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Abstract

Highly active antiretroviral (ARV) therapy has successfully reduced viral transmission, morbidity, and mortality
associated with human immunodeficiency virus type 1 (HIV-1) disease; however, the emergence of drug-resistant
viruses is a major obstacle associated with ARV therapy. Therefore, the development of a new class of ARV drugs is
urgently required. Cyclophilin A (CypA) is a host factor required for HIV-1 replication, and plays a role in viral
replication by interacting with the HIV-1 capsid protein (CA). As such, it represents a potential target for novel ARV
drugs. We here searched for low molecular weight compounds that inhibited HIV-1 replication by interfering with
binding between CypA and HIV-1 CA. A total of 106 compounds were screened in an in silico docking study as
candidates that were predicted to interact with the HIV-1 CA binding pocket of CypA. Biological tests were then
conducted to evaluate the anti-HIV-1 activities as well as cytotoxicities of these test compounds, and 4 compounds
that efficiently inhibited viral replication without exhibiting strong cytotoxicity were subsequently selected. The
molecular mechanisms underlying the inhibition of HIV-1 replication by the 4 selected compounds have not been
elucidated in the present study; however, we consider that these compounds will become the lead compounds for
developing novel ARV drugs once more detailed studies are performed on the molecular mechanisms responsible
for their anti-HIV-1 activities.

in virus-producing cells [3-5]. The infectivity of HIV-1 particles was
also found to be diminished by disruption of the CA-CypA interaction
[6-9]. Subsequent studies revealed that CypA in virus-infected cells,
but not in virus-producing cells played a major role in regulating viral
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Introduction

Highly active antiretroviral (ARV) therapy using two or more
reverse transcriptase inhibitors and protease inhibitors for human
immunodeficiency virus type 1 (HIV-1)-infected patients has achieved
durable virological suppression and reduced HIV-1 transmission,
morbidity, and mortality associated with HIV-1 disease. However, the
emergence of drug-resistant viruses as a result of widespread drug use
is currently recognized as one of the major obstacles associated with
ARV therapy [1]. Therefore, a new class of ARV drugs that target
other steps in the viral life cycle urgently needs to be developed in
order to deal with multidrug-resistant viruses. In the present study, we
searched for low molecular weight compounds that inhibited HIV-1
replication in order to accumulate information for the development of
anew class of ARV drugs.

Cyclophilin A (CypA), a highly conserved peptidyl prolyl
isomerase, was previously identified as the interacting cellular protein
of the immunosuppressant drug, cyclosporin A (CSA) [2]. CypA was
incorporated into HIV-1 particles by interacting with the CypA
binding loop of the HIV-1 capsid protein (CA) during viral assembly

replication [10,11], and the interaction between HIV-1 CA and CypA
in virus-infected cells protected the virus from the inhibitory role of
host restriction factor on viral replication [12]. Therefore, CypA is
required for efficient HIV-1 replication, and, thus, is conceivable as a
target for novel ARV drugs.

CypA has been shown to interact with HIV-1 CA through its
hydrophobic, HIV-1 CA-binding pocket [13]. We herein selected 106
low molecular weight compounds that were predicted to interact with
the pocket of CypA in an in silico docking study. Biological tests were
then carried out to evaluate the anti-HIV-1 activities of the test
compounds using a single round HIV-1 replication assay.

Materials and Methods

Cells

293T cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, Life Technologies, Grand Island, NY, USA)
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supplemented with 10% fetal bovine serum (FBS) (Hyclone, Thermo
Scientific, South Logan, Utah, USA). U87.CD4.CXCR4 (U87) cells
were obtained from Drs. HongKui Deng and Dan R. Littman through
the AIDS Research and Reference Reagent Program (ARRRP)
(Division of AIDS, NIAID, NIH, USA), and were cultured in DMEM
supplemented with 10% FBS, G418 (300 ug/ml), and Puromycin (1 ug/
ml). MT4 cells were cultured in RPMI-1640 (Hyclone, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% FBS. All cells
were maintained at 37°C in a CO, incubator.

