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Remodeling of Dynamic Structures of HIV-1 Envelope Proteins Leads to
Synthetic Antigen Molecules Inducing Neutralizing Antibodies
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A synthetic antigen targeting membrane-fusion mechanism of HIV-1 has a newly designed template with C3-
symmetric linkers mimicking N36 trimeric form. The antiserum produced by immunization of the N36 trimeric
form antigen showed structural preference in binding to N36 trimer and stronger inhibitory activity against HIV-1
infection than the N36 monomer. Our results suggest an effective strategy of HIV vaccine design based on a
relationship to the native structure of proteins involved in HIV fusion mechanisms.

INTRODUCTION

Antibody-based therapy is one of the promising treatments
for AIDS. In recent years, AIDS antibodies have been produced
by immunization (/) and by de novo engineering of monoclonal
antibodies (mAb) with molecular evolution tactics such as phage
display (2). Despite enormous efforts, however, only a limited
number of highly and broadly HIV-neutralizing human mAbs
have been isolated and characterized. These antibodies include
gp4l Abs, 2F5 (3—6) and 4E10 (5—7), and gp120 Abs, 2G12
(8) and b12 (9). gp41 is a transmembrane envelope glycoprotein,
which is divided into an endodomain and an ectodomain by
the transmembrane region; the latter contains a hydrophobic
amino-terminal fusion peptide, followed by amino-terminal and
carboxy-terminal leucine/isoleucine heptad repeat domains with
helical structures (HR1 and HR2, respectively). In the membrane
fusion process of HIV-1, these subunits form a “pre-bundle”
complex. The HR1 and HR2 regions are termed the N-terminal
helix (N36) and C-terminal helix (C34), respectively. These
helices form a six-helical bundle consisting of a central parallel
trimeric coiled-coil of N36 surrounded by C34 in an antiparallel
hairpin fashion. In design of immunogens that elicit broadly
neutralizing antibodies, a useful strategy is to produce molecules
that mimic the natural trimer on the virion surface. Previous
studies show that these molecules could be proteins expressed
as a recombinant form or on the surface of particles such as
pseudovirions or proteoliposomes (10—12). The X-ray crystal-
lographic study of gp41 shows that the distances between any
two residues at the N-terminus of N-region are almost equal at
approximately 10 A (Figure 1A). A chemically synthetic
template could be useful in connection with the design of a
peptidomimetic corresponding to the native structure of gp41.
To date, several gp4l mimetics have been synthesized as
inhibitors or antigens and subjected to inhibition or neutralization
assays (/3—16). However, the templates for assembly of these
helical peptides contain branched peptide linkers, which are not
exactly equivalent in length (/4). The N-terminal peptides
constrained by another threefold linker showed high affinity for
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C-terminal peptides, although its biological advantages have not
been determined (/5). The mimicry can be estimated using the
broadly neutralizing mAbs; suitable mimetics will bind neutral-
izing mAbs efficiently, but they will bind non-neutralizing mAbs
poorly. In the present study, we designed and synthesized a
novel three-helical bundle mimetic, which corresponds to the
trimeric form of N36. We investigated whether mice immunized
with the equivalent trimeric form of N36 mimetic can produce
antibodies with stronger binding affinity for N36 trimer than
for N36 monomer. This approach demonstrates the possibility
of producing structure-specific antibodies by immunization of
synthetic antigens corresponding to the natural form of viral
proteins.

EXPERIMENTAL PROCEDURES

Conjugation of N36REGC and the Template to Pro-
duce triN36e. Compound 6 (100 ug, 0.174 umol) and N36REGC
(3.4 mg, 0.574 umol) were dissolved in a mixture of 300 uL of
200 mM acetate buffer (pH 5.2) and 300 uL of TFE under a
nitrogen atmosphere, then TCEP+HCI was added. The reaction
was stirred for 72 h at room temperature and monitored by
HPLC. The ligation product (triN36e) was separated as an HPLC
peak and was characterized by ESI-TOF-MS, m/z calcd for
C690H1160N2260201S3 15933.1, found 15933.8. The puriﬁcati()n
was performed by reverse phase HPLC (YMC-Pack ODS-A
column, 10 x 250 mm). Elution was carried out with a 40—50%
linear gradient of acetonitrile (0.1% TFA) over 50 min. Purified
riN36e, obtained in 16% yield, was identified by ESI-TOF-
MS. The detailed synthesis of peptides is described in the
Supporting Information (SI).

CD Spectra. CD measurements were performed with a J-720
circular dichroism spectrolarimeter equipped with a thermoregu-
lator (JASCO). The wavelength dependence of molar ellipticity
[6] was monitored at 25 °C from 190 to 250 nm. Peptides were
dissolved in 20 mM acetate buffer (pH 4.0) containing 40%
MeOH (23, 24). The experimental helicity was calculated as
reported previously (17—19).

Immunization and Sample Collection. Six-week-old male
BALB/c mice were purchased from Sankyo Laboratory Service
Corp. (Tokyo, Japan) and maintained under specific pathogen-
free conditions in an animal facility. The experimental protocol
was approved by the ethical review committee of Tokyo Medical
and Dental University. Freund incomplete adjuvant and PBS

© 2010 American Chemical Society
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Figure 1. (A) Distances between hydrogen atoms for hydroxyl groups in N-terminal serine residues of N36 helices in trimeric form. The distances
were evaluated by PyMOL (21). (B) Cartoon presentation of each N36 derived peptide, N36REGC. (C) Design of a C3-symmetric template. The
amino acid residues are described in single letters. (D) Conjugated structure of trimeric N36 after thiazolidine ligation.

were purchased from Wako Pure Chemical Industries (Osaka,
Japan). DMSO (endotoxin free) was purchased from Sigma-
Aldrich (St. Louis, MO).

All mice were bled one week before immunization. One
hundred micrograms of antigen was dissolved in 1 4L of DMSO.
The solution was mixed with 50 uL of PBS and 50 uL of Freund
incomplete adjuvant. The mixture was injected subcutaneously
under anesthesia on days 0, 14, 28, 42, and 58. Mice were bled
on days 21, 35, 49, and 65. Serum was separated by centrifuga-
tion (15 000 rpm) at 4 °C for 15 min and inactivated at 56 °C
for 30 min. Sera were stored at —80 °C before use.

Serum Titer ELISA. Tween-20 (polyoxyethylene (20)
sorbitan monolaurate) and hydrogen peroxide (30%) were
purchased from Wako. ABTS (2,2-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) diammonium salt) was purchased from
Sigma-Aldrich. Antimouse IgG (H-+L)(goat)-HRP was pur-
chased from EMD Chemicals (San Diego, CA). Ninty-six-well
microplates were coated with 25 uL of a synthetic peptide at
10 ug/mL in PBS at 4 °C for overnight. The coated plates were
washed 10 times with deionized water and blocked with 150
L 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 with deionized water 10 times. Mice sera were diluted
in 0.02% PBST with 1% skim milk, and 50 uL of 2-fold serial
dilutions of sera from 1/200 to 1/102400 were added to the wells
and allowed to incubate at 37 °C for 2 h. The plates were washed
10 times with deionized water. Twenty-five microliters of HRP-
conjugated antimouse IgG, diluted 1:2000 in 0.02% PBST, was
added to each well. After 45 min incubation, the plates were
washed 10 times and 25 ul. of HRP substrate, prepared by
dissolving 10 mg ABTS to 200 uLof HRP staining buffer—a
mixture of 0.5 M citrate buffer (pH 4.0, 1 mL), H,O, (3 uL),
and H;O (8.8 mL)—was added. After 30 min incubation, the
reaction was stopped by addition of 25 uL/well 0.5 M H,SO,,
and optical densities were measured at 405 nm.

