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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

triN36e-immunized mouse (H).
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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
assessed by p24 assays utilizing antisera from two mice that
showed antibody production for each antigen (Figure 5). Sera

Table 1. Differences of o-Helicities between N36RE and triN36e
Calculated from CD Spectra in Figure ?

(0222 [61222/[0] 208 a-helicity
N36RE —30957 0.87 13%
triN36e —38 998 0.96 95%
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Table 2. ECs, and CCsq Values Calculated from Inhibition Assays
of Peptidomimetics

AZT triN36e N36RE
ECso (uM)? 0.047 0.49 1.4
CCsy (uM)? >50 >1 >10

TECsy values are based on the inhibition of HIV-induced
cytopathogenicity in MT-4 cells. ’CCsy 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—35). 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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ABSTRACT: The stromal cell—derived factor (SDF)-1/CXC re-
ceptor 4 (CXCR4) axis has been shown to play a role in skeletal
muscle development, but its contribution to postnatal myogenesis
and the role of the alternate SDF-1 receptor, CXC receptor 7
(CXCRY7), are poorly characterized. Western blot analysis and
real-time polymerase chain reaction (PCR) were performed to
evaluate in vitro the effect of SDF-1 and CXCR4 and CXCR?7 inhi-
biton on myogenic differentiation. Proliferating myoblasts
express CXCR4, CXCR7, and SDF-1; during myogenic differen-
tiation, CXCR4 and CXCR?7 levels are downregulated, and SDF-
1 release is decreased. SDF-1 anticipates myosin heavy chain
accumulation and myotube formation in both C2C12 myoblasts
and satellite cells. Interestingly, inhibition of CXCR4 and CXCR7
signaling, either by drugs or RNA interfererence, blocks myogenic
differentiation. Further, the CXCR4 antagonist, 4F-benzoyl-
TN14003, inhibits myoblast cell cycle withdrawal and decreases
the retinoblastoma gene (pRb) product accumulation in its hypo-
phosphorylated form. Our experiments demonstrate that SDF-1
regulates myogenic differentiation via both CXCR4 and CXCR7
chemokine receptors.

Muscle Nerve 41: 828-835, 2010

The chemokine, stromal cell-derived factor
(SDF)-1, and its receptor, CXC receptor 4
(CXCR4), control hematopoietic progenitor cell
migration and differentiation as well as several
aspects of stem cell function, including stem cell
trafficking and development. Indeed, both SDF-1
and CXCR4 knockout mice die in utero and show
a shared phenotype of impaired B-cell lymphopoie-
sis and bone marrow myelopoiesis.' Further,
CXCR4 and SDF-1 deletion affects neuronal pre-
cursor cell migration. This produces abnormalities
of cerebellar and hippocampal morphology and
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CM, conditioned medium; DM, differentiation medium; DMEM, Dulbecco's
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cardiac defects."*® The SDF-1/CXCR4 axis plays a
role in vasculature formation’ and promotes angio-
genesis both in vitro and in vivo.®® SDF-1/CXCR4
has been considered to be a unique ligand-recep-
tor pair, but recently the orphan receptor, RDCI,
named CXC receptor 7 (CXCR7),'® was shown to
function as an alternate SDF-1 receptor that has
both shared and distinct functions from
CXCR4.''"** Specifically, CXCR7 activity promotes
tumor growth in animal models,'! is involved in re-
nal progenitor cell engraftment into injured areas
in an animal model of acute renal failure,'* and
plays a role in cardiac development.'®

SDF-1 signaling has an important role in skele-
tal muscle development. In fact, myogenic precur-
sor cells that express CXCR4 migrate into limbs
along SDF-1 gradients, where they differentiate
and give origin to myofibers.”> Reduced numbers
of progenitor cells are found in the distal limb of
CXCR4-deficient mice at an early stage of develop-
ment (E10.5). At later stages (>E14), these mice
exhibit severe defects of limb myogenesis, as dem-
onstrated by a reduction of limb musculature.'®

Although it is known that SDF-1 attracts CXCR4-
expressing immune cells during the regenerative
process, its involvement in modulating adult skeletal
muscle function has been only partially character-
ized.!™'® The role of the alternate SDF-1 receptor
CXCRY7 in myogenesis has not yet been investigated.

Herein we report that proliferating myoblasts
express both CXCR4 and CXCR7. Moreover, they
release SDF-1 in the culture medium. During myo-
genic differentiation such molecules are downregu-
lated. We further demonstrate that SDF-1 treat-
ment anticipates muscle differentiation and show
that both CXCR4 and CXCR?7 receptor signaling is
involved in this process.

METHODS
Cell Culture. The murine myoblast C2C12 line was
cultured in Dulbecco’s modified Eagle medium
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(DMEM) supplemented with 20% fetal calf serum
(FCS; Euroclone, Inc., Milan, Italy) and antibiotics.
In order to induce differentiation, cells at 70-80%
confluence were shifted to DMEM supplemented
with 2% horse serum (differentiation medium, or
DM). SDF-1 was supplemented, at 100 ng/ml, when
switching to DM. Peptide inhibitor, 4F-benzoyl-
TN14003 (4FIN), and control scrambled peptide
were kindly provided by Professor N. Fujii {Graduate
School of Pharmacological Science Kyoto University)
and Prof. H. Tamamura (Tokyo Medical and Dental
University, Japan). The CXCR4 antagonist,
AMD3100, was obtained from Sigma (St. Louis, Mis-
souri). The CXCR7 antagonists, CCX754 and
CCX733, were kindly provided by Dr. T. Schall (Che-
mocentryx, Mountain View, California). Primary sat-
ellite cells were isolated from C57BL/10Sn] mice, 4
weeks of age, and cultured as described elsewhere.?’

mRNA Expression and Real-Time Reverse Transcrip-
tion-Polymerase Chain Reaction (RT-PCR). Total
RNA was converted to cDNA by reverse transcription
(SuperScript First-Strand ¢DNA Synthesis; Invitro-
gen, Carlsbad, California), according to the manufac-
turer’s instructions. mRNA expression levels were cal-
culated by the Comparative cT Method (Applied
Biosystems, San Mateo, California). The following
primers were used: CXCR4, 5-TTGCCGACTATGC
CAGTCAA-3’ and 5- CCGGGATGAAAACGTCCAT-
3, 5-GGAAGCCCTGAGGTCACTTG-3' and 5-AGT
AGTTGCCCAGGCTCTGCATAGT-8'; SDF-1, 5-CA
CTCCAAACTGTGCCCTTCA-3' and 5-CACTTTAGC
TTCGGGTCAATGC-3;  glyceraldeyde-3-phosphate
dehydrogenase (GAPDH), 5-GGTCCTCA GTGTA
GCCCAAGAT-3' and 5-TGCCAAGTATGATGACAT
CAAGAAG-3'. Normalization was performed using
GAPDH expression levels, and mRNA expression was
determined by the 27*“" method. The amplicon
size was 80 pb. The accession numbers of the genes
are NMO013655.3 (SDF-1), NM009911.3 (CXCR4),
and NM007722.3 (CXCR7).

Western Blot Analysis. Cell extracts and Western
blot analysis were performed as described else-
where.? Membranes were probed with 0.4 pug/ml
rabbit anti-MyoD polyclonal antibodies (PAb; BD
PharMingen, San Diego, California), anti-myoge-
nin monoclonal antibodies (MAb; Santa Cruz Bio-
technology, Santa Cruz, California), anti-myosin
heavy chain (anti-MyHC; 1:40, MF20), 0.5 ug/ml
rabbit anti-CXCR4 or 0.5 ug/ml rabbit anti-CXCR7
PAb (Abcam, Cambridge, UK), anti-Rb (c-15; Santa
Cruz Biotechnology), Erkl/2 and pErkl/2 (Cell
Signaling Technology, Inc., Beverly, Massachu-
setts), and a-tubulin MAb (Oncogene Science,
Inc.,, Cambridge, Massachusetts), followed by
horseradish peroxidase-coupled secondary anti-

SDF-1/CXCR4 and Myogenesis

bodies, and then developed by electrochemilumi-
nescence (ECL; Amersham Pharmacia Biotech).
Flow Cytometric Analysis. C2C12 cells, grown ei-
ther in growth medium (GM) or differentiation
medium (DM) for 2 days were incubated in phos-
phate-buffered saline (PBS) containing 5% fetal
calf serum (FCS) for 20 minutes at 4°C with phy-
coerthythrin  (PE)-conjugated anti-CXCR4 MAb
1D9 (BD PharMingen). PE-conjugated rat immu-
noglobulin G2a was used as isotype control (BD
PharMingen). Samples were analyzed by flow
cytometry (FACScalibur, Becton Dickinson, San
Jose, California) using CellQuest software.

SDF-1« Immunoassays. SDF-la levels were meas-
ured using an enzyme-inked immunoassay
(ELISA) assay (R&D Systems, Inc., Minneapolis,
Minnesota), according to manufacturer’s instruc-
tions. C2C12 cells plated in 60-mm dishes (10°
cells/dish) were cultured in either GM for 1 day
or DM for 1, 2, or 3 days. Conditioned medium
was collected at the indicated time-points and con-
centrated 5 times with Centricon-3 microconcen-
trators (Millipore, Bedford, Massachusetts). Sam-
ples were assayed in triplicate and normalized by
the Bradford method (Bio-Rad, Hercules,
California).