Plasmids

The pNL4-3-derived, luciferase reporter proviral construct, pNL-
Luc-E'R* [14], and expression vector for vesicular stomatitis virus G
glycoprotein (VSV-G), pHit/G [15], were used to generate VSV-G-
pseudotyped HIV-1 (HIV-1/VSV-G). A proviral construct containing
the CypA-binding-deficient CA, pNL-CA-G89A/P90A, was also
constructed by site-directed mutagenesis using PfuUltra IT Fusion HS
DNA Polymerase (Agilent Technologies, Santa Clara, CA, USA) and
the primers, 5-
GCATCCAGTGCATGCAGCGGCTATTGCACCAGG-3’ and 5-
CCTGGTGCAATAGCCGCTGCATGCACTGGATGC-3
(mismatched nucleotides are underlined). Briefly, a 20 ul reaction
mixture containing 0.2 uM of each primer, 500 pM of ANTP, 1 unit of
PfuUltra II polymerase, and 4 ng of pNL-Luc-E'R* was subjected to
polymerase chain reaction (PCR). The PCR conditions used were as
follows; enzyme activation at 95°C for 2 minutes; 24 cycles of 95°C for
10 seconds and 68°C for 8 minutes; and final extension at 68°C for 5
minutes. The PCR products were treated with Dpn I (New England
Biolabs, Ipswich, MA, USA) to destroy the original templates before
transforming E. coli HB101 competent cells with the PCR-generated
mutant plasmid. The introduction of mutations was confirmed by
sequencing.

Test compounds

One hundred and six commercially available compounds were
selected in an in silico molecular docking study, as described
previously [16]. This screening was performed by MOE (Chemical
Computing Group). The crystallographic data of CypA in complex
with Alanine-Proline dipeptide (PDB entry 2CYH) was obtained from
the Brookhaven Protein Data Bank, and the structure of CypA was
used as a receptor for screening. In the present study, the “MOE dock”
program was used to perform all of the screening procedures. Triangle
Matcher was used for placement, London dG was used for scoring
function, MMFF94x forcefield was used for energy minimization after
docking, and the other parameters were set as default. An active site
covering the entire area of the 2 pockets in the CypA molecule was
found using the SiteFinder module in MOE. We performed screening
for alchemy database. Finally, candidates used for biological tests were
selected according to the best docking score of each compound. Then,
the compounds that were predicted to interact with the HIV-1 CA-
binding pocket of CypA were designated IDs as CA1 to CA106. The
test compounds were dissolved in dimethyl sulfoxide (DMSO) and
diluted to a certain concentration with culture media to a final
concentration of 0.2% DMSO.

Evaluation of antiviral activities of test compounds

The antiviral activities of the test compounds were evaluated by a
single round HIV-1 replication assay using a luciferase reporter
proviral construct. In this assay system, the late stage of HIV-1

replication, including the viral life-cycle steps, RNA transcription,
protein translation, viral assembly, and the release of the progeny
virus, could be monitored by evaluating the quantity and infectivity of
the progeny virus released from proviral construct-transfected (virus-
producing) 293T cells. In addition, the early stage of HIV-1
replication, including the viral life-cycle steps, viral entry into cells,
encapsidation, reverse transcription, integration, RNA transcription,
and protein translation, could be monitored by infecting HIV-1-
permissive (target) cells with a reporter virus released from luciferase
reporter proviral construct-transfected 293T cells, followed by
measuring luciferase activity in infected cells. Briefly, 293T cells were
seeded at 2 x 10° cells/10 ml in a 100 mm dish. Twenty-four hours
later, the cells were co-transfected with pHit/G (1.18 pg) and the
luciferase reporter proviral construct, pNL-LucE'R* or pNL-CA-
G89A/P90A (8.82 ug), using FuGENE HD transfection reagent
(Promega, Madison, WI, USA) according to the manufacturer’s
instructions. Eighteen hours later, transfected 293T cells were
trypsinized and re-seeded onto 96-well plates at a concentration of 2.8
x 10* cells/200 pl/well in the presence or absence of a testing
compound. Forty-eight hours after being transfected, the cell culture
supernatant of transfected 293T cells was collected. In the mode of
action analysis, the virus quantity was evaluated by measuring the
HIV-1 CA p24 antigen in samples using an ELISA kit (HIV-1 p24
Capture Assay, Advanced BioScience Laboratories, Rockville, MD,
USA), according to the manufacturer’s instructions. Two HIV-1-
permissive cell lines, MT4 and U87 cells, which were seeded on 96-well
plates at concentrations of 2 x 10* cells/100 pl/well and 7 x 103
cells/100 pl/well 24 hours prior to the assay, respectively, were
incubated with the culture supernatant of transfected 293T cells in the
presence or absence of a test compound for 24 hours. Luciferase
activities in virus-infected MT4 and U87 cells were then measured
using the Steady-Glo Luciferase assay kit (Promega) with the
microplate luminometer LB960 (Berthold, Bad Wildbad, Germany).