Virus Preparation. The pNL4-3 construct (8 ug) was
transfected into 293T cells by Lipofectamine LTX (Invitrogen,

Carlsbad, CA) followed by changing medium at 12 h after
transfection. At 48 h after changing medium, the supernatant
was collected, passed through a 0.45 um filter, and stored at
—80 °C as HIV-1y4—3 strain before use. For titration, MT-4
cells were infected with serially 3-fold diluted virus from 1/10
to 1/196830, and cultured for 7 days. HIV-1 p24 levels in
supernatants were measured, and then the titer of virus solution
was calculated.

Anti-HIV Assay. Virus was prepared as described above
except that the transfection of pNL4-3 was performed by the
calcium phosphate method. Anti-HIV-1 activity was determined
on the basis of protection against HIV-1-induced cytopathoge-
nicity in MT-4 cells. Various concentrations of AZT, N36RE,
and triN36e (The starting concentrations are 100, 10, and 1 uM,
respectively) were added to HIV-1-infected MT-4 cells (MOI
= 0.01) by 2-fold serial dilution and placed in wells of a flat-
bottomed microtiter plate (2.0 x 10* cells/well). After 5 days’
incubation at 37 °C in a CO, incubator, the number of viable
cells was determined using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) method (ECsg). Cytotox-
icity of compounds was determined on the basis of viability of
mock-infected cells using the MTT method (CCsp). Each
experiment was performed three times independently.

Neutralizing Assay. MT4-cells (1 x 10° cells/100 uL) were
incubated in 100 uL medium containing 10 L sera from
immunized or preimmunized mice for 1 h at 37 °C, then
pretreated MT-4 cells were infected with HIV-1y4-3 (MOI =
0.05). At 3 days after infection, cells were collected by
centrifuge at 4000 rpm for 10 min at 4 °C. After discarding
supernatant, pellets were lysed with 30 uL of lysis buffer (50
mM Tris*HCI (pH 7.5), 150 mM NaCl, 1% NP-40), then 30
uL of 2 x SDS buffer (125 mM Tris+HCI (pH 6.8), 4% SDS,
20% glycerol, 10% 2-ME, 0.004% BPB) were added and boiled
for 10 min. The samples (5 uL) were subjected to SDS-page to
perform Western blotting. The HIV-1 gag p24 was detected by
using Western lightning ECL kit (PerkinElmer, MA) according
to manufacturer’s instruction after treatment of HIV-1 p24



Synthetic Antigen Inducing Structural Specific Antibody

Scheme 1. Synthesis of the Equivalently Branched Template 6
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antibody (2C2; 1:2000 dilution) (20) and anti- mouse IgG
(H+L)-HRP (Millipore, MA). The band intensity of p24 was
calculated with post/pre-immunized samples by using ImageJ
image analyzing software.

RESULTS AND DISCUSSION

The N-region of gp4l is known to be an aggregation site
involving a trimeric coiled-coil conformation. In design of an
N36-derived peptide (N36RE), the triplet repeat of arginine and
glutamic acid was fused to the N-terminus to increase the
solubility in buffer solution (Figure 1B). In order to form a triple
helix corresponding precisely to the gp41 prefusion form, we
designed the novel C3-symmetric template depicted in Figure
1C. This designed template linker has three branches of equal
length and possesses the hydrophilic structure and ligation site
for coupling with N36RE. The template was synthesized from
the commercially available 3-[bis(2-carboxyethyl)amino]pro-
panoic acid 1 as shown in Scheme 1. Coupling of 1 with
[-alanine benzyl ester 2 gave the corresponding triamide 3 in
77% yield. Cleavage of three benzyl esters by hydrogenation
and coupling with solketal 4 produced the corresponding triester
5. Deprotection of the acetonides with aqueous 80% TFA
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followed by oxidative cleavage of diol group led to the desired
template 6. This approach uses thiazolidine ligation for chemose-
lective coupling of Cys-containing unprotected N36RE
(N36REGC) with a three-armed aldehyde scaffold producing
triN36e (Figure 1D). Thiazolidine ligation is a peptide segment
coupling strategy which does not require side chain protecting
groups (22—26). The reaction consists of three steps: (i) aldehyde
introduction, in which a masked glycolaldehyde ester is linked to
the carboxyl terminus of an unprotected peptide by reverse
proteolysis; (ii) ring formation, in which the unmasked aldehyde
reacts at acidic pH with the o-amino group of an N-terminal
cysteine residue of the second unprotected peptide forming a
thiazolidine ring; and (iii) rearrangement at higher pH in which
O-acyl ester linkage is converted to an N-acyl amide linkage
forming a peptide bond with a pseudoproline structure (Figure 2).

Circular dichroism (CD) spectra of triN36e and N36RE,
which is a monomer form without N-terminal Cys-Gly residues,
are shown in Figure 3A. The peptides were dissolved in 20 mM
acetate buffer with 40% MeOH, pH4.0, suitable for measure-
ment of CD spectra of membrane proteins (27, 28). Both spectra
display double minima at 208 and 222 nm and showed high
molar ellipticity as absolute values (Table 1). The results indicate
that these peptides form a highly structured a-helix and that
the helical content of the trimer triN36e is higher than that of
the monomer N36RE. Furthermore, to assess the interaction of
triN36e with C34, CD spectra of the peptide mixture with C34-
derived peptide, C34RE, were measured (Figure 3B,C). The
spectrum of triN36e and C34RE mixture showed high molecular
ellipticity as an absolute value comparable with that of triN36e
alone. This supports the conclusion that C34RE interacts with
tri36e and thereby induces a higher helical form as shown
previously (29).

Mice were immunized with these synthetic gp41l mimetics
and antibody production was successfully induced (the detailed
titer increase in 5 weeks’ immunization is given in the
Supporting Information). Two out of three mice showed
induction of antibodies against either antigen (N36RE or
triN36e). Antibody titers and selectivity of antisera isolated from
mice immunized with N36RE or triN36e were evaluated by
serum titer ELISA against coated synthetic antigens. The most
active antiserum for each antigen was utilized for the evaluation
of binding activity by ELISA (Figure 4). The N36RE-induced
antibody showed approximately 5 times higher affinity for
N36RE than for triN36e, as 50% bound serum dilutions are
388 x 107* and 2.14 x 107® to N36RE and triN36e,
respectively. It is noteworthy that the triN36e-induced antibody
showed approximately 30 times higher preference in binding
affinity for triN36e antigen than for N36RE (serum dilutions at
50% bound are 3.83 x 107> to N36RE and 1.33 x 107 to
triN36e). Although this evaluation was not determined with
purified mAbs, it is clear that the antibodies produced exploit a
structural preference for antigens. The mechanism of induction
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Figure 2. Reaction mechanisms of thiazolidine ligation utilized for assembly of N36RE helices on the template.
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Figure 3. (A) Circular dichroism (CD) spectra of N36RE and triN36e. In the spectra, a blue dashed line and a green line show N36RE (monomer)
and triN36e (trimer), respectively. Concentrations of the peptides are 10 and 3.3 uM for N36RE and triN36e, respectively. (B) CD spectra in the
presence or absence of C34RE peptide. The spectra show the following: a dashed green line, triN36e; a dashed blue line, C34RE; a red line,
triN36e-+C34RE, respectively. The concentrations of peptides were as follows: triN36e (2.3 uM), C34-derived peptide C34RE (7 uM), and mixture
of both peptides (3.5 uM each). (C) The amino acid sequence of C34RE described in single letters. FP and TM represent hydrophobic fusion
peptide and transmembrane domain, respectively.
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Figure 4. Serum titers of antibodies produced by N36 monomer and conformationally constrained N36 trimeric antigen. The titers were evaluated
against N36RE (monomer) (A) and triN36e (trimer) (B). The plots indicate the results of sera obtained from N36RE-immunized mouse (*) and
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{(A) (B)
1007
Pre- ' E
immunization c
[
£
£
Post- 254
immunization