Small Interfering RNA (siRNA) Knockdown of Gene
Expression. C2C12 cells were grown to 50% con-
fluence and transfected with 100 nM siRNAs using
Lipofectamine (Invitrogen). The siRNAs were pur-
chased from Santa Cruz Biotechnology (SDF-1
5c39368; CXCR4 sc35421; CXCR7 scl142643) to-
gether with a non-targeting control. Knockdown ef-
ficacy was determined 48 hours after transfection
through measurement of SDF-1 into the cell super-
natant by ELISA, and CXCR4 and CXCR?7 protein
levels by Western blot.

Luciferase Assay. C2C12 cells were transfected in
GM with 0.5 ug of the reporter plasmid containing
the luciferase gene under the transcriptional control
of the myosin creatine kinase promoter (pMCK-Luc)
together with 0.5 ug of pCMV-f-galactosidase
(pCMV-f-gal). After 24 hours, cells were transferred
to DM for another 24 hours. Then cells were har-
vested and lysed in 100 ul of 1x luciferase lysis buffer
(Promega Italia). Luciferase activity was determined
in triplicate and expressed as arbitrary units (AU).
Transfection efficiency was normalized by correcting
Iuciferase activity for the levels of f-gal protein.

Cell Cycle Analysls. To test bromodeoxyuridine
(BrdU) incorporation, C2C12 cells were plated in
GM for 24 hours at 2 x 10° cells per 60-mm plate
and then transferred into DM for 2 days, either in
the presence of 4FIN or control peptide. Cells
were then exposed to media containing BrdU (30
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FIGURE 1. CXCR4, CXCR7, and SDF-1 expression decreases during myogenic differentiation. (A) Real-time PCR analysis of CXCR4 and
CXCR?7 expression in C2C12 cells cultured in growth medium (GM) and in differentiation medium (DM) for 1 and 2 days. *P < 0.05 vs. GM and
1-day DM. (B) Western blot analysis of total cellular extracts from cells cultured as in (A) fo analyze CXCR4 and CXCR7 expression. a-tubulin
served as loading control. Shown is one representative experiment out of five. Lower panel: average resuits of densitometric analysis of West-
ern blots. *P < 0.05 and P < 0.05 vs. their respective GM samples. (C) Flow cytometric analysis of CXCR4 expression in GM and 2-day DM-
cultured C2C12 cells. Shown is one representative experiment out of three. (D) SDF-1 levels in GM- and DM-cultured C2C12 cells. Left panel:
ELISA determination of SDF-1 protein levels in GM- and DM-cultured C2C12 cell conditioned medium. Culture medium was changed every
day, and SDF-1 levels in conditioned media were determined at day 1 in GM and at days 1 and 2 in DM. Right panel: RT-PCR analysis of SDF-
1 mRNA expression in C2C12 cultured as indicated previously. Results represent mean + SE of three experiments. *P < 0.01 vs. GM. [Color

figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

uM) for the last 30 minutes and processed as previ-
ously described.?' Propidium iodide was added to
the final concentration of 10 ug/ml, and flow
cytometry was performed (FACSCalibur; Becton
and Dickinson).

Statistical Analysis. Data are expressed as mean *
SE. Student’s two-tailed ttest was performed, and P
< 0.05 was considered statistically significant.

RESULTS

SDF-1, CXCR4, and CXCR7 Are Expressed by Myoblast
Precursor Cells and Decrease during Myogenic Differ-
entiation. Myoblast precursor C2C12 cells were
induced to proliferate in GM or differentiate into
myotubes in the presence of DM. CXCR4 and
CXCR7 expression was then evaluated by both
quantitative RT-PCR (Fig. 1A) and Western blot
(Fig. 1B). We found that both receptors were
expressed in GM culture conditions and that their

830 SDF-1/CXCR4 and Myogenesis

levels decreased in differentiated cells (Fig. 1A and
B). CXCR4 inhibidon in DM cells was also con-
firmed by fluorescein-activated cell sorting (FACS)
analysis (Fig. 1C): C2Cl2 cells that expressed
CXCR4 were 81 = 7% in GM and decreased to 59
= 5% after 48 hours in DM. In additional experi-
ments we tested whether C2C12 cells released SDF-
1 in the culture medium and, if so, whether SDF-1
levels in the CM varied during differentiation. CM
was collected at the indicated time-points from
growing and differentiating C2C12 cells and
assayed for the presence of SDF-1 by ELISA (Fig.
1D, left panel). In GM, SDF-1 concentration was
270 = 80 pg/mg of protein per 24 hours (Fig. 1D,
left panel). After 2 days of culture in DM, SDF-1
levels decreased to 75 £ 30 pg/mg of protein per
24 hours. The inhibition of SDF-1 secretion paral-
leled a decrease in mRNA expression, as demon-
strated by real-time PCR (Fig. 1D, right panel).
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FIGURE 2. SDF-1 stimulates myogenic differentiation. Effect of
SDF-1 on MyHC expression. At the switch from GM to DM,
C2C12 cells (A) were treated with either 100 ng/ml SDF-1 (+)
or left untreated (-) for 1-2 days and then analyzed by West-
ern blot. Shown is one representative experiment out of six.
Lower panel: average results of densitometric analysis of West-
ern blots. *P < 0.05 vs. untreated 1-day DM-cultured cells. (B)
One representative experiment, out of three, showing the effect
of treatment of satellite cells with SDF-1 for 1 day on MyHC
expression. (C) Morphology of 1-day DM-cultured C2C12 cells
in the presence of 100 ng/ml SDF-1. Cells were fixed and pho-
tomicrographs obtained by a Zeiss light microscope at %20
magnification. (D} SDF-1 siRNA decreases MyHC levels in dif-
ferentiating C2C12 cells. C2C12 cells were transfected either
with control (Ctrl) or SDF-1 siRNA and transferred to DM for 48
hours. Left panel: cellular extracts were processed for Western
blot to detect MyHC; average results of densitometric analysis
of Western blots are also shown. Right panel: conditioned
media of transfected cells were analyzed by ELISA to deter-
mine SDF-1 protein levels. n = 3; *P < 0.05 vs. siBRNA Ctrl
transfected cells.

SDF-1 Anticipates Myogenic Differentiation. In these
experiments, we evaluated whether SDF-1 affects
myogenic differentiation. First, SDF-1 was added to
DM culture medium of both C2C12 and primary sat-
ellite cells at a concentration of 100 ng/ml, and
MyHC expression and myotube formation were eval-
uated. The administration of SDF-1 increased MyHC
accumulation and myotube formation at day 1 in
both C2C12 cells and satellite cells (Fig. 2A-C).
Then, endogenous SDF-1 expression was knocked
down by RNA interference. Proliferating C2C12 cells
were transfected with either SDF-1 or control siRNAs
and induced to differentiate in DM. After 48 hours,
SDF-1-siRNA inhibited myogenic differentiation, as
shown by reduced MyHC accumulation (Fig. 2D).
The efficacy of siRNA-mediated SDF-1 knockdown
was confirmed by the 53% reduction of SDF-1 levels
in the culture medium of SDF-1-siRNA-transfected

SDF-1/CXCR4 and Myogenesis

cells compared to cells transfected with control

siRNA (Fig. 2D).

Myogenic Differentiation Occurs via both CXCR4 and
CXCR7 Chemokine Receptors. To analyze the spe-
cific contribution of CXCR4 and CXCR7 in SDF-1-
induced myogenic differentiation, in vitro experi-
ments were performed aimed at inhibiting recep-
tor activity. The addition of 10 uM 4FTN, a specific
CXCR4 antagonist,22 to DM culture medium of
both C2C12 cells and satellite cells strongly inhib-
ited MyHC accumulation (Fig. 3A) and myotube
formation (Fig. 3B). Similar results were obtained
when C2C12 cells were cultured either in presence
of a second CXCR4 antagonist, AMD3100, or a
neutralizing anti-CXCR4 antibody (Fig. 3C).

To inhibit CXCR7, two selective antagonists,
CCX754'"' and CCX733, were used. Interestingly,
both compounds reduced MyHC accumulation in
DM-cultured C2C12 cells (Fig. 3D). These results
were confirmed by targeting CXCR4 and CXCR7
with siRNA. Although C2C12 transfection with ei-
ther CXCR4 or CXCR7 siRNAs did not result in a
significant reduction of receptors (data not
shown), MyHC protein levels were significantly
lower in CXCR4 and CXCR7 siRNA-transfected
cells compared to cells transfected with control
siRNA (Fig. 3E).

These findings imply SDF-1 in myogenic differ-
entiation through both CXCR4 and CXCR7
receptors.

To explain why the interference with the SDF-
1/CXCR4 axis represses myogenic differentiation,
levels of myogenic transcription factors were eval-
uated by reporter assay. As shown in Figure 4A,
4FTN-treated cells had significantly reduced levels
of MyoD and myogenin compared with non-
treated cells. Consistently, by report assay, we
found that 4FTN significantly inhibited the expres-
sion of a luciferase reporter gene driven by the my-
osin creatine kinase promoter (Fig. 4B).

