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Figure 4. Results of serum titer ELISA of antisera collected from ECL-antigens-immunized mice at one week before immunization (@) and one week after 5th immunization
(B) to determine the immunogenicity of designed antigens. The titers were evaluated based on binding to each corresponding monomer peptide; (A) antiserum against C1
tetramer; (B) antiserum against L1 tetramer, (C) antiserum against C2 tetramer, and (D) antiserum against L2 tetramer. The antibody response was elicited in a representative

mouse among four mice used for experiments.
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bars are the data of experiments with no serum and with CXCR4 antagonist AMD3100 (1 uM). White Bars are the data of pre-immunization sera, and gray bars are the data of
post-immunization sera, which were standardized based on the signals of tubulin. The statistical analyses are shown in Supplementary data.

assays utilizing the antisera bled from four mice for each antigen
molecule. Two (L1-A, L1-D) of four (L1-A—L1-D) antisera produced
in mice immunized with linear peptide L1 largely suppressed p24
production in comparison to pre-immunization sera (Fig. 5A). Two
(L2-A, L2-C) of four (L2-A—L2-D) antisera produced in mice immu-
nized with linear peptide L2 also largely suppressed p24 produc-
tion compared to pre-immunization sera (Fig. 5A). The average
percentages of p24 production were calculated from the intensities

of the bands in panel A of Figure 5 (Fig. 3B). Anti-C1 and anti-C2
antibodies were produced but had no significant anti-HIV-1 activ-
ity. Possible reasons for this result are (i) the antibody titer levels of
L1- and L2-induced sera are higher than that of C1- and C2-induced
sera, and (ii) the region around the site of conjugation between
C1/C2 and MAPs might behave as an effective epitope for inhibition
of HIV-1 entry. In murine serum, several peptides and proteins, for
example an antimicrobial peptide o-defensin,”’ have been
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reported to have inhibitory activity against HIV-1 entry. The anti-
sera collected at both pre-immunization and post-immunization
phases may contain o-defensin, which may affect their HIV-1
inhibitory activity. In this assay, the difference between the anti-
sera collected at both pre-immunization and post-immunization
phases was evaluated.

The Env glycoprotein gp120 is known to be highly glycosylated,
and its mutation allows the escape of HIV-1 from neutralization by
antibodies.”* However, several antibodies isolated from sera of an
African donor such as PG9, PG16**4 and VRCO1** show broad
and potent neutralizing activity as a result of recognition of the ste-
ric structure of gp120. These antibodies can neutralize 70-80% of
HIV-1 strains isolated across all clades with potency approximately
one order of magnitude higher than that reported previously for
broadly neutralizing monoclonal antibodies. These results suggest
that there may be antibody production mechanisms which recog-
nize epitope structures and the development of antigen molecules
designed to induce structure-specific antibodies are required.***’
We previously synthesized antigen molecules N36 trimer mimic*®
and C34 trimer mimic, based on highly conserved regions of
gp41.%%*" Mice were immunized with each antigen, and anti-
HIV-1 antibodies that recognized tertiary structures of each anti-
gen were induced. Antibodies induced by the immunization of
CXCR4-ED-derived antigen molecules may have less potent anti-
HIV-1 activity than broadly neutralizing antibodies PG9, PG16
and VRCO1. They bind to the quaternary neutralizing epitopes on
gp120,*! in contrast, anti-CXCR4-ED antibodies have no time and
space barriers in the binding to CXCR4. The tip of the V3 loop is
only 30A from the target cell membrane*® and blocking the
CXCR4-ED may be more efficient than blocking the V3 loop. There-
fore, antigen molecules which can effectively induce anti-CCR5/
CXCR4 antibodies might have promise as AIDS vaccines.

3. Conclusion

The HIV-1 co-receptor CXCR4 is an attractive drug target with
which to overcome the mutability of HIV-1. In this study, the
CXCR4-ED-derived peptides, excluding ECL3, were conjugated with
MAPs to produce antigen molecules. Only N1-derived antigen
(N1 tetramer) was produced using SPAAC between an N1 dimer
bearing azide moiety and a diyne. With the exception of N2 and
N3, the CXCR4-ED-derived antigen molecules significantly induced
antibodies against each corresponding antigen molecule but only
the antisera induced by immunization of the linear peptides based
on ECL1 and ECL2 (L1 and L2) exhibited HIV-1 inhibitory activity.
The design of antigen molecules mimicking the flexible structure
of proteins such as CXCR4-ED is difficult owing to lack of structural
information. The X-ray crystal structures of the complexes of
CXCR4 with ligands have been reported,”* but the ligand-free
structure has not been published. The results of the present and
a previous® study suggested that the rational design of the cyclic
peptides based on ECL1/ECL2 is possible, but data supporting the
rational design of ECL-derived cyclic peptides with MAPs is
unavailable. It is clear that, to develop more effective ECL-derived
antigen molecules, the length of the linkers on MAPs should be
optimized to avoid steric hindrance. This study has provided prom-
ising examples for the design of AIDS vaccines targeting the human
protein CXCR4 to overcome mutability of HIV-1.

4. Experimental
4.1. Synthesis of the MAPs

The 2-branched azide template and the CICH,CO-GABA MAP
were synthesized on a Rink amide resin (0.74 mmol/g, or

0.6 mmol/g) and the CICH,CO-(GABA); MAP and BrCH,CO-(GABA),
MAP were synthesized on a NovaSyn® TGR resin (0.21 mmol/g) by
standard Fmoc-SPPS with Fmoc-Lys(Fmoc)-OH in the branch posi-
tion. The constructed peptide was treated with 40 equiv of mono-
chloroacetic acid or monobromoacetic acid, 40 equiv of DIPCI and
40 equiv of HOBt-H,0 for 1 h. Cleavage of peptides from resins
and side chain deprotection were carried out by stirring for 1.5 h
with a mixture of TFA, thioanisole, H,O0, m-cresol and TIS
(10/0.75/0.5/0.25/0.1, v/v, 10 mL).

The 2-branched azide template for the conjugation of N1 was
synthesized on a Rink amide resin (0.74 mmol/g, 0.05 mmol scale).
The product (24.3 mg, 48% yield) was purified by preparative HPLC
and characterized by ESI-TOF-MS: m/z calcd for C3sHgoClN14040
[M+H]" 907.41, found 907.40.

The CICH,CO-GABA MAP for the conjugation of N2/N3 was syn-
thesized on a Rink amide resin (0.60 mmol/g, 0.10 mmol scale).
The product (93.8 mg, 45%) was purified by preparative HPLC and
characterized by ESI-TOF-MS: m/z caled for C;oH121ClsN23020
[M+H]* 1743.79, found 1746.23.

The CICH,CO-(GABA), MAP for the conjugation of C1/L1 was
synthesized on a NovaSyn® TGR resin (0.21 mmol/g, 0.10 mmol
scale). The product (90.5 mg, 37%) was purified by preparative
HPLC and characterized by ESI-TOF-MS: m/z calcd for CggHq50Cls-
N,70,4 [M+H]* 2085.01, found 2086.56. ,

The BrCH,CO-(GABA), MAP for the conjugation of C2/L2 was
synthesized on a NovaSyn® TGR resin (0.21 mmol/g, 0.10 mmol
scale). The product (56.2 mg, 22%) was purified by preparative
HPLC and characterized by ESI-TOF-MS: m/z calcd for CggHq50Brs.
N»70,4 [M+H]* 2260.81, found 2262.87.

4.2. Synthesis of N1 tetramer

N1 (20.7 mg, 7.88 pmol), the 2-branched azide template
(4.03 mg, 3.95 umol), and KI (22.8 mg, 137 umol) were dissolved
in 0.1 M sodium phosphate buffer at pH 7.8 (2 mL) under N,. After
stirring overnight at room temperature, the N1 dimer product
(8.89 mg, 36%) was purified by preparative HPLC and characterized
by ESI-TOF-MS: m/z calcd for C237H370N7009256 [M+H]+ 5862.52,
found 5862.57.

sym-Dibenzo-1,5-cyclooctadiene-3,7-diyne*’ (0.0620 mg,
0.310 pmol) in dry MeOH (55.1 puL) was added to the N1 dimer
containing an azide moiety (4.80 mg, 0.760 pmol) in dry MeOH
(800 pL). After stirring overnight at room temperature under N,
the N1 tetramer ligation product (1.38 mg, 36%) was purified by
semipreparative HPLC and characterized by ESI-TOF-MS: m/z calcd.
for Ca00H748N1400184512 [M“’Hr 11925.02, found 11928.58.

4.3. Synthesis of N2 and N3 tetramers

N2 (21.2 mg, 7.03 umol) and CICH,CO-GABA MAP (1.55 mg,
0.745 umol) were dissolved in 0.1 M sodium phosphate buffer pH
7.8 (2 mL). After stirring overnight at room temperature under
N,, the N2 tetramer ligation product (6.77 mg, 65%) was purified
by preparative HPLC and characterized by ESI-TOF-MS: m/z calcd
for Cso6H769N1470184512 [M"’Hr 12236.31, found 12237.32.

N3 (19.5 mg, 6.31 umol) and CICH,CO-GABA MAP (1.64 mg,
0.790 pmol)) were dissolved in 0.1 M sodium phosphate buffer
pH 7.8 (2 mL). After stirring overnight at room temperature under
N, the N3 tetramer ligation product (5.82 mg, 52%) was purified by
preparative HPLC and characterized by ESI-TOF-MS: m/z calcd for
Cs18Hs01N15501635s [M+H]* 12140.79, found 12140.97.