[

N36RE triN36e

Figure 5. Determination of neutralization activity of the antibodies produced by immunization of peptidomimetic antigens. (A) Results of p24
assay to evaluate inhibition for HIV-1 infection by produced antibodies. Preimmunization sera were used as control, Experiments were duplicated.
(B) Average % inhibition of p24 production calculated from the band intensities in panel (A).

of structure-specific antibody is still not clear, but the results
could suggest the efficacy of producing antibodies with structural
specificity and that the synthesis of structure-involving antigens
is an effective strategy when higher specificity is required.
Neutralizing activity of sera against HIV-1 infection was (61222 [601222/{61208 a-helicity
assessed by p24 assays utilizing antisera from two mice that N36RE ~30957 0.87 73%
showed antibody production for each antigen (Figure 5). Sera riN36e —38998 0.96 95%

Table 1. Differences of a-Helicities between N36RE and triN36e
Calculated from CD Spectra in Figure ¢
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Table 2. ECsy and CCs) Values Calculated from Inhibition Assays
of Peptidomimetics

AZT triN36e N36RE
ECsp (uM)” 0.047 0.49 1.4
CCsy (uM)” >50 >1 >10

“ECsy values are based on the inhibition of HIV-induced
cytopathogenicity in MT-4 cells. #CCs, values are based on the
reduction of the viability of MT-4 cells. All data are the mean values
for at least three experiments.

from mice immunized with the same antigen showed similar
inhibitory activity against viral infection (12.5% and 14.8% for
N36RE, 40.3% and 52.1% for triN36e). A trend was observed
that the sera from triN36e immunization shows higher inhibition
than those from N36RE immunization. This suggests that the
synthetic antigen corresponding to the N36 trimeric form induces
antibody with neutralization activity superior to that of the
monomer peptide antigen and implies a restricted response of
B-cells upon immunization to the trimeric form of N36RE. In
order to assess the compatibility of induced antibodies in HIV-1
entry inhibition, the HIV-1 inhibitory activities of peptidomi-
metics (N36RE and triN36e) have been evaluated by viral
infection and cytotoxicity assays. A C-terminal region peptide
known as Enfuvirtide (T20, Roche/Trimeris) has been used
clinically as a fusion inhibitor, and its success indicates that
gp41-derived peptides might be potent inhibitors, useful against
HIV-1 infection (30). In the development of anti-HIV peptides,
several mimetics such as Enfuvirtide, CD4 binding site of gp120
(31), and protein-nucleic acid interactions (32), which disrupt
protein—protein interactions, have been produced. As indicated
in Table 2, N36 and triN36e showed modest inhibitory activity
as reported in previous studies (33—235). The potency of triN36e
was three times higher than that of N36RE indicating that the
active structure of monomer N36RE is a trimeric form.
Cytotoxicity of the antigens was not observed at concentrations
of 1 uM of triN36e and 10 uM of N36RE.

CONCLUSIONS

In summary, a mimic of HIV-1 gp41-N36 designed as a new
vaccine has been synthesized utilizing a novel template with
three branched linkers of equal lengths. Thiazolidine-forming
ligation attached the esteraldehyde of three-branched template
with N-terminal cysteine of peptides in an aqueous medium.
The resulting peptide antigen successfully induces antibodies
with neutralization activity against HIV-1 infection. It is of
special interest that the antibody produced acquires structural
preference to antigen, which showed 30 times higher binding
affinity for trimer than for monomer. This indicates the
effectiveness of the design based on the structural dynamics of
HIV-1 fusion mechanism of an antigen which could elicit
neutralizing antibodies. In a design based on the N36 region of
gp41, the exposed timing of epitopes is limited during HIV-1
entry (36), and carbohydrates, which could make accession of
antibodies to epitopes difficult, are not associated with the amino
acid residues of the native protein. These two advantages could
further enhance the potential of a vaccine design based on the
N36 region. During preparation of the manuscript, a new HIV
vaccine strategy was reported by Burton’s group (37). The report
describes the importance of antibody recognition for the trimer
form of surface protein. The trimer-specific antibodies indicate
broad and potent neutralization. The gp41 trimer-form specific
antibody produced in this study could also obtain the corre-
sponding properties. The elucidation of antibody-producing
mechanisms and epitope recognition mode of antibodies in
antiserum during HIV-1 entry will be addressed in future studies.
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The chemokine receptor CXCR4 is a member of the seven

transmembrane GPCR family, which is |mphcated in multlple‘

diseases, mcludmg HIV mfectlon cancers; and rheumatond ar-

thritis. Low-molecular~welght nonpeptldlc compounds, mcludﬁ

ing AMD3100 and various pyridyl macrocychc zmc(ll) com-
plexes, have been identifi ed as selective antagomsts of CXCR4.
In the present study, structure-activity relattonshlp studxes
were performed by combining the common structural features

of ‘alkylamino and pyridiyl macrocychc antagonlsts Several~

Introduction

The chemokine receptor CXCR4, which transduces signals of its
endogenous ligand, CXCL12/stromal cell-derived factor-1 (SDF-
1,14 is classified as a member of the seven transmembrane
GPCR family, and plays a physiological role via its interaction
with CXCL12 in chemotaxis,” angiogenesis,”” and neurogene-
sis®? in embryonic stages. CXCR4 is, however, relevant to mul-
tiple diseases including HIV infection/AIDS, ™ metastasis of
several types of cancer,"*'¥ leukemia cell progression,"*'® and
rheumatoid arthritis (RA),""”'® and is considered an attractive
drug target to combat these diseases. Thus, inhibitors target-
ing CXCR4 are expected to be useful for drug discovery.

Several CXCR4 antagonists have been reported,"*=% includ-
ing our discovery of the highly potent CXCR4 antagonist T140,
a 14-mer peptide with a disulfide bridge, its smaller derivative,
the 5-mer cyclic peptide FC131, and several other potent ana-
logues.!'®2+26.25-30 Clinical development of these peptidic an-
tagonists could be pursued using specific administration strat-
egies involving biodegradable microcapsules."3% However,
herein we focus on novel nonpeptidic low-molecular-weight
CXCR4 antagonists. To date, AMD3100 (1),%**¥ Dpa-Zn com-
plex (2),°” KRH-1636,27 and other compounds®'~* have been
developed in this and other laboratories as low-molecular-
weight nonpeptidic CXCR4 antagonists. The present study re-
ports structure-activity relationship studies based on the com-
bination of common structural motifs, such as xylene scaffolds
and cationic moieties that are present in the aforementioned
compounds.

