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An anti-HIV-1 compound that increases steady-state
expression of apoplipoprotein B mRNA -editing
enzyme-catalytic polypeptide-like 3G
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Abstract. Human apoplipoprotein B mRNA-editing enzyme-
catalytic polypeptide-like (APOBEC) 3G (A3G) is an antiviral
protein that blocks HIV-1 replication. However, the antiviral
activity of A3G is overcome by the HIV-1 protein Vif. This
inhibitory function of Vif is related to its ability to degrade
A3G in the proteasome. This finding prompted us to examine
the activities of 4-(dimethylamino)-2,6-bis[(N-(2-[(2-nitro-
phenyl)dithio]ethyl)amino)methyl]pyridine (SN-2) and SN-3.
We found that 5 uM SN-2 increases the expression of A3G
to a level much higher than that observed in the absence of
Vif, without affecting the level of Vif expression. The protea-
some inhibitor MG-132 increased the level of both A3G and
Vif expression. These results demonstrate that A3G is ubiq-
uitinated and degraded in the proteasome by a factor other
than Vif, and that SN-2 selectively inhibits these processes.
Furthermore, 5 uM SN-2 significantly inhibited the MAGI cell
infectivity of wild-type HIV-1. These findings may contribute
to the development of a novel anti-HIV-1 drug.

Introduction

Acquired immunodeficiency syndrome (AIDS), caused by the
human immunodeficiency virus type 1 (HIV-1), is a severe
disease that is often fatal when patients fail to receive optimal
treatment. Clinically approved anti-HIV drugs target several
key proteins involved in the HIV life cycle, such as reverse
transcriptase, protease, envelope protein, CCRS5, and integrase
(1,2). When used in combination, these diverse anti-HIV drugs
become a highly active antiretroviral therapy (HAART) for
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suppression of HIV replication within the body of a patient.
However, HIV may easily acquire drug resistance through
mutation, and long-term usage of the same anti-HIV drugs
leads to side effects. Therefore, new anti-HIV drugs based on
novel mechanisms of action are needed.

Human apoplipoprotein B mRNA-editing enzyme-
catalytic polypeptide-like (APOBEC) 3G (A3G) is a cytidine
deaminase which edits DNA. Sheehy et al (3) found that A3G
acts as an antiviral factor that blocks HIV-1 replication in the
absence of the viral protein Vif. Vigorous studies by a number
of groups have revealed that in the absence of Vif, A3G is
incorporated into HIV-1 particles. When viral RNA is reverse
transcribed in target cells, A3G induces extensive C-U muta-
tions in the synthesized cDNA, and also physically blocks
reverse transcription, rendering the virus noninfectious (4,5).
In contrast, the presence of Vif reduces the amount of virion-
associated A3G through proteasome degradation and other
degradation-independent mechanisms (5,6). Thus, A3G and
Vif are promising targets for the development of new anti-
HIV drugs.

Recent reports have described several small molecules
that inhibit HIV-1 infectivity by degrading Vif in an
A3G-dependent manner (7) or suppressing the Vif/A3G
interaction (8,9). In particular, the inhibitor TPEN removes
zinc from the zinc binding motif of Vif that contributes to the
interaction with A3G (9). This finding prompted us to examine
the activity of the zinc chelator SN-1, developed as an inhibitor
of the zinc finger protein HIV-EP1, and its related compounds
4-(dimethylamino)-2,6-bis[(N-(2-[(2-nitrophenyl)dithio]ethyl)
amino)methyl]pyridine (SN-2) and SN-3 (10,11) (Fig. 1). Here,
we report on the unexpected activity of disulfide SN-2, which
dramatically and selectively increases the expression of A3G
and shows anti-HIV-1 activity.