SDF-1 triggers multiple intracellular signals
including p44/42 extracellular signal-regulated ki-
nases (Erkl/ 2).23 Moreover, Erk activation contrib-
utes to myogenic transcription and regulates post-
mitotic  responses.”*?®* Therefore, we tested
whether SDF-1/CXCR4 controls myogenic differen-
tiation by interfering with Erk signaling proteins.
Western blot analysis performed with cellular
extracts from 4FIN-treated C2Cl2 revealed a
marked inhibition of Erk phosphorylation after 48-
hour exposure of differentiating C2C12 to 4FTN
(Fig. 4C).

The CXCR4 Antagonist 4FTN Inhibits Cell Cycle With-
drawal. As the inhibition of CXCR4 signaling
yielded a more marked effect on myogenic
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FIGURE 3. Both CXCR4 and CXCR?7 antagonists inhibit myogenic differentiation. (A, B) The CXCR4 antagonist, 4FTN, inhibits MyHC
accumulation and myotube formation in differentiating C2C12 cells and satellite cells. C2C12 cells (right panel) and satellite cells (left
panel) were cultured in GM, transferred to DM, and grown for 48 hours in the presence of 4FTN or control peptide (Ctrl) at the indi-
cated concentrations. Western blot analysis was performed on total cell extracts, and filters were probed with anti-MyHC antibody to
monitor myogenic differentiation and anti—a-tubulin antibody for equal loading. Average results are shown for MyHC densitometric anal-
ysis for the experimental protocol shown in (A) as the ratio between 4FTN-treated cells and their respective untreated cells. (B) Repre-
sentative experiment showing morphology of C2C12 and satellite cells cultured as in (A). Cells were fixed and photomicrographs
obtained by a Zeiss light microscope at x20 magnification. (C) Western blot analysis of total extracts from 48-hour DM-cultured
C2C12 cells with the indicated concentration of CXCR4 inhibitor, AMD3100 (left panel), and 50 ng/ml of anti-CXCR4 or IgG antibodies
(right panel). Shown is one representative experiment out of two. (D) Western blot analysis of DM-cultured C2C12 cells with CXCR7
inhibitors, CCX754 and CCX733. Lower panel: average results of densitometric analysis of CCX754 Western blots. n = 3; *P < 0.05.
For CCX733, one of two experiments is shown. (E) CXCR4 and CXCR7 siRNA decreases MyHC levels in differentiating C2C12 cells.
Western blot analysis of C2C12 transfected with either CXCR4 or CXCR7 siRNAs and transferred to DM for 48 hours. Lower panel:
average results of densitometric analysis of Western blots. n = 3; *P < 0.05 vs. control siRNA transfected cells (Ctrl). All filters were
probed with anti-MyHC antibody to monitor myogenic differentiation.

ture in the presence of 4FTN, the number of
BrdU™ cells increased from 15 * 2.9% to 24.6 *
3.7% in DM-cultured cells vs. 31.1 = 2.8% in GM-
cultured cells (Fig. A and B).

Given that 4FTN promoted proliferation and
inhibited differentiation, we monitored the expres-
sion of pRb in C2C12 cells as Rb hypophosphoryla-
tion is necessary for growth arrest and myogenic

differentiation than CXCR7 antagonism, we fur-
ther characterized the mechanisms underlying
CXCR4-induced effects.

Therefore, we analyzed whether inhibition of
CXCR4 signaling had an effect on C2Cl12 cell
growth. Propidium iodide and BrdU staining fol-
lowed by FACS analysis of cell cycle distribution
revealed that 4FIN induced S-phase accumulation

of DM-cultured C2C12 cells. After 18 hours of cul-
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program activation (Fig. 5C). As expected, in
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FIGURE 4. 4FTN represses MRF expression and p42/44 ERK
phosphorylation. C2C12 cells were grown in DM for 2 days in
the absence (—) or in the presence of 4FTN. Western blot anal-
ysis was performed with the indicated antibodies (n = 2). (B)
C2C12 cells were transfected with pMCK-luciferase (0.5 u @)
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or presence of 4FTN for 24 hours. Then, cells were harvested
for evaluation of luciferase and p-galactosidase activity. The val-
ues shown were normalized to f-galactosidase activity in order
to correct for differences in transfection efficiency and are the
average of three independent experiments = SE, performed in
triplicate. *P < 0.01 vs. untreated cells. (C) Western blot analy-
sis of C2C12 treated as in (A) to detect Erk phosphorylation
(pErk). Normalization of the lane was performed using the anti-
body directed against total Erk. TO indicates GM-cultured cells.

proliferating C2C12 cells, pRb accumulated in its
hyperphosphorylated inactive form (Fig. 5C, lane
1). When cells were induced to differentiate, pRb
underwent dephosphorylation (Fig. 5C, lane 2).
Interestingly, in the presence of 4FIN, pRb was
less hypophosphorylated (Fig. 5C, lane 3).

Taken together these data suggest that inhibi-
tion of the SDF-1/CXCR4 axis blocks myogenic
cell cycle withdrawal. Therefore, it was expected
that the myogenic differentiation program should
be temporarily inhibited by 4FIN. To verify this
hypothesis, C2C12 cells were placed in DM in the
presence of 4FTN for 2 days and then shifted to
DM or GM in the absence of such compound. Re-
moval of the CXCR4 antagonist resulted in MyHC
accumulation (Fig. 5C, lane 4) and myotube for-
mation (not shown) in the presence of DM. In
contrast, when cells were placed in GM, myogenic
differentiation did not occur, and cells acquired a
proliferative phenotype and displayed pRb accu-
mulation in its hyperphosphorylated form (Fig.
5C, lane b). Therefore, inhibition of the CXCR4/
SDF1 axis avoided the withdrawal of C2C12 from
the cell cycle.

SDF-1/CXCR4 and Myogenesis

DISCUSSION

Skeletal muscle differentiation is a highly ordered
process characterized by cell cycle withdrawal, mus-
cle-specific gene expression, and myoblast fusion
into multinucleated myotubes.”® Myoblast differen-
tiation is a process important not only in muscle
physiology in response to fiber stress induced by
injury, weight-bearing, or physical exercise, but
also in pathological conditions. Signaling pathways
that drive proliferation must be suppressed to
allow induction of differentiation. These steps
require the activation of muscleregulatory tran-
scription factors (MRFs), MyoD, myogenin, MRF4,
and Myfb, and are tightly regulated by positive and
negative mechanisms triggered by growth factors.’

SDF-1 is highly expressed in regenerating skele-
tal and cardiac muscle, where it plays a role in
stem cell recruitment and vessel formation.”?®
However, SDF-1 activity on satellite cells that are
key players in promoting muscle fiber formation
after injury has only been partially characterized in
adult skeletal muscles. In this study we have
addressed the question of whether SDF-1 could
play a role in skeletal myogenesis.

We have shown that the myogenic murine cell
line C2C12 expresses SDF-1 and its receptors
CXCR4 and CXCR7, and that their expression lev-
els are modulated during myogenic differentiation.

Growth factor receptor down-modulation with
the onset of differentiation is required to ensure the
irreversible withdrawal from the cell cycle and, con-
sequently, the stable expression of muscle-specific
phenotype.2”**3% Our studies suggest that CXCR4
and CXCR7 are associated with the proliferative
state of myoblasts, because a reduction of these
receptors was observed after induction of differen-
tiation. Moreover, we showed that SDF-1 may act in
the early phases of differentiation and hypothesized
that the diminished levels of SDF-1 and its receptors
at later time-points may represent a shut-off mecha-
nism that concurs with the regulation of myogenic
differentiation. Accordingly, we found that SDF-1
administration to differentiation medium antici-
pates MyHC accumulation and myotube formation
in myoblasts: this effect was evident at 24 hours,
whereas, at longer durations, myogenic differentia-
tion proceeded independently of the presence of
cytokine in the medium. Some reports have demon-
strated that the SDF-1/CXCR4 axis is involved in
myoblast migration and proliferation in vitro and in
vivo! > 18181931, 1 owever, its role in myogenic differ-
entiation is controversial. A delay of differentiation
of muscle progenitor cells has been reported follow-
ing ectopic implants of SDF-l1-expressing cells in
the chicken embryo.'® Similarly, a decrease of myo-
genic differentiation was observed by Odemis et al.
when C2C12 myoblasts were cultured in the

MUSCLE & NERVE June 2010 833

— 207 —



g DM < DM+ 4FTN
[=p =3
40 o ]
g 5
pa < g3 ¥ g
> ~ 37 N 37
= -4 < o | 4
@ 20 ¥ s
Q 4 <3
3 ; ]
S 10 & §':
2 i . 3
4] 0 2(‘)0 4(;0 560 8('}0 10‘00 o(}
4FTN: - - + FL1-H
GM DM
c DM GM

t ¢t

GM DM DM DM DM
+ o+ 4+

4FTN: - -

FIGURE 5. The CXCR4 antagonist, 4FTN, inhibits cell cycle withdrawal. (A) DM-cultured C2C12 cells were exposed to BrdU for 30
minutes following 1-day incubation with 4FTN. Cells were then stained with anti-BrdU MAb, quantified by FACS analysis, and
expressed as percentage of BrdU-positive cells. Data represent the mean + SE of four independent experiments (*P < 005). (B) Rep-
resentative FACS analysis of cells cultured as in (A). (C) C2C12 cells were grown in DM in the presence (+) or absence (—) of 4FTN
for 48 hours and then transferred to either DM or GM for 2 days in the absence of antagonist. Also shown are GM-cultured cells in the
absence of 4FTN treatment (lane 1). Western blot analysis was performed and filters immunoblotted with the indicated antibodies.
Cells kept in DM and treated with 4FTN (lane 3) showed, as expected, inhibition of myogenic differentiation. In contrast, MyHC was
expressed in 4FTN-treated cells after removal of the CXCR4 antagonist (lane 4), which differed from cells shifted to GM (lane 5).

presence of 10 ng/ml SDF-1.'® Different experimen-

tal conditions could account for the discrepancy of
these data when compared with our observations.
Moreover, a stimulation of myogenic differentiation
by SDF-1 could follow a biphasic, concentration-de-
pendent effect. Notably, insulin-like growth factor-1
(IGF-1) promotes differentiation at low doses, but it
has an inhibitory effect at high doses.**3?