Results and Discussion

In order to determine spatially suitable positioning of cationic
moieties, p- and m-xylenes were utilized as spacers. Cationic
moieties such as bis(pyridin-2-ylmethyl)amine (dipicolylamine),
1,4,7,10-tetraazacyclododecane (cyclen), and 1,4,8,11-tetraaza-

new zmc( ) or copper(ll) complexes demonstrated potent antl-

,HIV actnvuty, strong CXCR4- bmdmg activity, and significant in-
hibitory activity against Ca* mobilization |nduced by CXCL12
_stimulation. These results may prove useful in the design of

‘novel CXCR4 antagonlsts, and the compounds described could

- ,potentlally be developed as therapeutlcs agamst CXCR4-reIe—

vant dxseases or chemlcal probes to study the blologlca! actnvu-

‘ ty of CXCR4

NH HN m
DT
~ U

cyclotetradecane (cyclam) were introduced as R' and R?
(Figure 1). This combination of R, R and spacer groups led to
the design and synthesis of compounds 12-31.

The CXCR4 binding activity of synthetic compounds was as-
sessed based on the inhibition of ["®IJCXCL12 binding to
Jurkat cells, which express CXCR4.”® The percent inhibition of
all compounds at 1 pm is shown in Table 1. Seven compounds
(16, 17, 20-22, 28, and 29, Table 1) resulted in greater than
87 % inhibition. The high activity of 16 is consistent with re-
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Figure 1. The structures of aromatic spacers (upper) and cationic moieties
(R" and R?). The shaded circle represents the position of the metal cation
(Zn" or Cu" in the chelate.

sults reported previously.”>* The anti-HIV activities of 17 and
29, which contain only cyclam or cyclal rings, were reported
by De Clercq et al.®**" Compounds with only pyridine and/or
cyclen rings did not show any high binding activity. The pres-
ence of azamacrocyclic rings is presumably indispensable to
the interaction of these compounds with CXCR4, and the size
of rings appears to be important because not only compounds
16 and 17, with two cyclam rings in the molecule, but also
compounds 28 and 29, with two cyclal rings, have remarkably
more potent CXCR4 binding activity than compounds 14 and
15, which have two cyclen rings. Compound 22, with a
p-xylene moiety, exhibited higher activity than compound 23,
which has an m-xylene moiety, indicating that p-xylene is more
suitable than m-xylene as a spacer for approximate positioning
of cationic moieties. At 0.1 M, compound 22 resulted in 86%
inhibition of ['®IICXCL12 binding, while the other six com-
pounds exhibited 37-66% inhibition. The IC,, value of com-
pound 22 was estimated to be 37 nm.

ZnCl, was added to phosphate-buffered saline (PBS) solu-
tions of these 20 compounds, 12-31, to form zinc(ll) com-
plexes. The percent inhibition for each compound at 1 pum
against ['ZIJCXCL12 binding was determined and is given in
Table 1. Zinc complexation of 12-15, 18, 19, and 23 resulted in
a remarkable increase in CXCR4 binding activity compared to
the corresponding zinc-free compounds. These molecules con-
tain dipicolylamine and/or cyclen moieties, suggesting that
chelation of the nitrogen atoms with the zinc(ll) ion significant-
ly affects their interactions with CXCR4. The high activity of the
zinc chelates of 12 and 13 is consistent with results provided
in our previous paper®” Additionally, the anti-HIV activity of
zinc complexes of 14 and 15 was reported by Kimura et al.*"
For compounds with only dipicolylamine and/or cyclen macro-
cycles as cationic moieties (12-15, 18, and 19), zinc complexa-
tion is critical to achieve high binding activity; the correspond-

ing zinc-free compounds exhibit no significant activity. Com-
pounds 16, 17, 20-22, 28, and 29 demonstrated high binding
affinity in metal-free states as well as in zinc complexation
states, indicating that zinc complexation of either of the mac-
rocyclic rings in these compounds is not essential for high ac-
tivity. The CXCR4 binding activity and anti-HIV activity of the
zinc complex of 16 were reported previously.*>*! Measured in-
hibition percentages for 0.1 um of the zinc complexes of 12,
14-23, 28, and 29 are given in Table 1. The zinc complexes of
20-22, 28, and 29 at 0.1 um exhibited greater than 79% inhibi-
tion of ["®IICXCL12 binding, and the other eight zinc com-
plexes (of 12, 14-19, and 23,) showed less than 55% inhibi-
tion. The ICs, values of zinc complexes of 20-22, 28, and 29
were estimated to be 11, 8.3, 22, 40, and 52 nm, respectively.
Zinc complexes of compounds containing a combination of
cyclen and cyclam moieties, 20 and 21, had remarkably potent
1Cs, values.

To form chelates with a copper(ll) cation, CuCl, was added
to solutions in PBS of 12-31. The inhibition percentages of all
the compounds at 1pum against ['*IJCXCL12 binding are
shown in Table 1. Copper complexes of 14 and 15 exhibited a
significant increase in CXCR4 binding activity as compared to
the corresponding copper-free compounds, a phenomenon
which is also seen in the zinc chelates. These compounds have
two cyclen moieties in the molecules, suggesting that zinc or
copper complexation is critical for high binding activity. Com-
pounds 16, 17, and 20-22 showed high binding affinities in
metal-free states and zinc- and copper-complexed states, indi-
cating that metallic complexation of the cyclam rings in these
compounds is not necessary for high activity. The CXCR4 bind-
ing activity of the copper complex of 16 was previously report-
ed.*? For compounds 17, 22, 23, 28, and 29, copper complex-
ation caused a significant decrease in binding activity com-
pared to the corresponding copper-free compounds, whereas
for compounds 14, 15, 18, and 19, copper complexation
caused an increase in binding activity. This phenomenon may
be due to the difference in ring sizes and structures of macro-
cycles, and was not observed upon zinc-complex formation. In-
hibition at 0.1 pm of the copper complexes of 16 and 20-22,
which exhibited greater than 85% inhibition of ['*[JCXCL12
binding at 1 pm, are given in Table 1. The copper complexes of
16, 20, 21, and 22 at 0.1 um showed 39, 69, 88, and 39% in-
hibition, respectively, with the ICy, value of the copper com-
plex of 21 estimated to be 16 nm.