4.4. Synthesis of C1 and L1 tetramers

C1 (25.8 mg, 7.44 pmol) and CICH,CO-(GABA), MAP (4.5 mg,
1.86 umol) were dissolved in a 3:2 mixture (3.0mL) of 0.1 M
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sodium phosphate buffer pH 7.8 (containing 5.0 mM ethylenedi-
aminetetraacetic acid; EDTA) and CH3CN. After stirring overnight
at room temperature under N,, the C1 tetramer ligation product
(5.31 mg, 18%) was purified by preparative HPLC and characterized
by ESI-TOF-MS: m/z calcd for CsgoHopaN1g701685s [M+H]" 13550.58,
found 13553.77.

L1 (20.0 mg, 5.93 umol) and CICH,CO-(GABA), MAP (2.0 mg,
0.83 umol) were dissolved in a 3:2 mixture (3.0 mL) of 0.1 M so-
dium phosphate buffer at pH 7.8 (containing 5.0 mM EDTA) and
CH3CN. After stirring overnight at room temperature under N,
the L1 tetramer ligation product (5.06 mg, 40%) was purified by
preparative HPLC and characterized by ESI-TOF-MS: m/z calcd for
C578H890N133015454 [I\ﬂ"“l‘”+ 13146.58, found 13150.70.

4.5. Synthesis of C2 and L2 tetramers

C2 (10.5 mg, 2.5 umol) and BrCH,CO-(GABA), MAP (1.0 mg,
0.41 pmol) were dissolved in a 3:2 mixture (1.0 mL) of 0.1 M so-
dium phosphate buffer at pH 7.2 (containing 5.0 mM EDTA) and
DMF. After stirring overnight at room temperature under N,, the
mixed C2 trimer and tetramer ligation products (tetramer
0.44 mg; trimer 0.36 mg, total yield 8%) were purified by prepara-
tive HPLC and characterized by ESI-TOF-MS; tetramer: m/z calcdfor
C778H1122N219022454 [M+H]+ 17256.30, found 17263.79; trimer: m/
z caled for CgosHggsN;710175NaSs [M+Na]* 13468.50, found
13469.10.

L2 (56 mg, 13.2 umol) and BrCH,CO-(GABA), MAP (4.0 mg,
1.53 pmol) were dissolved and stirred in the same manner as in
the synthesis of the C2 tetramer. The mixed L2 trimer; tetramer
ligation products (tetramer 7.18 mg and trimer 1.79 mg, total yield
32%) were purified by preparative HPLC and characterized by ESI-
TOF-MS; tetramer: m/fz calcd for CygeHi154N223022854 [M+H]"
17492.46, found 17497.33; trimer: m/z calcd for Ce11HgpaN174017s-
Ss [M+H]" 13622.63, found 13626.37.

4.6. Immunization

Five-week-old male Balb/C mice, purchased from CLEA Japan,
Inc. (Tokyo, Japan), were maintained in an animal facility under
specific pathogen-free conditions. The experimental protocol used
was approved by the ethical review committee of Tokyo Medical
and Dental University. Freund’s incomplete adjuvant and PBS were
purchased from Wako Pure Chemical Industries (Osaka, Japan),
DMSO (endotoxin free) was purchased from Sigma-Aldrich (St.
Louis, MO). .

All mice were habituated for one week and all six-week-old
mice were bled one week before immunization. Antigen molecule
(100 pg) was dissolved in DMSO (1 pL) and PBS (49 pL). This solu-
tion was mixed with Freund’s incomplete adjuvant (50 pL) and the
mixture was injected subcutaneously under anesthesia on days 0,
7, 14, 21 and 28. Four mice for each immunization were bled on
days 5, 12, 19, 26 and 33. Serum was separated by centrifugation
(1500 rpm) at 4°C for 10min, and inactivated at 56°C for
30 min. Sera were stored at —80 °C before use.

4.7. ELISA assay

Tween-20 (polyoxyethylene (20) sorbitan monolaurate) and
H,0; (30%) were purchased from Wako. ABTS (2,2-azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid)diammonium salt) was pur-
chased from Sigma-Aldrich. Anti-mouse IgG (H+L)(goat)-HRP was
purchased from EMD Chemicals (San Diego, CA). Ninety six-well
microplates were coated with 25 pL of a synthetic peptide at
10 pg/mL in PBS at 4 °C overnight. The coated plates were washed
10 times with distilled water and blocked with 150 pL of blocking
buffer (0.02% PBST, PBS with 0.02% Tween 20, containing 5% skim

milk) at 37 °C for 1 h. The plates were washed 10 times with dis-
tilled water. Mice sera were diluted in binding buffer (0.02% PBST
with 1% skim milk), and 50 pL of twofold serial dilutions of sera
from 1/10 to 1/1280 were added to the wells and allowed to
incubate at 37 °C for 2 h. The plates were washed 10 times with
distilled water. Twenty-five microliters of HRP-conjugated anti-
mouse IgG, diluted 1:2000 in 0.02% PBST, was added to each well.
After 45 min incubation, the plates were washed 10 times with dis-
tilled water and 25 pL of HRP substrate, prepared by dissolving
10 mg ABTS in 200 pL of HRP staining buffer—a mixture of 0.5 M
citrate buffer (pH 4.0, 1 mL), H,0; (3 pL), and H,0 (8.8 mL)—was
added. After 30 min incubation, the reaction was stopped by addi-
tion of 25 pL/well 0.5 M H,SO,, and optical densities were mea-
sured at 405 nm.

4.8. Anti-HIV-1 assay (p24 assay)

The experiments using HIV-1 were performed in the biosafety
level 3 laboratory #5 at the National Institute of Infectious Dis-
eases. For virus preparation, 293T cells in a 60 mm dish were trans-
fected with 10pg of the pNL4-3 construct by the calcium
phosphate method. The supernatant was collected 48 h after trans-
fection, passed through a 0.45 pm filter, and stored at —80 °C as the
virus stock.

For the viral neutralizing assay, MT-4 cells (1 x 10° cells/100
HL) were incubated in medium (100 pL) containing 10 pL of sera
from immunized or pre-immunized mice for 1 h at 37 °C. The pre-
treated MT-4 cells were infected with HIV-1 NL4-3 (MOI = 0.05). At
3 days after infection, the virus-infected cells were collected and
lysed with lysing buffer. The processed samples were subjected
to SDS-PAGE to perform Western blotting. The HIV-1 gag p24
was detected with HIV-1 neutralizing serum (NIH AIDS Research
and Reference Reagent Program).®* The intensity of p24 bands
was obtained by measuring their chemiluminescence and quanti-~
fied using LAS-3000 (Fuji Film). The level of p24 in the culture
supernatant was determined by the p24 ELISA kit (ZeptoMetrix
Corporation).
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Anti-HIV-1 Peptide Derivatives Based on the HIV-1

Co-receptor CXCR4
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Masaki Haseyama,” Naoki Yamamoto,™ @ Tsutomu Murakami,™ and Hirokazu Tamamura*®@

Introduction

Almost 30 years have passed since the human immunodefi-
ciency virus (HIV) was discovered to be responsible for ac-
quired immunodeficiency syndrome (AIDS)." Infection by HIV-
_ 1 is initiated by adsorption with the primary host cell receptor
CD4? and the co-receptors CCR5 or CXCR4.5¥ Initially, the
HIV-1 envelope glycoprotein gp120 interacts with CD4, trigger-
ing conformational changes within gp120 that result in expo-
sure of the co-receptor binding site, which is composed of the
V3 loop and the gp120 bridging sheet™ To date, various
CCR5/CXCR4 antagonists have been developed as anti-
HIV-1 agents” Maraviroc (4,4-difluoro-N-[(15)-3-[(3-ex0)-3-[3-
methyl-5-(1-methylethyl)-4H-1,2,4-triazol-4-yl]-8-azabicyclo-
[3.2.1]oct-8-yll-1-phenylpropylicyclohexanecarboxamide)  was
the first CCR5 antagonist approved by the FDA.'? A potent
CXCR4 antagonist T140, a 14-mer cyclic peptide derived from
polyphemusin I, was developed by our research group,'" and
a 5-mer cyclic peptide FC131 was developed by further modifi-
cation of T140.'% Small-molecule CXCR4 antagonists including
AMD3100,"*' Dpa-zinc complex,"* azamacrocyclic-zinc com-
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plexes," KRH-1636,""! and other compounds'®*? have been
developed.

The HIV-1 co-receptors CCR5 and CXCR4 are classified as
a member of the seven transmembrane G-protein-coupled re-
ceptor (7TMGPCR) family, and have an N-terminal extracellular
region (NT) and three extracellular loops (ECL1-3) as the extra-
cellular domains (ED) as shown in Figure 1a. CXCR4-ED has
more negative charges than CCR5-ED, with net charges of 0 on
the NT, —1 on ECL1, +5 on ECL2, and —1 on ECL3. CXCR4-ED
has net charges of —6 on the NT, 0 on ECL1, —3 on ECL2, and

a) NT
ECL3

ECL2

ECL1

intracellular

HN-| N1 (Met*-Asp?®) |[RGC-CONH,
H,N-| N2 (AsnArg®) FRGC-CONH,
HN- N3 (Tyrhiie™) [RGC-CONH,

Figure 1. a) Schematic view of a 7TMGPCR, CXCR4. The extracellular N-termi-
nal region (NT) and extracellular loops 1-3 (ECL1-ECL3) are indicated. b) The
39-mer peptide NT was divided into three fragment peptides, N1-N3.
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—1 on ECL3™ and has electrostatic interactions with both its
endogenous ligand CXCL12/SDF-10¥ and the viral envelope
protein gp120.%*%" The negatively charged amino acid resi-
dues on CXCR4-ED are responsible for the binding of CXCL12/
SDF-1a. or gp120.

