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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
(m) 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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Figure 5. Results of a p24 assay using antisera collected from mice immunized with L1 and L2. (A) Two (L1-A and L1-D) of four (L1-A-D) suppressed p24 production, and two
(L2-A and L2-C) of four (L2-A—L2-D) suppressed p24 production. (B) The average percentages of p24 production were calculated from the band intensities in panel A. Black
bars are the data of experiments with no serum and with CXCR4 antagonist AMD3100 (1 pM). 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. 5B). 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**** and VRC01* 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.*®4”
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 1h. 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,0, 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 C3sHeoClyN14010
[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 calcd for CzoH121Cl4N2304
[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 CggHy50Cl4-
N270,4 [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 CggH150Bra-
N304 [M+H]" 2260.81, found 2262.87.

4.2, Synthesis of N1 tetramer

N1 (20.7 mg, 7.88 umol), 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 C537H370N70092S6 [1\/["*‘“]+ 5862.52,
found 5862.57.

sym-Dibenzo-1,5-cyclooctadiene-3,7-diyne®” (0.0620 mg,
0.310 umol) 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 Ca90H748N1400184512 [M‘*’Hr 11925.02, found 11928.58.

4.3. Synthesis of N2 and N3 tetramers

N2 (21.2mg, 7.03 umol) and CICH,CO-GABA MAP (1.55 mg,
0.745 pumol) 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 C506H759N14701g4512 [M+H]+ 12236.31, found 12237.32.

N3 (19.5mg, 6.31 pmol) and CICH,CO-GABA MAP (1.64 mg,
0.790 pumol)) 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
C513H301N155015353 [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 pmol) 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 CH5CN. 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 caled for Csg0Hg02N18701685s [l\/l"r'l‘l].(> 13550.58,
found 13553.77.

L1 (20.0 mg, 5.93 pmol) and CICH,CO-(GABA), MAP (2.0 mg,
0.83 pumol) 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
CH;CN. 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
C573H390N1830154S4 [M+H]+ 13146.58, found 13150.70.

4.5. Synthesis of C2 and L2 tetramers

C2 (10.5mg, 2.5 umol) and BrCH,CO-(GABA), MAP (1.0 mg,
0.41 umol) 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 CgpsHggaNi710175NaSs [M+Na]+ 13468.50, found
13469.10.

L2 (56 mg, 13.2 umol) and BrCH,CO-(GABA), MAP (4.0 mg,
1.53 pumol) 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: mfz calcd for C;geH1154N223022854 [M+HT*
17492.46, found 17497.33; trimer: m/z calcd for Cg11HggaN1740178-
S3 [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 ug) 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 uL), 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,SO4, 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 10 pug 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
ML) 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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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.E# 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 gpl120 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-phenylpropyllcyclohexanecarboxamide)  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

extracellular

_ ECL1

intracellular

b) 1 39

H,N-| N1 (Met'-Asp?®) RGC-CONH,
H,N-H N2 (Asn'-Arg*®) FRGC-CONH,
H,N- N3 (Tyr?-lle®) LRGC-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-1a®% 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,”*3% 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.

www.chemmedchem.org

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 Cterminus 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 ECLT (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-

S-Acm o
b o [ M
Results and Discussion WO 2% h-N—CRERE—{ ECLT (va® - Ala™) [-REREC” “N—()
. NovaSyn TGR? resin “ Trt—S/:
Design lc
Acidic amino acid residues on $~-Acm S-Acm

the NT are thought to be impor-
tant for the interaction between

O H ]/ d Q H |/
TN~CRERE ECLA RERE?——CONHz L. CI_}-N——CRERE ECL1 RERE?—-CONHZ

Q

the V3 loop and CXCR4.%%"! The ¢l
co-crystal  structure  (Figure 3
below) of CXCR4 and a T140M"-
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 Cys 109 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-10.5"%%3% However, in the synthesis of

o e

o )
Fmoc-Cys(Acm)-OH |

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

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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S-Trt

0 r ?
Fmoc—N—aly—L-0—() —2~ HN—C—|ECL2 (Al - His®™) | —Ra—-0

Fmoc-Gly -NovaSyn® TGT resin
b

S._CONH, ¥
SH
— RG > [o}
? @—— c d e r /[k
HN—“‘——‘&O HoN— c—[ ECL2 —RG”~ "OH
c2 * side chains are protected *

— |
{ PEG —‘?ﬁgﬁ o

'

Scheme 2. Synthesis of a cyclic peptide of ECL2, C2. Reagents and conditions: a) F
SPPS; b) AcOH, TFE, CH,Cl,; c) 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,0. After deprotec-
tion and cleavage from the resin, the C1 linear peptide was
dissolved in a dilute solution of CH;CN/H,0O, and the solution
was adjusted to pH 7.8 with an aqueous ammonia solution.

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,O
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 C2 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 (EC;,=0.88 um), 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

S CONH, S CONH, S CONH,
1 20 7 11 ] 21 28 3
H,N-MEGISIYTSDNYTEEMGSGDRGC-CONH,  H,N-NYTEEMGSGDYDSMKEPSFRRGC-CONH, HoN-YDSMKEP SFREENANENKIRGC-CONH,
N1 N2 N3
P _Acm
o 109111 ? CONH, o | 99 109 111
H N - REREC—
Ac—N—REREVANWYFGNFLSKA-REREC—CONH, CRERE-VANWYFGNFL SKA-REREG—CONA,
L1 s
c1
S~ " CONH;,
H 178 186 1175 86 203
Ac—N— ANVSEADDRYISDREYPNDLWVVVFQFQH-RG G~ CONH, CANVSEADDRYISDREYPNDLWYVVFQFGH.RG

|
S._.CONH,

|
HN

L2

N

c2 &

Figure 2. Structures of synthetic CXCR4-ED-derived peptides. L1 is a thiol-capped linear peptide of ECL1, C1 is a thiol-capped cyclic peptide of ECL1, L2 is
a thiol-capped linear peptide of ECL2, and C2 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 (MAP). Cys 109 on ECL1 and Cys 186 on ECL2 were mutated to Ser (S, grey
italics) to avoid reaction with MAP at these sites.
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ECso [uM]  CCso[um]  Compd ECs [uM]  CCso [um]
N1 0.88 >10 L1 500! 61
N2 >10 >10 L2 >25 35
N3 >10 >10 C1 35 >200
AMD3100 0.06 >20 c2 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. ECg, values
are the concentrations resulting in 50% protection from HiV-1-induced
cytopathogenicity in MT-4 cells. CCy, 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.” 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  Sulfo-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 C1 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 C1 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).*? 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 €1 and C2 have
only moderate anti-HIV-1 activity.