Molecular modeling analysis of compound 21 and its zinc(ll)
and copper(ll) complexes predicted that these complexes
would form a stable coordinate conformation as shown in
Figure 2. In general, zinc(ll) complexes are predicted to adopt a
tetrahedral conformation, while copper{ll) complexes form a
planar four coordinate/square conformation. The zinc(ll) com-
plex of 21 is predicted to have a tetrahedral conformation and
the copper(ll) complex a square planar conformation in both
the cyclen and cyclam rings. The carboxyl group of either
Asp 171 or Asp 262 in CXCR4 is thought to coordinate strongly
with zinc ions but not copper ions in the complexes,* and
as a consequence, the zinc complex of 21 would bind more
strongly than 21 or its copper complex. This order of binding
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Table'1. CXCR4 binding activity of compounds 1 2—31 in'the metal i'oh~fre'é form, the zinc complex, and thg copper complex.
Compd  Spacer R' R? Metal free Zinc complex Copper complex
Inhibition® (%] 1C5™ Inhibition [%] ICs®  Inhibition® [%]  1Cs ™
1 um 0.1pum  [nm] 1 um 0.1 um [nm] 1 um 0.1um  [nMm]
12 p-xylene N }Le 7 N }? 0 n.d. n.d. 83+2 24+5 n.d. 10£4 nd. n.d.
13 m-xylene / N N =N N 0 nd. n.d. 3143 n.d. n.d. 0 n.d. nd.
Nax N
s s
14 p-xylene M\ » [\ 2 30+4 nd. nd. 8744 0 n.d. 60+2 nd. nd.
15 m-xylene [NH Nj [NH N] 33+2 n.d. n.d. 9441 136 n.d. 80+3 nd. n.d.
NH HN NH HN
_/  /
16 p-xylene m m 94+4 59+6 n.d. 9745 28+3  nd. 9841 39+3 nd
17 m-xylene [NH N}? NH sz'i 95+3 49+9 n.d. 98+4 557 nd. 7541  nd. n.d.
SO
18 p-xylene i N N;L?? ™\ A 32407 n.d. n.d. 97 +6 0 n.d. 52+3 nd. n.d.
19 m-xylene Ky NH N 17£5 nd. nd. 91+4 0 nd. 2246 nd. nd
e ()
\ NH HN
V4 v/
20 -xylene 89:£3 623 nd.  >100 79+1 1 > 100 69+3 nd.
Py — - =
21 mxylene  NH N NH Nj 89+3  66+3  nd. 92+£3  >100 83 >100 881 16
[NH HNj [w
22 p-xylene N ‘% m Lzza 94+3 86+3 37 99+8 79+06 22 85+3 39+3 nd.
23 m-xylene U\N/ NH N7 5848 n.d. n.d. 9017 37403 nd 48+4 nd. n.d.
=N
v (]
24 p-xylene /\ ;11 M\ }‘H 3409  nd. nd. 0 nd. nd. 0 n.d. nd.
25 m-xylene N N 443 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d.
=N =N
7
26 p-xylene P 2 14£2 n.d. nd. 10£3 nd. nd. 0 nd. nd.
27 m-xylene m ﬁ 1043 nd. n.d. 10+4 n.d. nd. 0 n.d. nd.
Z "N "N
X ! X !
28 p-xylene «111 91+04 37+£09 nd. 97+4 > 100 40 5714 n.d. n.d.
29 m-xylene CNH Nj NH N}l 87:+£2 50+1 nd. >100 91+4 52 55+£1  nd. nd.
vy oy
30 p-xylene &~ ) (E\/\ 0 n.d. nd. 1443 n.d. n.d. 14+3  nd. nd.
31 m-xylene 24+2 n.d. nd. 20+£3 n.d. n.d. 0 nd. n.d.
SN S N
N N
® ®
= =
FC-131  cyclo-[p-Tyr-Arg-Arg-Nal-Gly-] 100 100 1.8 - - = - - -
[a] CXCR4 binding activity was assessed based on inhibition of ['*I]CXCL12 binding to Jurkat cells. Percent inhibition for all compounds at 1 and 0.1 pm
were calculated relative to the percent inhibition by FC131 (100%). [b]ICs, values are the concentrations which correspond to 50% inhibition of
['"Z1JCXCL12 binding to Jurkat cells. All data are mean values + SEM of at least three independent experiments. n.d.=not determined.

affinities is commonly seen for these compounds and their  which possess strong CXCR4 binding activity. The CXCR4 an-
zinc(ll) or copper(ll) complexes. tagonistic activity was assessed based on the inhibitory activity

We investigated the CXCR4 antagonistic activity of com- of the compounds against Ca’* mobilization induced by
pound 22 and the zinc complexes of 20, 21, 22, and 28, all of = CXCL12 stimulation through CXCR4 (figure S1 in the Support-
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a)

Figure 2. Structures calculated by molecular modeling of a) compound 21, and its b) zinc and ¢) copper complexes. Atom color code: nitrogen = blue,

carbon =gray, zinc =red, copper = light red.

ing Information). All of the tested compounds showed signifi-
cant antagonistic activity at 1 um.

The representative compounds 14, 16, 20-23, 28, and 29, as
well as their zinc chelates, were evaluated for anti-HIV activity.
CXCR4 is the major co-receptor for the entry of T-cell-line-
tropic (X4) HIV-1."%" |nhibitory activity against X4-HIV-1 (NL4-3
strain)-induced cytopathogenicity in MT-4 cells was assessed
and is shown in Table 2.°¥ A correlation between CXCR4 bind-

Metal ion-free Zinc chelate
ECso® [nm] CCso® [um] ECs® [nM] CCso™ [pm]

14 200 >10 200 >10
16 21 >10 8.2 >10
20 38 >10 39 >10
21 50 >10 36 >10
22 93 >10 48 >10
23 290 >10 220 >10
28 36 >10 56 >10
29 130 >10 42 >10
FC131 93 >10

AZT 69 >100

[a] ECs, values are the concentrations corresponding to 50% protection
from X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells.
[b] CC,, values are the concentrations at which the viability of MT-4 cells
is reduced by 50%. All data are mean values from at least three inde-
pendent experiments.

ing activity and anti-HIV activity was observed. For compound
16 and its zinc complex, anti-HIV activity was significantly
stronger than CXCR4 binding activity, and for the zinc com-
plexes of compounds 20-22, the CXCR4 binding activity is two
to four-times stronger than the anti-HIV activity. The anti-HIV
activity of the zinc complex of 16 was the most potent (ECso=
8.2 nMm). This is comparable to the anti-HIV activities of 16 and
its zinc complex that were reported previously.2>?*%%] The
zinc complex of 21, which was the most active compound in
terms of CXCR4 binding activity, also exhibited potent anti-HIV
activity (EC5o=36 nm).

Taken together, these results show that all of the com-
pounds exhibiting CXCR4 binding activity also showed signifi-
cant anti-HIV activity (EC5, values <300 nm), and none of the

tested compounds exhibited significant cytotoxicity (CCs,
values > 10 um; Table 2). Conversely, zinc complexes of 20, 21,
22, and 28 did not exhibit significant anti-HIV activity against
macrophage-tropic (R5) HIV-1 (NL(AD8) strain)-induced cytopa-
thogenicity in PM-1 cells at concentrations below 10 pm. Since
R5-HIV-1 strains use CCRS5 instead of CXCR4 as the major co-
receptor for entry, this suggests that these compounds do not
bind CCR5 but rather are highly selective for CXCR4,

Conclusions

The present study introduces a new class of low-molecular-
weight CXCR4 antagonists and their zinc(ll) or copper(il) com-
plexes, which contain pyridyl or azamacrocycle moieties with
p-xylene or m-xylene spacers. These compounds demonstrated
strong CXCR4 binding activity. Zinc complexes of 20 and 21,
which were the two most active compounds, contain cyclen
and cyclam rings with p- and m-xylene spacers and exhibited
remarkably potent ICs, values (11 and 8.3 nm, respectively).
These compounds showed significant CXCR4 antagonistic ac-
tivity, based on inhibitory activity against Ca>* mobilization in-
duced by CXCL12 stimulation through CXCR4, as well as
potent anti-HIV activity, as assessed by protection from X4-HIV-
1-induced cytopathogenicity in MT-4 cells. These results pro-
vide useful insights into the future design of novel CXCR4 an-
tagonists, complementing information from other CXCR4 an-
tagonists such as T140, FC131, and KRH-1636. Furthermore,
these new compounds are useful for the development of ther-
apeutic strategies for CXCR4-relevant diseases and chemical
probes to study the biological activity of CXCR4.

