UC San Diego
UC San Diego Previously Published Works

Title
High affinity CXCR4 inhibitors generated by linking low affinity peptides

Permalink
https://escholarship.org/uc/item/3n594420

Authors

Zhang, Chaozai
Huang, Lina S
Zhu, Ruohan

Publication Date
2019-06-01

DOI
10.1016/j.ejmech.2019.03.056

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3n594420
https://escholarship.org/uc/item/3n594420#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.

-, HHS Public Access
«

Published in final edited form as:
Eur J Med Chem. 2019 June 15; 172; 174-185. d0i:10.1016/j.ejmech.2019.03.056.

High affinity CXCR4 inhibitors generated by linking low affinity
peptides

Chaozai Zhang?P, Lina S. Huang®¢, Ruohan zZhut, Qian Meng¥, Siyu Zhu24, Yan Xud,
Huijun Zhang®4d, Xiong Fangd, Xingquan Zhang?, Jiao Zhou®, Robert T. Schooley?,
Xiaohong Yang®”, Ziwei Huang?”", Jing An2"

aDepartment of Medicine, Division of Infectious Diseases, School of Medicine, University of
California San Diego, La Jolla, CA 92037

bSchool of Pharmaceutical Sciences, Jilin University, Changchun, 130021, China
¢College of Arts and Sciences, Cornell University, Ilthaca, NY 14853
dSchool of Life Sciences, Tsinghua University, Beijing, China

®Nobel Institute of Biomedicine, Zhuhai, Guangdong, China

Abstract

G-protein coupled receptors (GPCRs) are implicated in many diseases and attractive targets for
drug discovery. Peptide fragments derived from protein ligands of GPCRs are commonly used as
probes of GPCR function and as leads for drug development. However, these peptide fragments
lack the structural integrity of their parent full-length protein ligands and often show low receptor
affinity, which limits their research and therapeutic values. It remains a challenge to efficiently
generate high affinity peptide inhibitors of GPCRs. We have investigated a combinational
approach involving the synthetic covalent linkage of two low affinity peptide fragments to
determine if the strategy can yield high affinity GPCR inhibitors. We examined this design
approach using the chemokine receptor CXCR4 as a model GPCR system. Here, we provide a
proof of concept demonstration by designing and synthesizing two peptides, AR5 and ARG, that
combine a peptide fragment derived from two viral ligands of CXCR4, vMIP-II and HIV-1
envelope glycoprotein gp120. AR5 and ARG display nanomolar binding affinity, in contrast to the
weak micromolar CXCR4 binding of each peptide fragment alone, and inhibit HIV-1 entry via
CXCRA4. Further studies were carried out for the representative peptide AR6 using western
blotting and site-directed mutagenesis in conjunction with molecular dynamic simulation and
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binding free energy calculation to determine how the peptide interacts with CXCR4 and inhibits
its downstream signaling. These results demonstrate that this combinational approach is effective
for generating nanomolar active inhibitors of CXCR4 and may be applicable to other GPCRs.
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Introduction

GPCRs are a large family of seven-transmembrane helical proteins that transduce
extracellular signals into intracellular responses and are important for a wide variety of
biological functions [1, 2]. As the largest class of current therapeutic targets, GPCRs are
implicated in many pathological functions and human diseases [3]. Understanding the
functions and mechanisms of GPCRs and intervening in the diseases that they mediate
require high affinity ligands of GPCRs as tools to dissect their structure-function
relationship and leads to develop new drugs [4]. Thus, the development of new methods for
discovering high affinity GPCR ligands has been an important goal in chemical biology and
translational research of these receptors. In medicinal chemistry, one of the commonly used
approaches for generating small molecular ligands of high affinities is to link synthetically
two or more moieties or fragments binding different and yet proximal sites of the receptor
[5]. For example, two weakly binding small molecules of micromolar affinities were linked
to form a nanomolar high affinity ligand [6].

Our laboratories have a long-standing interest in discovering peptide-based ligands of
GPCRs [7, 8]. Many GPCRs are known to be recognized by more than one natural ligand.
Synthetic peptides derived from certain fragments of a natural ligand involved in the
receptor binding have been shown to mimic such binding epitopes of the full-length ligand
[9]. However, such peptides often fail to match the affinity of the natural ligand possibly due
to the loss of structural stability with particularly short linear peptides and inability to cover
all the binding epitopes of the natural ligand. Inspired by the success of the fragment-based
approach for small molecules [10], we asked the question whether two weakly binding
peptides derived from different natural ligands of the same receptor can be linked to generate
a higher affinity ligand in a similar concept used in the medicinal chemistry of small
molecular ligands. To test our hypothesis, we used the C-X- C chemokine receptor type 4

Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 3

(CXCR4, also known as CD184 [11]), a member of the GPCR superfamily as the model
system to see whether we can design high affinity ligands based on weakly binding peptide
fragments from its natural ligands [7, 8, 12—14]. The chemokine ligands for CXCR4 include
its natural, physiological ligand, stromal-derived factor-1a (SDF-1a) [15, 16], and a viral
chemokine, viral macrophage inflammatory protein-I1 (vMIP-I1) encoded by the herpes
virus [17]. CXCR4 is also reported to interact with other proteins such as ubiquitin [18-20].
The interaction of CXCR4 and its natural ligands are involved in many human diseases,
including cancer, inflammation and auto-immune diseases [21-29]. The most notable viral
ligand of CXCR4 is the envelope glycoprotein gp120 of human immunodeficiency virus
type 1 (HIV-1). CXCRA4, together with CCRS5, are the two principal co-receptors for cellular
entry and infection by HIV [30, 31], the etiologic agent for the acquired immune deficiency
syndrome (AIDS) [32]. The viral envelope gp120 plays a critical role in the entry of the
virus into CD4™ T cells, the depletion of which are responsible for the immunodeficiency
state that is characteristic of the disease [33]. Binding of HIV-1’s gp120 envelope
glycoprotein to the cell surface CD4 molecule determines viral tropism and initiates the
membrane fusion process [34, 35]. Binding with CD4 induces conformational changes of
both gp120 and the CD4 molecule and exposes the third variable (V3) loop of gp120 which
is the principal ligand defining binding specificity for entry coreceptor usage [36, 37].
Blocking V3 loop binding to CXCR4 or CCR5 by using neutralizing anti-V3 loop antibodies
can effectively inhibit HIV-1 entry and infection [38, 39].