stem >~ V3 loop

-

Figure 3. a) X-ray crystal structure of the gp120 V3 loop (PDB ID: 2B4C):”
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)R2
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
(MOI) 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 EC;, values were calculat-
ed. Cytotoxicity was determined based on the viability of mock-
infected cells using the MTT method (CCs,). Each experiment was
performed three times independently.
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To date, several HIV-1 fusion inhibitors based on the carboxy-terminal leucine/isoleucine heptad repeat
(CHR) region of an HIV-1 envelope protein gp41 have been discovered. We have shown that a synthetic
peptide mimetic of a trimer form of the CHR-derived peptide C34 has potent inhibitory activity against
the HIV-1 fusion mechanism, compared to a monomer C34 peptide. The present study revealed that a
dimeric form of C34 is evidently structurally critical for fusion inhibitors, and that the activity of multi-
merized CHR-derived peptides in fusion inhibition is affected by the properties of the unit peptides €34,

g};v‘::rfer SC34EK, and T20. The fluorescence-based study suggested that the N36-interactive sites of the C34 tri-
HIV fusion inhibitor mer, including hydrophobic residues, are exposed outside the trimer and that trimerization of C34 caused
ep4l a remarkable increase in fusion inhibitory activity. The present results could be useful in the design of
T20 fusion inhibitors against viral infections which proceed via membrane fusion with host cells.

© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Newly developed anti-HIV-1 drugs such as protease inhibitors
and integrase inhibitors have contributed to the highly active
anti-retroviral therapy (HAART) for AIDS.! Entry of human immu-
nodeficiency virus type 1 (HIV-1) into target cells is mediated by
its envelope glycoproteins (Env), which are type | transmembrane
proteins consisting of a surface subunit gp120 and a non-covalently
associated transmembrane subunit gp41.2 Sequential binding of
HIV-1 gp120 to its cell receptor CD4 and a co-receptor (CCR5 or
CXCR4) can trigger a series of conformational rearrangements in
gp41 to mediate fusion between viral and cellular membranes.>>
The protein gp41 is hidden beneath gp120 and its ectodomain con-
tains the helical amino-terminal and carboxy-terminal leucine/iso-
leucine heptad repeat domains NHR and CHR. Regions of NHR and
CHR are involved in membrane fusion, and 36-mer and 34-mer
peptides, derived from NHR and CHR, have been designated as
the N-terminal helix (N36) and C-terminal helix (C34), respectively.
In the membrane fusion of HIV-1, these helices assemble to form a
six-helical bundle (6-HB) consisting of a central parallel trimer of
N36 surrounded by three strands of C34 in an antiparallel hairpin

* This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-No Derivative Works License, which per-
mits non-commercial use, distribution, and reproduction in any medium, provided
the original author and source are credited.

* Corresponding author. Tel.: +81 3 5280 8036, fax: +81 3 5280 8039.

E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

fashion. Synthetic peptides derived from these helices have potent
antiviral activity both against laboratory-adapted strains and
against primary isolates of HIV-1.5"° They inhibit the membrane fu-
sion stage of HIV-1 infection in a dominant-negative manner by
binding to the counterpart regions of gp41 (NHR or CHR) thereby
blocking formation of the viral gp41 core. Several potent anti-
HIV-1 peptides based on the CHR region have been discovered’?®
and T20 has subsequently been developed by Roche/Trimeris as
the clinical anti-HIV-1 drug, enfuvirtide.®1%-13 T20 is a 36-mer pep-
tide derived from the gp41 CHR sequence and can bind to the NHR
region to inhibit the formation of the 6-HB structure in a dominant-
negative fashion.!® T20 therapy has brought safety, potent
antiretroviral activity, and immunological benefit to patients, but
its clinical application is limited by resistance development. The
C-terminal helix C34 is also a CHR-derived peptide, and contains
the amino acid residues required for the peptide to dock into the
hydrophobic pocket, termed the ‘deep pocket’ of the trimer of the
NHR region. This peptide potently inhibits HIV-1 fusion in vitro.
To date, several gp41 mimetics, especially for N36 regions, which
assemble these helical peptides with branched peptide-linkers
have been synthesized as antigens.'>~'® Our three-helix bundle mi-
metic, which corresponds to the trimeric form of N36, with a novel
template containing C3-symmetric linkers of equal lengths, showed
significant potency as a peptide antigen that can produce antibod-
ies with structural-preference.?’ In terms of inhibitory activity the
N36 trimer peptide, compared to the N36 monomer, showed only
a stoichiometric increase in inhibition of HIV-1 fusion, a phenome-
non consistent with the results of other studies.?!~2 The utilization

0968-0896/$ - see front matter © 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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of our C3-symmetric linkers was expanded to C34 sequences in the
design of the trimer mimics of gp41. It is noteworthy that the trimer
form of C34 showed a 100-fold increase in inhibition of fusion com-
pared to the monomer form.?* Multimerization of functional units,
such as synthetic ligands against receptors, generally shows syner-
gistic binding and high binding affinity.?> To explore the mecha-
nism of action of fusion inhibition by the C34 trimer, C34-derived
peptides in the form of monomer, dimer, or trimer were prepared
in this study and as CHR-derived peptides, SC34EK?® and T20 pep-
tides were also studied (Fig. 1). It has been reported that the se-
quence differences of these peptides show different interaction
modes with N36 trimers. Thus, the effects of increased activity in
HIV-1 fusion inhibition were investigated by comparison of the
activities of the multimerized CHR-derived peptides.