In the development of anti-HIV-1 drugs, viral mutation is the
main obstacle, and it is therefore useful to target amino acid
sequences that are conserved among various strains. The co-
receptor binding site on the V3 loop is a variable region, but
positively charged amino acid residues such as Arg3, Arg/
Lys9-10, Arg13, Arg31, and His34 that are responsible for
binding to CCR5/CXCR4 are highly conserved amongst various
strains,”*>% and these positively charged amino acid residues
can be an appropriate target for the development of HIV-
1 entry inhibitors. Herein, we focus on peptidic inhibitors that
bind to the conserved basic residues on the V3 loop of gp120,
which might suppress the emergence of resistant viruses. Pep-
tide derivatives based on CXCR4-ED were synthesized and
their anti-HIV-1 activities have been evaluated in a search for
drug candidates which can neutralize a broad variety of HIV-
1 strains.

HMA,
NovaSyn TGR® resin

Results and Discussion

Design

b
e

sulfo-Tyr-containing peptides, the conditions for the cleavage
of the peptides from the resin must be carefully selected be-
cause sulfonyl groups are acid labile.®® Accordingly, NT-frag-
ment peptides in which Tyr is substituted for sulfo-Tyr were
synthesized. On the C terminus of each NT-fragment peptide,
three additional amino acid residues were attached; Arg as
a hydrophilic amino acid residue, Gly as a spacer, and Cys as
a ligation site for a carrier such as BSA, KLH, or multi-antigen
peptides (MAP) so that the antigenicity of these peptides
could be evaluated in future studies (Figure 1b).

Two different types of cyclization strategies were used to
synthesize cyclic peptides of ECL1 and ECL2 which mimic their
loop architectures. A cyclic peptide based on ECL1 (C1) was
designed with double repeats of Arg and Glu (RERE) at both
the N and C termini to increase the aqueous solubility and to
be cyclized by a reaction between the N-terminal chloroacetyl
group and the C-terminal Cys thiol group in a dilute solution,
pH 7.8 (Scheme 1). As in the NT-fragment peptides, another
Cys residue was fused to the N terminus to create the ligation
site with a carrier. Accordingly, an Fmoc-Cys(Acm)-OH was con-

Q
EREC;/}\g-

Acidic amino acid residues on S-Acm

he NT are thought to be impor- 0 . Q

the . 9 ',(o P §-CRERE—~§ ECL1 —REREC—CONHz S SR
tant for the interaction between ot !

the V3 loop and CXCR4.253" The o1

co-crystal  structure  (Figure 3

below) of CXCR4 and a T140""- ;
derived CXCR4 antagonist CVX15 ;
or a small molecule CXCR4 an-
tagonist IT1t, shows that nine or
seven amino acid residues on or
around ECL1 and ECL2 of
CXCR4-ED have polar interac-
tions with these CXCR4 antago-
nists, while only one amino acid
residue on ECL3 interacts with
each antagonist.®? Consequent-
ly, in this study, peptides derived from the NT, ECL1, and ECL2,
not but ECL3, were synthesized in an attempt to develop entry
inhibitors. As the NT is a linear peptide and ECLs form loop ar-
chitectures (Figure 1a), linear fragment peptides of NT and
cyclic peptides derived from ECL1 and ECL2 were synthesized
(Figure 1b). The Cys residues involved in two disulfide bonds
in CXCR4, between Cys 28 on the NT and Cys274 on ECL3, and
between Cys109 on ECL1 and Cys 186 on ECL2 were replaced
by Ser to avoid disulfide formation and reaction with a carrier
protein or peptide. The 39-mer NT was segmented into NT-
fragment peptides: N1 (Met 1-Asp 20), N2 (Asn 11-Arg 30), and
N3 (Tyr21-lle 39), retaining 10-mer overlapping sites. The tyro-
sine residues (Tyr7, Tyr12, and Tyr21) in the NT are post-trans-
lationally sulfated, and are implicated in the reaction between
CXCR4 and CXCL12/SDF-10.2"%334 However, in the synthesis of

= H
T i

Fmoe. /Q(OH (
NI

Froc-Cysthom)-OH 1

s

Scheme 1. Synthesis of a cyclic peptide of ECL1, C1. Reagents and conditions: a) Fmoc SPPS; b) 2-chloroacetic acid,
HOBt-H,0, DIPCI, DMF; c) TFA, thioanisole, m-cresol, EDT, H,0, TIS; d) H,0, CH;CN, pH 7.8 adjusted with NH; .

densed at the N terminus, in which the Cys side chain was pro-
tected with an acetamidemethyl group (Acm) that can be
cleaved with silver trifluoromethanesulfonate (AgOTf) in TFA,
and an Fmoc-Cys(Trt)-OH was condensed at the C terminus to
avoid reactions between the thiol group on the N-terminal Cys
and the chloroacetyl group.

A cyclic peptide based on ECL2 (C2) could not be synthe-
sized in this way (data not shown), and a different C2 variant
was designed to cyclize in a head-to-tail cyclization using
HOBt/HBTU/DIEA as shown in Scheme 2. The N-terminal Cys
was fused as a ligation site with a carrier, and the C-terminal
Arg was fused as a hydrophilic residue and the C-terminal Gly
as a spacer.

Additionally, all peptides, with the exception of C1, were
treated with iodoacetamide in 0.1 M sodium phosphate buffer
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r

JrTTT———————TY
S HN—C BOL2 (Al - His™) [—RG

oo

H g .
Fraoe~N—Gly O
Frooo-(3ly -MovaSyn® TGT resin

S CONH,

Scheme 2. Synthesis of a cyclic peptide of ECL2, C2. Reagents and conditions: a) F
SPPS; b) AcOH, TFE, CH,Cl,; ¢) HOBt:H,0, HBTU, DIPEA, DMF; d) TFA, thioanisole,
m-cresol, EDT, H,0, TIS; e) iodoacetamide, 0.1 m sodium phosphate buffer, pH 7.8.

at pH 7.8 to cap thiol groups of Cys residues fused as ligation
sites with a carrier (Figure 2). The thiol group of the N-terminal
Cys on C1 is protected with Acm.

Peptide synthesis

All peptides were synthesized by standard Fmoc solid-phase
peptide synthesis (SPPS) and characterized by ToF-ESIMS. The
three NT-fragment peptides (N1-N3) containing 10-mer over-
lapping regions to facilitate investigation of active sites were
synthesized on NovaSyn TGR resin. After HPLC purification,
free thiol groups on the Cterminus were capped with iodo-
acetamide in 0.1 M sodium phosphate buffer at pH 7.8, produc-
ing N1-N3 as colorless powders (Supporting Information
figure 1).

C1, a cyclic peptide based on ECL1, was synthesized on a
NovaSyn TGR resin, and then cleaved from the resin with a mix-
ture of TFA/thioanisole/m-cresol/EDT/TIS/H,O. After deprotec-
tion and cleavage from the resin, the C1 linear peptide was
dissolved in a dilute solution of CH;CN/H,0, and the solution
was adjusted to pH 7.8 with an aqueous ammonia solution.

S CONH,
20

HyN-MEGISIYTSDNYTEEMGS

O
~o-

i
HoN-MYTEEMGSGDYDSMKEPSFRY

The crude peptide was purified to obtain a cyclic
peptide C1 as a colorless powder.

C2, a cyclic peptide based on ECL2, was synthe-
sized on an Fmoc-Gly NovaSyn TGT resin. The syn-
thetic peptide on the resin was treated with AcOH/
TFE/CH,Cl, to obtain the protected crude peptide,
and this was followed by cyclization involving con-
densation of the N-terminal amino group with the
C-terminal carboxyl group using HOBt/HBTU/DIEA.
The side chains of the cyclic peptides were depro-
tected with TFA/thioanisole/m-cresol/EDT/TIS/H,0
and the crude peptides were purified by HPLC. Sub-
sequently, the free thiol group on the N terminus
was capped with iodoacetamide in 0.1m sodium
phosphate buffer at pH 7.8 to produce a cyclic pep-
tide €2 as a colorless powder. Linear peptides of
ECL1 (L1) and ECL2 (L2) were synthesized as controls
for cyclic peptides C1 and C2 (Supporting Informa-
tion figures 3 and 5). The amino acid sequences of
thiol-capped CXCR4-ED-derived peptides are shown in
Figure 2.

moc

Anti-HIV-1 activity

The anti-HIV-1 activity and cytotoxicity of the synthetic pep-
tides were assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay and the results are pre-
sented in Table 1. Of the synthetic peptides, N1 showed the
highest anti-HIV-1 activity (EC5,=0.88 pm), and did not show
significant cytotoxicity at concentrations below 10 um. N2 and
N3 failed to show either significant anti-HIV-1 activity or cyto-
toxicity, indicating that N2 and N3 cannot bind to the V3 loop
of gp120. The negatively charged amino acid residues of the
extracellular domains of CXCR4 interact with the positively
charged amino acid residues on the V3 loop of gp120. Of the
peptides N1-N3, N1 has the greatest number of negative
charges and it was hypothesized that it might bind strongly to
the V3 loop and thus inhibit HIV-1 entry. The amino acid se-
quence of the fragment peptide N1 (Met1-Asp20) contains
two sulfo-Tyr, Tyr7 and Tyr12 and sulfotyrosines on the NT of

5" CONH,
2830 7

GOHEC-CONH, S-GONH;
LAl Nz N3
“CONH,
“ o3 100 111
ACN SANWYFGHNFLEKAY ~—CONH,
L4
o1
& CONH;
175 188 202 l17s 186 203

Ac—N— ANVEEAUDRYISDREYPNDLWVYVFQRQH CANYSEADDRYIZDRFYPNDLWYYVFQFQH-51

i

L2

Figure 2. Structures of synthetic CXCR4-ED-derived peptides. L1 is a thiol-capped

c2 O

linear peptide of ECL1, C1 is a thiol-capped cyclic peptide of ECL1, L2 is

a thiol-capped linear peptide of ECL2, and €2 is a thiol-capped cyclic peptide of ECL2. R and E (in grey) are Arg and Glu residues, respectively, added to in-

crease solubility. C (in grey) is used as a ligation site with multi-antigen peptides
italics) to avoid reaction with MAP at these sites.