Previously we reported that a synthetic peptide V1 derived from the N-terminus (1-21
residues) of viral macrophage inflammatory protein-11 (vMIP-I1) and its all-D-amino acid
analog DV1 possessed CXCR4 binding affinity and anti-HIV-1 activity [12, 40]. A bivalent,
dimeric analog of DV1 showed higher binding affinity than DV1 monomer [41]. Another
bivalent analog of DVV1 with DV1 linked to DV3, a shorter fragment of DV1 (residues 1-10
of the N-terminus of DV1) displayed high CXCR4 binding affinity [13]. DV3 was also used
in another designed peptide SDV3 (DV3-PEG3-K-(PEG3-CXCL121_g)), an effective
CXCR4 agonist [42].

In the present study, we designed and synthesized two peptides, AR5 and ARG, which
combine the sequence fragments from the HIV-1 gp120 V3 loop [43-46] and DV3 described
above by the covalent linkage of aminohexanoic acid (Ahx). AR5 and AR6 showed
significantly increased binding affinity to CXCR4 (ICgq of 18 and 16 nM, respectively)
when compared to the peptide fragment from the HIV-1 gp120 V3 loop and DV3 (ICgq >
1uM), and they potently inhibited SDF-1a-induced and CXCR4-mediated calcium influx,
cell migration, and ERK phosphorylation, acting as CXCR4 antagonists. Further
mutagenesis/mapping, molecular dynamic (MD) simulation and binding free energy
calculation studies indicated that Tyr45, Trp94, Asp97 and Tyr116 are important residues for
ARG binding to CXCR4; indeed, Tyr45 and Asp97 are critical for HIV-1 infection [47]. In
primary human blood cell-based HIV-1 infection assay, ARG significantly blocked HIV-1
infection, demonstrating its value as a potential new anti-HIV therapeutic lead.

Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.
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AR5 and ARG strongly and competitively inhibit CXCR4 binding to its high affinity

antibodies

To determine the CXCR4 binding affinity of the combinational peptides AR5 and ARG, we
performed antibody competitive binding assays using CHO-CXCR4 and Sup-T1 cell lines
described in previously publications by us or other groups [40, 48-51]. The CHO-CXCR4
cell line was constructed to stably express CXCR4 on its cell surface, whereas the Sup-T1
cell line expresses native CXCR4. The small molecule drug Plerixafor (also known as
AMD3100) and DV3 peptide were used for positive controls and comparison.

Both AR5 and ARG exhibited very high binding affinity for CXCR4, with ICgq values of 18
and 16 nM in the CHO-CXCR4 cells and 23 and 14 nM in the Sup-T1 cells, respectively. In
contrast, DV3 showed low CXCR4 binding with 1Cgg value of 1.1 uM on CHO-CXCR4 cell
which is similar to the result published previously [42]. AR5r and AR6r, which are peptide
fragments derived from the gp120 V3 loop [46, 52], displayed very low CXCR4 affinity,
with ICsq values of more than 50 pM and 9.12 pM, in both the CHO-CXCR4 and the Sup-
T1 cells. AR5 and ARG, which combine the two peptide fragments, were 61- and 69-fold
more potent than DV3 fragment and 2800- and 570-fold more potent than the AR5r and
ARG6r fragments alone in both CHO-CXCR4 and Sup-T1 cells (Table 1, Figure 1).

In addition, the length of peptide usually affects the affinity of ligand, the larger size usually
means the higher affinity. Actually, some of our previous work has supported the opinion
that the length of two linked fragments may affect the affinity of ligands [53, 54]. However,
it is not always the case that the larger size peptides will have higher affinity, as optimal
lengths are required to produce better binding affinities. For example, (DV3-PEG3)2K has a
better binding affinity than (DV3-PEG3) 2K or (DV3-PEG3) 2K [42], whereas AR3 (H2N-
Igaswhrpdkcclgygkrplp-Ahx-Kkrffdgll-CONH2) and AR4 (H2N-Igaswhrpdkcclgygkrplp-
Ahx- KGLLGLSK-CONH?2) are both larger than AR5 or ARG but they show lower binding
affinities (AR3: 1C50=193 nM; AR4: IC50=147 nM) when tested under the same conditions
(our unpublished data).

AR5 and AR6 block chemotaxis and calcium influx induced by CXCR4’s natural ligand

SDF-la

The functional properties of AR5 and AR6 were evaluated on Sup-T1 cells using CXCR4
chemotaxis and calcium influx assays. AR5 and ARG both potently blocked the cell
migration induced by 50 nM of SDF-1a (Fig. 2, A and B), with ICgg values of 4.03 and
2.87 UM, respectively. The higher ICgq values observed for the chemotaxis assays than for
the binding assays may be caused by the following: (1) chemotaxis is much more
complicated than receptor binding; more downstream signaling factors could be
participating, thereby influencing the final outcome of chemotaxis, and/or (2) the 1Csq
depends on the CXCR4 expression levels in Sup-T1 and CHO-CXCR4 cells. The lower
sensitivity of the anti-chemotaxis assay compared to the binding assay may also contribute
to the differential inhibitory effects of AR6 on CXCR4 binding versus chemotaxis. In fact,

Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

the different 1C5q values for chemotaxis versus CXCR4 binding have been commonly
observed in many of our previous studies of CXCR4 inhibitors.

In addition, AR5 and ARG significantly inhibited the calcium influx induced by 20 nM of
SDF-1a (Fig. 2, C and D). The inhibition was dose dependent. A maximal complete
inhibition was achieved in the presence of AR5 or AR6 at 1 uM. These results show that
AR5 and ARG are antagonists of CXCR4 function.