The involvement of SDF-1 in the positive regu-
lation of myogenesis is further supported by our
data showing that the inhibition of SDF-1 signaling
in differentiation culture conditions avoided per-
manent withdrawal of myoblasts from the cell cycle
and their differentiation. Indeed, the interference
of SDF-1/CXCR4 and CXCR?7 axes, either by drugs
or by siRNAs, resulted in inhibition of MyHC accu-
mulation in differentiating myoblasts. Further, in
the presence of the CXCR4 inhibitor, 4FTN, p42/
44 Erk phosphorylation was reduced, and the
expression of muscle regulatory factors, including
MyoD and myogenin, required to establish the ir-
reversible commitment to terminal differentiation,
was impaired. In agreement with our results, the
inhibition of SDF-1/CXCR4 signaling in zebrafish,
by morpholinos, induced a decrease in fast muscle
formation and in MyoD and Myf5s expression.*

834 SDF-1/CXCR4 and Myogenesis

Moreover, Yusuf et al. reported that CXCR4 signal-
ing promoted migration and differentiation of
myogenic progenitors in the chick limb.*!

In conclusion, we have found that SDF-1 partic-
ipates in muscle regeneration by promoting mus-
cle progenitor/satellite cell differentiation, via
both CXCR4- and CXCR7-induced signaling, with
potential implications for the development of
innovative treatments aimed at protecting muscle
mass and function.
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Shintaro Suzuki,™ Emiko Urano,*# Chie Hashimoto,” Hiroshi Tsutsumi,” Toru Nakahara,’ Tomohlro Tanaka,’

Yuta Nakanishi," Kasthuraiah Maddah ¥Yan Han,I Makiko Hamatake £ Kosuke M1yauch1 Yves Pommxer"

John A. Beutler,™ Wataru Sugiura,? H1deyosh1 Fu_]l Tyuwi Hoshino,’ Kyoko Itotani,” Wataru Nomura,’ Tetsuo Narumi,”
Naoki Yamamoto,! Jun A. Komano,* and Hirokazu Tamamura*'

T Department of Medicinal Chemistry, Institute of Bzonmtel ials and Bioengineering, Tokyo Medical and Dental University, 2-3-10
Kandasurugadai, Chivoda-ku, Tokyo 101-0062, Japan, *AIDS Research Center, National Institute of Infectious Diseases, 1-23-1 Toyama,
Shinjuku-ku, Tokyo 162-8640, Japan, z$Laboraz‘m 'y of Moleculm Pharmacology, Center for Cancer Research, National Cancer Institute, National
Institutes of Health, Bethesda, Maryland 20892-4255," Department of Physical Chemistry, Graduate School of Pharmaceutical Sciences, Chiba
University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan, and “Molecular Targets Laboratory, Center for Cancer Research, National
Cancer Institute, National Institutes of Health, Frederick, Maryland 21702. * These authors contributed equally to this work.

Received March 17, 2010

Anti-HIV peptides with inhibitory activity against HIV-1 integrase (IN) have been found in overlapping
peptide libraries derived from HIV-1 gene products. In a strand transfer assay using IN, inhibitory active
peptides with certain sequential motifs related to Vpr- and Env-derived peptides were found. The addition
of an octa-arginyl group to the inhibitory peptides caused a remarkable inhibition of the strand transfer and
3'-end-processing reactions catalyzed by IN and significant inhibition against HIV replication.

Introduction

Many antiretroviral drugs are currently available to treat
human immunodeficiency virus type 1 (HIV-1) infection. Viral
enzymes such as reverse transcriptase (RT“), protease and
integrase (IN), gp41, and coreceptors are the main targets for
antiretroviral drugs that are under development. Because of the
emergence of viral strains with multidrug resistance (MDR),
however, new anti-HIV-1 drugs operating with different in-
hibitory mechanisms are required. Following the success of
raltegravir, IN has emerged as a prime target. IN is an essential
enzyme for the stable infection of host cells because it catalyzes
the insertion of viral DNA inside the preintegration complex
(PIC) into the genome of host cells in two successive reactions,
designated as strand transfer and 3/-end-processing. It is
assumed that the enzymatic activities of IN have to be negatively
regulated in the PIC during its transfer from the cytoplasm to
the nucleus. Otherwise, premature activation of IN can lead to
the autointegration into the viral DNA itself, resulting in an
aborted infection. We speculate that the virus, rather than the
host cells, must encode a mechanism to prevent autointegra-
tion. The PIC contains in association with the viral nucleic
acid, viral proteins such as RT, IN, capsids (p24“* and p7"©),
matrix (p17M%), p6 and Vpr, cellular proteins HMG I (Y),
and the barrier to autointegration factor (BAF).' ™ It is likely
that, due to their spatial proximity in the PIC, these proteins
physically and functionally interact with each other. For
mstance it is already known that RT activity inhibited by
Vpr,” and that RT and IN inhibit each other.>™® Vpr also
inhibits IN through its C-terminal domain.>'® Because these
studies suggest that PIC components regulate each other’s

*To whom correspondence should be addressed. Phone: +81-3-5280-
8036. Fax: +81-3-5280-8039. E-mail: tamamura.mr@ tmd.ac.jp.

“Abbreviations: HIV, human immunodeficiency virus; IN, integrase;
RT, reverse transcriptase; MDR, multidrug resistance; PIC, preintegra-
tion complex; BAF, barrier to autointegration factor; Rg, octa-arginyl.
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function, we have attempted to obtain potent inhibitory lead
compounds from a peptide fragment hibrary derived from
HIV-1 gene products, an approach which has been successful
in finding a peptide IN inhibitor from LEDGF, a cellular IN
binding protein.’!

In this paper, we describe the screening of an overlapping
peptide library derived from HIV-1 proteins, the identifica-
tion of certain peptide motifs with inhibitory activity against
HIV-11IN, and the evaluation of effective inhibition of HIV-1
replication in cells using the identified peptide inhibitors
possessing cell membrane permeability.

Results and Discussion

An overlapping peptide library spanning HIV-1 SF2 Gag,
Pol, Vpr, Tat, Rev, Vpu, Env, and Nef, provided by Dr.
Iwamoto of the Institute of Medical Science at the University
of Tokyo (Supporting Information, SI, Figure 2A), was
screened with a strand transfer assay'” in search of peptide
pools with inhibitory activity against HIV-1 IN. The library
consists of 658 peptide fragments derived from the HIV-1 gene
products. Each peptide is composed of 10—17 amino acid
residues with overlapping regions of 1—7 amino acid residues.
Sixteen peptide pools containing between 16 and 65 peptides
were used for the first screening at the final concentration of
5.0 uM for each peptide (SI Figure 2B ). This initial screening
gave the results shown in Figure 1. Both Vpr and Env4 pools
showed remarkable inhibition of IN strand transfer activity,
and consequently a second screening was performed using the
individual peptides contained in the Vpr and Env4 pools. A
group of consecutive overlapping peptides in the Vpr pool
(groups 13—15) and groups 4—6 and 20—21 in the Env4 pool
were found to possess IN inhibitory activity (Figure 2). We
focused on Vprl5 and Env4-4 peptides because they showed
inhibitory activity against IN strand transfer reaction in a
dose-dependent manner (Figure 3). The ICsq values of Vprl5
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Figure 1. Inhibition of the IN strand transfer activity by peptide
pools. Inhibition of the IN strand transfer activity was strongly
inhibited by Env4 and Vpr pools (arrows). The y-axis represents the
IN strand transfer activity relative to the solvent control (DMSO).
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Figure 2. Identification of IN inhibitory peptides in the Vpr (A)
and Env4 (B) pools based on the strand transfer activity of IN. The
consecutive overlapping peptides display the inhibition of the strand
transfer activity of IN (arrows). The y-axis represents the IN strand
transfer activity relative to the solvent control (DMSQO). The con-
centration of each peptide was 5 uM. The common sequences of
individual peptides derived from Vpr and Env4 pools with anti-IN
activity are underlined.

and Env4-4 were estimated at 5.5 and 1.9 uM, respectively.
These peptides did not show any significant inhibitory activity
against HIV-1 RT, suggesting that they might inhibit IN
strand transfer reaction selectively.