(MAP). Cys 109 on ECL1 and Cys 186 on ECL2 were mutated to Ser (S, grey
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ty and cﬁéﬁdﬁicity oi{CXCRJ#«E&derive& pef)ii«

Compd ECso [um]  CCy [pm]  Compd ECso [um]  CCsp [M]

N1 0.88 >10 L1 50! 61

N2 >10 >10 L2 >25 35

N3 >10 >10 Ci 35 >200
AMD3100 0.06 >20 (@) 32 133
AMD3100 0.096 18

[a] The number of viable cells was determined using the MTT method. A
CXCR4 antagonist (AMD3100) was used as positive control. EC, values
are the concentrations resulting in 50% protection from HIV-1-induced
cytopathogenicity in MT-4 cells. CC, values are the concentrations re-
quired for a 50% decrease in MT-4 cell viability. All data are the mean
values from three independent experiments. The data on the left and
right columns are from two independent assays under identical condi-
tions. [b] 48 % inhibition.

CCR5 have been reported to be critical for specific binding to
the V3 loop.P% In contrast, the fragment peptide N1 (Met1-
Asp 20), which has no sulfo-Tyr, has significant anti-HIV-1 activi-
ty. This result indicates that the NT of CCR5, with less negative-
ly charged amino acid residues than that of CXCR4, might re-
quire sulfo-Tyr for the interaction between the NT and the V3
loop, because the sulfate groups bear a negative charge. Sulfo-
Tyr residues on CXCR4-NT might be related to the interaction
between CXCR4 and gpl120, or an endogeneous ligand
CXCL12/SDF-10.%738  Sylfo-Tyr-containing peptides however
are difficult to handle due to the sensitivity of sulfonyl groups
to acidic conditions.®® This makes sulfo-Tyr-containing pep-
tides difficult to develop as drugs and N1 might be a potent
anti-HIV-1 drug candidate because it contains no sulfo-Tyr. The
cytotoxicity of the NT-fragment peptides is minimal.

The cyclic peptides €1 and C2 are less cytotoxic and more
potent than their corresponding linear peptides L1 and L2. If
ECL-derived peptides are to be developed as entry inhibitors,
they might inhibit the interaction between CXCR4 and gp120
by their binding to the V3 loop of gp120. Cyclic peptides C1
and C2 were thought to bind to the V3 loop with higher bind-
ing affinity than linear peptides L1 and L2 indicating that C1
and C2 might be able to mimic the structures of native ECL1
and ECL2 effectively. Cyclization also affected the cytotoxicities
of ECL-derived peptides. The cytotoxicity of €1 and C2 were
lower than L1 and L2. The V3 loop is thought to be composed
of three regions: 1) the base of the loop containing a disulfide
bond; 2)the stem, a conformationally flexible region; and
3)the tip, a conserved region (Figure 3a).”%*! According to
models of CXCR4 with gp120 by Wu et al., the NT of CXCR4-ED
initially binds to the V3 base, and then the ligand-binding
cavity, the V3 stem and tip bind to ECL2 and ECL3 (Fig-
ure 3a).5? The NT can bind to the V3 base alone, however,
amino acid residues related to the V3 stem and tip binding
dot on sequentially discontinuous regions. This might explain
why N1 has potent anti-HIV-1 activity whereas C1 and C2 have
only moderate anti-HIV-1 activity.

base

stem > V3 loop

Figure 3. a) X-ray crystal structure of the gp120 V3 loop (PDB ID: 2B4C):1*?
gp120 is depicted in light grey, and the section Lys 117-GIn 203 is hidden to
show the V3 loop clearly. b) Predicted binding of CXCR4 (PDB ID: 30DU)*?
and the V3 loop: the NT is indicated, and Met 1-Glu 26 is truncated because
these residues with undefined density are presumed to be disordered.
ECL1-3 are also indicated; Wu et al.? predicted that the V3 tip is inserted
into the ligand binding pocket on CXCR4, the V3 base interacts with NT, and
the V3 stem/tip interact with ECL1-3. These images were generated with
PyMOL."

Conclusions

Peptidic inhibitors focusing on electrostatic interactions be-
tween CXCR4 and the gp120V3 loop of the HIV-1 envelope
protein have been synthesized. Anti-HIV-1 agents targeting the
V3 loop, whose basic amino acid residues are highly conserved
among various strains, might have a significant advantage in
suppressing the emergence of drug resistant viruses. The NT,
ECL1, and ECL2 of CXCR4-ED are thought to interact with the
V3 loop, and accordingly peptides derived from these regions
were synthesized and their anti-HIV-1 activity was evaluated to
identify regions associated with anti-HIV-1 activity. An NT-frag-
ment peptide, N1 showed significant anti-HIV-1 activity. Cyclic
peptides of ECL1 and ECL2, which mimic the structures of the
native ECL1 and ECL2, showed higher anti-HIV-1 activity than
the corresponding linear peptides. The N1 peptide appears to
bind to the V3 base and behave as an inhibitor of HIV-1 entry.
Other candidates might be found based on ECL1 and ECL2 by
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optimizing the appropriate cyclization. CXCR4-ED-derived pep-
tidic inhibitors could be potent HIV-1 entry inhibitors, sup-
pressing the emergence of drug resistant strains.

Experimental Section

Peptide synthesis: Peptides were synthesized by using the stan-
dard Fmoc solid-phase protocol, purified by RP-HPLC, and charac-
terized by ToF-ESIMS. Detailed procedures and data are provided
in the Supporting Information.

Biological assays: Anti-HIV-1 activity was assessed as protection
against HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4
cells. Mixtures of various concentrations of test peptide solutions
and HIV-1 were added to MT-4 cells at a multiplicity of infection
{MOJ) of 0.001 and placed in a 96-well microplate. After a five-day
incubation period at 37°C in a CO, incubator, the number of viable
cells was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay, and ECs, values were calculat-
ed. Cytotoxicity was determined based on the viability of mock-
infected cells using the MTT method (CCyy). Each experiment was
performed three times independently.
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' €S [ HIV-1 Vpt protein

everal antiretroviral drugs have been developed to date and prevent autointegration, which might abort the infection and

are now available to treat human immunodeficiency virus we speculate that HIV must invoke a mechanism preventing the
type 1 (HIV-1) infection and acquired immunodeficiency autointegration. The viral preintegration complex (PIC)
syndrome (AIDS)." The main targets for antiretroviral drugs contains viral nucleic acids; viral proteins such as RT, IN,
are viral enzymes such as protease, reverse transcriptase (RT) capsids (p24“* and p7N©), matrix (p17M%), p6 and Vpr; cellular
and integrase (IN) and surface proteins such as gp4l and proteins HMG I (Y); and a barrier to autointegration factor
coreceptors. New anti-HIV-1 drugs operating with different (BAF).*™ Since these proteins exist in proximity in the PIC,
inhibitory mechanisms however, are required due to the they might physically and functionally interact with each other,
emergence of viral strains with multidrug resistance (MDR), and thus PIC components may regulate one another’s function.
side effects and high costs of treatments. IN, an indispensable An example of this is ét;hibition of IN activity by Vpr through
enzyme for the stable infection of the virus into host cells, its C-terminal domain.™” In our previous study, the screening of

catalyzes the insertion of viral DNA into the genome of host an overlapping peptide library derived from HIV-1 proteins led
cells via strand transfer and 3’-end processing reactions. Thus,

it is an attractive target for anti-HIV-1 drugs.® It has been Regetved:  June 10, 2013
assumed that during the transfer of viral DNA from cytoplasm Ascepted:s July 30, 2013
to nucleus, the activity of IN must be negatively regulated to Poblished: July 30, 2013

ACS Publications  © 2013 American Chemical Society 2235 dx.doi.org/10.1021/cb400495h | ACS Chem. Biol. 2013, 8, 2235-2244

— 223 —



ACS Chemicsl Blology

to the identification of several peptide motifs with inhibitory
activity against HIV-1 IN,'® and the evaluation of effective
inhibition of HIV-1 replication in cells using the identified
peptide inhibitors possessing a cell membrane-permeable octa-
arginine.u The original Vpr-fragment (1) and its octa-arginine-
conjugate with cell membrane permeability (2) have been
developed as lead peptides (Figure 1), which are located in the

1: Ac-EAIIRILQQLLFIHFRIG-NH,
2: Ac-EAIRILQQLLFIHFRIG-RRRRRRRR-NH,

Figure 1. Amino acid sequences of peptides 1 and 2.

second helix region of the whole protein Vpr. In the structure—
activity relationship studies, Glu-Lys pairs were introduced into
the i and i + 4 positions to increase the helicity, and Ala-scan
was also performed on the lead compound to identifty the
amino acid residues responsible for the inhibitory activity."?
However, the addition of octa-arginine to these peptides led to
an increase in cytotoxicity.