Cytotoxicity test

293T, MT4, and U87 cells were seeded on 96-well plates at
concentrations of 5 x 103 cells/100 ul/well, 2 x 10% cells/100 ul/well,
and 7 x 103 cells/100 pl/well, respectively. After being incubated for 24
hours, cells were treated with a test compound in 200 pl of culture
media. These cells were further incubated for 24 hours, and the
proliferation of each cell line was measured using WST-1 reagents
(Roche Diagnostics, Basel, Switzerland) according to the
manufacturers’ instructions.

Analysis of virion-associated proteins

HIV-1/VSV-G carrying wild type or CypA-binding-deficient CA
was produced by co-transfecting 293T cells with pHit/G and the
proviral DNA, pNL-Luc-E'R* or pNL-CA-G89A/P90A, respectively,
as described above. A test compound was added 6 hours after
transfection. Forty-eight hours after transfection, the culture
supernatant of transfected 293T cells was collected and clarified by
centrifugation at 6,000 x g for 10 minutes at 4°C. The virus in the
culture supernatant was precipitated by ultracentrifugation through
20% sucrose at 140,000 x g for 2 hours at 4°C using Optima MAX-XP
with a rotor, MLS-50 (Beckman Coulter, Brea, CA, USA). The viral
pellet was resuspended in 140 pl of PBS. The virus quantity was
evaluated by measured the HIV-1 CA p24 antigen in samples using an
ELISA kit, as described above. Equivalent amounts of viral samples
were loaded and separated on 15% sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) gels and then
transferred onto PDVF membranes (Hybond-P, GE Healthcare Life
Sciences, Uppsala, Sweden) using the Trans-Blot SD Semi-Dry
Transfer Cell and PowerPac HC Power Supply (Bio-Rad , Hercules,
CA, USA). Samples were then subjected to immunoblot analysis using
either a rabbit anti-CypA polyclonal antibody (sc-20360-R; Santa Cruz
Biotechnology, Dallas, TX, USA) or rabbit anti-HIV-1 p24 polyclonal
antibody (65-004; BioAcademia, Osaka, Japan). After incubating
samples with horseradish peroxidase-labeled, polyclonal goat anti-
rabbit immunoglobulins (P0448, Dako, Troy, MI, USA), the antigen-
antibody complex on the membrane was visualized using ECL prime
(GE Healthcare Life Sciences), according to the manufacturer’s
instructions. Virion-incorporated CypA and the HIV-1 CA p24
antigen were observed using the ChemiDoc XRS* System (Bio-Rad).
The expression of CypA in each sample was normalized to the
expression of the HIV-1 CA p24 antigen.

Results

Screening for potent HIV-1 inhibitory compounds

In the first screening, all compounds were tested at a certain
concentration according to their solubilities in DMSO, and to a
concentration at which cells could survive. The compounds that

inhibited HIV-1/VSV-G replication by more than 25% were
considered to be the HIV-1 inhibitory compounds, while those that
precipitated in culture condition were excluded. Although many of the
106 compounds tested in this study potently inhibited HIV-1, most
also exhibited strong cytotoxicity, low solubility under the culture
conditions, and/or did not exert inhibitory activity on viral replication
in both the MT4 and U87 cell lines. Table 1 showed the properties of
some compounds that could inhibit HIV-1 replication in the first
screening. Four compounds: CA7, CA75, CA98, and CA105, which
passed the screening criteria, were selected for further study. CA7,
CA98, and CAI105 exhibited strong HIV-1 inhibitory efficiencies as
well as high solubilities in the culture condition. Although CA75 had a
lower HIV-1 inhibitory efficiency than the 3 other compounds, it
showed high solubility. Therefore, its antiviral effects were examined
at higher concentrations, which were considered to be more effective.
CA1l6, CA81, CA89, CA97, and CA106 may be able to inhibit HIV-1
replication more efficiently at higher concentrations. However, the
tests for CA 16, CA81, and CA106 showed low reproducibility; and
CA89 and CA97 had already been tested at a very high concentration.
Therefore, these compounds were excluded from further studies. The
antiviral activities and cytotoxicities of the 4 selected HIV-1 inhibitory
compounds from the screening tests were further evaluated in a dose
dependency manner.

