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Identification of a novel type of small molecule inhibitor

against HIV-1
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Here we report a new chemical inhibitor against HIV-1 with a
novel structure and mode of action. The inhibitor, designated
as A1836, inhibited HIV-1 replication and virus production
with a 50% inhibitory concentration (ICs) of 2.0 pM in an
MT-4 cell-based and cytopathic protection antiviral assay, while
its 50% cytotoxic concentration (CCso) was much higher than
50 uM. Examination of the effect of A1836 on in vitro HIV-1
reverse transcriptase (RT) and integrase showed that neither
were molecular targets of A1836. The characterization and
re-infection assay of the HIV-1 virions generated in the pres-
ence of A1836 showed that the synthesis of early RT products
in the cells infected with the virions was inhibited dose-de-
pendently, due in part to abnormal protein formation within
the virions, thus resulting in an impaired infectivity. These re-
sults suggest that A1836 might be a novel candidate for the de-
velopment of a new type of HIV-1 inhibitor. [BMB Reports
2015; 48(2): 121-126]

INTRODUCTION

Since human immunodeficiency virus type 1 (HIV-1), the caus-
ative agent of acquired immunodeficiency syndrome (AIDS),
was first isolated, the development of antiviral drug has pro-
gressed rapidly and now more than 25 approved drugs are cur-
rently available to HIV-1 infected patients. Although many of
these drugs target the viral enzymes, they can be categorized
into different mechanistic classes. The majority of the ap-
proved drugs are reverse transcriptase (RT) inhibitors, which
can be further subdivided into nonnucleoside RT inhibitors
and nucleoside/nucleotide RT inhibitors (1). Another class of
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anti-HIV-1 drugs targets the HIV-1 protease (2). Additionally, a
class of recently developed inhibitors blocks the activity of in-
tegrase, a viral enzyme required for the integration of the
HIV-1 proviral DNA into the host DNA (3). Inhibitors of
non-enzymatic targets, which inhibit the viral entry process ei-
ther by blocking viral fusion or by acting as an antagonist
against the host cell receptor CCR5 comprise an additional
drug class (4). For the treatment of patients with HIV/AIDS, a
so-called "HAART" (Highly Active AntiRetroviral Therapy) reg-
imen, which consists of a combination of three or four differ-
ent approved drugs, is being used currently due to the rapid
emergence of single drug treatment regimen-resistant strains
(5, 6). However, the emergence of drug resistant strains con-
tinues to present a daunting challenge, as strains resistant to a
single drug often become cross-resistant to others due to the
high mutational rate attributable to the intrinsic infidelity of
HIV-1 RT (7). Such cross resistance can be severe as nearly all
drug targets are affected by it, and thus HAART could no lon-
ger be an effective defense against newly generated strains.
Therefore, the identification of new types of HIV-1 inhibitors
that exhibit novel mechanisms of action and inhibit new tar-
gets is urgently warranted.

Toward the goal, efforts to identify new types of HIV-1 in-
hibitors against various other viral targets are currently being
made. For example, DIBA and SAMT, acting as zinc chelators
of the HIV-1 nucleocapsid protein that plays crucial roles dur-
ing both the early and late stages of HIV-1 replication (8), have
been identified and demonstrated anti-HIV-1 activity (9, 10).
The numerous functions attributable to Vpr in the viral life cy-
cle suggested that Vpr may also be a new HIV-1 drug target.
Indeed, vipirin has been identified as an inhibitor of Vpr-de-
pendent viral infection (11). Furthermore, BIT225, developed
as a small molecule inhibitor of HIV-1 Vpu, was shown to ex-
hibit antiviral activity against multiple drug-resistant strains of
HIV-1 (12). An additional agent, RN-18, was identified as an
antagonist of Vif function and showed inhibition of HIV-1 rep-
lication in APOBEC3G positive cells (13).

Here, we report the identification of a new type of small
molecule anti-HIV-1 inhibitor, designated as A1836, with a
novel structure that showed a potent anti-HIV-1 activity but little
cellular toxicity. Results of virion characterization and in vitro
viral enzyme assays indicated that the mode of action of
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A1836 was novel and different from that of well-known HIV-1
inhibitors that target viral enzymes such as RT or integrase.
These results suggested that A1836 may be a good novel can-
didate for the development of a new type of HIV-1 inhibitor.

RESULTS

Identification of a new anti-HIV small molecule inhibitor with
a novel structure

In our continuing endeavor to seek new anti-HIV small mole-
cule inhibitors, we recently have identified a new chemical
compound, designated as A1836 hereafter, with a novel struc-
ture (1-(4-chlorobenzyl)-N-(2-methoxybenzyl)-1H-pyrazole-3-car-
boxamide) as shown in Fig. 1 using our cell-based antiviral assay,
whose anti-HIV activity has never been reported previously.