In the current study, hydrocarbon-stapled peptides, often
utilized as a new class of stabilized o-helical peptidomimet-
ics,'>™"> were adopted to enhance cell permeability in the
above peptides, without octa-arginine (Figure 2). In stapled

Vprderived pestides
HIV-1 Vpr protein %
{ addition of cell membrane permeability |
. stagling

"R ¢ increase In helicity

& {Ar B ——
(Al and stability

intracetiuiar

- anti-Hiv activily
= peduction of eylotmicity

s anthHIV activity
cytotoxicity

Figure 2. Outline of this study.

peptides, a ruthenium-catalyzed ring-closing metathesis (RCM)
reaction between successive turns of a-helix causes formation of
a hydrocarbon link."%"” Several stapled peptides were designed
and synthesized, and their anti-HIV assay and bioimaging
experiments using living cells were performed.

B REBULTS AND DISCUSSION

Design and Synthesis of Stapled Peptides. The lead
peptides 1 and 2 are shown in Figure 1."° It was found in our
previous Ala-scan study that Phe'?, Ile", Phe'®, and Ile'’ are
indispensable for IN inhibitory and anti-HIV activities.">
Avoiding substitution for these residues, several stapled
peptides cross-linked between the i and i + 4 positions were
designed using all-hydrocarbon staple-type'®™>° and ether
staple-type amino acid derivatives”’ (Table 1). Okamoto et
al. reported that staple positioning was indeed important in
binding of BimBH3 peptides to pro-survival proteins.”’
Protected linear peptides were constructed by Fmoc-solid

2236

phase peptide synthesis on the Rink amide resin using Fmoc-
protected all-hydrocarbon staple-type and ether staple-type
amino acid derivatives (Scheme 1). The RCM reactions of the
protected linear peptides were performed on the resin by
treatment with 20 mol % of the ruthenium-mediated Grubbs
second catalyst in 1,2-dichloroethane at 60 °C for 2 h. The
RCM reactions of the all-hydrocarbon staple-types gave high
yields (83—97%), while those of the ether staple-types did not
cause adequate conversion (~0—57%), probably due to their
instability or hydrophilicity. The yields of the conversion in the
RCM reactions from linear to cyclic peptides are shown in
Table 1. With peptides that have low conversion yields, it might
be difficult for the two olefin moieties to interact each other
and cross-link. The configuration of the double bonds was not
determined.”” After RCM, the Fmoc group at the N-terminus
was removed, and the peptide was subsequently acetylated
followed by the removal of the protecting groups and cleavage
of the peptides from the resin using TFA. Purification of the
crude peptides by preparative HPLC provided the stapled
peptides as final products. In the synthesis of the corresponding
linear peptides with olefinic side chains, the Fmoc group at the
N-terminus was removed in the absence of RCM reactions, and
the peptide was subsequently acetylated, the protecting groups
were removed, and the peptide was cleaved from the resin using
TFA and purified by HPLC. Since most of ether staple-type
peptides had low conversion yields in the RCM reactions, only
compounds 118 and 11L were synthesized. The conjugates of
68 with octa-arginine (17) and with the quartet repeat of
arginine and glutamic acid (18), the conjugate of 6L with the
quartet repeat of arginine and glutamic acid (19), and the
conjugates of 6S with tetra-arginine (20), with penta-arginine
(21), with hexa-arginine (22), and with hepta-arginine (23)
were synthesized using the same method (Figure S). For
fluorescein-labeled peptides of 38§, 68, 8S, 6L, 1, and 2, Fmoc-
GABA-OH and fluorescein were condensed after the
deprotection of the Fmoc group at the N-terminus (Supporting
Information).

CD Spectroscopy of Linear and Stapled Peptides. The
secondary structures of the synthetic peptides, stapled peptides,
35—98 and 118, and the linear peptides, 4L—6L, 8L, 9L, and
11L, were analyzed by CD spectroscopy (Figure 3). All of the
stapled peptides, with the exception of 3S, showed double
negative peaks at 208 and 222 nm, characteristic of an a-helical
structure. In contrast, the corresponding linear peptides
including compound 1 showed a broad negative peak around
215 nm, characteristic of a f-sheet structure. It is clear that
stapling of the linear peptides causes a significant increase in a-
helicity. Only one stapled peptide (3S) failed to show any sign
of an a-helical structure, and consequently the corresponding
linear peptide, 3L, was not used as a control.

Integrase (IN) Inhibition Assays of Stapled Peptides,
35-9S and 115, and Linear Peptides, 4L—6L, 8L, 9L, and
T1L. The IN inhibitory activities of these compounds were
evaluated in vitro by the 3'-end processing and strand transfer
reactions (Table 2).2*%7 Compounds 48, 5S, 6S, 6L, 8L, and
9L showed almost the same inhibitory levels as compound 1 in
both the 3’-end processing and strand transfer reactions.
Compounds 38, 8, 98, 4L, SL, and 11L showed 1.3—4.0-fold
lower inhibitory activities than compound 1 in both 3'-end
processing and strand transfer reactions. Compound 78 showed
remarkably lower inhibitory potency against both activities.
Compound 118 showed lower inhibitory activity on the 3’-end
processing reaction than compound 1 but almost the same

dx.doi.org/10.1021/cb400495h | ACS Chem. Biol. 2013, 8, 2235-2244
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Table 1. Sequences of Designed Stapled Peptides and Their Conversion Yields of RCM Reactions

-

R

;

R X

¢

Grubbs Il {20 mol%)

1 2-dichioroethang  FmocH
68°C,2h

w-helcal stapled peptide

3 ACCATIL QG FHFRIG R, &3
4 Ac-BelReLQOLLFIMFREG-NH, .43
5 Ac-EACIRIGDOLUPIHFRIG-NH; 89
6 Ac-EARRILeQLLFIHFRICG-NI, &S
7 Ac-BANGLOSLLFIHFRIG-NH, 4
% Ac-EATRCEOOL FIHFRIGNH, 97
9 AcBANRIOOLFHHERIG-NH, 9%
i Ac-aAlALOOT T FHFRIGNIT, i
i¥ Ac-BgHReEOOLLFIHFRIG-NH; 37
12 Ac-EAGRIGQOLLFIHEFRIG-NH: S0
13 AcBARRILSGLUFIHFRIG-NH, trace
14 Ac-EATBILQRLLFHERIG N, 9
15 ACBANRGLOCOLFIHERIG-NH: 20
16 Ae-EANRIOOLGFHFRIGNH, trace

“’Determined by peak areas in reverse phase HPLC after deprotection and cleavage from resins.

Scheme 1
) S
olefin metathesis R
Grubbs H Fmoc¢ cleavage
By et 4
12-dichioroethane  FmecHNg 20% piperidine/DME
w-helical stapled peptide
L1-polpmer
deprotection HPLC
acetylation and cleavage purification
e e o
A0, DMF TFA, HyO, TIRS ¢
u-helival stapled peptide

inhibitory level on the strand transfer reaction as that of
compound 1. Compound 3§ showed a f-sheet structure and
low inhibitory activity, suggesting that stapling between 1 and §
positions is not feasible and that the original amino acid
residues Glu' and/or Arg® are indispensable for IN inhibitory
activity. Compounds 4§ and 58 retained the inhibitory activity
of compound 1, while compounds 4L and SL showed low
inhibitory activity. These results suggest that stapling between
the 2 and 6 positions and between the 3 and 7 positions is
feasible, but the introduction of pentenyl moieties into the 2
and 6 positions or into the 3 and 7 positions is not.
Maintenance of inhibitory activity at the level of that of
compound 1 in both compounds 6S and 6L revealed that not
only stapling between the 4 and 8 positions but also the

2237

— 225

introduction of pentenyl moieties into the 4 and 8 positions is
permissible. The original amino acid residue Ile* or GIn® is not
essential for IN inhibitory activity. The considerable decrease in
IN inhibitory activity of compound 7S showed that Arg® and
Gln’ are clearly important. The stapled peptide 78 showed no
significant IN inhibitory activity, and consequently the
corresponding linear peptide 7L was not synthesized. A
decrease in activity of compounds 8§ and 9S and maintenance
in activity of compounds 8L and 9L suggest that Ile®, Leu’,
Leu!®, or Leu!! is not essential for IN inhibitory activity and
that stapling by RCM between the 6 and 10 positions and
between the 7 and 11 positions might have a disadvantageous
effect on the other regions. A decrease in activity of compounds
118 and 11L suggests that the ether-type stapling is unsuitable,

dx.doi.org/10.1021/cb400495h | ACS Chem. Biol. 2013, 8, 22352244
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Figure 3. CD spectra of the stapled peptides 35—-9S, and 11S (a) and the linear peptides 4L—6L, 8L, 9L, and 11L (b) (12.5 yM) in H,O

containing 10% CH,CN and 0.625% TFE at 20 °C.

