 peptide completely blocked the SDF-1 signal at a concentration of
(residues 618 of vMIP-II) containing truncation on both  200uM (Figure 3a). The effect of the V1 peptide on signal
ends of V1 showed a significant loss in CXCR4 binding transduction via CCR5 was also tested in 293 cells trans-
whereas the V3 peptide (residues1D of vMIP-Il) contain- fected with CCR5. As expected from its lack of binding to
ing the first half of V1 sequence retained some activity CCRS5, the peptide neither displayed signaling activity nor
(Figure 1). The interaction of these peptides with CCR5 blocked the signal induced by MIP3lvia CCR5 (Figure
receptor was tested in a competitive binding assay using3b). The V2 peptide, which does not bind CXCR4 or CCR5
radiolabeled MIP-g. All peptides did not show any binding  (Figure 1), did not show any effect on CXCR4 or CCR5
activity with CCR5 (data not shown). These results demon- signal transduction (data not shown). In addition to calcium
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Ficure 3: Intracellular calcium influx in Sup T1 (a) and CCR5
transfected 293 cells (b). The V1 peptide with the indicated
concentrations and SDF-1 (100 nM) or MIB-1100 nM) were
sequentially used to treat Sup T1 and 293 cells, respectively.

influx, the V1 peptide was tested in assays of chemotaxis of
Sup T1 cells. Consistent with its ability to interfere with
SDF-1 signaling via CXCR4, the V1 peptide was found to
inhibit the chemotactic activity of SDF-1 in a concentration-
dependent manner (Figure 4).

DISCUSSION

The viral chemokine vMIP-II differs from all known
human chemokines in that vMIP-II binds with high affinity
to a number of both CC and CXC chemokine recept8)s (
This unique property of vMIP-Il presents an intriguing

Biochemistry, Vol. 39, No. 13, 200B785
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FIGURE 4: Inhibition by the V1 peptide of chemotaxis of Sup T1
cells induced by SDF-1. The bars represent the mean values of
three independent assays, whereas the error bars are the standard
errors SE).
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was used to study the role of the N-terminus of vMIP-II in
the recognition with two important chemokine receptors,
CXCR4 and CCR5. The N-terminal region is most diverse
among VMIP-II and other chemokines and, on the basis of
the importance of N-termini in other chemokine8),(
presumably critical for the unique function of vMIP-II. The
V1 peptide corresponding to this region was shown to interact
with CXCR4 and block its signal transduction and coreceptor
function in mediating HIV-1 entry. This indicates that the
N-terminus of vMIP-Il is essential for its biological function
through CXCR4. In contrast to its potent activities via
CXCR4, V1 peptide did not display any interaction with
CCR5 or inhibition of CCR5 signaling and coreceptor
function. This is in contrast to native vMIP-II that can bind
and block the function of both receptors. The lack of
interaction of the N-terminal fragment of vMIP-II with CCR5
implies that other domains yet to be identified may mediate
VMIP-II function via CCR5. We cannot rule out the
alternative possibility that the peptide without other domains
of the vMIP-II protein may fail to adopt conformations
necessary for CCR5 recognition. However, this appears to
be unlikely given the strong interaction of this peptide with
another receptor CXCR4, suggesting that the peptide has
proper structural elements for receptor binding. Taken
together, results from this study have led us to propose that
distinctive determinants in vMIP-Il may mediate biological
function via different receptors.

The important feature of the N-terminus of vMIP-II for
CXCR4 recognition was further analyzed with truncated
peptide analogues of V1. It has been suggested that a spatial
cluster of positive residues in SDF-1 is critical for forming
favorable electrostatic interaction with the negative charge
surface of the extracellular domains of CXCRD); A high
positive charge is seen in several peptide and nonpeptide
inhibitors of CXCR4, such as T22(), ALX40-4C (22),
and AMD3100 23). Interestingly, vMIP-II has a high net
positive charge like SDF-1 despite the very low sequence

avenue to probe the structural basis for the promiscuoushomology between them. Since the V1 peptide derived from

receptor interaction. It is not clear whether common sites of
VvMIP-II have been optimized by the virus for multiple

receptor interactions or distinctive binding determinants have
been evolved for different receptors. This question was

the N-terminus of vMIP-Il also contains a number of positive
charge residues, this raised the question whether these
residues may play a role in receptor interaction. This
hypothesis was tested with the V2 peptide that retains all

examined in the present study. A synthetic peptide approachpositive residues in the core region of the V1 peptide. The
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loss of activity in the V2 peptide seemed to argue against a molecular agents that prevent the cellular entry of HIV via
primary role of the positive residues in receptor binding. CXCR4 coreceptor.

Alternatively, the first five residues of vMIP-Il may be more

critical, and their removal in the V2 peptide likely explains ACKNOWLEDGMENT

the loss of activity. This seems to be consistent with
observations made for other chemokines that the first several
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residues at the N-terminus are most important for biological and R. W. Doms and J. Rucker for providing cell lines and

function (19, 24, 25. The role of the first five residues of
the N-terminus of vMIP-II was further demonstrated by V3,

HIV-1 isolates and helping with the celtell fusion assay.
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