A1836 exhibited potent anti-HIV-1 activity but little cellular
toxicity

To examine the antiviral activity of A1836 against HIV-1, we
first performed an antiviral assay using MT-4 cells infected
with an HIV-1 NL4-3 isolate derivative carrying the enhanced
green fluorescent protein (NL4-3EGFP) in the presence and ab-
sence of A1836. In this assay, the level of EGFP expression in-
dicates the degree of viral infection and replication, as the
NL4-3EGFP virus harbors an EGFP gene in the place of the vi-
ral Nef gene (14). Thus, the ability of a compound to inhibit
the viral infection and replication within cells can be easily
monitored by a simple observation of EGFP expression under
a fluorescence microscope. As shown in Fig. 2A, treatment
with the well-known HIV-1 RT inhibitors AZT (5 nM) or teno-
fovir (1 uM) inhibited EGFP expression. Treatment with A1836
also exhibited a strong and dose-dependent inhibitory effect
against HIV-1, as evidenced by a reduction in the EGFP ex-
pression level (Fig. 2A). When virus production was measured
using an HIV-1 p24 antigen enzyme-linked immunosorbent as-
say (ELISA) with viral supernatants harvested from the antiviral
assay, a potent and dose-dependent inhibition of virus pro-
duction was observed (Fig. 2B). Based on this result, it was de-
termined that A1836 had an anti-HIV activity with an 1Cso of
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Fig. 1. Structure of A1836. Shown is the molecular structure of A1836,
1-(4-chlorobenzyl)-N-(2-methoxybenzyl)-1H-pyrazole-3-carboxamide.
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2.0-2.5 uM. Accordingly, further treatment with 5 uM of
A1836 inhibited nearly 90% of virus production (Fig. 2B). In
the same assay, both AZT and tenoforvir also inhibited nearly
50% of virus production at 5 nM and 1 UM, respectively, dem-
onstrating the authenticity and reliability of this assay for anti-
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Fig. 2. The effect of A1836 on HIV-1 infection and replication.
The anti-HIV-1 activity of A1836 was determined by both cell-
based antiviral and cytopathic protection assays. MT-4 cells were
infected with NL4-3EGFP, an HIV-1 NL4-3 isolate derivative, and
treated with the indicated compounds. At 72 hours post-infection,
the level of EGFP expression in the infected cells was observed
by fluorescence microscopy (A) and viral supernatants were har-
vested and measured for the amount of virus production using an
HIV-1 p24 antigen ELISA (B). (C) Determination of the HIV-1 cy-
topathic effect inhibition by A1836. MT-4 cells were infected with
NL4-3GFP and treated with the indicated concentrations of A1836
and tenofovir as for a control. Following incubation for 5 days,
cell viability was measured for each concentration using a cell vi-
ability assay. (D)The cellular cytotoxicity of A1836 was measured
as described in the Material and Methods section. Data are pre-
sented as the percentage of cell viability in the presence of A1836
and indicated control inhibitors compared with that of non-treated
cells. Data presented are the means + standard errors (SEs) of three
independent measurements.
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viral efficacy measurement and determination. To further con-
firm the antiviral activity of A1836, we also employed an
HIV-1cytopathic effect (CPE) inhibition assay (15) to determine
whether A1836 had the ability to inhibit the cell death in-
duced by HIV-1 infection, referred to as a cytopathic effect. To
accomplish this, MT-4 cells were again infected with NL4-
3EGFP and treated with various concentration of A1836 or te-
noforvir as a positive control. After incubation for 5 days, cell
viability was measured for each concentration by cell viability
assay as described in the Materials and Methods section. As
shown in Fig. 2C, tenofovir inhibited HIV-1 induced cell death
in a dose-dependent manner, demonstrating the reliability of
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Fig. 3. The effect of A1836 on RT and integrase activity in vitro.
(A) Determination of the effect of A1836 on RT activity in vitro.
The effect of A1836 on HIV-1 RT activity in vitro was measured.
Nevirapine and etravirine were used as positive controls. (B) De-
termination of the effect of A1836 on integrase activity in vitro.
The effect of A1836 on integrase activity in vitro was measured
as described in the Materials and Methods. Raltegravir and elvite-
gravir were used as positive controls. Data presented are the
means + SEs of three independent measurements.
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this assay. The number of viable MT-4 cells was increased in
an A1836 dose-dependent manner, clearly demonstrating that
this new compound had anti-HIV-1 activity and the ability to
inhibit the HIV-1-induced cytopathic effect.