AR5 and AR6 do not cause CXCR4 internalization

We performed an internalization assay using the CHO-CXCR4 cell line (expressing CXCR4
tagged with a flag at its N-terminus) and FITC-labeled anti-flag antibodies. Various
concentrations of SDF-1a were used as positive controls (Fig. 2E). Following a 1-hour
treatment with various concentrations of AR5 and AR6, no CXCR4 internalization was
detected in any of the groups. However, SDF-1a. caused a 43.87% CXCR4 internalization
after 1h of treatment at 100 nM, which is in agreement with our previous report [55]. This
suggested that the inhibitory effect of AR5 and AR6 on competitive 12G5 antibody binding
with CXCR4 was not a result of CXCR4 disappearance from the cell surface caused by its
cellular internalization.

ARG inhibits SDF-1a-induced ERK signaling

SDF-1a/CXCR4 interactions can trigger AKT and ERK phosphorylation, which accounts
for the activated signaling conferred by SDF-1a.. We therefore performed western blot
analysis of pERK (phosphor-ERK, pERK) and pAKT (phosphor-AKT, pAKT) in CHO-
CXCRA4 cells following treatment with SDF-1a, alone or in combination with AR6 (Fig.
3A). Inclusion of ARG resulted in downregulation of the basal phosphor-AKT level and
strongly abrogated the robust phosphorylation of AKT in cells cotreated with SDF-1a.
Similarly, AR6 downregulated the SDF-1a induced phospho-AKT levels and also decreased
the SDF-1a-induced phospho-ERK expression. These results indicated that SDF-1a
signaling through CXCR4 activates AKT and ERK and that ARG inhibits these responses.

ARG displays potent anti-HIV-1 activity

We performed anti-HIV-1 infection assay on the most potent combinational peptide ARG by
measuring intercellular and extracellular p24 antigen (Fig. 4, A and B). In this assay,
PBMCs were infected by NL4-3 virus (X4 strain) [56]. In the one day assay, we found that
the presence of AR6 could drastically decrease intracellular p24 after the cells were exposed
to the HIV-1 virus. ARG can decrease the intracecullar p24 antigen in ARG treated groups
and is even more effective than AMD3100 at 100 nM. This result demonstrated that AR6
acted as X4 strain HIV-1 entry inhibitors. In a five-day assay, AR6 showed dose-dependent
HIV-1 inhibition with the IC5q value of 93 nM (Fig. 4B). Cytotoxicity assays of AR6 were
performed in parallel in cells under the same X4 infection and treatment conditions used for
anti-HIV-1 assays. In the CellTiter Blue-Based cytotoxicity assays, AR6 showed no
cytotoxicity effect with PBMCs when testing cell viability even at the highest concentration
of 50 uM (Fig. 4C). These results demonstreated that ARG is a potent HIV-1 entry inhibitor
and that its anti-HIV-1 activity was not caused by cytotoxic effects on the host cells.

Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.
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ARG6 does not fully overlap with DV3 on CXCR4 binding sites

We conducted ligand binding site-mapping studies using a panel of site-directed CXCR4
mutants to further explore the molecular mechanism of the binding and inhibition of CXCR4
by ARG (Fig. 5). The mutation sites, which were chosen based on our previous publications,
are all located in the transmembrane domains of CXCR4 and critical for the interaction of
CXCR4 and vMIP-I11 or its N-terminal fragment DV1 from which DV3 was derived [41, 47].

Our mutational studies demonstrated that Y45A, W94A, and Y116A decreased ARG binding
affinity, whereas V112A, W195A, Q200A, D262N, and E288Q either did not affect the
binding affinity of ARG or did so less effectively than Y45A, W94A, and Y116A (Fig. 5A).
Binding assays using DV3 (the fragment of AR6) alone showed that Y45A, W94A, D97A,
Y116A, W195A, D262N, and E288Q could also decrease the binding affinity of DV3,
indicating that AR6 and DV3 both interact with Tyr45, Trp94, and Tyr116. The binding
results for D97A, V112A, Y116, W195A and D262N revealed differences between AR6 and
DV 3 with respect to their binding with residues of CXCR4. W195A and D262N decreased
the binding affinity of DV3 (Fig. 5B), demonstrating that DV3 could interact with Trp195
and Asp262, whereas ARG did not show this reduction in binding affinity. Tyr45 is a critical
residue for HIV-1 gp120 binding to its co-receptor CXCR4 [14, 41, 57]. Our mapping
studies provided further evidence that AR6 could interact with Tyr45 and prevent HIV-1
infection by inhibiting its entry into host cells. The TM domain residue, like Asp97, inhibits
the binding activity of AR6 by 15%, but the Asp262 mutation had no effect at all on the
ARG binding activity. The finding that Glu288 and Asp97 are important for SDF-1a
binding, and GIu288 is critical for SDF-1a signaling, which was demonstrated by our
previous publication [57], may explain why the binding activity of AR6 was enhanced by
the combinational approach, but no similar enhancement was observed for the inhibition of
SDF-1la-mediated signaling.

ARG showed an inhibition of SDF-1a-mediate chemotaxis, calcium flux, and the ERK and
AKT signaling against wild type CXCR4. According to the crystal structure of CXCR4 and
our mutagenesis results, ARG or its synthetic analogs can bind with the CXCR4 TM pocket,
where the SDF-1a interacts. Mutations of D97A, Y45A, and D262N affected the binding
affinity of AR6 with CXCR4 (Figure 5). Among these mutations, Y45A agreed with our
previous results, while others were expanded mutations. Some of the latter mutations were
closely adjacent to or around the residues that had been shown as mutated in previous
publications and had affected the binding affinity of AR6 with CXCR4 similar to that of
DV1, dimer DV1, and DV3[8, 41, 47, 58]. The executive effects of mutations on ligand
binding are amino acid dependent; therefore, the E228A, but not the E288Q mutation, was
able to affect the binding of CXCR4 with AR6. Stimulation with SDF-1a can induce the
phosphorylation of ERK and AKT in wild-type CXCR4 expressing cells, while the
pretreatment of these cells with ARG can reduce the SDF-1a-induced phosphorylation of
AKT and ERK. These results agreed with previous results that the signaling pathways
activated by the SDF-1a/CXCR4 axis interaction are involved in activation of AKT and
ERK[59].

Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.
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ARG recognizes two distinct sites of CXCR4 as predicted by molecular modeling

We used molecular modeling/docking and MD simulation studies [60] for further
investigation of the interaction between CXCR4 and synthetic combinational peptides by
examining the possible binding modes of AR6 with CXCR4 receptor. We estimated a stable
CXCR4-AR6 complex by performing a 10 ns MD simulation. AR6 and AR5 were able to
recognize two distinct sites or regions of CXCR4 (Fig. 6). The DV3 fragment in these two
combinational peptides interacted with residues of the CXCR4 transmembrane helical
domains, whereas the other fragments of ARG (i.e., AR6r derived from a conserved
sequences, residues 28-35 of HIV-1 gp120 V3 loop) interacted with the N-terminus of
CXCR4, in agreement with results from previous computational studies of the interactions
of HIV gp120 V3 loop with CXCRA4 reported by others [44].

We calculated the binding free energy between AR6 and CXCR4 using a PDLD/S-LRA/B
[61] approach based on the stable MD simulation of the AR6-CXCR4 complex (Table 2),
because MD simulation and binding free energy calculation can provide predictable
information about the ligand-receptor complex. Wild type (WT), Y45A, W94A, D97A,
Y116A, D262N, and E288Q contributed differently to ligand binding, with binding energy
contributions of each residue of —11.88, —7.73, —10.38, —13.64, -6.34, -11.44, and -12.67
kcal/mol, respectively (Fig. 6, Table 2). The binding free energy values for the calculated
critical residues, such as Tyr45, Trp94, and Tyr116, agreed with the mutational mapping
experimental results, indicating that mutations of these residues can lead to a significant
binding affinity decrease of CXCR4 and AR6.

Beside the /n silico simulation, the co-crystal structure of CXCR4 and vMIP-II has provided
important evidence that residues in the vMIP-11 N terminus and N loop (1-
LGASCHRPDKCCLGYQ-16) interact with the CXCR4 TM pocket, CRS1, CRS1.5, and
CRS2[62]. The CRS1.5 interaction involves binding of the CXCR4 N-terminal residues 27-
PCFR-31 to the vMIP-II residues 8-PDKCC-12. In CRS2, the chemokine N-terminus forms
by hydrogen bonds with CXCR4 residues D262, and E288. In addition to this manuscript
(and our will soon be published data), our previously publishes data are consistent with the
evidence of thee co-crystal structure, according to the following observations: the deletion of
the N terminal residues of CXCR4 reduced the activity of HIV-1 entry/infection by 60 to
100% [47], indicating that the N terminal residues of CXCR4 are critical for the interaction
of CXCR4 and gp120. For example, the mutation of E288A resulted in a significant
reduction in the CXCRA4 binding affinity and anti-HIV entry of DV1 and dimer DV1[55].
DV1 is a mimetic of the N-terminal 21 amino acids of vMIP-II, and a partial sequence of the
ARG peptide described in this manuscript. Additional similar results from other groups also
showed that the deletion of 32 of the 39 residues of the N-terminal domain of CXCR4
caused resistance in some X4 strains [63]; Mutations of residues in the N terminus (E14/
E15, D20, Y21, and D22) reduced the binding of CXCR4 and gp120 [64].

The biological results described above are consistent with the observations made in the
molecular modeling study, namely that these fragments, on their own, do recognize CXCR4
but at very low micromolar affinities. This is because each fragment can only interact with
one receptor site. Therefore, when combined, they display significantly enhanced
nanomolar-level affinities because the simultaneous interactions with two distinctive

Eur J Med Chem. Author manuscript; available in PMC 2020 June 15.
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receptor sites can lead to much stronger binding. This has commonly been reported for other
small molecules using the fragment-based approach of medicinal chemistry.

Discussion

AR5 and ARG are designed using a fragment based combinational approach that links two
low binding affinity fragments derived from viral protein ligands of CXCR4, namely HIV-1
gp120 and viral chemokine vMIP-11 [7, 42]. HIV-1, a highly mutated virus, is highly drug
resistant. The V3 loop of gp120 is more relatively conserved when compared with the other
regions of gp120 [65]. Previously publications reported that 3 sequences of the V3 loop
(CTRPNNNTRKSIHIGPGRAFYATGDIIGDIRQAHC) of gp120 are conserved, according
to patients’ samples or PDB sequence files [46, 66, 67]. Among these 3 conserved
sequences, mutation in the V3 stem (residues 3-8 and 26—33) made X4-tropic Envs more
sensitive to AMD3100; however, when mutations occurred within the V3 crown (residues
13-20), the Envs retained infectious ability [68]. This information provides the basis for
stating that residues of V3 stem are more suitable for peptide design, as simulation of V3
loop binding with CXCR4 and blocks HIV-1 entry. Our newly designed peptide mimics two
viral motif sequences (the N- terminus of vMIP-11 and the conserved sequences of VV3 loop
of gp120) and target both the host CXCR4 and the viral HIV-1 conserved regions that are
critical for HIV-1 entry and infection. Our data show that AR5 and ARG interact strongly
with CXCR4 with the binding affinities increased from micromoles of the fragments to
nanomoles of the combined peptides. The functional characterization of AR5 and AR6
indicates that these combinational peptides can inhibit calcium flux and cell migration
induced by SDF-1a. This suggests that AR5 and ARG can block downstream signal
transduction and that these agents act as CXCR4 antagonists. The mechanistic study of the
CXCR4 downstream signals that are induced by SDF-1a, like pERK and pAKT, indicated
that their signals were reduced by ARG6. In addition, the mutagenesis mapping data indicated
the critical residues for ARG binding to CXCR4 and some of them are also very important
for HIV-1 infection. Furthermore, AR6 shows potent anti-HIV activity with an ICgq value of
93 nM in the five-day p24 assay. AR5 and ARG both show anti-HIV-1 entry inhibitions at
100 nM in a 24-hour assay and intracellular p24 was decreased. AR5 and ARG have similar
binding affinities to CXCR4; however, the anti-HIV-1 activity was better for AR6 than for
AR5 (16 +6.8%, data not shown in this paper). The results of the peptide stability assays
may explain these differential anti-HIV-1 effects, as AR6 is more stable than AR5 in serum-
containing medium. After the peptides were mixed with medium containing 10% FBS and
incubated at 37 °C, AR5 was degraded rapidly, as the peptide HPLC peak at 1 h was only
48% of the original peak, whereas the peptide peak for AR6 was about 80% (data shown in
the supplemental materials). In contrast, the unlinked control fragments, DV3 and AR6r
alone did not show any antiviral activity. As HIV-1 infection is one of major global health
issues, intensive efforts have been undertaken to find effective therapies, resulting in a
number of organic compound inhibitors of HIV-1 coreceptors CXCR4 and CCR5 such as
AMD3100 and Maraviroc [69, 70]. However, the rapidly emerging drug resistances to
current therapies demands more anti- HIV-1 agents of diverse structures and further
mechanistic understanding of the molecular interactions underling viral entry and infection.
Synthetic peptides provide a class of molecules, different from organic compounds, as
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model systems and research tools to study and dissect complex protein-protein interactions
involved in viral entry. As shown here, the development of combinational peptides as high
affinity ligands mimicking the interactions of different natural viral ligands with the receptor
can yield valuable information about the mechanism of protein- protein interactions
involving the chemokine receptor family. Taken together, these binding, cellular functional
and antiviral results demonstrate the efficacy of the combinational approach in converting
low affinity, inactive fragment peptides into high affinity and biologically active agents.