Experimental Section
Chemistry

Compounds 12-17, 20, 21, 24, 25, 27-29, and 31 were synthe-
sized as previously reported.?%2%37:404L4~471 Compounds 18, 19, 22,
23, 26, and 30 were synthesized in the present study; details are
provided in the Supporting Information. A representative com-
pound, 18, was synthesized by coupling p-dibromoxylene (1,4-bis-
(bromomethyl)benzene) with tri-Boc-protected 1,4,7,10-tetraazacy-
clododecane, followed by treatment with trifluoroacetic acid and
subsequent coupling with bis(pyridin-2-ylmethyl)amine. All crude
compounds were purified by RP-HPLC and identified by FAB/ESI-

ChemMedChem 2011, 6, 834-839
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HRMS. Zinc(ll) or copper(il) complex formation was accomplished
by treatment of the above compounds with 10 equiv of ZnCl, or
CuCl, in PBS. All zinc(ill) or copper(ll) complexes were characterized
by chemical shifts of their methylene protons in 'H NMR analysis.
The pyridyl zinc{ll) complex was characterized previously®” and
zinc(ll) or copper(ll) complex formation with these macrocyclic
compounds has been reported elsewhere.*"*+%.4] Detailed proce-
dures and data are provided in the Supporting Information.

Biological assays

A CXCR4 binding assay for compounds, based on the inhibition of
['%]JCXCL12 binding to Jurkat cells, was performed as reported by
Tanaka et al®® CXCR4 antagonistic activity was evaluated as de-
scribed by Ichiyama et al®”, measuring inhibitory activity against
Ca** mobilization induced by CXCL12 stimulation in HOS cells ex-
pressing CXCR4. Anti-HIV activity was determined by inhibitory ac-
tivity against X4-HIV-1(NL4-3)-induced cytopathogenicity in MT-4
cells as reported by Tanaka et al.®® An X4 HIV-1 infectious molecu-
lar clone (pNL4-3) was obtained from the AIDS Research and Refer-
ence Reagent Program. The virus NL4-3 was obtained from the
culture supernatant of 293T cells transfected with pNL4-3.

Molecular modeling

Molecular modeling calculations were performed using Sybyl (ver-
sion 7.0, Tripos). Energy minimization was performed using the
Tripos force field and Gasteiger-Hiickel charge parameters. The
lowest energy conformation was obtained by random search
methods.
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Compounds which inhibit the HIV-1 replication cycle have been found amongst fragment peptides
derived from an HIV-1 matrix (MA) protein. Overlapping peptide libraries covering the whole sequence
of MA were designed and constructed with the addition of an octa-arginyl group to increase their cell
membrane permeability. Imaging experiments with fluorescent-labeled peptides demonstrated these
peptides with an octa-arginyl group can penetrate cell membranes. The fusion of an octa-arginyl group
was proven to be an efficient way to find active peptides in cells such as HIV-inhibitory peptides.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Several anti-retroviral drugs beyond reverse transcriptase
inhibitors, including effective protease inhibitors' and integrase
inhibitors*? are currently available to treat human immunodefi-
ciency virus type 1 (HIV-1) infected individuals. We have also
developed several anti-HIV agents such as coreceptor CXCR4
antagonists,*”” CD4 mimics,®'° fusion inhibitors'! and integrase
inhibitors.'?'> However, the emergence of viral strains with
multi-drug resistance (MDR), which accompanies the development
of any antiviral drug, has encouraged a search for new types of
anti-HIV-1 drugs with different inhibitory mechanisms.

Matrix (MA) proteins are essential for assembly of the virion
shell. MA is a component of the Gag precursor protein, Pr55Gag,
and is located within the viral membrane.'**> It has been reported
that MA-derived peptides such as MA(47-59) inhibit infection by
HIV,'® and that MA-derived peptides such as MA(31-45) and
MA(41-55) show anti-HIV activity.!” In addition, Morikawa et al.
report that MA(61-75) and MA(71-85) inhibit MA dimerization,
a necessary step in the formation of the virion shell.’® However,
the question of whether the above MA peptides can penetrate cell

# Corresponding authors. Tel.: +81 3 5285 1111; fax: +81 3 5285 5037 (T.M.); tel.:
+81 3 5280 8036; fax: +81 3 5280 8039 (H.M.).
E-mail addresses: tmura@nih.go.jp (T. Murakami), tamamura.mr@tmd.ac.jp
(H. Tamamura).

0968-0896/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.12.055

membranes was not addressed in these reports. We speculate that
to achieve antiviral activity it is essential that the MA-derived pep-
tides penetrate the cell membrane and function intracellularly. In
this paper, we report our design and construction of an overlapping
library of fragment peptides derived from the MA protein with a
cell membrane permeable signal. Our aim is the discovery of po-
tent lead compounds, which demonstrate HIV inhibitory activity
inside the host cells.

2. Materials and methods
2.1. Peptide synthesis

MA-derived fragments and an octa-arginyl (Rg) peptide were
synthesized by stepwise elongation techniques of Fmoc-protected
amino acids on a Rink amide resin. Coupling reactions were per-
formed using 5.0 equiv of Fmoc-protected amino acid, 5.0 equiv
of diisopropylcarbodiimide and 5.0 equiv of 1-hydroxybenzotria-
zole monohydrate. Ac,O-pyridine (1/1, v/v) for 20 min was used
to acetylate the N-terminus of MA-derived fragments, with the
exception of fragment 1. Chloroactylation of the N-terminus of
the Rg peptide, was achieved with 40 equiv of chloroacetic acid,
40 equiv of diisopropylcarbodiimide and 40 equiv of 1-hydroxy-
benzotriazole monohydrate, treated for 1 h. Cleavage of peptides
from resin and side chain deprotection were carried out by stirring
for 1.5 h with a mixture of TFA, thioanisole, ethanedithiol, m-cresol
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and triisopropylsilane (8.15/0.75/0.75/0.25/0.25/0.1, v/v). After re-
moval of the resins by filtration, the filtrate was concentrated un-
der reduced pressure, and crude peptides were precipitated in
cooled diethyl ether. All crude peptides were purified by RP-HPLC
and identified by ESI-TOFMS. In the conjugation of the Rg peptide
(or iodoacetamide), the peptide (or iodoacetamide) solution in
0.1 M phosphate buffer, pH 7.8 was added to MA fragments which
were synthesized as described above. The reaction mixture was
stirred at room temperature under nitrogen. After 24 h (or 1 h for
the conjugation of iodoacetamide), purification was performed by
RP-HPLC. The purified peptides were identified by ESI-TOF MS
and lyophilized. Purities of all final compounds were confirmed
to be >95% by analytical HPLC. Detailed data are provided in
Supplementary data.

2.2, Anti-HIV-1 assay

Anti-HIV-1 (NL4-3 or NL(ADS8)) activity was determined by
measurement of the protection against HIV-1-induced cytopathog-
enicity in MT-4 cells or PM1/CCR5 cells. Various concentrations of
test peptide solutions were added to HIV-1 infected MT-4 or PM1/
CCR5 cells at multiplicity of infection (MOI) of 0.001 and placed in
wells of a 96-well microplate. After 5 day incubation at 37°C in a
CO, incubator, the number of viable cells was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method. The anti-HIV-1 (JR-CSF) activity was also deter-
mined by measuring capsid p24 antigen concentrations of the cul-
ture supernatant in the infected cultures by a commercially
available ELISA assay (ZeptoMetrix Corp., Buffalo, NY).

k)

2.3. CD spectroscopy

CD spectra were recorded on a JASCO ]-720 spectropolarimeter
at 25 °C. The measurements were performed using a 0.1 cm path
length cuvette at a 0.1 nm spectral resolution. Each spectrum rep-
resents the average of 10 scans, and the scan rate was 50 nm/min.
The concentrations of samples 8L and 9L were 28.2 and 64.7 puM,
respectively, in PBS buffer (pH 7.4).