Compounds Testil('l‘?Mc)onc.a ;pfm::::g;b Cytotoxicity® cultsuorl:zgirziit?ond Reproducibility® Product ID Supplier
CA7 40 +++ - +++ ++ LT00082807 LABO TEST
CA16 40 ++ - +++ + BAS 00138031 ASINEX
CA36 40 4 - ++ ++ KM09930 MAYBRIDGE
CA44 20 +++ + ++ +++ AO-081/15570018 SPECS
CA46 10 ++ + +++ +++ M-148830 Scientific Exch
CA48 10 ++ ++ +++ ++ 004-002-007-A-006 AllChemy
CA50 8 ++ ++ +++ ++ 004-002-007-A-175 AllChemy
CA51 12 ++ ++ +++ ++ 004-002-007-A-192 AllChemy
CA52 10 ++ + +++ +++ 004-002-007-A-196 AllChemy
CA54 40 + ++ +++ ++ 004-002-007-A-590 AlIChemy
CA55 10 ++ ++ +++ ++ 004-002-007-A-591 AllChemy
CA56 30 ++ + +++ +++ 004-002-007-A-601 AlIChemy
CAB0 80 + ++ ++ ++ 005-001-001-Q-023 AllChemy
CA67 10 +++ +++ ++ +++ 009-002-003-A-156 AllChemy
CAT1 10 + ++ +++ +++ 009-002-003-A-625 AllChemy
CA72 20 ++ ++ ++ ++ 009-002-003-A-631 AllChemy
CAT74 30 +++ ++ ++ ++ 013-003-009-A-115 AllChemy
CAT75 10 + - +++ +++ 013-003-009-A-196 AllChemy
CAT76 6 ++ + ++ ++ 013-003-009-A-545 AllChemy
CA81 10 ++ - +++ + LT00132974 LABO TEST
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CA86 40 + - ++ ++ P2001S-206566 Pharmeks
CA89 120 ++ - +++ ++ P2001S-212254 Pharmeks
CA92 120 ++ + ++ ++ P2001S-215512 Pharmeks
CA97 120 ++ - +++ ++ P2001S-242826 Pharmeks
CA98 4 +++ - +++ +++ STK685854 Vitas-M
CA99 4 ++ ++ +++ ++ STK920611 Vitas-M
CA101 4 +++ ++ +++ ++ STK920645 Vitas-M
CA100 4 +++ + ++ ++ STK920636 Vitas-M
CA105 20 +++ - +++ ++ 013-003-009-A-095 ChemGenesis
CA106 20 +++ - +++ + 013-003-009-A-164 ChemGenesis

aThe concentration of each compound tested was depend on its solubility in DMSO and the concentration at which virus-producing 293T cells were not killed.
BInhibitory effect on HIV-1 replication was observed in MT4 and U87 cells and was ranked as (+++) highly efficient for, >50% inhibition; (++) moderately efficient,
40%-49% inhibition; and (+) mild efficient, 25%-39% inhibition. °Cytotoxic effect was observed under microscope for the cell proliferation in the presence of indicated
compound. The results were classified as (+++) highly toxic, (++) moderately toxic, (+) little toxic, and (-) not toxic. 9Solubility in culture condition was observed at 24
hours after compound administration. Solubility of indicated compounds were classified as (+++) no precipitation, (++) little precipitation, and (+) some precipitation
under the culture condition. ®Reproducibility depicted the variation of laboratory data from each individual replication, (+++) small, (++) medium, and (+) large variation.

Table 1: Properties of HIV-1 inhibitory compounds selected in the first screening.