2. Results and discussion
2.1. Chemistry

The C-terminal region of gp41 is known to be an assembly site
involving a trimeric coiled-coil conformation. In our synthetic
CHR-derived peptides, CHR-thioester and CHR-REG (Fig. 2A), the
triplet repeat of arginine and glutamic acid (RERERE) was added
to the C-terminal end of the C34 sequence (residues 628-661) to
increase the solubility in buffer solution, and in thioesterified
CHR-derived peptides, glycine thioester was fused to the C-termi-
nus. The peptides were synthesized by standard Fmoc solid-phase
peptide synthesis. The C3-symmetric template was utilized to form
a triple helix corresponding precisely to the gp41 pre-fusion form.
The template linker has three branches of equal length and pos-
sesses a hydrophilic structure and a ligation site for coupling with
thioesterified CHR-derived peptides. The template was synthesized
as reported previously®* and for chemoselective coupling between
C34 peptides and the template, native chemical ligation was per-
formed between an unprotected CHR-REG-thioester and a three-
armed cysteine scaffold (Fig. 2B, C).2”2® The trimer forms of other
CHR-derived peptides, SC34EK and T20, were similarly prepared.
For the synthesis of the dimer forms of these peptides, the ratio
of the peptides and the template was controlled in a stoichiometric
manner (Fig. 2B). After the native chemical ligation, the free thiol
groups were blocked by carboxymethylation with iodoacetamide
in the SH-capped peptides. The products were purified by prepara-
tive HPLC and characterized by ESI-TOF-MS.

2.2. Anti-HIV assays

The fusion inhibitory activity was evaluated. In our previous
study, the C34 trimer, named triC34e, contained free thiol groups
at the ligation sites, and a concern with intermolecular or intramo-
lecular formation of disulfide bonds remained. Thus, in this study,
dimer and trimer peptides with and without carboxymethylation

at the thiol groups, SH-capped and SH-free peptides, respectively,
were prepared. In these dimer and trimer peptides, the inhibitory
activities of the SH-capped peptides were comparable with or
slightly higher than those of the corresponding SH-free peptides.
The presence of the carboxymethyl groups did not affect the fusion
inhibitory activity and consequently, the ICsy values of the SH-
capped peptides are felt to be more reliable. Of the C34 unit pep-
tides, the dimer form peptide, the C34 dimer (SH-capped), showed
a significant increase in inhibitory activity compared to the C34
monomer (Table 1). Its ICso value was nearly equal to that of the
C34 trimer (SH-capped). These results suggest that the C34 units
in the dimer form can bind to the gp41 N36 region in a cooperative
manner. Compared to the C34 unit peptides, SC34EK and T20 units
showed different activity phenomena in multimerized forms. For
SC34EK, the monomer unit showed very high activity in fusion
inhibition. It is known that the SC34EK obtains higher helicity by
the introduction of salt bridges between lysine and glutamic acid
in positions at i and i+4. The positions of substitution of these res-
idues are selected as those having no interaction with N36 trimers.
Thus, SC34EK is suspected to form an amphipathic helix. In the dimer
and trimer forms of SC34EK, the hydrophilic face should be exposed
to buffer solvents and the hydrophobic face, which can interact with
the N36 pocket, might be packed inside. The decrease in inhibitory
activity, especially in the trimer form (5.1-fold, SH-capped), stemmed
from this formation of SC34EK multimers, compared to that of the
SC34EK monomer. For T20 peptides, the C-terminal region has been
shown to have interactions with membranes. The dimer and trimer
of T20 peptides showed 4.3- and 8.6-fold (SH-capped) increases in
fusion inhibitory activity, respectively, compared to the T20 mono-
mer. Although some increase in activity was observed, the effect of
multimerization did not reveal any cooperative interaction. For all
of the peptides, significant cytotoxicity was not observed at a concen-
tration below 5 pM.

2.3. Circular dichroism (CD) spectroscopy

To investigate different effects of multimerization of CHR-de-
rived peptides, folded structures of multimerized peptides were
estimated by analysis of CD spectroscopy (Fig. 3). The peptides
were dissolved in 50 mM sodium phosphate buffer, pH 7.2 with
150 mM NaCl. In our previous study, it was observed that C34 pep-
tides tended to form random structures both in the monomer and
in the trimer.?** The spectra of the C34 monomer, dimer, and trimer
(both, SH-capped) displayed minima around 200 nm, indicating
that these peptides form random structures (Fig. 3A). We previ-
ously reported that the N36 monomer N36RE and the N36 trimer
triN36e form a highly structured o-helix and that the helical con-
tent of triN36e was higher than that of N36RE.2° In C34 peptides,
multimerization of the peptides did not induce an increase in the
a-helicity of the peptides. On the contrary, SC34EK and T20
peptides showed an increase of minima around 208 and 222

ft.coom

C34: WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL “\\
SC34EK: WXEWDRKIEEYTKKIEELIKKSQEQQEKNEKELK \‘\\
enfuvirtide (T20) : YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWE

Figure 1. Schematic illustration of HIV-1 gp41 and amino acid sequences of C34, SC34, and enfuvirtide (T20). FP and TM represent a hydrophobic fusion peptide and a
transmembrane domain, respectively. In the sequence of SC34EK, X represents norleucine.
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Figure 2. (A) Schematic illustration of CHR-derived peptides. The monomer peptides obtain carboxylate at the C-terminus (R = OH). The monomer units for native chemical
ligation with the templates obtain thioester at the C-terminus (R = SC;H,COOC,Hs). (B) Structures of dimers of CHR-derived peptides. The R represent the state of thiol groups,
SH-free or SH-capped by iodoacetamide (R = H or CH,CONH,, respectively). (C) Structures of trimers of CHR-derived peptides. The R represent the state of thiol groups, SH-

free or SH-capped by iodoacetamide (R = H or CH,CONH,, respectively).