Our findings demonstrate the feasibility of using a peptide fragment-based, combinational
approach to generate new high affinity, nanomolar active ligands of CXCR4 receptor with
biological activity and potential clinical value. Here, we show that the combination of two
weak binding antagonist fragments led to a very strong binding antagonist with potent anti-
HIV activity. In another study, we combined a very weak binding agonist fragment with
another antagonist fragment and obtained a highly potent combinational peptide which
displayed agonistic activities in triggering CXCR4-mediated migration of transplanted
neural stem cells in vitro and in a mouse model for regenerative treatment of Sandhoff
disease (unpublished data). Thus, our approach as reported here is effective in developing
both antagonists and agonists to intervene with different physiological and pathological
functions of a GPCR, CXCR4.

Like CXCR4, many GPCRs are known to interact with two or more endogenous or
exogenous protein ligands. Often peptide fragments derived from such protein ligands can
retain some, although usually quite low, affinity of the native ligand to its receptor. This
renders such protein fragment-based peptides less valuable as research tools or therapeutic
leads. If the combinational peptide approach, which links two such weakly active fragment
peptides to deliver a much stronger ligand as shown here for CXCR4, can be found to be
effective for other GPCRs, this approach may become a general and efficient method for the
development of high affinity GPCR ligands useful for dissecting GPCR biological functions
and treating GPCR-mediated human diseases.

Experimental procedures

Peptides synthesis

The two fragment-based designed peptides, AR5 and AR6 were synthesized by
ChinaPeptides Co., Ltd. Both AR5r and AR6r were synthesized automatically with CS Bio
Co. Peptide Synthesizer Division by using Fmoc [N-(9-fluorenyl) methoxycarbonyl]
chemistry. Fmoc-Rink Amide AM Resin (loading, 0.272 mmol/g, GL) was the solid support.
O-(6-Chloro-1- hydrocibenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphat
(HCTU) in N, N-dimethylformmamide (DMF) was used as coupling reagent in the presence
of diisopropylethylamine (DIEA). 20% (v/v) piperidine in DMF was used to remove Fmoc
protection before each coupling reaction. Finished all coupling steps, peptides cleavage and
side chain protection removal were treated by mixture of trifluoroacetic acid (TFA), phenol,
H,0 and Triisopropylsilane (TIS) (88:2:5:5, v/iw/v/v, 10ml) at room temperature for 2 hours.
Then TFA was removed by evaporation and peptides were precipitated with ice-cold tert-
butylmethyl ether, repeat it twice. Crude peptides were dissolved in mixture of CH3CN and
water and lyophilized. The purity of crude peptide was analyzed by analytical reverse phase
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high-performance liquid chromatography (RP-HPLC) and the main peak was collected to
characterize by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry. The crude peptides were dissolved in 1:9 CH3CN/H,0 and purified
using semi-preparative RP-HPLC. The solvents we used in HPLC were: A, water with
0.25%TFA; B, CH3CN with 0.25%TFA in a linear 10% to 40% gradient over 20 minutes
with a flow rate of 5 mL/minute. Fraction containing target product were collected together
and lyophilized. The peptide powder was stocked at =20 °C for bioassay.

Peripheral blood mononuclear cell (PBMC) isolation

Blood samples were obtained from different healthy donors for each anti-HIV-1 assay,
respectively, and diluted with an equal amount of 1x PBS. Approximately 15 mL room
temperature Ficoll to a sterile 50 mL tube and then overlaid the Ficoll with 15 mL of diluted
blood. After Centrifugation at 1800 rpm for 30 minutes at room temperature, the PBMCs
were collected and washed twice with 40 mL 1x PBS by centrifugation (1100 rpm, 10
minutes for each time) at room temperature. Supernatant fluid was discarded and the cell
pellet was resuspended in 50 mL RPMI 1640 supplement with 10% FBS and activated with
100 pg/mL PHA (Sigma-Aldrich, USA) for 24 hours. After activation, PBMCs were
cultured with RPMI 1640 medium with 10% FBS and 5 IU/mL human Interleukin-2 (hIL-2,
Roche Diagnostics, USA) at 37°C with 5% CO».

Competitive CXCR4 binding assay

CHO-CXCR4 cells were cultured in RPMI1640 medium with 10% (v/v) FBS, 100 1U
penicillin, 0.1 mg/mL streptomycin and 2 mM L-glutamine, and 400 pug/mL geneticin (to
maintain stable selection of the CXCR4" CHO cells). After collecting and washing twice
with FACS buffer (0.5% BSA, 0.05% sodium azide in PBS) by centrifugation, the CHO
cells were then seeded in 96-well v-bottom plates at 5x10° cells/well, and co-incubated with
various concentrations of test compounds and primary antibody (1:2000, mouse anti-human
CD184 antibody (12G5), BD Biosciences, USA) for 40 minutes on ice. After incubation,
cells were washed twice with FACS buffer by centrifugation, and then co-incubated with
secondary antibody (1:1000, anti-mouse IgG-FITC antibody, Sigma, USA) for 30 minutes
on ice. After two final washings with FACS buffer by centrifugation, FACS buffer was added
at 50 pL per well finally. The fluorescence (485gx/528gp) was recorded using a Synergy Il
plate reader. Experimental data were generated in duplicate each time and from at least three
independent experiments. The mean values of fluorescence were normalized and expressed
as a percentage of the control group values. Binding curves and 1Cgq values were calculated
by GraphPad Prism 7 and presented as mean + SEM.