2.4. Fluorescent imaging of cell-penetrating MA peptides

Cells were seeded on 35 mm glass-bottom dish (2 x 10° cells/
dish for HeLa and A549, 1 x 10° cells/dish for CHO-K1) one day be-
fore the experiments. The cells were cultured in DMEM/10% FBS/
Penicillin-Streptomycin for Hela and A549, or Ham's F12/10%
FBS/Penicillin-Streptomycin for CHO-K1 at 37 °C/5% CO,. Before
the addition of MA peptides, cells were washed with Hanks’ bal-
anced salt solutions (HBSS) once. Peptides were added at 5 uM
and further cultured for 30 min at 37 °C/5% CO,. After incubation,
cells were washed three times with HBSS and observed under a
confocal laser-scanning microscopy (Zeiss LSM510).

3. Results and discussion

An overlapping peptide library spanning the whole sequence of
the MA domain, p17, of NL4-3, the Gag precursor Pr55 of HIV-1
was designed. The full sequence of MA consists of 132 amino acid
residues. In the peptide library, the MA sequence was divided from
the N-terminus in 15-residue segments with an overlap of 5

i3z
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1 conjugation site

6

fragment
number

sequence

1 H-MGARASVLSGGELDKGC-NH,

CHCO-GELDKWEKIRLRPGGGC-NH,

CH,;CO-LRPGGKKQYKLKHIVGC-NH,

CH;CO-LKHIVWASRELERFAGC-NH,

LEJ0 =N LV IS B B6)

CH;CO-LERFAVNPGLLETSEGC-NH,

CH;CO-LETSEGSRQILGQLQGC-NH,

il oy

CH;CO-LGQLQPSLQTGSEELGC-NH,

0

CH,CO-GSEELRSLYNTIAVL.GC-NH,

9

CH,CO-TIAVLY SVHQRIDVKGC-NH,

10

CH,CO-RIDVKDTKEALDKIEGC-NH,

11

CH;CO-LDKIEEEQNK SKKKAGC-NH,

12

CH,CO-SKKKAQQAAADTGNNGC-NH,

13

CH,CO-DTGNNSQVSQNYGC-NH,

Figure 1. The construction of MA-based overlapping peptide library.
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Figure 2. The design of MA peptides with cell membrane permeability (upper) and their control peptides (lower).

residues to preserve secondary structures (Fig. 1). Cys residues of
the original MA sequence were changed into Ser residues because
of the facility of peptide synthesis. Thirteen MA fragment peptides
(1-13) were designed with the addition of Gly as a spacer and Cys
as a conjugation site at the C-terminus. To impart cell membrane
permeability to these peptides, the N-terminal chloroacetyl group

of an octa-arginyl (Rg) peptide'® was conjugated to the side-chain
thiol group of the Cys residue of the above peptides. This resulted
in the MA peptides 1L-13L (Fig. 2). Rg is a cell membrane perme-
able motif and its fusion with parent peptides is known to produce
bioactive peptides with no significant adverse properties.!>1320-24
In addition, the Rg-fusion can increase the solubility of MA

Table 1
Anti-HIV activity and cytotoxicity of control MA peptides
MA peptide MT-4 cell PM1/CCRS cell MT-4 cell
NL4-3 (MTT assay) NL(ADS8) (MTT assay) JR-CSF (p24 ELISA) (MTT assay)
ECso® (M) ECso” (HM) ECso* (UM) CCso” (UM)
1C >50 ND ND >50
2C 17+1.4 1.0 ND >50
3C >50 ND ND >50
4C No inhibition at 12.5 pM ND ND 14
5C >50 ND ND >50
6C 37+£12 24% inhibition at 6.25 uM 25% inhibition at 50 uM >50
7C >50 ND ND >50
8C >50 ND ND >50
9C 29+14 13 8.1 >50
10C No inhibition at 12.5 pM ND ND 17
11C >50 ND ND >50
12C >50 ND ND >50
14C >50 ND ND >50
AZT 0.020 0.459 0.17 >100
SCH-D ND 0.026 0.0014 ND

X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells and R5-HIV-1 (NL(AD8) strain)-induced cytopathogenicity in PM1/CCRS cells evaluated by the MTT assay,
and inhibitory activity against R5-HIV-1 (JR-CSF strain)-induced cytopathogenicity in PM1/CCRS5 cells evaluated by the p24 ELISA assay.

¢ ECsp values are the concentrations for 50% protection from HIV-1-induced cytopathogenicity in MT-4 cells.

b (CCso values are the concentrations for 50% reduction of the viability of MT-4 cells. All data are the mean values from at least three independent experiments. ND: not
determined.

Table 2
Anti-HIV activity and cytotoxicity of MA peptides with cell membrane permeability
MA peptide MT-4 cell PM1/CCR5 cell MT-4 cell
NL4-3(MTT assay) NL(AD8)(MTT assay) JR-CSF(p24 ELISA) (MTT assay)
ECso (UM) ECso (M) ECsp (1M) CCso (1M)
1L 30 30 40 >50
2L 21+42 >31 ND 32+42
3L no inhibition at 25 uM ND ND 36
4L no inhibition at 3.13 uM ND ND 37
5L 40 42% inhibition at 50 uM 42 >50
6L 40+8.9 49% inhibition at 50 uM 31 >50
7L 3515 37% inhibition at 50 uM 35% inhibition at 50 pM >50
8L 2303 5.8 7.8 9.0+24
9L 2105 0.43 0.58 5721
0L 43+8.5 42% inhibitionat 50 pM 27 >50
11L 18+3.0 17% inhibition at 25 pM 23 >50
12L 41+55 30% inhibition at 25 uM 27 >50
13L 20+2.1 043 11 >50
14L no inhibition at 25 pM ND ND 36
AZT 0.020 0.459 0.17 >100
SCH-D ND 0.026 0.0014 ND
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Figure 3. CD spectra of MA peptides 8L (28 uM) and 9L (65 uM) in PBS buffer, pH
7.4 at 25 °C.

peptides whose hydrophobicity is relatively limited. On the other
hand, to develop control peptides lacking cell membrane perme-
ability, iodoacetamide was conjugated to the thiol group of the
Cys residue to prepare MA peptides 1C-12C (Fig. 2). MA peptide
13C was not synthesized because MA fragment 13 is insoluble in
PBS buffer.