To further confirm that the antiviral efficacy observed with
A1836 was not due to cellular toxicity associated with use of
the compound, we evaluated the cytotoxicity of A1836 on
MT-4 cells. In this experiment, MT-4 cells alone were treated
with A1836 from 0.25 UM up to 50 uM and incubated at 37°C
for 3 days. Following incubation, cell viability was measured
for each concentration by cell viability assay. The assay results
demonstrated that A1836 showed no cellular toxicity as other
control inhibitors AZT and tenofovir, even up to a concen-
tration of 50 UM, indicating that CCso of A1836 would be
much higher than 50 uM (Fig. 2D).

Molecular targets of A1836-mediated inhibition of HIV-1
replication were neither HIV-1 RT nor integrase

To investigate the molecular mechanism of the antiviral effect
of A1836, we examined whether it could inhibit HIV-1 en-
zyme activity. First, the effect of A1836 against the activity of
HIV-1 RT was determined using an RT assay in vitro. As pos-
itive controls, we employed the well-known RT inhibitors ne-
virapine and etravirine. Both nevirapine and etravirine in-
hibited HIV-1 RT activity in a dose-dependent manner, demon-
strating the accuracy and reliability of this system (Fig. 3A).
However, we did not detect any inhibition of RT activity in the
presence of various concentration of A1836 up to 30 uM (Fig.
3A). We also investigated whether A1836 could affect HIV-1
integrase activity. The effect of A1836 against the activity of
HIV-1 integrase was measured using an HIV-1 integrase assay
in vitro. In the assay, the well-known integrase inhibitors ralte-
gravir and elvitegravir were used as positive controls. While
raltegravir and elvitegravir inhibited HIV-1 integrase activity in
a dose-dependent manner, no reduction of integrase activity
by A1836 was detected (Fig. 3B). These results indicated that
the molecular targets of A1836 that mediated the inhibition of
HIV-1 replication were neither HIV-1 RT nor integrase.

Viral progeny generated in the presence of A1836 displayed
impaired infectivity

To further elucidate possible targets and mechanisms of action
attributable to A1836, we examined the endogenous reverse
transcription activity of the virions generated in the presence
of A1836 to determine whether intravirion reverse transcription
activity was affected by A1836. The same amounts of viral par-
ticles produced in the antiviral assay depicted in Fig. 2A were
incubated with reverse transcription reaction buffer as de-
scribed in the Materials and Methods section in order to ini-
tiate endogenous reverse transcription. The concomitant viral
DNA synthesized was then extracted and used for the quanti-
tative polymerase chain reaction PCR (qQPCR), performed using
a primer pair within the U5 and R regions to assess the level of
minus-strand strong stop DNA, an early product of reverse
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Fig. 4. The characterization of viral particles generated in the anti-
viral assay. (A) Measurement of intravirion reverse transcription in
the viral progeny. The same amounts of viral particles produced
in the antiviral assay depicted in Fig. 2A were subjected to an in
vitro endogenous RT assay. A minus-strand strong stop DNA, an
early RT product synthesized in viral particles, was measured us-
ing quantitative PCR as described in the Materials and Methods
section. Data are expressed as the means + SEs of three inde-
pendent experiments. (B) Impaired replication capacity of viruses
produced in presence of A1836. M-T4 cells were infected with
the same amounts of viral particles produced in the antiviral assay
depicted in Fig. 2A, and EGFP expression in infected cells were
observed at 72 hours post-infection by fluorescence microscopy (C)
Measurement of intracellular reverse transcription activity of the viral
progeny. MT-4 cells were exposed to the same amounts of viral
particles from the antiviral assay and harvested at 6 hours post-
infection. The level of early RT product synthesized within cells
was measured using qPCR. Data are expressed as the means +
SEs of three independent experiments. (D) Characterization of the
protein content of the viral progeny. Viral particles produced in
the antiviral assay depicted in Fig. 2A were analyzed by western
blot using the anti-p55%® polyclonal antibody. *Indicates a specif-
ic protein generated by A1836.
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transcription. As shown in Fig. 4A, minus-strand strong stop
DNA was synthesized normally in all of the viral particles gen-
erated in the antiviral assay.