Calcium mobilization assay

SUP-T1 cells were collected and washed twice with assay buffer (HBSS buffer with 20 mM
HEPES) by centrifugation. Probenecid (5 uM, Sigma, USA) and Fluo-4AM dye (2 uM,
Molecular Probes, USA) were added to cells and incubated in a 37°C cell culture incubator
with 5% CO», for 30 minutes, with gentle vertexing every 5 minutes. After washing twice
with assay buffer, cells at density of 1x10%/mL were incubated with various concentrations
of test compounds for 2—-3 minutes, followed by exposure to 50 nM SDF-1a.. The
fluorescence (340gx/510gp\) Was measured using a Synergy |l plate reader.
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CXCR4 chemotaxis assay

SUP-T1 cells were cultured in RPM11640 medium containing 10% (v/v) FBS, 100 1U
penicillin, 0.1 mg/mL streptomycin and 2 mM L-glutamine. Before performing the
chemotaxis assay, SUP-T1 cells were collected and washed twice with assay buffer
(RPMI11640 medium with 0.5% BSA) by centrifugation. 1x10° cells/well were co-incubated
with various concentrations of test compounds for 2 hours, and then seeded in the upper
chambers of HTS transwell 96-well plates with a 5 um pore size (Corning, USA). The upper
chambers were placed into the lower chambers, which contained 200 L assay buffer and 20
nM SDF-1a as chemoattractant. Background groups were cultured by adding only assay
buffer in the lower chambers. The transwell plate is placed in a 37°C tissue culture incubator
with 5% CO», for 3 hours to allow the cells to migrate. Thereafter, the upper chambers were
removed and SUP-T1 cells that had migrated to the lower chambers were quantified using
CellTiter-Blue cell viability assay reagent (Promega, USA). The fluorescence (560gx/
590gMm) Was recorded using Synergy 1l microplate reader.

Internalization Assay

The CHO-CXCR4-FLAG cells were collected and washed twice with assay buffer (RPMI
1640 containing 0.5% BSA) by centrifugation at 4°C. Then CHO-CXCR4-FLAG cells were
seeded at 3x10° cells/well and treated with various concentrations of compounds (SDF-1a
was positive control) for 45 minutes at 37°C. After washing twice with cold PBS, cells were
stained with anti-flag antibody (Sigma-Aldrich, Inc., USA) for 30 minutes at 4°C. After the
incubation, wash the cells three times with cold PBS and then co-incubate with FITC-
labeled anti-mouse antibody for 30 minutes at 4°C. The fluorescence (485gx/528gp) by
Synergy Il plate reader after washing cells twice with cold PBS.

Western blot

For the western blot analysis, CHO-CXCRA4 cells were cultured in DMEM medium
(Corning, US) with 10% FBS (Gibco, US). Cells were collected and seeded in 6-well cell
culture plate at the concentration of 10° cells/well for 24 hours, then treated with medium
without FBS. After the incubation, AR6 at 50 pM was added and co-cultured with cells for
30 minutes, after that SDF- 1a. (12.5 nM, PeproTech) was added into each well, incubation
for 5 minutes. Subsequently, cells were lysed in PIPA lysis buffer (Beyotime) with
Phosphatase Inhibitor Cocktail I (MCE) and the supernatant was collected by centrifugation
(12000 rpm, 20 minutes). Lysis buffer was supplemented with a protease inhibitor cocktail
(MedChemExpress, MCE). The amount of protein present in the cell lysates was controlled
by using a usingEnhanced BCA Protein Assay Kit (Beyotime), and the lysates were diluted
into the same concentration (3mg/mL) using lysis buffer and boiled at 100°C for 3—-4
minutes. Protein extracts were separated in SDS-PAGE (12%) and transferred to
nitrocellulose membranes (Millipore). Western blot analysis was performed as previously
described [71], blocking the membrane for 1 hour at room temperature using blocking buffer
(5% BSA). Incubate the membrane with primary antibody (1:1000 dilution, Cell signaling
Technology) in blocking buffer overnight at 4°C. After the incubation, wash the membrane
three times using wash buffer (TBST), 5 minutes each. Incubate the membrane with the
secondary antibody (1:1000, ZSGB-BIO, CN) in blocking buffer at room temperature for 1
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hour. Wash the membrane three times using wash buffer, 5 minutes each. The western blot is
visualized using an enhanced chemilumescent (ECL) substrates kit (Immobilon Western
Chemiluminescent HRP Substrate, Millipore).

Anti-HIV assay

Anti-HIV-1 entry assay was performed by measuring intracellular p24 antigen. For a one-
day culture test, PBMCs (2.5x108 cells/mL) were dispensed into 96-well plates at 100 pL/
well, then co-incubated with compounds of various concentrations for 2 hours. After the
incubation, PBMCs were washed twice with PBS and then infected with the NL4-3 strain of
HIV-1 at an MOI of 0.02 for 2 hours at 37°C with 5% CO». After that, the cells were washed
twice with PBS by centrifugation (1200 rpm, 20°C, 5 minutes) and re-suspended with 100uL
complete medium. After a 24-hour incubation, PBMCs were collected by centrifugation and
add 100 pL lysis buffer with 1% protease inhibitor cocktail (Sigma-Aldrich, USA) was
added. The intracellular p24 antigen was tested after lysis of PBMCs following the HIV-1
ELISA kit protocol (PerkinElmer Inc. USA).

For the five-day culture test, the antiviral activity was evaluated by measuring the production
of p24 antigen in culture supernatant. Briefly PBMCs (2.5x106 cells/mL) were seeded at
100 pL/well into 96-well plates, then co-incubated with various concentrations of test
compounds for 2 hours. After two washes with PBS, the PBMCs were then infected with the
NL4-3 strain of HIV-1 at an MOI of 0.001 for 2 hours at 37°C with 5% CO», followed by
washing twice with PBS by centrifugation (1200rpm, 20°C, 5 minutes) and co-incubated
with various concentrations of test compounds. Five days after incubation at 37°C, 20 uL
supernatant were harvested and diluted into 200 uL for p24 assay. 1Csq was calculated by
GraphPad Prism 7.