The overlapping peptides of Vpr13-15 and Env4-4-6 have the
vommon hexapeptide sequences LQQLLF and IFIMIV, res-
pectively. The LQQLLF sequence covers positions 64—69 of
Vpr, which is a part of the second helix of Vpr. The IFIMIV
sequence corresponds to positions 684—689 of gp160, which is a
part of the transmembrane domain of TM/gp41. These hexa-
peptides are thought to be critical to inhibition of IN activity. It
was recently reported® that similar peptides derived from Vpr
inhibit IN with ICs values of 1—16 4M, which is consistent with
our data. In this report,’ the peptide motif was found to be 15
amino acid residues spanning LQQLLF from the overlapping
Vpr peptide library. In our study, more precise mapping of
inhibitory motif in Vpr peptides was achieved by identifying the
shorter effective peptide motif. We focused on the Vpr-derived
peptide, LQQLLF (Vpr-1) to develop potent inhibitory pep-
tides. However, the expression of inhibitory activity against IN
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Figure 3. Concentration-dependent inhibition of IN strand trans-
fer activities by Vprl5 (O) and Env4—4 (@) peptides. The y-axis
represents the IN strand transfer activity relative to the solvent
control (DMSO).

in vivo by only hexapeptides might be difficult because these
hexapeptides penetrate the plasma membrane very poorly and
to achieve antiviral activity, it is essential that they penetrate the
cell membrane. To that effect, an octa-arginyl (Rg) group'® was
fused to the Vpr-derived peptides (Table 1). Rg is a cell mem-
brane permeable motif and its fusion with parent peptides
successfully generates bioactive peptides without significant
adverse effects or cytotoxicity.'*”'® In addition, the Rg-fusion
could increase the solubility of Vpr-derived peptides which have
a relatively hydrophobic character.

The inhibitory activity of Vpr-1 and Vpr-1-4 Ry peptides
against IN was evaluated based on the strand transfer and 3'-
end-processing reactions in vitro (Table 1).'®% Vpr-1 did not
show strong inhibition of either IN activity, but the ICsy of
Vpr-1 Rg toward the strand transfer reaction of IN was 10-fold
lower than that of Vpr-1 lacking the Rg group. This indicates
that the positive charges derived from the Rg group might
enhance the inhibitory activity of the Vpr-1 peptide. Because
we were concerned that the strong positive charges close to the
LQQLLF motif might interfere with the inhibitory activity, the
6 amino acid sequence (—IHFRIG—) was inserted as a spacer
between LQQLLF and Rg (Vpr-3 Rg). The IHFRIG sequence
was used to reconstitute the natural Vpr. The ICsy values of
Vpr-2 Rg for the strand transfer and 3’-end-processing activities
of IN were 0.70 and 0.83 uM, respectively, while Vpr-3 Ry
showed potent IN inhibitory activities of 4.0 and 8.0 nM against
the strand transfer and 3'-end- processing activities, respectively.
This result indicates the additional importance of the IHFRIG
sequence for inhibitory activities against IN. The increased IN
inhibitory activities might be achieved presumably by the
synergistic effect of the LQQLLF motif, the IHFRIG sequence,
and the Rg group. Vpr-4 Rg, in which the EAIIRI sequence was
attached to further reconstitute the Vpr helix 2, showed inhibi-
tory activities similar to those of Vpr-3 Rg, suggesting that
reconstitution of helix 2 of Vpr is not necessary for efficient IN
inhibition. Vpr-3 Rg and Vpr-4 Rg, with ICsp > 0.5 uM,*! were
less potent inhibitors of RT-associated RNase H activity,
indicating that these peptides can selectively inhibit IN. These
results suggest that Vpr-derived peptides are novel and distinct
from any other IN inhibitors reported to date.

For rapid assessment of the antiviral effect of Vpr-derived
peptides, we established an MT-4 Luc system in which MT-4
cells were stably transduced with the firefly luciferase expres-
sion cassette by a murine leukemia viral vector (SI Figure 3).
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Table 1. Sequences of Vpr-Derived Peptides and Their ICso Values toward the Strand Transfer and 3-End Processing Reactions of IN

ICsp (M)
sequence strand transfer 3'-end processing
Vpr-1 LQQLLF 63+1.0 > 100
Vpr-1Rg Ac-LQQLLF -RRRRRRRR-NH, 6.1+1.1 >11
Vpr-2 Rg Ac-IHFRIG-RRRRRRRR-NH, 0.70+£0.06 0.83 4 0.07
Vpr-3 Rg Ac-LQQLLF IHFRIG-RRRRRRRR-NH, 0.004 4+ 0.0001 0.008 & 0.001
Vpr-4 Rg Ac-EAIIRI LQQLLF IHFRIG-RRRRRRRR-NH, 0.005 4 0.002 0.006 + 0.006
= 77 } (4 7,000 ®)
e ] 400
g Ver4Row ¥ v, 6,000
.\g 6 - = 5,000 3007
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-, r T Figure 5. (A) The inhibition of HIV-1yr.csF replication in NP2-
041 1 10 100 CD4-CCRS cells in the presence of various concentrations of Vpr-3
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1
in the presence of various concentrations of Vpr-derived peptides:
Vpr-1(®), Vpr-1 R (O), Vpr-2 Rg (a), Vpr-3 Rg (O), Vpr-4 Rg (M).

MT-4 Luc cells constitutively express high levels of luciferase
which are significantly reduced by HIV-1 infection due to their
high susceptibility to cell death upon HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of Vpr-derived peptides can be evaluated by a decrease of
luciferase signals in these MT-4 Luc systems. Vpr-2 Rg, which
is a weak IN inhibitor, showed no significant anti-HIV-1 activity
below concentrations of 20 uM, suggesting that its moderate
ICsq level in vitro is not sufficient to suppress HIV-1 replication
in tissue culture and that the Rg group is not significantly
cytotoxic (Figure 4). Vpr-1 did not show any inhibitory effects
against HIV-1 replication; however, Vpr-1 Rg displayed a weak
antiviral effect at a concentration of 20 uM and both Vpr-3 Ry
and Vpr-4 Rg showed significant inhibitory effects against
HIV-1 replication. The Rg peptide did not show significant
anti-HIV activity (IC5, > 50 4M, data not shown). These
results suggest that the addition of the Rg group enables Vpr-
derived peptides to enter the cytoplasm and access IN, with the
result that HIV-1 replication could be effectively inhibited.
Because Vpr-3 Rg was less cytotoxic than Vpr-4 Rg, the inhi-
bitory activities of Vpr-3 Rg were further investigated. Two
replication assay systems, R5-tropic HIV-1;r_csg on NP2-CD4-
CCRS5 cells and X4-tropic HIV-1yxp, on MT-4 cells, were
utilized. NP2-CD4-CCRS5 cells were infected with HIV-1r_csr
in the presence of various concentrations of Vpr-3 Rg. On day 4
postinfection, the culture supernatant was collected and the
concentration of viral p24 antigen was measured by an ELISA
assay. The p24 levels decreased in a dose-dependent manner
with increasing the concentration of Vpr-3 Rg; 50% inhibition
of p24 expression was obtained with approximately 0.8 uM of
Vpr-3 Rg (Figure SA). This concentration was approximately
10-fold lower than the concentration of Vpr-3 Rg known to be
cytotoxic (Figure 4). Second, MT-4 cells were infected with
HIV-1gxs: and the replication kinetics was monitored in the

Rg. (B) The replication kinetics of HIV-1yxp; in MT-4 cells in the
presence of Vpr-3 Rg (@). The concentration of Vpr-3 Rg was fixed
at 0.5 uM. Absence of Vpr-3 Rg (O).

presence of 0.5 uM Vpr-3 Rg. The degree of replication of HIV-
1xp2 was quite low in the presence of Vpr-3 Rg, while replica-
tion of HIV-lyxp, was robust in the absence of Vpr-3 Rg
(Figure 5B), suggesting that Vpr-3 Rg strongly suppresses the
replication of HIV-1 in cells. To examine whether the HIV-1
replication was blocked through the inhibition of IN activity,
quantitative real-time PCR was performed. If IN is inhibited,
the efficiency of viral genome integration should be decreased
while the reverse transcription of viral genome should not be
affected. Accordingly, NP2-CD4-CXCR4 cells were infected
with HIV-1yxp, in the presence or absence of 0.5 M Vpr-3 Rg.
Genomic DNA was extracted on day 2 postinfection, and the
viral DNA was quantified at the various steps of viral entry
phase. The level of “strong stop DNA”, representing the total
genome of infected virus in Vpr-3 Rg-treated cells, was similar
(139.7%) to that in DMSO-treated control cells and the level of
viral DNA generated at the late stage of reverse transcription in
Vpr-3 Rg-treated cells was slightly decreased (84.4%) compared
to control cells. This small decline can probably be attributed to
the weak anti-RNase H activity of Vpr-3 Rg. On the other hand,
a drastic decrease of Alu-LTR products was observed in Vpr-3
Rg-treated cells (15.8%), indicating an inhibition of integrated
viral genome. Concomitantly, the double LTR products, repre-
senting the end-joined viral genome catalyzed by host cellular
enzymes, were increased by a factor of 8 (779.8%). These results
strongly suggest that Vpr-3 Rg blocks viral infection by inhibi-
ting IN activity in cells, consistent with our in vitro observations.
Judging by these results, Vpr-derived peptides with the Rg group
are potent IN inhibitors that suppress HIV-1 replication in vivo.