Next, we performed a re-infection assay to investigate whether
viral particles generated in the presence of A1836 had the ca-
pacity for replication in the virus-infected target cells. When
the same amounts of viral particles generated in the afore-
mentioned antiviral assay were introduced to fresh MT-4 cells,
we observed a dose-dependent decrease of the EGFP signal in
cells infected with virions produced in the presence of the
A1836 as compared to that of cells exposed to virions pro-
duced in the presence of other control HIV-1 inhibitors. These
results suggested that the infectivity of the viral progeny pro-
duced in presence of A1836 was greatly impaired (Fig. 4B). To
further determine quantitatively the properties of the observed
impairment in the infectivity of virions generated in the pres-
ence of A1836, we analyzed whether the intracellular reverse
transcription would be affected in infected cells. Thus, MT-4
cells infected with the same amounts of viral particles pro-
duced in the presence of A1836 were subjected to intra-
cellular DNA extraction at 6 hours post-infection. The level of
early RT product generated by the viral RT during viral in-
fection was then measured by qPCR. As shown in Fig. 4C, the
minus-strand strong stop DNA level was reduced in the cells
exposed to virions produced in the presence of 5 UM A1836
compared to that of cells exposed to virions produced in the
presence of dimethyl sulfoxide (DMSO) or control HIV-1
inhibitors. These results indicated that the viral progeny gen-
erated in presence of A1836 had a replication defect and an
inability to initiate reverse transcription in infected cells.

To further investigate the cause of the impaired infectivity of
the viral progeny, we also characterized the viral proteins pres-
ent in the viral particles generated in the antiviral assay by
western blot analysis. As shown in Fig. 4D, similar amounts of
Pr55gag and normally processed viral proteins were found in
all of the viral particles generated in the antiviral assay. How-
ever, the dose-dependent increase of a higher molecular-
weight protein form of Gag (about 65 kDa) was observed in vi-
ral particles produced in the presence of A1836. Additionally,
a protein corresponding about nearly 75 kDa was also ob-
served only in viral particles generated in the presence of 5
UM A1836. Thus, generation of abnormal protein forms in the
viral progeny produced in the presence of A1836 correlated
well with the reduction in the EGFP signal (Fig. 4B) in the
re-infection assay and the inhibition of the intracellular RT
product (Fig. 4C), suggesting that viral maturation or assembly
may be a possible target of A1836 and underlie its observed
anti-HIV activity.

DISCUSSION

In this study, we described a new candidate HIV-1 inhibitor,
A1836, with a novel structure which restricted HIV-1 replica-
tion in a novel mechanism of action and the absence of a cel-
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lular cytotoxic effect. Treatment with A1836 resulted in a strong
inhibition of HIV-1 replication (Fig. 2). However, further analy-
sis determined that the key HIV-1 enzymes RT and integrase
were not affected by A1836 (Fig. 3). Interestingly, when a
re-infection assay was performed with viral particles produced
in the antiviral assay, we found that viral progeny generated in
the presence of A1836 had impaired infectivity (Fig. 4B).
These viral progeny also showed a defect in their ability to ini-
tiate reverse transcription within infected MT-4 cells (Fig. 4C).
When characterization of viral proteins present in viral prog-
eny was performed, abnormal proteins were detected in viral
particles generated only in the presence of A1836 (Fig. 4D).
These results suggested that this new inhibitor did not affect
the cellular host factor, but rather targeted the viral factors that
operate during a late phase of the HIV-1 life cycle in which
Gag protein maturation and assembly occur.

Formation of a highly ordered structure through proper Gag
protein processing is essential and required for the generation
of infectious particles and their replication, including proper
activation of intracellular reverse transcription. When viruses
with a hyperstable capsid structure, attributable to abnormal
maturation and assembly, are infected into target cells, reverse
transcription is prevented due to a delay in uncoating in the in-
tracellular environment, while endogenous reverse tran-
scription in virions occurs normally (16). A lower level of syn-
thesized early RT products in the cells infected with virions
with abnormal protein content, as shown in our results (Fig. 4),
would account for the replication defect observed in the anti-
viral- and re-infection assays. Thus, the anti-HIV-1 property of
this new inhibitor appears to be associated with its capability
to generate viral progeny with impaired infectivity. Taken to-
gether, the observation implicate that the mode of action of
A1836 is novel and different from that of well-known HIV-1
inhibitors and thus A1836 might complement the HAART to
sustain further effectively the inhibition of HIV-1 replication.
Although the specific viral targets of A1836 responsible for the
generation of abnormal viral protein forms remain to be de-
termined, these results clearly indicate that A1836 possesses
highly potent anti-HIV-1 activity with either little or no cellular
toxicity, and thus presents a good candidate for the develop-
ment of a new type of anti-HIV-1 inhibitor.