CA7 CAT75
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Figure 1: Efficacy of the 4 selected compounds and CSA, as a positive control, on HIV-1 replication and cell proliferation. HIV-1/VSV-G was
produced by 293T cells and infected into either MT4 or U87 cell lines in the presence or absence of an inhibitor or CSA. Viral replication in
MT4 () and U87 cells (W), and the cytotoxicities of the 4 compounds on 293T (&), MT4 (0, or U87 cells (0) were evaluated, as described in the
Materials and Methods. Data are shown as the mean and standard errors of 3 independent experiments. The arrow indicates the
concentration that was considered to be safe for most human cells and had the potential to inhibit HIV-1 inhibition, and was used in
subsequent experiments.
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Safety and Inhibitory Potency of the 4 selected compounds
on viral replication in MT4 and U87 cell lines

The 4 selected compounds were evaluated for their antiviral
activities and cytotoxicities in a dose dependency manner (Figure 1).
CA7 inhibited HIV-1 replication in MT4 and U87 cells by 46% and
52%, respectively, at a concentration of 20 uM and the cell
proliferation rates of 293T, MT4, and U87 cells in the presence of CA7
at that concentration were 92%, 93%, and 84%, respectively. CA75
inhibited HIV-1 replication in MT4 and U87 cells by 43% and 69%,
respectively, at a concentration at 10 pM and the cell proliferation
rates of 293T, MT4, and U87 cells in the presence of the compound at
that concentration were 92%, 100%, and 88%, respectively. However,
CA98 was markedly more toxic than the results from the screening
indicated, and did not have a proper safe and potent concentration in
the dose dependency evaluation. The most acceptable concentration

was considered to be at 4 pM, a concentration at which HIV-1
replication was markedly decreased to 20% and 13% in MT4 and U87
cells, respectively, while the cell proliferation rates of 293T, MT4, and
U87 cells in the presence of CA98 at that concentration were 72%,
87%, and 57%, respectively. CA105 inhibited HIV-1 replication in
MT4 and U87 cells by 67% and 53% at a concentration at 20 uM,
respectively, while the cell proliferation rates of 293T, MT4, and U87
cells in the presence of CA105 at that concentration were 78%, 95%,
and 98%, respectively. CSA was included as a positive control in the
experiment. It inhibited the HIV-1 replication in MT4 and U87 cells
by 96% and 93%, respectively, and the cell proliferation rates of 293T,
MT4, and U87 cells in the presence of CSA at that concentration were
93%, 94%, and 82%, respectively. Therefore, CA7, CA75, CA9S,
CA105, and CSA were subjected to further studies at concentrations of
20 uM, 10 uM, 4 uM, 20 pM, and 4 pM, respectively.
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Figure 2: Study on the active sites, either in virus-producing or -infected cells, of the 4 selected compounds and CSA. HIV-1/VSV-G was
produced by 293T cells. MT4 or U87 cells were then infected with 1, 2, or 4 ng (CA p24 antigen-equivalent) of the virus. Cells were treated
with a selected compound or CSA on the virus-producing 293T (producer) cells [A], virus-infected MT-4 or U87 (target) cells (V), or neither of
these cells (0). The combination of an inhibitor and target cells is indicated above each chart. CA7, CA75, CA98, CA105, and CSA were tested
at 20 uM, 10 uM, 4 uM, 20 uM, and 4 pM, respectively. Data are shown as the mean and standard errors of 3 independent experiments.

Selected compounds inhibited HIV-1 replication in the
virus-producing stage

In order to understand how the 4 selected compounds inhibited
HIV-1 replication, their modes of action were investigated by
observing the antiviral activity of each compound in virus-producing
and -infected cells. Either virus-producing (proviral DNA

transfected-) 293T cells or -infected MT4 or U87 cells were treated
with the selected compound at the concentration indicated in Figure 2.
The treatment of virus-producing 293T cells with the selected
compounds reduced the infectivity of the progeny virus, although the
level of virus production was not significantly affected by the
compounds (data not shown). In contrast, the treatment of virus-
infected MT4 or U87 cells with the compounds had no effect on viral
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replication, except for CA105, which also showed inhibitory effects on
viral replication in MT4, but not in U87 cells. In contrast to the 4
selected compounds, CSA mainly inhibited viral replication by the
treatment of virus-infected MT4 and U87 cells, and also exhibited viral
inhibition by the treatment of virus-producing 293T cells. These
results suggested that CA7, CA75, and CA98 had no inhibitory effects
on the early viral replication step(s) in virus-infected cells, but
inhibited HIV-1 replication presumably at the assembly step of viral
particles in virus-producing cells. CA105 may also have an additional
mechanism or use a different mechanism of inhibition than the 3
other selected compounds. These results suggested that the 4 selected
compounds inhibited HIV-1 replication with modes of action related
to viral production, but with a different mechanism to that of CSA.