Table 2. Inhibitory Activities (IC, Values) of the Stapled
and Linear Peptides toward the 3'-End Processing and

peptide “end processing

38 (sfa;;]éd)

58+ 08
48 (stapled) 2.5+ 04
58 (stapled) 28+ 03 12 + 0.09
65 (stapled) 24 + 04 0.84 + 007
78 (stapled) >111 544 + 9.6
8S (stapled) 5.6 + 0.7 41 + 06
9S (stapled) 49 + 0.6 1.9 £ 02
4L (linear) 52+ 05 17+ 03
SL (linear) 9.6 + 0.6 44+ 04
6L (linear) 2.6 + 04 12 + 0.09
8L (linear) 25403 1.0 + 0.07
9L (linear) 2.1+02 0.9 =+ 0.06
118 (stapled) 42 £ 07 0.7 + 0.08
11L (linear) 3.5+ 03 17 + 03
1 2.6 £02 1.1+ 0.08
2 0.079 + 0.007 0.036 + 0.008

possibly because of hydrophilicity, while the reason why the
inhibitory activity of 118 against the strand transfer reaction is
retained is unclear. Compound 2 showed the highest inhibitory
levels on both the 3’-end processing and strand transfer

2238

reactions, which were approximately 30X higher than those of
compound 1. The reason for this is not clear. The IN inhibition
assays against the 3’-end processing and strand transfer
reactions were performed in vitro, and thus, cell membrane
permeability is not relevant.

MT-4 Luc Assays of Stapled Peptides, 35-9S and 118,
and Linear Peptides, 4L—6L, 8L, 9L, and 11L. Anti-HIV
activity of these compounds was assessed by an MT-4 Luc
system, in which MT-4 cells were stably transduced with the
firefly luciferase expression cassette by a murine leukemia viral
vector.”® MT-4 Luc cells constitutively express high levels of
luciferase, but these high levels are significantly reduced by
HIV-1 infection due to the high susceptibility of MT-4 cells to
HIV-1 infection. Protection of MT-4 Luc cells from HIV-1-
induced cell death maintains the luciferase signals at high levels.
The cytotoxicity of test compounds can be evaluated by a
decrease of luciferase signals in these MT-4 Luc systems. As
reported previously, the parent compound (2) showed
significant anti-HIV activity at concentrations above 2.5 uM
(Figure 4).}%"2 Compound 1 showed no significant anti-HIV
activity at concentrations below 10 yM, presumably due to lack
of cell membrane permeability. Compound 6S showed
significant anti-HIV activity at concentrations above 2.5 uM,
its activity level being consistent with that of compound 2.
Compound 8S at a concentration of 10 uM also showed
significant anti-HIV activity. The corresponding linear peptides
6L and 8L did not show significant anti-HIV activity at

dx.doi.org/10.1021/cb400495h | ACS Chem. Biol. 2013, 8, 2235-2244
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1 in
the presence of different concentrations of compounds 38—9S, 4L—
6L, 8L, 9L, 118, and 11L. Luciferase activity is expressed as relative
luciferase units (RLU). unINF: uninfected.

concentrations below 10 xM, suggesting that stapling was
effective for both cell membrane permeability and the
expression of activity inside cells with the result that HIV-1
replication was effectively inhibited. The other stapled peptides
did not show significant anti-HIV activity at concentrations
below 10 M, possibly because of the introduction of the cross-
link in inappropriate positions. All of the linear peptides failed
to show significant anti-HIV activity, indicating that these
peptides do not enter the cytoplasm or cannot access IN.
Compounds 6S and 2 have almost the same level of anti-HIV
activity in cells, although 2 has much higher IN inhibitory
activity in vitro than compound 6S. The additional octa-arginine
sequence might play a functional role besides influencing cell
membrane permeability, and thus, conjugates of compounds 6S
and 6L with hydrophilic sequences were synthesized to
investigate the functional role of octa-arginine.

IN Inhibition Assays of Conjugates of Hydrophilic
Sequence-containing Compounds 6S and 6L. As a
comparative study of additional hydrophilic sequences, we
investigated the functional role of octa-arginine with the
conjugates of compounds 68 and 6L with the quartet repeat of
arginine and glutamic acid (Figure S, Table 3). Compound 17
showed high inhibitory levels with respect to both the 3-end

19, processing and strand transfer reactions and its activity levels
. were comparable with those of compound 2. Compound 18
® 8 showed lower IN inhibitory levels, which were almost the same
j‘:: levels as those of compounds 19, 68, and 1. It suggests that the
% s addition of the quartet repeat of arginine and glutamic acid
},? does not lead to an increase in IN inhibitory activities, and that
§ 4 the only addition of octa-arginine is effective.

b
B
§ 2 6S: ACc-EAIXRILXQLLFIHFRIG-NH,
- Guaso 17: Ac-EAIXRILXQLLFIHFRIG-RRRRRRRR-NH,
e ypiNE 18: Ac-EAIXRILXQLLFIHFRIG-RERERERE-NH,
4] e 6L.: Ac-EAIzRILzQLLFIHFRIG-NH,
1 25 128 0825 19: Ac-EAIZRILZQLLFIHFRIG-RERERERE-NH,
cong. () 20: Ac-EAIXRILXQLLFIHFRIG-RRRR-NH,

21: Ac-EAIXRILXQLLFIHFRIG-RRRRR-NH,
22: Ac-EAIXRILXQLLFIHFRIG-RRRRRR-NH,
23: Ac-EAIXRILXQLLFIHFRIG-RRRRRRR-NH,

Figure S. Amino acid sequences of the conjugates of 6S with octa-
arginine (17) and with the quartet repeat of arginine and glutamic acid
(18), the conjugate of 6L with the quartet repeat of arginine and
glutamic acid (19), and the conjugates of 68 with tetra-arginine (20),
penta-arginine (21), hexa-arginine (22), and hepta-arginine (23). x =
cross-linked all-hydrocarbon staple-type amino acid, z = 2-aminohept-
6-enoic acid.

MT-4 Luc Assays of Conjugates of Compounds 6S and
6L with Hydrophilic Sequences. Anti-HIV activity of these
conjugates was assessed by the MT-4 Luc system (Figure 6).
Compound 17 showed significant anti-HIV activity at
concentrations above 1.25 yM but significant cytotoxicity at a
concentration of 10 #M. Compound 18 showed significant
anti-HIV activity at concentrations above $ uM; its activity level
was almost the same as that of compound 6S. Compound 19
showed significant anti-HIV activity at a concentration of 10
UM, whereas compound 6L did not show significant anti-HIV
activity at concentrations below 10 yM. Thus the addition of
the quartet repeat of arginine and glutamic acid results in a
slight increase in anti-HIV activity in cells, but the increase was
much lower than that resulting from the addition of octa-
arginine. It is noteworthy that the octa-arginine addition has a
possibility to cause cytotoxicity and also that stapled peptides
have sufficient cell membrane permeability

Table 3. Inhibitory Activities (ICy, Values) toward the 3'-End Processing and Strand Transfer Reactions Catalyzed by HIV-1
IN, DNA Binding Effects, anti-HIV Activities (EC, Values, p24, and MTT assays) and Cytotoxicities (CCyo Values, MTT

Assay) of the Peptldes with Hydroph]hc Sequences

,;;mndmg effect 1«:(:50 (M) 924 ECSD () MTT L CCy (uM
, pmcessmg . Ctansfer. 0 (M)E oy assay ,
0.14 + 0.02 0.056 + 0.011 4 429 3.08
147 + 0.18 0.81 + 0.13 37 9.56 6.81
19 1.95 + 025 113 + 0.11 37 >10 >10
6S 1.87 + 0.14 0.71 + 0.12 37 6.46 3.55
6L NT. NT. N.T. >10 >10
8S N.T. N.T. N.T. (14.22) 8.07
sL N.T. NT. N.T. >10 >10
58 26 + 02 0.87 + 0.14 37 >10 >10
1 1.62 + 026 1.34 + 02 37 >10 >10 >10
2 0.119 + 0015 0.05 + 0.004 4 3.51 4.54 591
AZT N.T. N.T. N.T. 0.02 0.07 >100

“The lowest peptide concentrations that show retardation of DNA on wells of PAGE gels in integrase assays. That the same compounds give slightly
different ICy, values, as shown in Tables 2—4 can be explained by the fact that batches of compounds were tested at different times and that
overlapping compounds were used to ensure the reproducibility of the assays.

2239 dx.doi.org/10.1021/cb400495h | ACS Chem. Biol. 2013, 8, 22352244
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Figure 6. Luciferase signals in MT-4 Luc cells infected with HIV-1 in
the presence of different concentrations of compounds 17, 18, and 19.
Luciferase activity is expressed as relative luciferase units (RLU).