Table 1
Fusion inhibitory activity and cytotoxicity of monomer or multimerized CHR-derived
peptides

ICs0” (nM) CCso” (UM)
C34 monomer 152 >5
C34 dimer (SH-free) 1.62 >5
C34 dimer (SH-capped) 1.27 >5
C34 trimer (SH-free) 225 >5
C34 trimer (SH-capped) 1.28 >5
SC34EK monomer 1.82 >5
SC34EK dimer (SH-capped) 2.14 >5
SC34EK trimer (SH-free) 8.20 >5
SC34EK trimer (SH-capped) 9.34 >5
T20 monomer 465 >5
T20 dimer (SH-capped) 107 >5
T20 trimer (SH-free) 66.8 >5
T20 trimer (SH-capped) 54.1 >5
T20 (NIH)* 45.2 >5

2 ICsq values are based on luciferase signals in TZM-bl cells infected with HIV-1
(NL4-3 strain)

b CCsp values are based on the reduction of the viability of TZM-bl cells. All data
are the mean values from at least three experiments.

¢ The sample was obtained through the NIH AIDS Research and Reference
Reagent Program, which did not contain RERERE or glycine thioester.

(nm) indicating an increase of o-helicity as the level of unit pep-
tides increases (Fig. 3B, C). SC34EK is known to form more stable

a-helix by the effects of salt bridges®® and the SC34EK monomer
peptide failed to show such effects. The SC34EK monomer has
three repeats of Arg-Glu at the C-terminus and a corresponding in-
crease in solubility. Thus, the hydrophilic residues might inhibit
efficient formation of o-helix in the monomer form or in the
assembled forms. In the dimer and trimer forms of SC34EK, the
peptides showed a significant increase of a-helicity (Fig. 3B). These
multimers are assembled by covalent bonds via the template and
the spectra indicated that the peptides could interact with one an-
other to form stable o-helices. The same effect was observed for
multimerization of the T20 peptides (Fig. 3C). Multimerization of
SC34EK and T20 affected fusion inhibitory activity differently (Ta-
ble 1). Thus, this difference might result from a different interac-
tion with N36 peptides. To investigate the difference, the CD
spectra of the complex with N36 peptides were investigated.
When complexed with N36RE which is an N36 derivative with
the triplet repeat of Arg and Glu (RERERE) at the N-terminus,2° all
of the CHR-derived peptides showed similar spectra independent
of the difference of the numbers of unit peptides, that is, monomer,
dimer and trimer. The spectra indicated the complexes of the C34
and N36RE peptides form a stable a-helix (Fig. 4A). The spectrum
of N36RE displayed weak Cotton effects at 208 and 222 (nm). Com-
pared to the previous study, the solvent was changed from 40%
methanol to PBS only with possible weakening of the formation
of a-helices. The spectra of the C34 peptides suggest that the equi-

301 PRrpe— 304 & SCIEK monamar 309 & 720 monomar
= 204 #  C34 dmer (SH-capped) <204 4 SCISEK amer (SH-capped) <204 # 720 demer (SH-capped)
S C34trymar (SH-capped) 5 - 5 SCMEK trvmet (SH-capped) = © 20 ramer (SH-capped)
£ 104 g 104 . £ 10
< k-] . <
,,,,, 4. o~
Ng 1] ~§ 1] & - g 1]
o -104 o 16 o o 104
s 3 e"F,;“ S
o 201 o 201 = o o 201 .
2 -30- € 30+ o wET T 2 04 g
st — » st
2 404 2 404 P 00, 2 404
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Figure 3. Circular dichroism (CD) spectra of monomer (blue dot), dimer (red dot), and trimer (green dot) of CHR-derived peptides. Panels (A-C) depict the spectra for C34 (A),
SC34EK (B), and T20 (C). The concentrations of peptides are 6, 3, and 2 (uM) for monomer, dimer, and trimer (SH-capped), respectively.
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librium states of complexes with N36RE are similar in the three
types of peptides. For SC34EK, in comparison between monomer
and dimer, the dimer complex showed higher o-helicity (Fig. 4B).
It is difficult to conclude that the monomer and dimer complexes
form different complex states and the difference in o-helicity
might be caused by the SC34EK peptides that are not included in
the complex with the N36RE peptide. The spectra of the T20 pep-
tides showed that the three types of peptides form similar com-
plexes with the N36RE peptide (Fig. 4C) and individually, the T20
peptides showed a significant increase of o-helicity paralleling
the increase of unit numbers (Fig. 3C). In the complexes with the
N36RE peptide, it was suggested that the equilibrium states are
similar in each of the three types of peptides. The a-helicities of
the dimer and the trimer of T20 in the complexes with the
N36RE peptide are lower than those of the corresponding dimer
and trimer of T20 alone, respectively (Figs. 3C and 4C). This indi-
cates that the increased o-helicity of the T20 peptides by multi-
merization was disrupted by the interaction with the N36RE
peptide, and that the T20 peptide shows a interaction mode with
N36RE that is different from the formation of stable a-helical com-
plexes as observed in the C34 peptides.