Finally, in silico molecular docking simulations of Vpr-
derived peptides and HIV-1 IN were performed. The Vpr-
derived peptides are located in the second helix of Vpr and
were thus considered to have an o-helical conformation.??
Docking simulations of three peptides (Vprl3, Vprld, and
Vprl5), using the predicted structure of the HIV-1 IN dimer as
a template,? were performed by GOLD software to investi-
gate the binding mode of the peptides, the binding affinity of
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(a) (b)

Figure 6. Predicted binding mode of Vprl5 to HIV-1 IN by
GOLD. An overall view of (a) the complex obtained by docking
Vprl5S with the HIV-1 IN dimer and (b) the closer view of the
complex. The predicted structure of full-length HIV-1 IN was used
as a template. Each HIV-1 IN monomer was shown as green or cyan
surface. The docked Vprl5 is shown as a cartoon. The yellow-
colored region is the LQQLLF motif. The GOLD score represent-
ing the docking complementarity is 69.83, indicating the high
binding affinity between Vpr15 and IN. The hydrogen-bond inter-
actions between HIV-1 IN and Vprl5 were presented by LIGPLOT
software shown as blue dotted line (c).

the peptides being evaluated by GOLD Fitness score. The
predicted binding mode of Vpr15 to IN is shown in Figure 6.
Our results predict that the three Vpr-derived peptides interact
with the cleft between the amino-terminal domain and the
core domain of HIV-1 IN. This region is distinct from the
nucleic acid interacting surfaces, indicating that the Vpr-
derived peptides inhibit IN function in an allosteric manner.
A previous report provided a model in which a Vpr peptxde
was bound to IN in a manner similar with our model’ and,
interestingly, the peptides were bound to IN with an exterior
surface of Vpr. This earlier report that the full-length Vpr
inhibits IN'? strongly supports the predicted binding mode of
Vprl5. Five hydrogen-bond interactions between HIV-1 IN
and Vprl5 were identified by LIGPLOT analysis,”* which
invoked the following IN-Vpr amino acids: IN Thrl12-Vpr
GIn65, IN Ser56-Vpr GIn66, IN Asp207-Vpr Gln66, IN
Ser195-Vpr Arg73, and IN Gly189-Vpr His78. The number-
ing of Vpr amino acids is based on the Vpr full-length
coordinate, Figure 6. Additional hydrophobic contacts be-
tween IN and Vprl5 were found in which the following IN-
Vpr amino acid pairs are involved: IN Lys211-Vpr GIn66, IN
Prol09-Vpr Phe69, IN Arg262-Vpr His71, and IN Argl87-
Vpr GIn77. These data indicate that the Gln65, GIn66, and
Phe69 residues in Vpr-derived peptides play a major rolein the
interaction between IN and Vpr-derived peptides.

Conclusions

In summary, two peptide motifs, LQQLLF from Vpr and
IFIMIV from Envd4, possessing inhibitory activity against

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 14 5359

HIV-1 IN, were identified through the screening of over-
lapping peptide library derived from HIV-1 gene products.
We initially speculate that HIV encodes a mechanism to prevent
autointegration in the PIC because integration activity must be
regulated until the virus infects cells. This speculation is sup-
ported by the finding that IN inhibitors exist in the viral PIC
components. Vpr-derived peptides with the Rg group showed
remarkable inhibitory activities against the strand transfer and
3'-end-processing reactions catalyzed by HIV-1 IN in vitro. In
addition, Vpr-3 Rg and Vpr-4 Rg were shown to inhibit HIV-1
replication with submicromolar ICsp values in cells using the
MT-4 Luc cell system. In the quantitative analysis of p24
antigen, 50% inhibition of HIV-1;r_csF replication was caused
by approximately 0.8 4M of Vpr-3 R, and the replication of
HIV-1yxg; was extensively suppressed in the long term by Vpr-3
Rg at 0.5 #M concentrations. Our finding suggest that these
peptides could serve as lead compounds for novel IN inhibitors.
Amino acid residues critical to the interaction of Vpr-derived
peptides with IN were identified by our in silico molecular
docking simulations, and suggests that more potent peptides®
or peptidomimetic IN inhibitors represent a novel avenue for
future small molecule inhibitors of IN and HIV integration.

Experimental Section

Peptide Synthesis. Vpr-derived peptides containing the Rg
group were synthesized by stepwise elongation techniques of
Fmoc-protected amino acids on NovaSyn TGR resin. Coupling
reactions were performed using 5.0 equiv of Fmoc-protected
amino acid, 5.0 equiv of diisopropylcarbodiimide, and 5.0 equiv
of 1-hydroxybenzotriazole monohydrate. Cleavage of peptides
from resin and side chain deprotection were carried out with 10
mL of TFA in the presence of 0.25 mL of m-cresol, 0.75 mL of
thioanisole, 0.75 mL of 1,2-ethanedithiol, and 0.1 mL of water
as scavenger by stirring for 1.5 h. After filtration of the depro-
tected peptides, the filtrate was concentrated under reduced
pressure, and crude peptides were precipitated in cooled diethyl-
ether. All crude peptides were purified by RP-HPLC and
identified by MALDI-TOFMS. Purities ofall final compounds
were confirmed (>95% purity) by analytical HPLC. Detailed
data are provided in SI.

Enzyme Assays. The strand transfer assay for the first screen-
ing was performed as described previously.'? The IN strand
transfer and 3’-end-processing assays for peptide motif char—
acterizations were performed as described previously.’®
RNase H activity was measured as described by Beutler et al?

Replication Assays. For HIV-1 replication assays, 1 x 10°
cells were incubated at room temperature for 30 min with an
HIV-1 containing culture supernatant (ca. 0.2—50 ng p24) and
then washed and incubated. Culture supernatants were collected
at different time points, and then the cells were passaged if
necessary. Levels of p24 antigen were measured using a Retro
TEK p24 antigen ELISA kit, according to the manufacture’s
protocol. Signals were detected using an ELx808 microplate
photometer.

For MT-4 Luc assays, MT-4 Luc cells (1 x 10° cells) grown in
96-well plates were infected with HIV-1xpg (ca. 0.2—10 ng p24)
in the presence of varying concentrations of Vpr-3 Rg. At 6—7d
postinfection, cells were lysed and luciferase activity was mea-
sured using the Steady-Glo assay kits according to the manu-
facture’s protocol. Chemiluminescence was detected with a
Veritas luminometer.
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Structure-activity relationship studies were conducted on HIV integrase (IN) inhibitory peptides which
were found by the screening of an overlapping peptide library derived from HIV-1 gene products. Since
these peptides located in the second helix of Vpr are considered to have an a-helical conformation, Glu-
Lys pairs were introduced into the i and i + 4 positions to increase the helicity of the lead compound pos-
sessing an octa-arginyl group. Ala-scan was also performed on the lead compound for the identification of
the amino acid residues responsible for the inhibitory activity. The results indicated the importance of an
a-helical structure for the expression of inhibitory activity, and presented a binding model of integrase

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Highly active anti-retroviral therapy (HAART), which involves a
combination of two or three agents from two categories, reverse
transcriptase inhibitors and protease inhibitors, has brought us
remarkable success in the clinical treatment of HIV-infected and
AIDS patients.! However, it has been accompanied by serious clin-
ical problems including the emergence of viral strains with multi-
drug resistance (MDR), considerable adverse effects and nonethe-
less high costs. As a result, new categories of anti-HIV agents oper-
ating with mechanisms of action different from those of the above
inhibitors are sought. HIV-1 integrase (IN) is a critical enzyme for
the stable infection of host cells since it catalyzes the insertion of
viral DNA into the genome of host cells, by means of strand transfer
and 3’-end processing reactions and thus it is an attractive target
for the development of anti-HIV agents. Recently, the first IN inhib-
itor, raltegravir (Merck),? has appeared in a clinical setting. It is as-
sumed that the activity of IN must be negatively regulated during
the translocation of the viral DNA from the cytoplasm to the nu-
cleus to prevent auto-integration. The virus, as well as the host
cells, must encode mechanism(s) to prevent auto-integration since

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

0968-0896/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010,07.050

the regulation of IN activity is critical for the virus to infect cells.?
By screening a library of overlapping peptides derived from HIV-1
SF2 gene products we have found three Vpr-derived peptides, 1, 2
and 3, which possess significant IN inhibitory activity, indicating
that IN inhibitors exist in the viral pre-integration complex
(PIC).* The above inhibitory peptides, 1, 2 and 3, are consecutive
overlapping peptides (Fig. 1). Compounds 4 and 5 are 12- and
18-mers from the original Vpr-sequence with the addition of an
octa-arginyl group® into the C-terminus for cell membrane perme-
ability, respectively. Compounds 4 and 5 have IN inhibitory activity
and anti-HIV activity. Here, we report structure-activity relation-
ship studies on these lead compounds for the development of more
potent IN inhibitors.

2. Results and discussion

To determine which lead compound is most suitable for further
experiments, five peptides 6-10, which were elongated by one
amino acid starting with compound 4 and extended ultimately to
5. were synthesized (Fig. 2). Judging by the 3'-end processing and
strand transfer reactions in vitro,® these peptides 4-10 had similar
inhibitory potencies (Table 1). As a result, we concluded that 12
amino acid residues derived from the original Vpr-sequence are
of sufficient for IN inhibitory activity, and any peptide among
4-10 is a suitable lead.
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AGVEAIIRILQQLLF

IRILQQLLFIHFRI

LQQLLFIHFRIGCQH
Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH;

NHBWN -

Figure 1. Amino acid sequences of compounds 1-5. Compounds 1-3 are consecu-
tive overlapping peptides with free N-/C-terminus. These were found by the IN
inhibitory screening of a peptide library derived from HIV-1 gene products.
Compounds 4 and 5 are cell penetrative leads of IN inhibitors.

Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
Ac-ILQQLLFIHFRIG-RRRRRRRR-NH;
AC-RILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-IRILQQLLFIHFRIG-RRRRRRRR-NH,
Ac-lIRILQQLLFIHFRIG-RRRRRRRR-NH,
10  Ac-AlIRILQOLLFIHFRIG-RRRRRRRR-NH,
5 Ac-EAIRILQALLFIHFRIG-RRRRRRRR-NH,

©Oo~NM M

Figure 2. Amino acid sequences of compounds 6-10, which are elongated by one
amino acid from compound 4 to 5.

Table 1
1Cs0 values of compounds 4-10 toward the 3'-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound ICso (uM)
3’-End processing Strand transfer
4 0.13+0.02 0.06 £0.01
5 0.09 +0.01 0.04 £0.01
6 0.10+0.01 0.07 £0.01
7 0.1310.02 0.11£0.01
8 0.26 +0.04 0.11+£0.03
9 0.11+0.01 0.07 £0.01
10 0.08 +0.01 0.05 +0,01

Structural analysis showed that the Vpr-derived peptides, 1, 2
and 3, are located in the second helix of Vpr and were thus consid-
ered to have an o-helical conformation.” Compound 5 was adopted
as a lead for the development of compounds with an increase in
a-helicity since a longer peptide is likely to form a more stable
a-helical structure than a shorter one. Initially, Glu (E) and Lys
(K) were introduced in pairs into compound 5 at the i and i+4
positions. In general, such disposition of Glu-Lys pairs at i and
i+ 4 positions is considered to cause an increase in o-helicity due
to formation of an ionic interaction of a B-carboxy group of Glu
and an g-amino group of Lys. Several analogs of 5 with Glu-Lys
pairs were synthesized by Fmoc-solid phase peptide synthesis
(Fig. 3). In the inhibitory assay against the 3’-end processing and
strand transfer reactions catalyzed by HIV-1 IN in vitro, com-
pounds 11 and 15 showed more potent inhibitory activities than
5 (Table 2). Substitution of Glu-Lys for His'*-Gly'® or lle>-Leu’
caused no decrease in IN inhibitory activity but a significant in-
crease in activity, suggesting that [le?, Leu’, His'* and Gly'® are
not indispensable for activity. Substitution of Glu-Lys for Ala®-Ile®
or GIn’-lle" caused a slight decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pounds 12 and 13), indicating that Ala? and/or Ile%, and GIn® and/
or lle'? are partly required for activity. Substitution of Glu-Lys for
lle*-GIn® caused a 2-4-fold decrease in IN inhibitory activity
against the 3’-end processing and strand transfer reactions (com-
pound 14), showing that Ile* and/or GIn® are essential for activity.
Substitution of Glu-Lys for Leu''-Phe'® caused an eightfold de-
crease in IN inhibitory activity against the 3'-end processing reac-
tion and a 1.5-fold decrease in IN inhibitory activity against the

1 5 10 15
5 Ac-EAIIRILQQLLFIHFRIG-RRRRRRRR-NH;
11 Ac-EAIIRILQQLLFIEFRIK-RRRRRRRR-NH,
12 Ac-EEIIRKLQQLLFIHFRIG-RRRRRRRR-NH,
13 Ac-EAIRILQELLFKHFRIG-RRRRRRRR-NH;
14 Ac-EAIERILKQLLFIHFRIG-RRRRRRRR-NH,
15 Ac-EAEIRIKQQLLFIHFRIG-RRRRRRRR-NH;
16 Ac-EAIRILQQLEFIHKRIG-RRRRRRRR-NH;
17 Ac-EEHRKLQQLLFIEFRIK-RRRRRRRR-NH;

Figure 3. Amino acid sequences of compounds 11-17, into which Glu-Lys pairs
have been introduced.

Table 2
ICsp values of compounds 5 and 11-17 toward the 3'-end processing and strand
transfer reactions catalyzed by HIV-1 IN

Compound 1Cso (uM)
3'-End processing Strand transfer

5 0.09 +0.01 0.04 +0.01
1 0.05+0.01 0.01+0.001
12 0.12+£0.01 0.047 £0.01
13 0.14 +0.02 0.065 £ 0.01
14 023+0.03 0.15 £0.002
15 0.04 £0.01 0.031+£0.01
16 0.71+£0.21 0.06 £ 0.004
17 0.18 £ 0.06 0.08 £0.02

strand transfer reaction (compound 16), indicating that Leu!
and/or Phe'? are indispensable for activity, especially for inhibition
against 3’-end processing. Compound 17 has two substitutions of
Glu-Lys for His'*-Gly'® and for Ala®-Ile®, which are common to
compounds 11 and 12, respectively. A twofold decrease in both
IN inhibitory activities of compound 17 is mostly due to the substi-
tution for Ala®-Ile® common to 12, although 17 is slightly less
active than 12 in both IN inhibitory assays.

Anti-HIV activity of these compounds was assessed by an MT-4
Luc system, in which MT-4 cells were stably transduced with the
firefly luciferase expression cassette by a murine leukemia viral
vector. MT-4 Luc cells constitutively express high levels of lucifer-
ase. HIV-1 infection significantly reduces luciferase expression due
to the high susceptibility of MT-4 cells to HIV-1 infection. Protec-
tion of MT-4 Luc cells from HIV-1-induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of test compounds can be evaluated by a decrease of luciferase sig-
nals in these MT-4 Luc systems. The parent compound 5 showed
significant anti-HIV activity at concentrations above 1.25 puM, as
reported previously (Fig. 4). Compound 15 showed a significant
inhibitory effect against HIV-1 replication, and is thus comparable
to compound 5. Compounds 11, 14 and 16 also displayed weak
antiviral effects at concentrations of 2.5 and 5.0 yM and com-
pounds 12, 13 and 17 failed to show any significant anti-HIV activ-
ity. These results suggest that there is a positive correlation
between IN inhibitory activity and anti-HIV activity of the com-
pounds. None of these compounds showed significant cytotoxic ef-
fects at concentrations below 5.0 uM.

The structures of compounds 5 and 11-17 were assessed by CD
spectroscopy. Because the aqueous solubility of these peptides is
not high the peptides were dissolved in 0.1 M phosphate buffer,
containing 50% MeOH at pH 5.6. The CD spectra suggest that the
parent compound 5, which has no Glu-Lys pair, forms a typical
o-helical structure, and the other compounds, with the exception
of 11 and 15, form a-helical structures similarly (Fig. 5). The order
of strength of a-helicity is 12, 16 > 14> 17 > 5 > 13. Compounds 11
and 15 have no characteristic pattern, although IN inhibitory activ-
ities of both compounds are superior to that of the parent
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Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of
different concentrations of compounds 11-17. Luciferase activity is expressed as
relative luciferase units (RLU). 3TC is an HIV reverse transcriptase inhibitor, which
was used as a positive control.
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Figure 5. CD spectra of compounds 5 and 11-17 (5 uM) in 0.1 M phosphate buffer,
pH 5.6 containing 50% MeOH at 25 °C.

compound 5. Replacement of His'4-Gly'® and Ile*-Leu’ by Glu-Lys
in compounds 11 and 15, respectively, caused a significant de-
crease in o-helicity, possibly due to formation of unfavorable salt
bridges such as Glu'4-Arg'® and Glu®-Arg®. Introduction of a Glu-
Lys pair into GIn®-Ile’® in compound 13 caused a slight decrease
in o-helicity, possibly due to interference in the formation of a salt
bridge of Glu'-Arg® by that of Arg®>-Glu®. In the other analogs, in-
creases in a-helicity were observed to result from the introduction
of Glu-Lys pairs as we had initially postulated. Overall, there is no
positive correlation between IN inhibitory or anti-HIV activity and
the degree of o-helicity of the compounds.

In order to identify the amino acid residues responsible for IN
inhibitory and anti-HIV activities of these peptides, an Ala-scan
of compound 4 was performed (Fig. 6). Compounds 18-22, 25, 27
and 29 showed IN inhibitory activities against the 3’-end process-
ing and strand transfer reactions similar to those of 4 (Table 3).
Ala-substitution for Leu’, GIn®, GIn®, Leu'®, Leu'’, His'4, Arg'® or
Gly'® did not cause any significant change in either of IN inhibitory
activities, indicating that the replaced amino acids are not essential
for IN inhibition. Ala-substitution for Phe'?, lle'®, Phe'> or Ile!”
gave compounds 23, 24, 26 and 28, which were 2-4 times less ac-
tive in both the IN inhibitory assays, suggesting that Phe!?, Ile!3,
Phe'” and Ile!” are indispensable for IN inhibition. Assessment of
anti-HIV activity in the MT-4 Luc system showed that all com-
pounds 18-29 produced dose-dependent inhibition of HIV-1 repli-
cation, although they displayed cytotoxicity at 10 uM (4, 19-23, 26
and 27) or above 5 uM (24 and 25) (Fig. 7). Compounds 23 and 24,

7 10 15
4 Ac-LQQLLFIHFRIG-RRRRRRRR-NH,
18 Ac-AQQLLFIHFRIG-RRRRRRRR-NH,
19 Ac-LAQLLFIHFRIG-RRRRRRRR-NH,
20 Ac-LQALLFIHFRIG-RRRRRRRR-NH,
21 Ac-LQQALFIHFRIG-RRRRRRRR-NH,
22 Ac-LQQLAFIHFRIG-RRRRRRRR-NH,
23 Ac-LOQLLAIHFRIG-RRRRRRRR-NH,
24 Ac-LQQLLFAHFRIG-RRRRRRRR-NH,
25 Ac-LQQLLFIAFRIG-RRRRRRRR-NH,
26 Ac-LQQLLFIHARIG-RRRRRRRR-NH,
27 Ac-LQQLLFIHFAIG-RRRRRRRR-NH,
28 Ac-LQQLLFIHFRAG-RRRRRRRR-NH,
29 Ac-LQQLLFIHFRIA-RRRRRRRR-NH,

Figure 6. Amino acid sequences of compounds 18-29 based on an Ala-scan of
compound 4. Position numbers correspond to alignment with compound 5.