P24 ELISA and 3-(4,5-Dimethylthiazol-2-yi)-2,5-diphe-
nyltetrazolium Bromide (MTT) Assays of Conjugates of
Hydrophilic Sequence-Containing Compounds 6S and
6L. The MT-4 Luc assay evaluates anti-HIV activity and
cytotoxicity of compounds simultaneously: HIV-1-induced
MT-4 cell death and compound-derived cell death both cause
reduction of the luciferase signals, and consequently, anti-HIV
activity and cytotoxicity of compounds cannot be distinguished
by this assay system. The p24 ELISA and MTT assays of
conjugates of compounds 6S and 6L with hydrophilic
sequences were performed (Table 3). ECg, values in the p24
ELISA assay were based on the reduction of the HIV-1 p24
production in MT-4 cells infected with HIV-1 (NL4-3 strain).
EC;, values in the MTT assay were based on the protection of
HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells,
and CCy, values in the MTT assay were based on the reduction
of the viability of mock infected MT-4 cells. In these tests,
compound 17 showed potent anti-HIV activity (ECs, (p24
assay) = 429 uM, ECs, (MTT assay) = 3.08 uM), but also
significant cytotoxicity (CCgy = 7.04 uM). The anti-HIV
activity of compound 18 (ECg, (p24 assay) = 9.56 uM, ECq,
(MTT assay) = 6.81 M) is lower than that of compound 17.
This is consistent with the results in the MT-4 Luc assay
(Figure 6). Compound 19 did not show significant anti-HIV
activity at concentrations below 10 uM either in the p24 assay
or in the MTT assay, but compound 19 showed significant but
moderate anti-HIV activity at a concentration of 10 M in the
MT-4 Luc assay. Since MT-4 cells possess luciferase,
background signals can be detected in the MT-4 Luc assay
whose sensitivity compared to that of the more reliable p24 or
MTT assays is not therefore refined. Consequently, compound
19 might have minimal or no anti-HIV activity. Compound 68
has potent anti-HIV activity (ECsy (p24 assay) = 6.46 uM,
ECgo (MTT assay) = 3.55 uM), which is consistent with that of
compound 17. The corresponding linear peptide 6L did not
show significant anti-HIV activity at concentrations below 10
#M in either the p24 assay or in the MTT assay, indicating the
effect of stapling. Compound 6S did not show significant
cytotoxicity at concentrations below 10 yM in common with all
the peptides lacking octa-arginine. Only compounds 17 and 2
showed potent cytotoxicity (CCsy = 7.04 uM, CCy = 5.91 uM,
respectively). The second most potent stapled peptide (8S)
and its corresponding linear peptide (8L) showed a certain
level of anti-HIV activity and almost no significant anti-HIV
activity, respectively. These results are consistent with those in
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the MT-4 Luc assay (Figures 4 and 6). Compound 58, which
did not show high anti-HIV activity in the MT-4 Luc assay,
failed to exhibit significant anti-HIV activity at concentrations
below 10 #M either in the p24 or the MTT assay. Compound 2
showed potent anti-HIV activity and cytotoxicity (ECs, (p24
assay) = 3.51 uM, ECgy (MTT assay) = 4.54 uM, CCqq = 5.91
4#M), whereas compound 1 did not show significant anti-HIV
activity or cytotoxicity at concentrations below 10 uM. These
results are consistent with those from the MT-4 Luc assay. In
the expression of anti-HIV activity in cells, stapling is therefore
sufficient, and the addition of octa-arginine is not desirable
because of cytotoxicity.

DNA Binding Effects of Conjugates of Compounds 65
and 6L with Hydrophilic Sequences. In spite of the assay
results obtained previously, the functional role of the additional
octa-arginine sequence remains unclear. In the both the 3’-end
processing and strand transfer reactions in vitro, the addition of
the quartet repeat of arginine and glutamic acid failed to
increase IN inhibitory activities, and only addition of octa-
arginine was effective. Thus, the effects on DNA binding of
conjugates of compounds 6S and 6L with hydrophilic
sequences were investigated. Significant DNA binding effects
were observed in the octa-arginine-containing peptides 17 and
2 at a concentration of 4 yM, whereas in the peptides with the
quartet repeat of arginine and glutamic acid or lacking an
additional sequence, DNA binding effects were observed at a
concentration of 37 uM. This suggests that octa-arginine plays a
critical role in DNA binding, perhaps because the arginine
guanidino groups can bind to phosphonate groups of DNA and
that the binding of peptides to the target DNA might lead to a
significant increase in IN inhibitory activity.

IN Inhibition, P24 ELISA, MTT, and DNA Binding
Assays of Conjugates of Compound 6S with Oligo-
arginine Sequences. The functional role of the additional
octa-arginine sequence appears to be correlated to binding
affinity for the target DNA and thus the IN inhibitory activities
in vitro. The addition of the quartet repeat of arginine and
glutamic acid appears not to have such a significant effect. This
suggests that the hydrophilic nature of octa-arginine is not
important but the sequential arginine sequence is critical. To
investigate effects of the length of oligo-arginine sequences on
DNA binding and IN inhibitory activities, the conjugates of
compound 6S with tetra- (20), penta- (21), hexa- (22), and
hepta-arginine (23) sequences were prepared (Figure 5).
Compounds 20 and 21 showed 3—6xX higher inhibition of
both the 3'-end processing and strand transfer reactions than
compound 6S (Table 4). Compound 22 showed 2X higher
inhibitory levels than compounds 20 and 21 in both reactions.
The activity levels of compound 23 were comparable with
those of compound 17. Thus, the IN inhibitory activities appear
to be positively correlated with the length of oligo-arginine
sequences of the conjugates of compound 68, and the addition
of hepta-arginine is sufficient for increases in IN inhibitory
activities. For DNA binding analysis, a fluorescent polarization
assay was conducted. The interaction between the oligo-
arginine and phosphates of DNA backbone should only be
nonspecific electrostatic interactions. Although the changes in
polarization did not reach equilibrium over the time-course
examined, the differences in the rates of association of the
peptides with DNA are positively correlated with the length of
the oligo-arginine sequences of the conjugates of compound 68
(Figure 7). In the p24 ELISA and MTT assays, compounds 17
and 20—23 showed almost the same levels of anti-HIV activity

dx.doi.org/10.1021/cb400495h | ACS Chem. Biol. 2013, 8, 22352244

— 228 —



AXPLIE

Table 4. Inhibitory Activities (IC;, Values) toward the 3'-

End Processing and Strand Transfer Reactions Catalyzed by
HIV-1 IN, anti-HIV Activities (EC, Values, p24 and MTT
Assays) and Cytotoxicities (CCg, values, MTT Assay) of the
Conjugates of Compound 6S with Oligo-arginine Sequences

Kyl o M) M) (M)
o 3end  ICG{uM)  p24 . MTIT  MIT
peptide © processing  strand transfer = assay = assay  assay
20 04S + 0.02 0.22 + 0.02 6.5 32 16
21 047 + 0.03 0.21 £ 0.03 32 3.1 15
22 0.25 £ 0.01 0.14 + 0.03 7.4 4.7 13
23 0.18 + 0.01 0.062 + 0.005 5.6 27% at 12
S uM
17 0.17 £ 0.01 0.076 % 0.009 71 28% at 6.9
S uM
6S 2.6 + 0.1 0.75 + 0.08 8.3 6.4 >20
1 20+ 02 22 £02 >20 N.T. N.T.
2 0.16 £ 005  0.062 + 0.009 64 N.T. N.T.
AZT N.T. N.T. 0.29 0.07 >100
€
T — 1
&
g 23
§
g Woy Lyt e 29
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Figure 7. DNA binding properties of the conjugates of 6S with octa-
arginine (17), with hepta-arginine (23), with hexa-arginine (22), with
penta-arginine (21), and with tetra-arginine (20). Time courses at the
0.5 uM concentration of each peptide are presented. The
oligonucleotide concentration is 10 nM.

(BCsy = 3.1-7.4 uM), although exact ECy, values of
compounds 17 and 23 were not determined in the MTT
assay because of the high cytotoxicity of the compounds.
Cytotoxicity and the length of oligo-arginine sequences of the
conjugates of compound 6S were inversely proportional to one
another. Since compounds 20 and 21 with tetra- and penta-
arginine sequences have sufficient IN inhibitory and DNA
binding activities and relatively low cytotoxicity, these are useful
leads in the series of stapled peptide-type IN inhibitors.
Stapled and Linear Peptides Labeled with Fluores-
cein: Imaging Experiments. To investigate whether stapled
and linear peptides penetrate cell membranes, imaging
experiments using peptides labeled with fluorescein were
performed in Hela cells (Figure 8). Compound 3S-F, the
stapled peptide 3§ labeled with fluorescein, was not observed
inside cells, and it was concluded that compound 3S-F cannot
penetrate cell membranes. According to the CD analysis,
compound 3S does not form an a-helical structure (Figure 3)
and thus is unable to penetrate cell membranes and did not
show significant anti-HIV activity in the MT-4 Luc assay
(Figure 4), although it showed significant IN inhibitory activity
in vitro (Table 2). Cell membrane penetration of compound
6S-F, the stapled peptide 6S labeled with fluorescein, was
observed, whereas cell membrane penetration of compound
6L-F, the linear peptide 6L labeled with fluorescein, was not. In

2241

the image of 6L-F, the high accumulation of fluorescent dyes
was observed on the cell surface. The phenomenon could
suggest the aggregation of peptides. It is thought that, since
compound 68 forms an a-helical structure, it can penetrate cell
membranes and show potent anti-HIV activity, and since
compound 6L does not form an a-helical structure, it cannot
penetrate cell membranes and does not show significant anti-
HIV activity. Compound 8S-F, the stapled peptide 8S labeled
with fluorescein, showed imaging similar to that of compound
6S-F. Compound 88 forms an a-helical structure, can penetrate
cell membranes and shows significant anti-HIV activity as in the
case of compound 6S. However, in the case of compound 8S-F,
the accumulation of fluorescent dyes on the cell surface was
also observed. Compound 1-F, the peptide 1 labeled with
fluorescein, was not observed inside cells, whereas compound
2-F, peptide 2 labeled with fluorescein, was observed inside
cells. The addition to the structure of octa-arginine caused the
peptide 1 to penetrate the cell membrane. The concentration of
each peptide was § yM. In the MTT assay, the CCy; value of
peptide 2 was 5.91 yM (Table 3). It is possible that slightly
rounded and no lamellipodia extensions of the cell image might
be caused by the use of the peptide concentration similar to
that of the CCyg, value. More cytotoxic effects might be detected
if higher concentrations of the peptides were used. As a result,
stapling (which can cause an increase in helicity) enhances cell
membrane penetration. All the penetrating peptides (peptides
6S-F, 8S-F, and 2-F) in the cell showed localization in cytosol
and accumulation near the cell membrane.