PBMCs viability assay

In parallel with the anti-HIV assays described above, the same densities of PBMCs were
seeded and treated with the test compounds for the same periods. After a 5-day incubation at
37°C, the cell viability was determined using CellTiter-Blue (Promega Corporation, USA)
cell viability assay. The fluorescence (560gx/590g)) was recorded by Synergy Il microplate
reader.

Stability of peptide in vitro
AR5 and AR6 were dissolved in the cell culture medium (10% FBS) with a concentration of
1 mM. Samples were collected at different time points of incubation at 37°C and subjected
to HPLC analysis with the injection of 10 pL peptide samples (Microsorb-MV C18 5-um,
UV 220 nm). The stability of the peptides was calculated based on the changes in the
intensity of UV absorbance of the peptides.

Mapping assay using 12G5 antibody

The mapping assays were performed by testing wild type CXCR4 and 10 CXCR4 mutants
in competitive binding assays. The binding assay was carried out according to our previous
publication [41]. Briefly, a single concentration of AR6 (200 nM) in a final volume of 100
L FACS buffer was co-incubated with cells (5x10° cells/well) in 96-well plates in the
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presence of mouse anti-human CD184 antibody (12G5). Cells were incubated on ice for 30
minutes and washed twice with FACS. Subsequently, the cells were co-incubated with
secondary antibody (1:1000, anti-mouse 1gG-FITC antibody, Sigma, USA) for 30 minutes
on ice. After two final washings with FACS buffer by centrifugation, FACS buffer was added
at 50 pL per well finally. The fluorescence (485gx/528g\) Was recorded using a Synergy |1
plate reader. Experimental data were generated in duplicate each time and from at least three
independent experiments. The mean values of fluorescence were normalized and expressed
as a percentage of the control group values. Binding inhibition column figure was generated
using GraphPad Prism 7 and presented as mean * SD.

Molecular modeling

The N-terminal residues (1-23) of CXCR4 are important for its recognition by HIV-1 gp120
V3 loop during viral infection of host cells [72]. Since the initial CXCR4 crystal structure
template (PDB:4RWS) [62] has the N-terminal (1-22) residues missing, we combined
another fragment (PDB:2KO05) [73] which contains the missing N-terminal residues (1-22)
of 4RWS by using the I-TASSER server (an online server which is used for protein structure
prediction) to model the missing N-terminal residues (Job humber: S350286) [74]. The
2KO05 is an NMR structure. We chose this structure mainly because of its N-terminal
sequence of CXCR4, which allowed us to generate a complete CXCR4 structure with the N-
terminus for molecular docking and dynamic simulation. Following the I-TASSER on-line
sever guidance, a full CXCR4 sequence was put in and CXCR4 in the complex of 4RWS
was used as a template for the structure prediction [75]. The peptide structures were
constructed by using ChemDraw software and docked with CXCR4 molecule as described
in our previous publication [41].

We used the MOLARIS software [76] to conduct MD simulation and calculations of binding
free energies. Before performing the binding free energy calculations, the protein-ligand
complex was selected from molecular docking. The binding free energy was calculated
using semi macroscopic protein dipoles Langevin dipoles-linear response approximation/p
(PDLD/S-LRA/B) which is capable of assessing contributions to the binding free energy
from hydrophobic effects, vdW, and water penetration [61]. The MD simulations were
performed using the standard MOLARIS surface constrained all-atom solvent (SCAAS) [77]
boundary conditions and the local reaction field (LRF) long-range treatment [78]. The
simulation system involved an explicit all atoms water sphere of 18A, solvating the protein-
ligand complex, where the surface waters are subject to polarization and radial restraint to
make the finite system behave as if it is part of an infinite system. This 18 A simulation
sphere surrounded by a 2 A Langevin dipole surface imbedded in a bulk continuum. The
PDLD/S-LRA/B calculation involved a replacement of the explicit all-atoms waters by
Langevin dipoles. The simulations were performed following the previously reported
procedure [79]. Initial relaxation was performed for 90 ps by gradually heating to a target
temperature of 300 K using the polarizable ENZYMIX force field. After that the ligand
sequence was defined as region | (see Figure 2 of ref. 63) and relaxation dynamics for 90 ps,
dynamics in water for 24 ps, and dynamics in the protein for 24 ps with a step size of 1.0 fs
were performed respectively to generate five configurations, which were automatically used
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to calculate the binding free energy using Eq. 13 of ref. 63 with the POLARIS module of

MOLARIS.

Statistical analysis

Statistical analysis was performed using the one-way ANOVA (GraphPad Software:
GraphPad Prism 7 for Windows). Average values were expressed as mean + SD or SEM, n =
3. The results of calcium influxes/effluxes and western blots were representatives of at least
of three independent experiments. A P value less than 0.05 was considered statistically

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ahx

AIDS
CXCR4
DIEA
DMF
GPCR

HCTU

HIV-1
LRF
MALDI-TOF
MD

pAKT
PBMC

PDLD/S-LRA/B

aminohexanoic acid

acquired immune deficiency syndrome
C-X-C chemaokine receptor type 4
diisopropylethylamine

N, N-dimethylformmamide

G-protein coupled receptor

O-(6-Chloro-1-hydrocibenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate

human immunodeficiency virus type 1

local reaction field

matrix-assisted laser desorption ionization time-of-flight
molecular dynamic

phosphor-AKT

peripheral blood mononuclear cell

protein dipoles Langevin dipoles-linear response
approximation/p
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pPERK phosphor-ERK
RP-HPLC analytical reverse phase high-performance liquid
chromatography
SCAAS surface constrained all-atom solvent
SDF-la Stromal cell-derived factor 1 alpha
TFA trifluoroacetic acid
TIS Triisopropylsilane
vMIP-II viral macrophage inflammatory protein-11
WT wild type
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Highlights
. A combinational approach yielding high affinity GPCR inhibitors was
demonstrated in the CXCR4 system
. Novel combinational peptides, such as ARG, were identified with nanomolar

binding affinities for CXCR4

. ARG acts as a CXCR4 antagonist and inhibits HIV-1 entry via CXCR4 at a
nanomolar level

. How ARG interacts with CXCR4 and inhibits its downstream signaling was
examined
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Figure 1.