2.4. Fluorescence-based assays

To explore the reason for the remarkable decrease in fusion
inhibitory activity by trimerization of SC34EK, the interaction
among unit peptide strands was investigated. The SC34EK peptides
are thought to form stable helical bundles through packing of
hydrophobic residues exposing the hydrophilic faces formed by
the introduction of salt bridges between Glu and Lys. The forma-
tion of the stable packing structure of the SC34EK peptides could
weaken interactions with the N36 peptide and to evaluate the
packing effect of the multimerized SC34EK peptides, analysis with
a fluorescent dye, utilized for estimation of the folding stability of
proteins, was applied. In the due course of denaturing by increas-
ing temperatures, hydrophobic residues are exposed.*® A hydro-
phobic dye, SYPRO orange>! can interact with hydrophobic
residues thereby increasing the fluorescence intensity. By taking
advantage of this phenomena, the states of the multimerized C34
and SC34EK peptides can be estimated. If the hydrophobic residues
are packed in the assembled form of SC34EK, the interaction of the
SC34EK trimer with SYPRO orange could be decreased compared to
that of the C34 timer. As shown in Figure 5A, the monomers of C34
and SC34EK showed similar spectra with low levels of fluorescent
intensity. The trimers of C34 and SC34EK showed spectra with
remarkably higher levels of fluorescent intensity than the corre-
sponding monomers. In addition, the wavelength showing maxi-
mum intensity in the spectra of these trimers was shifted from
625 to 602 nm. These data suggest that the surfaces of these tri-
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mers have higher hydrophobicity than those of the corresponding
monomers. The €34 trimer showed approximately 1.5-fold stron-
ger fluorescent intensity compared to the SC34EK trimer at the
maxima in the fluorescence spectra (602 nm). High fluorescent
intensity was not observed in an octa-arginine peptide. Thus, this
1.5-fold difference of fluorescent intensity is due to the difference
of hydrophobicity in the surfaces caused by formation of multi-
merization of C34 and SC34EK peptides. In the SC34EK trimer,
since the hydrophobic residues might be efficiently packed inside
helical bundles by the trimerization, the increase of hydrophobic-
ity of the peptide surfaces was totally suppressed. Thus, in compar-
ison with the helix sites of the C34 trimer, the N36-interactive sites
of the SC34EK strands tend to be buried inside the trimer, and the
solvent-accessible sites having E-K salt bridges tend to be exposed
outside the trimer. As a result, the SC34EK trimer has more diffi-
culty than the SC34EK monomer accessing N36, and thereby the
inhibitory activity of the SC34EK trimer is lower than that of the
SC34EK monomer.

2.5. Biological discussion

Based on our previous study indicating the increased activity in
HIV-1 fusion inhibition by a cooperative action of C34 in the trimer
form, the different sets of CHR-derived peptides in forms of mono-
mer, dimer, and trimer forms were synthesized and evaluated. In
the fusion inhibition assays, the following noteworthy effects were
revealed; (1) dimerization of C34 shows the same cooperative ef-
fect in increases of fusion inhibition as are shown by the C34 tri-
merization, and (2) the activity of multimerized CHR-derived
peptides in fusion inhibition is affected by the properties of unit
peptides €34, SC34EK, and T20.

In the previous study, a dimeric C37 (residues 625-661) variant
did not show any significant difference in ICsq values of anti-HIV-1
activity compared to a wild type C37 monomer although the dimer
peptide showed tighter binding than the C37 monomer to the gp41
NHR coiled coil.>? In this study, the C37 dimer was formed via a
disulfide bond at the C-terminus after six histidine residues. In
our dimer peptides, the unit peptides are linked by the template
structure and, because of the stretched distance between the unit
peptides in the complex formation with the N36 peptide, the unit
peptides have greater flexibility than the C37 dimeric structure.
Such an effect might lead to activity of the dimeric form of the
C34 peptides that is different from that of C37 peptides. It has been
shown that T-1249, an analogous peptide of enfuvirtide (T20), and
its hydrophobic C-terminal peptide inhibit HIV-1 fusion by inter-
acting with lipid bilayers.*®* The tryptophan-rich domain of
T-1249 was shown to play important roles in HIV-1 fusion.34-36
Since enfuvirtide shows a weak interaction with the gp41 core
structure and the C34 sequence lacks the C-terminal lipid binding
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Figure 4. Circular dichroism (CD) spectra of N36RE (black dot) and the complexes of N36RE*' with monomer (blue dot), dimer (red dot), and trimer (green dot) of CHR-
derived peptides. Panels (A)-(C) depict the spectra for C34 (A), SC34EK (B), and T20 (C). The concentrations of CHR-derived peptides are 6, 3, and 2 (M) for monomer, dimer,
and trimer (SH-capped), respectively. The concentration of the N36RE peptide is 6 uM.
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Figure 5. Fluorescent analysis utilizing SYPRO orange. The spectra are shown as follows; green line, SYPRO orange; blue line, octa-Arg + SYPRO orange; red line, C34
monomer + SYPRO orange; orange line, SC34EK monomer + SYPRO orange; purple line, C34 trimer (SH-capped)+SYPRO orange; pink line, SC34EK trimer (SH-

capped) + SYPRO orange. The peptide concentration is 6 (uM) in all experiments.

domain, it has been suggested that C34 has a mechanism of action
distinct from that of enfuvirtide.3” Our study on the complex struc-
tures of the multimerized CHR-derived peptides and the N36 pep-
tides was performed in aqueous buffer condition. The state of N36
is totally different from the state of gp41 in the membrane fusion
of HIV-1 and host cells. The CHR-derived peptides could access the
N36 peptide more easily than the whole of gp41 because the N36
sequence only contains interactive residues. The complex form of
the CHR-derived peptides could be different from the complex
form in the membrane fusion of HIV-1. If analytical methods are
available with which to observe the state of the complex of the
gp41 trimer and the CHR-derived peptides, more detailed informa-
tion concerning the effects of cooperative interactions in multimer-
ized forms of C34 will be obtained. Fluorescence-based analyses
could be useful to analyze detailed mechanisms of actions for mul-
timerized C34 peptides in fusion inhibition and recently, a fluores-
cence-based study observing the interaction of gp41 in the surface
of cells was reported.® The present fluorescence-based study sug-
gested that the N36-interactive sites of the C34 trimer including
hydrophobic residues are exposed outside the trimer, and that
the surface state of the C34 trimer is different from that of the
SC34EK trimer. Thus, trimerization of C34 caused a remarkable in-
crease in fusion inhibitory activity whereas trimerization of
SC34EK caused a remarkable decrease in fusion inhibitory activity.
It was shown that C34 and T20 have similar structures in the equi-
librium states of the complexes with N36. For C34, the large in-
creases in fusion inhibition in dimer and trimer forms might be
due to the cooperative binding of monomer units. Since the com-
plex formations with N36 are thought to be similar in the mono-
mer, dimer and trimer forms, the difference of fusion inhibitory
activity might be due to the difference of kinetics of the interaction
with the N36 peptide. In the interaction with gp41 at the fusion
step, it might be difficult for CHR-derived peptides to form the sta-
ble complexes with the trimeric form of gp41 at the NHR region.
The C34 units could interact cooperatively with the trimer form
of gp41 from the specific side. In the dimer or trimer forms of
C34, this cooperative interaction is plausible, judging by the results
of inhibition assays and CD measurement for the complex with
N36. T20 peptides showed similar structures in the complex with
the N36 peptide. However, the dimer and trimer forms of T20
did not show cooperative effects in inhibitory activity. T20 pep-
tides contains hydrophobic residues at their C-terminus, and it
has been suggested that these residues interact with lipid mem-
branes. It has been indicated that the interaction with lipid bilayers