B CONCLUSIONS

Stabilized o-helical peptidomimetics, stapled peptides, were
applied to Vpr-derived fragments having HIV-1 IN inhibitory
activity. Stapling of these lead compounds caused a significant
increase in a-helicity and cell membrane penetration, and in the
expression of potent anti-HIV activity in cells. The difference in
the secondary structure of peptides did not make much
difference in IN inhibitory activity. Even linear peptides might
form a-helix structures when they bind to the target IN. Thus,
the difference in the secondary structure might affect the
difference in cell membrane penetration and thereby anti-HIV
activity in cells. It is noteworthy that stapling and the addition
of octa-arginine caused cell membrane penetration and that
stapling did not involve cytotoxicity while incorporation of
octa-arginine into the structures increased the cytotoxicity of
the compounds. As a result, the stapled peptides 6S and 8S
were found to be potent anti-HIV agents comparable with the
original lead compound (2) containing octa-arginine. Adjust-
ment of the length of additional oligo-arginine sequences of the
stapled peptide 68 led to the development of compounds 20
and 21 with relatively high IN inhibitory activity and low
cytotoxicity. The ratios of anti-HIV activity/cytotoxicity still
might not be enough for drugs, but in the future the use of
DNA binding units besides oligo-arginine sequences would
resolve this drawback. The adoption of the stapled strategy to
Vpr-derived peptides was successful, and these results might be
useful for the further development of potent HIV-1 IN
inhibitors. To date, several anti-HIV drugs have been reported,
and their cocktail therapies using two or three drugs are known
as highly active antiretroviral therapy (HAART), which has
brought great success and hope in the clinical treatment of
HIV-infected patients.” Recently, the first IN inhibitor,
raltegravir (Merck),2’3 has appeared in a clinical setting, and
several inhibitors are under development. These IN inhibitors
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Figure 8. Imaging experiments for cell permeability of the stapled and linear peptides labeled with fluorescein to HeLa cells. Each panel is divided
into three sections as follows: upper, differential interference contrast (DIC) image; middle, fluorescein emission; lower, merged image. The peptide
concentration is 5 uM. After addition of peptides, cells were incubated at 37 °C for 30 min under 5% CO, atmosphere. After washing three times
with HBSS buffer, the fluorescent imaging was conducted by Fluoview FV10i confocal microscopy systems (Olympus). Orange bars in the panels
represent 10 ym. The fluorescein-labeled peptides contain fluorescein—GABA instead of acetyl in the N-terminus.

might be useful in HAART. The present strategy, mimicking
autoinhibition, would be less susceptible to resistance through
mutation.

8 METHODS

Chemical synthesis and characterization methods for peptides and
peptidomimetics are described in the Supporting Information.

CD Spectroscopy. CD measurements were performed on a
JASCO J-820 spectropolarimeter equipped with thermoregulator
(JASCO Corp,, Ltd.), using 12.5 uM of peptides dissolved in 20%
TEE water or 0.625% TFE water containing 10% CH,CN. UV spectra
were recorded at 20 °C in a quartz cell of 10.0 mm path length, a time
constant of 0.25 s, and a 100 nm/min scanning speed with 0.2 nm
resolution.

Integrase Assays. Recombmant IN was expressed in E. coli and
purified as previously reported.*® Integrase reactions were performed
in 10 pL with 400 nM of recombinant IN, 20 nM of $'-end [*?P]-
labeled oligonucleotide substrate (full-length 21 nucleotide duplex)*°
and inhibitors or DMSO (drug solvent). Reaction mixtures were
incubated at 37 °C (60 min) in buffer containing S0 mM MOPS, pH
7.2, 7.5 mM MgCl,, and 14.3 mM 2-mercaptoethanol. Reactions were
stopped by addition of 10 L of loading dye (10 mM EDTA, 2% SDS,
95% deionized formamide, 0.025% xylene cyanol and 0.025%
bromophenol blue). Reactions were then subjected to electrophoresis
in 16% polyacrylamide—7 M urea gels. Gels were dried, and reaction
products were visualized with a Typhoon 8600 (GE Healthcare, Little
Chalfont, Buckinghamshire, UK). Densitometric analyses were
performed using ImageQuant version 5.1 (Molecular Dynamics Inc.).
Concentration of inhibitors allowing 50% reduction of enzyme activity
(ICsp) and standard deviation (SD) were determined using Prism
software version 5.0c (GraphPad Software, San Diego, CA) from at
least three independent experiments.

Replication Assays. For MT-4 Luc assays, MT-4 Luc cells (2.5-5
X 10° cells) grown in 96-well plates were infected with HIV-1 NL4-3
(~50—250 pg) in the presence of varying concentrations of
compounds. At 6—8 d postinfection, cells were lysed, and luciferase
activity was measured using the Steady-Glo assay kits (Promega),
according to the manufacture’s protocol. Chemﬂummescence was
detected with a Veritas luminometer.
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Anti-HIV-1 activity was determined by measuring the protection
against HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay or p24 (CA) concentrations in the culture supernatant
by ELISA. Various concentrations of compounds were added to HIV-
1-infected MT-4 cells at multiplicity of infection of 0.001 and placed in
wells of a 96-well microplate. After S days’ incubation at 37 °C in a
CO, incubator, the number of viable cells was determined using the
MTT method. Cytotoxicity of the compounds was determined by
measurement of the reduction against the viability of mock-infected
MT-4 cells. Levels of p24 antigen in the supernatants of 5-day cultures
were also measured using a Retro TEK p24 antigen ELISA kit
(ZeptroMetrix Corp., Buffalo, NY), according to the manufacture’s
protocol. Signals were detected using an ELx808 microplate
photometer.

DNA Binding Effect (Table 3). Serial dilutions of peptides were
mixed to IN and its radio-labeled DNA substrate in activity buffer (see
Integrase Assays section). After 2 h at 37 °C, an equal volume of
loading buffer (99% deionized formamide, 0.025% xylene cyanol, and
0.025% bromophenol blue) was added to the mixture. Samples were
then loaded on 16% polyacrylamide—7 M urea gels. After 90 min
migration at 2000 V, gels were dried, and migration of the DNA was
visualized with a Typhoon 8600. The accumulation of signal in the
well of the gel was visually investigated. The lowest concentration of
peptides inducing complete retardation was reported.

DNA Binding Assays (Figure 7). A plate-based assay using
fluorescence polarization was performed to monitor DNA binding. In
this experiment, the integrase DNA substrate contains a fluorescein
dye on its 3'-end (cleaved strand) and fluorescence anisotropy was
monitored every min for 30 min at RT using the EnVision plate reader
(Perkin-Elmer). Reactions were performed in absence of IN with 10
nM of fluorescent oligonucleotide and 0.5 yM peptide in buffer
containing 0.1% BSA and 0.01% tween 20, S0 mM MOPS, pH 7.2, 7.5
mM MgCl,, and 14.3 mM 2-mercaptoethanol. Each sample was
assessed in triplicate, and a solution of 10% DMSO was used as
control. Data analysis was done using Prism version 5.0c (GraphPad
software).
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Additional experimental procedures including MS data and
figures: HPLC charts of final compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.

Corresponding Author

*E-mail: tamamuramr@tmd.acjp. Telephone: +81-3-5280-
8036. Fax: +81-3-5280-8039.

Notes
The authors declare no competing financial interest.

We thank T. Koide and C. Yamazaki, Department of Chemistry
and Biochemistry, Waseda University, for allowing access to a
CD spectropolarimeter. N.O., C.H., and T.T. are supported by
JSPS research fellowships for young scientists. This work was
supported in part by Grant-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science, and
Technology of Japan, and Health and Labour Sciences
Research Grants from Japanese Ministry of Health, Labor,
and Welfare.

B ABBREVIATIOMS:

HIV, human immunodeficiency virus; AIDS, acquired immu-
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complex; BAF, barrier to autointegration factor; RCM, ring-
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introduction

CXCR4 is a chemokine receptor that transduces sig-
nals of its endogenous ligand, CXCL12/stromal cell-
derived factor-1 (SDF-1).l'""  This receptor is
a member of the seven-transmembrane GPCR family,
and has been reported to exist and function as an
oligomer,”! which was elucidated by our molecular
ruler approach® The CXCR4-CXCL12 axis plays
a physiological role in embryonic stages in chemotax-
is,” angiogenesis,®® and neurogenesis."®" CXCR4 is
associated with many disorders including cancer cell
metastasis,'>' leukemia cell progression,*'® HIV in-
fection/AIDS,"”'® and rheumatoid arthritis;"*? it is
therefore a major target in the discovery of chemo-
therapeutic treatments for these diseases. To date,
many researchers, including ourselves, have devel-
oped potent CXCR4 antagonists. A 14-mer peptide,
T140, and a cyclic pentapeptide, FC131, have been
found to be potent CXCR4 antagonists.?""?"! In addi-
tion, downsizing of these peptides has led to the de-
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Figure 1. Reported low-molecular-weight CXCR4 antagonists.

velopment of active small-molecular peptide mimetics.”® An-
other peptide mimetic, KRH-1636,”' and a bicyclam,
AMD3100,5%3" have also been reported. Furthermore, several
compounds based on monocyclams®® and noncyclams®3
have been reported. Other aza-macrocyclic compounds such
as the Dpa-Zn complex 1% and the Dpa-cyclam compound
289 have been developed as non-peptide leads (Figure 1).
These lead compounds have 1,4-phenylenedimethanamine
structures with amino groups presenting basic/aromatic moiet-
ies. We recently developed small-molecular peptide mimetics
containing benzyl and 2-pyridylmethyl amino groups, such as
compound 3% and cyclic pentapeptide FC131 derivatives con-
taining two naphthalene moieties (e.g., 4).°¥ In the study pre-
sented herein, we tried to develop more effective small mole-
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