MATERIALS AND METHODS

Cell culture, virus preparation, and infection

MT-4 cells were maintained in Roswell Park Memorial Institute
medium (RPMI) containing 10% fetal bovine serum (Hyclone,
USA) and 1% penicillin/streptomycin. A recombinant HIV-1
virus expressing EGFP was obtained from 293FT cells trans-
fected with a pNL4-3EGFP proviral plasmid. For the antiviral
assay, MT-4 cells (2 x 10°) were suspended in complete RPMI
medium in 48 well plates, and NL4-3EGFP virus was added,
with or without inhibitors, and incubated at 37°C for 3 days.
After incubation, the levels of EGFP expression were measured
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by fluorescence microscopy (Olympus, Japan). Viral super-
natants harvested from the antiviral assay were concentrated
by centrifugation at 17,000 rpm for 3 hours at 4°C.

HIV-1 p24 ELISA

To measure the HIV-1 p24 titer in the viral supernatant, har-
vested viral supernatants were added to the 96-well plate pro-
vided with the HIV-1 p24 Antigen Capture Assay kit (Advanced
Bioscience Laboratories, USA), and the viral titer was meas-
ured according to the manufacturer’s instructions.

HIV CPE inhibition assay

MT-4 cells (1 x 10% were suspended in a complete RPMI me-
dium in 96 well plates, and NL4-3GFP virus was added, with
or without inhibitors, and incubated at 37°C for 5 days. After
incubation, cell viability was determined for each concen-
tration using a Cell-Titer Glo assay kit as described for the cell
cytotoxicity assay.

Cell cytotoxicity assay

Cell cytotoxicity was measured with a Cell-Titer Glo assay kit
(Promega Co., USA) according to the manufacturer’s instruc-
tions. Briefly, MT-4 cells (1 x 10 were seeded on a white 96
well plate with compounds at concentrations ranging from 0
to 50 uM and incubated at 37°C for 5 days. At the end of the
incubation period, luminescence was measured with the Spec-
traMax Luminescence Microplate Reader (Molecular Devices,
USA).

HIV-1 RT assay

HIV-1 RT activity was determined with an EnzChek Reverse
Transcriptase Assay Kit (Invitrogen Co., USA) according to the
manufacturer’s instructions. Briefly, HIV-1 inhibitors were add-
ed to a reverse transcription reaction mixture containing HIV
RTase (Abcam, USA), poly (A) templates, and oligo-dT and in-
cubated at room temperature for 1 hour. The PicoGreen re-
agent provided with the kit was added and the resulting RNA-
DNA duplexes were measured using a spectrofluorometer
GEMINI EM system (Molecular Devices, USA).

HIV-1 integrase assay

HIV-1 integrase activity was determined with an HIV-1 integrase
assay kit (XpressBio Life Science Products, USA) according to
the manufacturer’s instructions. The percentage of the inhibi-
tion of integrase activity was calculated by dividing the mean
value in the presence of the tested antiviral compound with
that in the presence of the DMSO control.

Virion-associated endogenous- and intracellular reverse
transcription

For virion-associated endogenous reverse transcription, an
equal amount of virions (1 ng in p24) from the antiviral assay
was incubated with an endogenous reverse transcription re-
action buffer containing 0.01% Triton X-100, 50 mM Tris-HCI
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(pH 8.0), 50 mM NaCl, 10 mM DTT, 5 mM MgCl,, and 100
uM dNTP at 37°C for 2 hours. For intracellular reverse tran-
scription, MT-4 cells (1 x 10°) were infected with 20 ng in
p24 of virions from the antiviral assay and harvested at 6 hours
post-infection. Viral DNA synthesized in virions and cells was
extracted and analyzed as described for gPCR.

DNA extraction and gPCR

The viral DNA synthesized from virion-associated endoge-
nous- and intracellular reverse transcription was extracted us-
ing the DNeasy Blood and Tissue Kit (Qiagen, Germany) ac-
cording to the manufacturer’s instructions. QPCR was then
performed using a LightCycler480 (Roche Co., USA) and SYBR
Green | Master mix (Roche Co., USA) with the following
HIV-1 minus-strand strong stop DNA specific primers: Forward
(5"-CAAGTA GTGTGTGCCCGTCTGTT-3), reverse (5-CTGC-
TAGAGATTTTTCCACACTGAC-3).

Western blot analysis

Virions were heat-denatured in sample buffer containing 8%
sodium dodecyl sulphate (SDS), 250 mM Tris-HCI (pH 6.8),
40% glycerol, 0.02% bromophenol blue, and 5% B-mercap-
toethanol at 95°C for 10 minutes and analyzed by SDS-poly-
acrylamide gel electrophoresis. After transfer, the membrane
was proved with anti-p55 antibodies (Thermo scientific, USA).
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