Table 3
1Cso values of compounds 18-289 toward the 3’-end processing and strand transfer
reactions catalyzed by HIV-1 IN

Compound 1G5 (pM)
3'-End processing Strand transfer
4 0.11+0.03 0.05 +0.01
18 0.12 £ 0.004 0.08 + 0.01
19 0.13+£0.02 0.06 + 0.01
20 0.10+£0.004 0.06 +0.01
21 0.12+£0.02 0.07 £0.01
22 0.13+0.003 0.06 £ 0.01
23 0.34 +£0.06 0.18+£0.03
24 0.33+0.02 0.22 +0.01
25 0.13 £0.01 0.06 £0.01
26 0.25 £ 0.02 0.12£0.01
27 0.11+0.01 0.05 £ 0.01
28 0.20+0.03 0.16 £0.02
29 0.09 £ 0.01 0.09 £ 0.01
1.0x107 4
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Figure 7. Luciferase signals in MT-4 Luc cells infected with HIV-1 in the presence of
various concentrations of compounds 18-29, Luciferase activity was valued as RLU.

with Ala-substitution for Phe'? and lle'3, respectively, showed
weaker inhibitory activity than 4 at 5 uM. Consequently, Phe'?
and Ile'® were deemed to be critical for activity, which is consistent
with the IN inhibitory activity results. A control peptide isomer of 5
(Ac-QIFEHLAGIIQILRFLRI-Rg-NH,) did not show anti-HIV activity at
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HIV-1IN

Figure 8. Brief presumed drawing of the binding model of HIV-1 IN and
compound 5.

concentrations below 10 pM, suggesting that the original Vpr-se-
quence, with the exceptions of Phe'?, Ile'3, Phe!® and lle?7, is crit-
ical for activity.

The assumption that compound 5 forms an «-helical structure
when binding to HIV-1 IN suggests the binding model of IN and
5 shown in Figure 8, as 5 forms an a-helical structure in 50% aque-
ous MeOH solution. In this model, Phe'?, lle'3, Phe'> and Ile'’,
which were identified by the Ala-scan experiment as critical resi-
dues, are located in the pocket of IN. His'* and Gly'®, which can
be replaced by Glu-Lys with an increase of activity in compound
11, are located outside of the pocket of IN. Ile* and Leu’ can also
be replaced by Glu-Lys while retaining activity in compound 15,
and Leu’ is located outside of the pocket, whereas Ile* is located
in the edge of the pocket. Compounds 11 and 15 might form
a-helical structures when binding to IN, although 11 or 15 does
not show o-helicity in the CD spectrum. Thus, these compounds
might retain IN inhibitory activity. This binding model is compatible
with the results of structure-activity relationship studies involving
Glu-Lys substitution and Ala-scan. The reason for decreases in IN
inhibitory and anti-HIV activity of compounds 12 and 17, which
show increases of o-helicity, are possibly due to substitution of
Glu-Lys for Ala? and Ile®, which are located in the pocket of IN. The
reason for a decrease in activity of compounds 14 and 16, which
show increased a-helicity, might be due to substitution of Lys for
GIn® and Phe'?, respectively, which are located in the pocket of IN.
The reason for decreases in IN inhibitory and anti-HIV activity of
compound 13, which also shows a decrease of o-helicity, are possi-
bly due to substitution of Glu-Lys for GIn® and Hle'3, which are
Jocated in the pocket of IN.

3. Conclusion

In the present study, structure-activity relationship studies
were performed on Vpr-derived peptides 4 and 5, which had been
previously identified as HIV-1 IN inhibitors.# The Glu-Lys substitu-
tion experiments and Ala-scan data suggest that several amino
acid residues of 4 and 5 are indispensable for IN inhibitory and
anti-HIV activities, and a binding model of IN and 5 were proposed.
Furthermore, two novel compounds 11 and 15, which contained
Glu-Lys pairs and showed more potent IN inhibitory activities than
compound 5, were found. These data including the binding model
should be useful for the development of potent HIV-1 IN inhibitors
based on Vpr-peptides.

4. Experimental
4.1. Chemistry

All peptides were synthesized by the Fmoc-based solid-phase
method. The synthetic peptides were purified by RP-HPLC and
identified by ESI-TOF-MS. Fmoc-protected amino acids and re-
agents for peptide synthesis were purchased from Novabiochem,
Kokusan Chemical Co., Ltd and Watanabe Chemical Industries,
Ltd. Protected peptide resins were constructed on NovaSyn TGR
resins (0.26 meq/g, 0.025 and 0.0125 mmol scales for Glu-Lys sub-
stitution and Ala-scan peptides, respectively). All peptides were
synthesized by stepwise elongation techniques. Each cycle in-
volves (i) deprotection of an Fmoc group with 20% (v/v) piperi-
dine/DMF (10 mL) for 15 min and (ii) coupling with 5.0 equiv of
Fmoc-protected amino acid, 5.0 equiv of diiopropylcarbodiimide
(DIPCI) and 5.0equiv of 1-hydroxybenzotriazole monohydrate
(HOBt-H,0) in DMF (3 mL) for 90 min. N-Terminal «-amino groups
of Glu-Lys substitution and Ala-scan peptides were acetylated with
100 equiv of acetic anhydride in DMF (10 mL). Cleavage from the
resin and side chain deprotection were carried out by stirring for
1.5 h with m-cresol (0.25 mL), thioanisole (0.75 mL), 1,2-ethanedi-
thiol (0.75 mL) and TFA (8.25 mL). After removal of the resins by
filtration, the filtrate was concentrated under reduced pressure,
the crude peptides were precipitated in cooled diethyl ether and
purified by preparative RP-HPLC on a Cosmosil 5C18-AR II column
(10 x 250 mm, Nacalai Tesque, Inc.) with a LaChrom Elite HTA sys-
tem (Hitachi). The HPLC solvents employed were water containing
0.1% TFA (solvent A) and acetonitrile containing 0.1% TFA (solvent
B). All peptides were purified using a linear gradient of solvents A
and B over 30 min at a flow rate of 3 cm® min~. The purified pep-
tides were identified by ESI-TOF-MS (Brucker Daltonics micrOTOF-
2focus) (shown in Table S1 in Supplementary data). All peptides
were obtained after lyophilization as fluffy white powders of the
TFA salts. The purities of these peptides were checked by analytical
HPLC on a Cosmosil 5C18-ARII column (4.6 x 250 mm, Nacalai Tes-
que, Inc.) eluted with a linear gradient of solvents A and B at a flow
rate of 1 cm® min~, and eluted products were detected by UV at
220 nm (shown in Figs. S1-S3 in Supplementary data).

4.2, Expression and purification of F185K/C280S HIV-1 integrase
from Escherichia coli

Plasmid encoding IN1-288/F185K/C280S was expressed in
Escherichia coli strain C41. The solubility of the mutant protein
was examined in a crude cell lysate, as follows. Cells were grown
in 1 L of culture medium containing 100 pg/mL of ampicillin at
37 °C until the optical density of the culture at 600 nm was be-
tween 0.4 and 0.9. Protein expression was induced by the addition
of isopropyl-1-thio-B-p-galactopyranoside to a final concentration
of 0.1 mM. After 2 h, the cells were collected by centrifugation at
6000 rpm for 30 min. After removal of the supernatant, the cells
were resuspended in HED buffer (20 mM HEPES, pH 7.5, 1 mM
EDTA, 1 mM DTT) with 0.5 mg/mL lysozyme and stored on ice for
30 min. The cells were sonicated until the solution exhibited min-
imal viscosity then it was centrifuged at 15,000 rpm for 30 min.
After removal of the supernatant, the pellet was dissolved in
TNM buffer (20 mM Tris/HCI, pH 8.0, 1 M NaCl, 2 mM 2-mercap-
toethanol) with 5 mM imidazole and stored on ice for 30 min.
The cells were then centrifuged at 15,000 rpm for 30 min and the
supernatant was collected. The supernatant was then filtered
through 0.45 um filter cartridge and applied to a HisTrap column
at 1 mL/min flow rate. After loading, the column was washed with
10 volume of TNM buffer with 5 mM imidazole. Protein was eluted
with a linear gradient of 500 mM imidazole, containing TNM buf-
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