Inhibitory effects of the 4 selected compounds may not have
involved disruption of the CypA-CA interaction

Western Blot analysis was performed to evaluate whether the 4
selected compounds disrupted binding between human CypA and
HIV-1 CA during the viral assembly process. CSA, as a positive
control, markedly decreased the incorporation of CypA into the
HIV-1/VSV-G virion. However, the incorporation rate of CypA into
the HIV-1/VSV-G virion in the presence of CA7, CA75, or CA98 was
similar to that in the negative control experiment including 0.2%
DMSO, but was higher in the presence of CA105 (Figure 3A). These
results indicated that the 4 selected compounds inhibited HIV-1
replication by an unknown mechanism other than disrupting the
CypA-CA interaction, which is required for the incorporation of CypA
into viral particles.

A CypA-binding mutant conferred resistance to CA75, but
not to the 3 other compounds

To further verify that the 4 selected compounds inhibited HIV-1
replication by a mechanism other than disruption of the CypA-CA
interaction, a HIV-1/VSV-G mutant containing CypA-binding-
deficient CA was constructed and its replication was tested in the
presence of the compounds. The introduction of the amino acid
substitutions, G89A and P90A, into the CypA-binding loop of HIV-1
CA conferred a significant reduction in the incorporation of CypA
into the HIV-1/VSV-G virion as expected (Figure 3B). The relative
incorporation level of CypA was decreased to approximately 20% of
the virus carrying the wild-type capsid (Figure 3B). The antiviral
activities of the 4 selected compounds on HIV-1/VSV-G carrying wild
type CA and the CypA-binding-deficient CA mutant were then
evaluated in a dose dependency manner (Figure 4). The results
obtained showed that the CypA-binding-deficient mutant could not
confer efficient replication in the presence of CA7, CA98, and CA105
in both MT4 and U87 cell lines. In contrast, the mutation in the CypA-
binding pocket could rescue 45% and 41% of viral replication in the
presence of 30 uM of CA75 in both MT4 and US87 cell lines,
respectively. Taken together with CypA being efficiently incorporated
into viral particles in the presence of the 4 selected compounds (Figure
3A), these results suggested that CA7, CA98, and CA105 affected viral
replication step(s) in virus-producing cells independent of the CypA-
CA interaction. In addition, CA75 was suggested to inhibit viral
replication by interfering with the CypA-CA interaction during virus
assembly in virus-producing cells; however, it could not inhibit the
incorporation of CypA into viral particles.
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Figure 3: Western Blot analysis for the incorporation of CypA into the HIV-1/VSV-G virion. The virus was produced by transfecting 293T
cells with a proviral construct in the presence or absence of the indicated compound. Viral particles were purified by ultracentrifugation and
dissolved into SDS-PAGE sample buffer. Equivalent amounts (CA p24 antigen) of viral samples were then separated on SDS-PAGE gels and
transferred onto Hybond-P membranes. The HIV-1 CA p24 antigen and incorporated CypA were immunostained, as described in the
Materials and Methods. The signal intensity was then quantified using the digital imaging instrument, ChemiDoc XRS* System. The CypA
incorporation ratio was normalized to the expression of the CA p24 antigen. The relative values of incorporated CypA into HIV-1 (Relative
CypA) are shown as the mean of 4 independent experiments. (A) The virus was produced in the presence or absence of a test compound as
indicated. CypA incorporation ratios were calculated as a value related to that of the virus in the control experiment in the presence of 0.2%
DMSO. CSA was also included as a positive control. CA7, CA75, CA98, CA105, and CSA were tested at 20 uM, 10 pM, 4 uM, 20 uM, and 4
uM, respectively. (B) The mutant virus carrying CypA-binding-deficient CA (G89A/P90A) markedly decreased the incorporation of CypA
over that by the virus carrying wild type CA.
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Figure 4: The mutant virus carrying CypA-binding-deficient CA showed similar responses to CA7, CA98, and CA105, but not to CA75 as the
virus bearing wild type CA. HIV-1/VSV-G carrying wild-type (C) or CypA-binding-deficient CA (G89A/P90A) (®) was produced by
transfecting 293T cells with a proviral construct, and was then infected into MT4 or U87 cell lines. A selected compound or CSA was added to
both virus-producing 293T and virus-infected MT4 or U87 cells. The combination of the inhibitor and virus-infected cells is indicated above
each panel. CA7, CA75, CA98, and CA105 were tested at 20 uM, 10 uM, 4 uM, and 20 uM, respectively. Data are shown as the means and
standard errors of at least 3 independent experiments.

