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Abstract: Human immunodeficiency virus type 1 (HIV-1)
uses a chemokine receptor, usually CXCR4 or CCRS5, for entry
into the target cells. Here, we used a chemical biology approach
to demonstrate that binding and signaling domains in CXCR4
are possibly distinct and separate, as the new analogue, D(1-
10)-vMIP-II-(9-68)-SDF-1a. (RCP222), could not activate CX-
CRA4 despite the fact that its binding activity was comparable
to that of stromal cell-derived factor (SDF)-1a, the only natural
ligand of CXCR4.

Chemokine receptors CXCR4 and CCR5 are the major
human immunodeficiency virus type 1 (HIV-1) corecep-
tors.!=* As the natural ligands of chemokine receptors,
chemokines are a family of small proteins of 70—80
residues that act as chemoattractants of various types
of leukocytes to sites of inflammation and to secondary
lymphoid organs. The two main subfamilies are the CXC
and CC chemokines based on the positions of two
conserved cysteine residues in their amino (N)-termini.>~8
Natural chemokines of CXCR4 or CCR5 can prevent
chemokine receptor-dependent HIV-1 entry by blocking
the binding of HIV-1 glycoprotein gp120 to CXCR4 or
CCR5.%10 Alternatively, chemokines can inhibit viral
entry by inducing receptor downregulation from the cell
surface, thereby removing the essential coreceptors.11:12

Because of the importance of chemokines and their
receptors in HIV-1 infection and other pathological
processes, including acute respiratory distress syn-
drome, allergic asthma, psoriasis, arthritis, multiple
sclerosis, cancer, and atherosclerosis,’~8® we have been
working toward the development of a family of un-
natural chemokines, termed synthetically and modu-
larly modified (SMM)-chemokines, or short peptides that
have higher receptor binding and antiviral activities
than their natural counterparts. We previously showed
that D-peptides derived from the N-terminal sequence
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Table 1. Amino Acid Sequences of 1 and 2 and Their
Modification

Analog Designation

Modification Diagrams Amino Acid Sequences’

18 9.68 KPVSLSYRCPCRFFESHV

1 [ NT ] SDF-laCore |

ARANVKHLKILNTPNCALQIV
ARLKNNNRQVCIDPKLKWIQ

EYLEKALNK

1-10 9-68 LGASWHRPDKCPCRFFESHV

2 [ NI ] SDFlaCor ]
D-vMIP-II ARANVKHLKILNTPNCALQIV

ARLKNNNRQVCIDPKLKWIQ

EYLEKALNK

module of viral macrophage inflammatory protein
(vMIP)-1II display greater CXCR4 binding and antiviral
activities than their parent peptides.!?

In this study, we applied the concept of SMM-
chemokines containing D-amino acids to study the chem-
ical basis of CXCR4-ligand interactions. Specifically, we
asked the question of whether the binding and signaling
functions of a chemokine ligand via its receptor are
mediated by the same or distinct domains on the recep-
tor. For this purpose, we decided to use stromal cell-
derived factor (SDF)-1a (designated here as 1 (RCP211)),
the only natural chemokine ligand of CXCR4,14716 as a
model to study the chemical mechanism of chemokine
ligand—receptor binding and signaling by using the
above-described SMM modifications on a chemokine,
particularly D-amino acid replacement. Using 1 as the
target template, we replaced the N-terminal (1—8)
residues of 1 with all D-forms of (1—10) sequence module
of vMIP-II. As the N-termini of many chemokines,
including 1, are known to play an important role in
binding and signaling via their receptors, we investi-
gated the potential effect of the introduction of D-amino
acids in the N-terminus of 1 on CXCR4 binding and
signaling using this D-amino acid-containing SMM-
chemokine, D(1-10)-vMIP-II-(9-68)-SDF-1a. (referred to
as 2 (RCP222), Table 1), as a stereochemical probe.

We examined the effect of the D-amino acid replace-
ment on receptor—ligand binding. We used 2°I-SDF-1a
competition binding assays to compare the binding ac-
tivity of 2 to that of its natural counterpart, 1 (Figure 1).
The ICs¢ value of 2 was 2 nM, which was comparable
to that of 1 (IC59p = 4 nM). The binding specificity of 2
for CXCR4 was also examined by testing 2 in CCR5 com-
petition binding assays using 2°I-MIP-13. No CCR5 bind-
ing of 2 was detected, as the plateau of nonspecific bind-
ing could not be reached even at 2.7 uM of 2 (data not
shown).

After finding that the incorporation of D-amino acids
in the N-terminus of 1 does not affect its CXCR4 binding
activity, the effect of D-amino acids on CXCR4 signaling
was tested using Ca?" mobilization assays. In contrast
to the rapid Ca2" mobilization induced by 1, 2 was not
able to induce any mobilization of Ca?" in Sup T1 cells
expressing CXCR4 even at 1 uM, while 2 was able to
reduce the signaling induced by 1 in a dose-dependent
manner (Figure 2). The complete loss of signaling by 2,
in contrast with its very high receptor binding activity,
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Figure 1. Binding activity of 2. ’I-SDF-1a competition bind-
ing assays were used to determine the ICsp value of 2. 1 was
used as a control. The binding data were analyzed using the
PRISM program (GraphPad Inc., San Diego, CA). All data are
shown as mean + SD from at least three independent
experiments.
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Figure 2. Signaling activity of 2. Intracellular Ca?" influx in
Sup T1 cells was measured in response to 2. For inhibition
assays, Sup T1 cells were preincubated with 2 for 5 min and
then stimulated with 100 nM of 1. At least three independent
experiments were performed.
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Figure 3. Antiviral activity of 2. The antiviral activity of 2 was
determined using virus infection assays. All data are shown
as mean + SD from at least three independent experiments.

clearly demonstrates that the binding and signaling
functions of this chemokine involve different stereo-
chemical requirements and plausibly distinct domains
in the receptor.

Since CXCR4 antagonists can potentially be used as
inhibitors of HIV-1 entry via CXCR4, 2 was tested for
its antiviral activity using virus infection assays. The
virus infection assays measure all of the early phase of
infection as well as some late phase events such as
transcription and tat production. Consistent with its
strong binding affinity to CXCR4, 2 was effective in
blocking HIV-1 entry at low concentrations (50% inhibi-
tion at 200 nM) (Figure 3). In control experiments, 2
was not able to block M-tropic HIV-1 strain that uses
the other entry coreceptor, CCR5, which was consistent

Letters

with its binding selectivity for CXCR4 and that its
activity was not due to nonspecific cytotoxicity.

In summary, using the D-amino acid-containing SMM-
chemokine analogue derived from the native SDF-1a as
the chemical probe, we investigated the stereochemistry
of chemokine ligand—receptor interactions and found
different stereochemical requirements in binding and
signaling of the ligand, as the D-amino acid replacement
only affected its signaling activity but not CXCR4
binding. In addition, 2 was shown to be an effective
HIV-1 inhibitor, indicating that its receptor binding, but
not signaling, contributes to its anti-HIV activity. This
study provides new insight into the stereochemical basis
of CXCR4-ligand binding and signaling and suggests
that further studies of the chemical basis of other
chemokine ligand—receptor interactions may be of
interest for understanding the mechanism of action of
this important family of small protein ligands.
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