The anti-HIV activity of MA peptides 1L-13L and MA peptides
1C-12C, was evaluated. Inhibitory activity against T-cell line-tropic
(X4-) HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4
cells and against macrophage-tropic (R5-) HIV-1 (NL(ADS)

A B

ﬁg
|
H
g

frapper

strain)-induced cytopathogenicity in PM1/CCR5 cells was assessed
by the  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay, and inhibitory activity against R5-HIV-1
(JR-CSF strain) replication in PM1/CCR5 cells was determined by
the p24 ELISA assay. The results are shown in Tables 1 and 2. The
control MA peptides 6C and 9C showed slight anti-HIV activity
against NL4-3, NL(AD8) and JR-CSF strains, and 2C showed high
anti-HIV activity against NL4-3 and NL(AD8) strains, but the other
control MA peptides showed no significant anti-HIV activity. 2C
showed significant anti-HIV activity against both X4-HIV-1 and
R5-HIV-1 strains, suggesting that this region of the MA domain is
relevant with Gag localization to the plasma membrane (PM)?®
and that 2C might inhibit competitively the interaction between
MA and PM. On the other hand, the MA peptides with the excep-
tion of 3L and 4L, showed moderate to potent anti-HIV activity
against all three strains. These peptides expressed almost the same
level of anti-HIV activity against both X4-HIV-1 and R5-HIV-1
strains. The MA peptides 8L and 9L in particular, showed signifi-
cant anti-HIV activity. These results suggest that MA peptides
achieve entry into target cells as a result of the addition of Rg,
and inhibit viral replication within the cells. The adjacent peptides
8L and 9L possess an overlapping sequence TIAVL. Such peptides
exhibited relatively high cytotoxicity and the MA peptide 4L
showed the highest cytotoxicity although it did not show any
significant anti-HIV activity. The control MA peptides 1C-12C were
relatively weakly cytotoxic. The MA peptides 8C and 9C exhibited
no significant cytotoxicity, although the addition of Rg, giving 8L
and 9L, caused a remarkable increase in cytotoxicity. This suggests
that the octa-arginyl (Rg) sequence is correlated with the

Figure 4. (A) The complete structure of MA and CA proteins (PDB ID: 2gol). (B) The enlarged structure of the highlighted region of (A). (C) The structure of an MA hexamer.
Red-colored squares show interfaces between two MA trimers (PDB ID: 1hiw). Orange- and pink-colored helical ribbons represent fragments 8 and 9, respectively.
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Figure 5. (A) The structures of fluorophore-labeled MA peptides 8F-L and 14F-L. (B) The fluorescent imaging of live cells HeLa, A549 and CHO-K1 by 8F-L. (C) The fluorescent
imaging of live cells Hela, A549 and CHO-K1 by 14F-L.
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expression of cytotoxicity and in future, a different effective strat-
egy for cell penetration may be advisable.

In the present assay, the control MA peptides 6C and 9C, which
cover MA(51-65) and MA(81-95), respectively, showed significant
anti-HIV activity. This is consistent with the previous studies, in
which MA(41-55), MA(47-59) and MA(71-85) showed anti-HIV
or dimerization inhibitory activity as discussed above.'®"'® These
peptides have no Rg sequence and thus cannot penetrate cell mem-
branes. They exhibit inhibitory activity on the surface of cells, not
intracellularly.

The structures of MA peptides 8L and 9L, dissolved in PBS buffer
(2.7 mM KCl, 137 mM NaCl, 1.47 mM KH;POy, 9.59 mM Na,HPO,)
at pH 7.4, were determined by CD spectroscopy (Fig. 3). When pep-
tides form a-helical structures, minima can be observed at approx-
imately 207 and 222 nm in their CD spectra. The amino acid
residues covering fragments 8 and 9 corresponding to 8L and 9L
are located in an o-helical region (helix 4) of the parent MA protein
(Fig. 4), and peptides 8L and 9L were presumed to have an a-helical
conformation.?62® However, the CD spectra shown in Figure 3,
suggest that these peptides lack any characteristic secondary
structure. This is because the 15-mer peptide derived from MA is
not sufficiently long to form a secondary structure even though
Gly, Cys and octa-Arg are attached to their C-terminus. Analysis
of the CD spectra suggests MA fragment peptides need a longer se-
quence in order to form a secondary structure. The CD spectra of
the control MA peptides 8C and 9C were not determined because
the aqueous solubility of these peptides is inadequate.

Fluorescent imaging of live cells was used to evaluate the cell
membrane permeability of the MA peptides 8L and 14L, which
showed high and zero significant anti-HIV activity, respectively.
The MA fragment 14 is a hybrid of the fragments 2 and 3, and
the MA peptides 14L and 14C, which are based on the conjugation
of the N-terminal chloroacetyl group of an Rg peptide and iodoa-
cetamide to the thiol group of the Cys residue, respectively
(Supplementary data), are control peptides lacking significant
anti-HIV activity (Tables 1 and 2). These peptides were labeled
with 5(6)-carboxyfluorescein via a GABA linker at the N-terminus
to produce 8F-L and 14F-L (Fig. 5A). The fluorophore-labeled pep-
tides 8F-L and 14F-L were incubated with live cells of HeLa, A549
and CHO-K1, and the imaging was analyzed by a fluorescence
microscope (Fig. 5B and C). A549 cells are human lung adenocarci-
nomic human alveolar basal epithelial cells.®® Similar penetration
of both peptides 8F-L and 14F-L into these cells was observed.
Even peptides without significant anti-HIV activity can penetrate
cell membranes. The penetration efficiency of both peptides into
A549 was relatively high and into Hela was low. In CHO-K1 the
penetration efficiency of 8F-L is relatively low, but that of 14F-L
is high. These imaging data confirm that the MA peptides with
the Rg sequence can penetrate cell membranes and suggest that
MA peptides such as 8L and 9L should be able to inhibit HIV
replication inside cells.

4. Conclusions

Several HIV-1 inhibitory fragment peptides were identified
through the screening of an overlapping peptide library derived
from the MA protein. Judging by the imaging experiments, pep-
tides possessing the Rg group can penetrate cell membranes and
might exhibit their function intracellularly thus inhibiting HIV
replication.

Two possible explanations for the inhibitory activity of these
MA fragment peptides can be envisaged: (1) The fragment peptides
might attack an MA protein and inhibit the assembly of MA pro-
teins. (2) These peptides might attack a cellular protein and inhibit
its interaction with MA, Further studies to elucidate detailed action

mechanisms and identify the targets of these peptides will be per-
formed in future. The technique of addition of the Rg group to pep-
tides enabled us to screen library peptides that function within
cells. Thus, the design of an overlapping peptide library of fragment
peptides derived from a parent protein with a cell membrane per-
meable signal is a useful and efficient strategy for finding potent
cell-penetrating lead compounds.

In the present study, the MA peptides 8L and 9L were shown to
inhibit HIV-1 replication with submicromolar to micromolar ECsg
values in cells using the MT-4 assay (NL4-3 and NL(ADS8) strains)
and the p24 ELISA assay (JR-CSF strain). Our findings suggest that
these peptides could serve as lead compounds for the discovery
of novel anti-HIV agents. Amino acid residues covering fragments
8 and 9 corresponding to 8L and 9L are located in the exterior sur-
face of MA, and in particular in the interface between two MA tri-
mers (Fig. 4C).2°-28 The interaction of two MA trimers leads to the
formation of an MA hexamer, which is the MA assembly with phys-
iological significance. Thus, the region covering fragments 8 and 9
is critical to oligomerization of MA proteins. This suggests that MA
peptides 8L and 9L might inhibit the MA oligomerization through
competitive binding to the parent MA, and that more potent pep-
tides or peptidomimetic HIV inhibitors could result from studies
on the mechanism of action of these MA peptides and identifica-
tion of the interaction sites. Taken together, some seeds for anti-
HIV agents are inherent in MA proteins, including inhibitors of
the interaction with PM such as the MA peptide 2C.
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