Competitive binding activities of CXCR4 ligands. The 1C5q values of the test compounds
were determined by 12G5 antibody competition binding assays by using CHO- CXCR4 (A
and B) and Sup-T1 cells (C and D). AMD3100 and DV3 were used as positive controls. The
results are the mean values of at least three independent experiments.
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Figure 2.

Functional characterizations of AR5 and AR6. A, B) Chemotaxis inhibition activities of
AR5 (A) and ARG (B). Chemotaxis inhibition was expressed as the percentage of SUP-T1
cells initially seeded in the upper chambers of 5 UM core size transwells that migrated into
the bottom chambers following stimulation by 20 nM SDF-1a. The ICsg values were
calculated by GraphPad Prism 7 and the results are mean + SD of at least three independent
experiments. *, p value < 0.05, **, p value < 0.005, ****, p value < 0.00005. C, D) Calcium
influx inhibitory activities of AR5 (C) and ARG (D) against 50 nM SDF-1a. AR5 and ARG
at 1 mM almost completely inhibited the calcium influx induced by 50 nM SDF-1a.. E)
CXCR4 internalization in response to AR5 and AR6. CHO-CXCR4 cells express a tag in the
N-terminus of CXCR4 and FITC-labeled anti-FLAG antibody was used to measure CXCR4
internalization after exposure to AR5 and AR6. SDF-1a was used as a positive control. AR5
and ARG showed no detectable activities in produing CXCR4 internalization. The results are
mean+SEM of at least three indendent experiments.
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Control
SDF-1a

AR6

SDF-la & AR6
AMD3100

SDF-la & AMD3100

ARG inhibited SDF-1a-activated signaling pathways. CHO-CXCR4 cells were left untreated
or exposed to 12.5 nM SDF-1a., alone or in combination with the indicated concentration of
ARG for 30 minutes, AMD3100 was used as the positive control compound. (A)
Phosphorylations of AKT and ERK induced by SDF-1a were significanlty inhibited by
ARG6. B) The band density ratios (% control) were calculated using ImageJ and Prism

GraphPad 7. **, p value < 0.005.
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Anti-HIV-1 activities and PBMC cytotoxicities of AR6. A) AR6 blocked HIV-1 entrance
into PBMCs, and AR6 showed better activity than AMD3100 after exposured to the virus
for 24 hours. The concentration of AR6 and AMD3100 was 100 nM. The inhibition values
were calculated by GraphPad Prism 7 and the results are mean £ SD of at least three
independent experiments. *, p value < 0.05, ***, p value < 0.0005. B) The 1Csq value of
ARG was 93 nM after a 2-hour viral exposure followed by a five-day culture. The anti HIV-1
assay results were determined by quantifying the extracellular p24 antigens. C) ARG at the
concentrations used for blocking HIV-1 entry did not show detectable cytototoxicity using

the CellTiter-Bule assay.
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Figure 5.

Binding activity of AR6 to WT CXCR4 and mutants. (A) The CXCR4 binding affinity of
ARG was decreased by mutations Y45A, W94A, Y116A whereas the binding affinity of
ARG was increased by mutation R30A. The other CXCR4 mutations had little effect on AR6
binding affinity. (B) Compared with the DV3 fragment, AR6 and DV3 can both interact with
CXCR4 mutants Y45, W94 and Y116A. The data represent the mean values of three
independent experiments with the error bars indicated as SD. *, p value < 0.05, **, p value <
0.005.
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Figure 6.
MD simulation and binding free energy calculations of CXCR4 interaction with ARG6. (A)

MD simulation (10 ns) was carried out for AR6 in complex with CXCR4. Both the
backbone and system reached the stable status at about 100 ps. (B) CXCR4 are shown in the
ribbon model whereas AR6 peptide in stick. According to the MD results, the DV3 fragment
of ARG interacts with the TM domain of CXCR4, whereas the other fragment of ARG (i.e.,
ARGr derived from the HIV-1 gp120 V3 loop) interacts with the CXCR4 N-terminus. (C)
Binding free energy calculations of CXCR4 mutants as compared with wild type (WT)
CXCR4. (D) Positions of CXCR4 residues used in binding free energy calculations.
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Amino acid sequences or chemical structure and I1Csq values in CXCR4 binding assays.

Table 1.

1Cso (LM)
Name Peptide sequence®
CHO-CXCR4  Sup-T1
AR5 H,N-Igaswhrpdkkr-Ahx-KRKGDIRQAHC-CONH, 0.018 0.023
ARG H,N-lgaswhrpdkkr-Ahx-KRKTNNNPRTC-CONH, 0.016 0.014
ARS5r H,N-Ahx-KRKGDIRQAHC-CONH, >50 >50
ARG6r HoN-Ahx-KRKTNNNPRTC-CONH, 9.12 7.418
DV3 H,N-lgaswhrpdk-CONH, 1.10 0.615
DV3kr H,N-lgaswhrpdkkr-CONH, 0.474 NDb
.
AMD3100 "“ ;-:N. ."'\H 0.051 0.044

a . .
Lowercase letters denote D-amino acids.

bND = not determined
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Binding free energy values of wild type (WT) CXCR4 and mutants.

Table 2.

CXCR4 mutants

ddG_e

lec? ddG_noneIecb

dG_bind®

WT
Y45A
WO94A
D97A
Y116A
D262N
E288Q

-10.51
-7.45
-7.87
-6.21
-4.51
-8.90
-10.67

-1.37
-0.28
-251
-5.26
-1.83
-2.54
-1.46

-11.88
-7.73

-10.38
-11.84
-6.34

-11.44
-12.13

a . . _— .
ddG_elec represents electrostatic interaction contribution to the binding free energy.

ddG_nonelec represents nonelectrostatic interaction contribution to the binding free energy.

CdG_bind represents the total binding free energy.
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