Discussion

There are countless numbers of low molecular weight compounds
in the chemical databases of pharmaceutical companies. Molecular
docking is an in silico technique that allows compounds with the
desired functions to be selected. We aimed to select compounds that
inhibited HIV-1 replication using a molecular docking study.
However, molecular docking alone was not sufficient, and subsequent
laboratory experiments were still required to confirm whether
compounds was as effective in vitro as expected. In the screening tests,
several compounds exhibited inhibitory effects on HIV-1 replication;
however, some of these had strong cytotoxic effects while others
exhibited low solubilities under the culture conditions used. If an
antiviral compound could be found that efficiently inhibited HIV-1
replication with less toxic effects or no harm to human organs,
patients may not develop adverse side effects. Cytotoxicity was
generally measured as 50% cytotoxic concentration (CC50); however,
it was impossible in the present study to evaluate CC50 because of the
low solubilities of the test compounds. Four compounds: CA7, CA75,
CA98, and CA105, were finally selected from the screening tests based
on their inhibitory effects, cytotoxicities, solubilities, and
reproducibilities.

Although the 4 selected compounds in the present study were
predicted to bind to CypA in silico, no direct evidence was previous
obtained for the binding of CypA in vitro. Western blot experiments
revealed that none of the selected compounds inhibited the

incorporation of CypA into the HIV-1 virion; however, they could
inhibit HIV-1 replication in vitro. The infectivity of the progeny virus
was reduced by treating virus-producing 293T cells with these
compounds. These results suggested that the selected compounds
inhibited HIV-1 replication by a mechanism other than that
suppressing the incorporation of CypA into the virion.

The infectivity of the mutant virus with HIV-1 CA lacking CypA
binding activity was reduced by CA7, CA98, and CA105, suggesting
that these 3 compounds inhibited viral replication independent of CA-
CypA binding. In contrast, the infectivity of the mutant virus was not
inhibited by CA75, suggesting that CA75 blocked viral replication by
interfering with the CA-CypA interaction in virus-producing cells.
There is a discrepancy that CA75 might interfere the CA-CypA
interaction, whereas it could not suppress the incorporation of CypA
into virion. A possible explanation of the discrepancy is that CA75
might transiently interfere the binding of CypA to CA in virus-
producing cells, and played a negative role on proper virus assembly;
however, the stability or strength of CA75-CypA interaction might not
be strong enough to inhibit the CypA-CA interaction throughout the
virus assembly process. We consider that further studies are required
to reveal the role of the compound in the process of virus assembly. In
addition, it is necessary to study the possible incorporation of the
compounds into viral particles.

Recent studies reported that CA-CypA binding in infected cells, but
not in virus-producing cells played a critical role in the maintenance of
viral infectivity, indicating that CypA in infected cells was more
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important than that in virus-producing cells [10-12]. In the present
study, CSA inhibited viral replication both in virus-producing and -
infected cells, while the 4 selected compounds inhibited viral
replication in virus-producing cells (Figure 2). These results suggested
that these compounds inhibited virus replication via a different
mechanism to that of CSA. The mechanism by which the selected
compounds inhibited HIV-1 replication has not yet been fully
elucidated; however, further studies on the underlying mechanism(s)
may contribute to revealing HIV-1 replication in more detail.
Furthermore, the selected compounds are potentially lead compounds
in the development of new antiretroviral drugs. Finally, we consider
the limitation of the study is that we tested relatively small number of
commercially available compounds on their antiviral effect. Many
compounds selected by in silico study showed unfavorable
characteristics, such as high cytotoxicity and low solubility, for testing
by the subsequent in vitro study. It may be required to perform “back
and forth” procedure between in silico and in vitro studies in order to
optimize the screening process. In parallel with studying further the
molecular mechanism(s) of how 4 selected compounds inhibited
HIV-1 replication, it may be possible to perform more efficient
screening tests to find potent and safe anti-HIV-1 compounds in a
future study.
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