Materials and methods

Chemicals. SN-2 was synthesized as described previously
(10). Reduction of SN-2 by DTT, followed by aerobic oxida-
tion produced SN-3, a mixture of monomeric and dimeric
disulfides as determined by mass spectrometry, with a 65%
yield (Fig. 1). MG-132 and bis(2-nitrophenyl)disulfide were
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Figure 1. Structure and interconversion of SN compounds.
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Figure 2. Steady-state expression of A3G and Vif in the presence of 5 uM (A)

SN-2 or SN-3, and (B) bis(2-nitrophenyl)disulfide or MG-132. Cells (293T) were

co-transfected with 1.25 ug of pcDNA-APO3G, 6.25 ug of pNL-ASCF-fWT, and 2.50 ug of pNL-Nd. The designated compound was added to the medium

when it was changed at 6 h post-transfection, and cells were incubated at 37°

C for an additional 42 h. Cells were lysed in Laemmli sample buffer for Western

blot analysis. The antibodies used here were anti-myc (for A3G), monoclonal anti-FLAG M2 (for Vif), or anti-f-actin clone AC-15 mouse ascites fluid (for
B-actin). Mock, pcDNA3.1(-), pNL-A1 Vif(-) and pNL-Nd; AVif, pcDNA-APO3G, pNL-A1 Vif(-) and pNL-Nd; dash, no compound.

purchased from Calbiochem Ltd. (San Diego, CA, USA) and
Sigma-Aldrich Ltd. (St. Louis, MO, USA), respectively.

Plasmids. A full-length molecular clone pNL4-3 (GenBank
accession no. AF324493) (12) was used for production of
wild-type (WT) infectious virus. A frame-shift mutant of
pNL4-3 designated pNL-Nd (12,13) was used for production
of the Vif-minus virus. The subgenomic vector pNL-ASCF-
fWT (14) was used as an expression vector of Vif carrying a
FLAG tag. Vector pcDNA-APO3G (15) was used for expres-
sion of A3G carrying a myc tag. pUC19, pNL-A1 Vif(-) (16)
and pcDNA3.1(-) (Invitrogen, Carlsbad, CA, USA) were used
as mock vectors of pNL4-3, pNL-ASCF-fWT and pcDNA-
APO3G, respectively.

Cells. The cell line 293T (17) was cultured in Dulbecco's modi-
fied Eagle's medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS). MAGI cells (18) were cultured
similarly to 293T cells in the presence of 0.2 mg/ml of G418
and 0.1 mg/ml of hygromycin B.

Transfection, reverse transcriptase (RT) assay and MAGI
assay. The 293T cells were transfected by the calcium-phos-
phate co-precipitation method, as previously described (12).
Virus production in the culture supernatants was monitored
by RT activity as previously described (19). To determine the

infectivity of virions, MAGI assay was performed as previ-
ously described (18).

Western blotting. Cell lysates for Western blot analysis were
prepared in Laemmli's sample buffer (20) as previously
described. Samples were resolved by SDS-PAGE followed by
electrophoretic transfer to polyvinylidene fluoride membranes.
The membranes were treated with anti-myc antibody (Ab)
(Invitrogen), anti-FLAG M2 monoclonal Ab (Sigma-Aldrich),
or monoclonal anti-f-actin clone AC-15 mouse ascites fluid
(Sigma-Aldrich). Proteins were visualized using the ECL Plus
Western blotting detection reagents (Amersham Biosciences,
Buckinghamshire, UK) or an ECL advance Western blotting
detection kit (Amersham Biosciences).

Results and Discussion

We examined the effect of disulfides SN-2 and SN-3 on
the steady-state expression of A3G in the presence of Vif
using 293T cells. Cells were co-transfected with pcDNA-
APO3G (A3G expression vector carrying a myc tag) (15),
pNL-ASCF-fWT (subgenomic vector for expression of Vif
and carrying a FLAG tag) (14) and pNL-Nd (Vif defective
mutant of HIV-1 infectious clone pNL4-3) (12,13). SN-2 or
SN-3 (5 uM) were added to the medium when it was changed
at 6 h post-transfection, and the cells were incubated for an
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Figure 3. Relative MAGI infectivity in the presence of 5 yM SN-2. Cells
(293T) were co-transfected with 9.0 ug of pNL4-3 and 1.0 pg of pcDNA-
APO3G. SN-2 (5 uM) was added to the medium when it was changed at 6 h
post-transfection, and cells were incubated at 37°C for an additional 43 h.
Supernatants were collected, and MAGI and RT assays were conducted.
MAGI activity was normalized to the RT activity to calculate the relative
MAGI infectivity. Mock, pUC19 and pcDNA-APO3G; AVif, pNL-Nd and
pcDNA-APO3G; dash, no compound.