is important as well as the interaction with the N36 region in the
mechanism of action for the T20 monomer peptide in fusion
inhibition.

3. Conclusion

By utilizing the different sets of CHR-derived peptides with
multimerized forms as fusion inhibitors and a new action mecha-
nism, different effects in multimerization which depend on the
properties of unit peptides have been revealed. Our template has
three branched linkers of equal lengths that precisely mimic the
native assembly of C-peptides. The native chemical ligation effec-
tively proceeds by chemoselective coupling in an aqueous medium
of a three-cysteine-armed scaffold with unprotected CHR-derived
peptides containing a C-terminal-thioester. A dimeric form of
C34 is evidently critical as a necessary active structure of fusion
inhibitors. This effect should provide useful information for the
facile design of highly potent fusion inhibitors. As shown in studies
of the soluble C34 derivative, the different form of interaction of
SC34EK peptides could lead to highly inhibitory effects against
enfuvirtide-resistant viruses.2®*° As indicated, the stable helical
form of unit peptides could lead to the decreased effect of multi-
merization of SC34EK units. However, since the activity of multi-
mers is highly dependent on the sequences of unit peptides, the
further optimization of sequences of unit peptides might be possi-
ble. Furthermore, the trimeric C34 was utilized for production of
antibodies against HIV-1 infection although the antisera did not
show distinct neutralizing activity as performed with the N36 tri-
mer.2%4° It would be of interest to utilize those synthetic multi-
mers of C34 derivatives as peptide antigens. In combination with
investigation of the effects against enfuvirtide-resistant strains,
the designs of inhibitors targeting the dynamic supramolecular
mechanism of HIV-1 fusion will be optimized in future studies.

4. Experiments

4.1. Synthesis of trimers of CHR-derived peptides (SH-free
peptides)

TCEP-HCI (3.43 mg, 12.0 umol), 4-mercaptophenylacetic acid
(MPAA) (5.04 mg, 30.0 umol), 8 M NaOH aq (7 pL) and CH5CN
(68 uL) were dissolved in 0.133M sodium phosphate buffer
(450 pL, pH 8.9) containing 8 M urea and 2.67 mM EDTA. CHR-de-
rived peptide thioester (C34 thioester: 9.0 mg, 1.48 umol, SC34EK
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thioester: 10.2 mg, 1.48 pmol or T20 thioester: 9.3 mg, 1.48 pumol),
CH3CN (45 pL) and the template (30 pL, 0.450 pmol) dissolved in
50% aqueous CH3CN (0.1% TFA) were then added and the mixture
was stirred for 2 h at 30 °C under a nitrogen atmosphere and mon-
itored by HPLC. The obtained ligation products were purified by re-
verse phase HPLC. The purified products were lyophilized and
identified by ESI-TOF-MS; C34 trimer (SH-free): m/z calcd for
C703H1108N205024555 [IV[“‘H]+ 16533.9, found: 16542.9 (30 mg,
0.16 umol, 35% yield). SC34EK trimer (SH-free): m/z calcd for
C739H1212N203023953 [M*‘Hr 16921.9, found: 16930.5 (19 mg,
0.09 pmol, 20% yield). T20 trimer (SH-free): mjz calcd for
C757H1161N205024553 [NI""H]+ 171404, found: 17148.8 (2.9 mg,
0.15 pmol, 33% yield).

4.2. Synthesis of dimers of CHR-derived peptides (SH-free
peptides)

In the synthesis of C34 dimer (SH-free), TCEP-HCl (2.06 mg,
7.2 uymol), 4-mercaptophenylacetic acid (MPAA) (3.03 mg,
18.0 pmol), 8 M NaOH aq (4 pL) and CHsCN (41 pL) were dissolved
in 0.133 M sodium phosphate buffer (270 pL, pH 8.9) containing
8M urea and 2.67 mM EDTA. The thioesterified C34 peptide
(2.5mg, 0.41 pumol), CHsCN (27 pL) and the template (18 pL,
0.27 umol) dissolved in 50% CH3CN aq (0.1% TFA) were then added
to the mixture. The reaction mixture was stirred for 1.5 h at 30 °C
under a nitrogen atmosphere and monitored by HPLC. The ob-
tained product was purified by reverse phase HPLC. The purified
product was lyophilized and identified by ESI-TOF-MS; C34 dimer
(SH—fYEE): m/Z calcd for C434H759N139015955 [M"‘Hr 11392.4, found
11399.1 (0.5 mg, 0.04 umol, 14% yield).

4.3. Synthesis of dimers and trimers with capped thiol groups at
ligation sites (SH-capped peptides)

TCEP-HCI (3.43 mg, 12.0 umol), MPAA (5.04 mg, 30.0 pmol), 8 M
NaOH aq (7 pL) and CH3CN (68 pL) were dissolved in 0.133 M so-
dium phosphate buffer (450 plL, pH 8.9) containing 8 M urea and
2.67mM EDTA. CHR-derived peptide thioester (C34 thioester:
4.1 mg,.0.67 umol, SC34EK thioester: 4.6 mg, 0.67 pmol or T20 thi-
oester: 4.2 mg, 0.67 umol), CH3CN (45 pL) and the template (30 pL,
0.45 pmol) dissolved in 50% aqueous CH3;CN (0.1% TFA) were then
added to the mixture. After stirring for 1 h at 30 °C under a nitro-
gen atmosphere, iodoacetamide (12.5 mg, 67.4 umol) was added
to the mixture, which was stirred for 30 min at 30 °C and moni-
tored by HPLC. The obtained products were purified by reverse
phase HPLC. The purified products were lyophilized and identified
by ESI-TOF-MS; (34 dimer (SH-capped): m/z calcd for
Ca90H778N1420172S5 [M+H]+ 11563.5, found: 115715 (1.1 mg,
0.08 umol, 18% yield). C34 trimer (SH-capped): m/z calcd for
C709H1115N208024355 [M+H]+ 16703.9, found: 16715.3 (0.5 mg,
0.03 umol, 6% yield). SC34EK dimer (SH-capped): m/z calcd for
C478H848N1440168$3 [M+H]+ 11823.2, found: 11829.5 (12 mg,
0.08 umol, 18% yield). SC34EK trimer (SH-capped): m/z calcd for
C691H1221N211024253 [M+H]+ 17091.9, found: 17101.4 (0.5 mg,
0.02 pmol, 5% yield). T20 dimer (SH-capped): mfz caled for
C525Hg14N142017253 []\/1"‘1‘”+ 11967.9, found: 11976.1 (1.0 mg,
0.07 umol, 16% vyield). T20 trimer (SH-capped): m/z calcd for
Cy63H1170N208024853 [M+H]+ 17310.5, found 17321.6 (1.5 mg,
0.08 pmol, 17% yield).

4.4. CD spectra
CD measurements were performed with a J-720 circular dichro-

ism spectropolarimeter equipped with a thermo-regulator (JASCO).
The wavelength dependence of molar ellipticity [#] was monitored

at 25 °C from 195 to 250 nm. The peptides were dissolved in PBS
(50 mM sodium phosphate, 150 mM Nacl, pH 7.2).

4.5. Virus preparation

For virus preparation, 293T/17 cells in a T-75 flask were trans-
fected with 10 pg of the pNL4-3 construct by the calcium phos-
phate method. The supernatant was collected 48 h after
transfection, passed through a 0.45 pum filter, and stored at
—80 °C as the virus stock.

4.6. Anti-HIV-1 assay

For the viral fusion inhibitory assay, TZM-bl cells (1 x 10 cells/
100 pL) were cultivated with the NL4-3 virus (10 ng of p24) and
serially diluted peptides. After 48 h cultivation, cells were lysed
and the luciferase activity was determined with the Steady-Glo
luciferase assay system (Promega, WI)*!

4.7. Cytotoxicity assay

The cytotoxic effects of peptides were determined by CellTiter
96 Non-Radioactive Cell Proliferation assay system (Promega) un-
der the same conditions as the anti-HIV assay but in the absence
of viral infection.

Acknowledgements

The authors thank Professor Takaki Koide and Dr. Ryo Masuda,
Department of Chemistry and Biochemistry, Waseda University,
for allowing access to a CD spectropolarimeter. The T20 peptide
was obtained through the NIH AIDS Research and Reference Re-
agent Program, Division of AIDS, NIAID, NIH. This work was sup-
ported 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 Japa-
nese Ministry of Health, Labor, and Welfare. C. H. is supported by
JSPS research fellowships for young scientists.

Supplementary data

Supplementary data (peptide synthesis, mass data and HPLC
charts of compounds) associated with this article can be found,
in the online version, at  http://dx.doi.org/10.1016/
j-bmc.2013.05.060.

References and notes

1. Hashimoto, C.; Tanaka, T.; Narumi, T.; Nomura, W.; Tamamura, H. Expert Opin.
Drug Disc. 2011, 6, 1067.

. Freed, E. O.; Martin, M. A. J. Biol. Chem. 1995, 270, 23883.

. Eckert, D. M.; Kim, P. S. Annu. Rev. Biochem. 2001, 70, 777.

Whyatt, R.; Sodroski, J. Science 1884, 1998, 280.

Berger, E. A;; Murphy, P. M,; Farber, J. M. Annu. Rev. Immunol. 1999, 17, 657.

Lu, M.; Blacklow, S. C.; Kim, P. S. Nat. Struct. Biol. 1995, 2, 1075.

Jiang, S.; Lin, K.; Strick, N.; Neurath, A. R. Nature 1993, 365, 113.

. Wild, C. T.; Shugars, D. C.; Greenwell, T. K.; McDanal, C. B.; Matthews, T. . Proc.

Natl. Acad. Sci. US.A. 1994, 91, 9770.
. Wild, C. T.; Oas, T.; McDanal, C.; Bolognesi, D.; Matthews, T. Proc. Natl. Acad. Sci.
U.S.A. 1992, 89, 10537.

10. Kilby, J. M.; Hopkins, S.; Venetta, T. M.; DiMassimo, B.; Cloud, G. A,; Lee, J. Y.;
Alldredge, L.; Hunter, E.; Lambert, D.; Bolognesi, D.; Matthews, T.; Johnson, M.
R.; Nowak, M. A.; Shaw, G. M.; Saag, M. S. Nat. Med. 1998, 4, 1302.

11. Kilby, ]J. M.; Eron, J. J. N. Engl. J. Med. 2003, 348, 2228.

12. Lalezari, J. P.; Henry, K.; O'Hearn, M.; Montaner, J. S.; Piliero, P. J.; Trottier, B.;
Walmsley, S.; Cohen, C.; Kuritzkes, D. R.; Eron, J. ]., Jr.; Chung, J.; DeMasi, R.;
Donatacci, L.; Drobnes, C.; Delehanty, ].; Salgo, M. N. Engl. J. Med. 2003, 348,
2175.