additional 42 h. Lysates of vector-transfected 293T cells
were prepared using Laemmli's sample buffer (20), and were
resolved by SDS-PAGE. Resolved proteins were analyzed
by Western immunoblotting using anti-myc, anti-FLAG and
anti-f-actin antibodies.

The steady-state expression of A3G and Vif is shown in
Fig. 2A. In the absence of Vif, a small amount of A3G was
detected. In the presence of Vif, the level of A3G expression
decreased, as has been previously reported (5). When 5 yuM
SN-2 was present in addition to Vif, A3G expression increased
markedly, reaching a level considerably higher than that
observed in the absence of Vif. Conversely, SN-3 at 5 xM had
no effect on the level of A3G expression. In addition, SN-2 and
SN-3 had no effect on the level of Vif.

A possible mechanism giving rise to the marked increase
in A3G expression in the presence of SN-2 could be that
A3G would normally be degraded by a factor other than Vif
in this experimental system, and that the degradation was
inhibited by SN-2. We hypothesized that A3G degradation is
proteasome-mediated. Therefore, we examined the effect of
the proteasome inhibitor MG-132 on the level of A3G expres-
sion in the presence of Vif. The experiment involved using
5 uM MG-132 instead of SN-2 or SN-3. As shown in Fig. 2B,
MG-132 increased the level of A3G expression to near that
observed with SN-2. Thus, it is presumed that a factor other
than Vif also induces proteasome-degradation of A3G.

Notably, MG-132 increased expression of not only A3G,
but also Vif. This agrees with previous reports showing that Vif
is degraded in the proteasome (21,22). On the contrary, SN-2
did not increase Vif expression (Fig. 2A). It is unlikely that
SN-2 inhibits proteasome-degradation of A3G without inhib-
iting that of Vif, since proteasome-degradation is a process
that uniformly degrades all polyubiquitinated proteins. Most
possibly SN-2 targets ubiquitination of A3G.

We also examined the effect on A3G expression of
bis(2-nitrophenyl)disulfide released from SN-2 by disulfide
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exchange. As shown in Fig. 2B, this compound (5 #M), unlike
SN-2, did not affect the level of A3G expression. Thus, the
activity of SN-2 may require the complete, intact structure.

Finally, since A3G has anti-HIV-1 activity, we examined
the anti-HIV-1 activity of SN-2 that increases the amount
of A3G. Cells (293T) were co-transfected with pNL4-3
(12) and pcDNA-APO3G (15). We used pNL-Nd (13) as the
Vif-defective mutant. When the medium was changed at
6 h post-transfection, 5 yM SN-2 was added to the culture
medium, and the cells were incubated for an additional 43 h.
Virus production in the culture supernatants was monitored
by an RT assay (19). Infectivity of virions was determined
using a MAGI assay (18). MAGI activity was normalized to
RT activity to calculate relative values.

The results of MAGI infectivity are shown in Fig. 3. The
relative MAGI infectivity of WT HIV-1 was halved in the pres-
ence of 5 uM SN-2. However, the relative MAGI infectivity
of SN-2 was higher than that observed in the absence of Vif,
whereas expression of A3G with SN-2 was much higher than
in the absence of Vif (Fig. 2A). The reason for this discrepancy
remains elusive.

In conclusion, we found that the compound SN-2 dramati-
cally and selectively increases the level of A3G expression.
Our results also demonstrate that SN-2 has anti-HIV-1 activity.
Although the action mechanism of SN-2 requires further
investigation, the findings shown here may contribute to the
development of a novel anti-HIV-1 drug.
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