13. Liy, S.; Jing, W.; Cheng, B.; Lu, H.; Sun, J.; Yan, X.; Niy, J.; Farmar, J.; Wy, S.;
Jiang, S. J. Biol. Chem. 2007, 282, 9612.

14. Chan, D. C; Fass, D.; Berger, J. M.; Kim, P. S. Cell 1997, 89, 263.

PNO LS W

0

— 133 —



4458

15.
16.
17.
18.

19.

20.

21.
22.
23.

24.

25.

26.

27.

De Rosny, E.; Vassell, R.; Wingfield, R. T.; Wild, C. T.; Weiss, C. D. J. Virol. 2001,
75, 8859.

Tam, J. P.; Yu, Q. Org. Lett. 2002, 4, 4167.

Xu, W.; Taylor, J. W. Chem. Biol. Drug Des. 2007, 70, 319.

Louis, J. M.; Nesheiwat, I.; Chang, L.; Clore, G. M.; Bewlet, C. A. J. Biol. Chem.
2003, 278, 20278.

Bianch, E.; joyce, ]. G.; Miller, M. D.; Finnefrock, A. C.; Liang, X.; Finotto, M.;
Ingllinella, P.; McKenna, P.; Citron, M.; Ottinger, E.; Hepler, R. W.; Hrin, R.;
Nahas, D.; Wu, C.; Montefiori, D.; Shiver, . W.; Pessi, A.; Kim, P. S. Proc. Natl.
Acad. Sci. USA 2010, 107, 106550.

Nakahara, T.; Nomura, W.; Ohba, K.; Ohya, A.; Tanaka, T.; Hashimoto, C.;
Narumi, T.; Murakami, T.; Yamamoto, N.; Tamamura, H. Bioconjugate Chem.
2010, 21, 709.

Lu, M.; Ji, H.; Shen, S. J. Virol. 1999, 73, 4433.

Eckert, D. M.; Kim, P. S. Proc. Natl. Acad. Sci. US.A. 2001, 98, 11187.

Bianchi, E.; Finotto, M.; Ingallinella, P.; Hrin, R.; Carella, A. V.; Hous, X. S.;
Schleif, W. A.; Miller, M. D. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 12903.
Nomura, W.; Hashimoto, C.; Ohya, A.; Miyauchi, K.; Urano, E.; Tanaka, T.;
Narumi, T.; Nakahara, T.; Komano, J. A.; Yamamoto, N.; Tamamura, H.
ChemMedChem 2012, 7, 205.

Handl, H. L.; Sankaranarayanan, R.; Josan, J. S.; Vagner, ].; Mash, E. A,; Gillies, R.
J.; Hruby, V. }. Bioconjugate Chem. 2007, 18, 1101.

Otaka, A.; Nakamura, M.; Nameki, D.; Kodama, E.; Uchiyama, S.; Nakamura, S.;
Nakano, H.; Tamamura, H.; Kobayashi, Y.; Matsuoka, M.; Fujii, N. Angew. Chem.,
Int. Ed. 2002, 41, 2937.

Dawson, P. E.; Muir, T. W.; Clark-Lewis, L; Kent, S. B. H. Science 1994, 266, 776.

28.
29.
30.
31.
32,
33.
34,

35.
36.

37.
38.
39.

40.

41.

W. Nomura et al./Bioorg. Med. Chem. 21 (2013) 44524458

Dawson, P. E.; Churchill, M. J.; Ghadiri, M. R.; Kent, S. B. H. J. Am. Chem. Soc.
1997, 119, 4325.

Chan, D. C.; Chutkowski, C. T.; Kim, P. S. Proc. Natl. Acad. Sci. US.A. 1998, 95,
15613.

Niesen, F. H.; Berglund, H.; Vedadi, M. Nat. Protocols 2007, 9, 2212.

Steinberg, T. H.; Haugland, R. P.; Singer, V. L. Anal. Biochem. 1996, 239, 238.
Kahle, K. M.; Steger, K.; Root, M. ]. PLoS Pathogenes 2009, 5, e1000674,

Veiga, A. S.; Santos, N. C.; Loura, L. M.; Fedorov, A.; Castanho, M. A. J. Am. Chemn.
Soc. 2004, 126, 14758.

Lawless, M. K.; Barney, S.; Guthrie, K. L.; Bucy, T. B.; Petteway, S. R, Jr.; Merutka,
G. Biochemistry 1996, 35, 13697.

Salzwedel, K.; West, ]. T.; Hunter, E. J. Virol. 1999, 73, 2469.

Peisajovich, S. G.; Gallo, S. A.; Blumenthal, R.; Shai, Y. J. Biol. Chem. 2003, 278,
21012.

Liy, S.; Ly, H;; Xu, Y.; Wu, S; Jiang, S. J. Biol. Chem. 2005, 280, 11259.

Hu, X; Saha, P.; Chen, X.; Kim, D.; Devarasetty, M.; Varadarajan, R.; Jin, M. M. J.
Am. Chem. Soc. 2012, 134, 14642.

Naito, T.; Izumi, K.; Kodama, E.; Sakagami, Y.; Kajiwara, K.; Nishikawa, H.;
Watanabe, K.; Sarafianos, S. G.; Oishi, S.; Fujii, N.; Matsuoka, M. Antimicrob.
Agents Chemother. 2009, 53, 1013.

Hashimoto, C.; Nomura, W.; Ohya, A.; Urano, E.; Miyauchi, K.; Narumi, T.;
Aikawa, H.; Komano, J. A.; Yamamoto, N.; Tamamura, H. Bioorg. Med. Chem.
2012, 20, 3287.

Platt, E. J.; Wehrly, K.; Kuhmann, S. E.; Chesebro, B.; Kabat, D. J. Virol. 1998, 72,
2855.

— 134 —






