Golgi PERTURBATION BY Nef AND Hck

also involved in this system. Several Golgi-associated Src
substrates such as the large GTPase dynamin 2 (Weller et al,,
2010) and the Golgi membrane protein Golgin-67 (Jakymiw
et al., 2000) have been identified. However, MEK-ERK-
GRASP65 appears to be a critical downstream cascade, as
GRASP65 phosphorylation and the Fms N-glycosylation defect
were also blocked by the MEK-ERK inhibitor U026 (Fig. 7).
The fact that Src kinases activate the MEK-ERK pathway in
various intracellular compartments (Chiu et al., 2002; Inder
et al., 2008) supports our conclusion.

In summary, we revealed the molecular mechanism by which
the Nef-Hck axis inhibits the Fms N-glycosylation. Future
studies, in which we determine how the Nef-Hck axis affects
the trafficking and glycosylation of cellular proteins and viral
proteins in the Golgi in macrophages should help to clarify the
pathological significance of the Nef~-Hck molecular interaction
in the Golgi. Our findings are also helpful for elucidating how Src
kinases physiologically regulate Golgi structure and function.
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FIGURE 6. The surface expression of CD163 or M-

3625

CSFR and phagocytic activity of Nef-treated M®. (A-
C) Md were obtained by culturing peripheral blood
monocytes for 5 d with 100 ng /ml M—CSF (M2-M®)
and for 2 d in the presence or absence of 100 ng/ml
soluble Nef. In (B), in addition to the WT Nef, the
G2A, AxxA, and LL/AA Nef mutants (see Fig. 4A)
were used at a final concentration of 100 ng/ml. (A)
These M® were analyzed for their surface expression
of HLA-DR, CD204, or CD163 by flow cytometry. The
mean fluorescence intensity (MFI) is shown. (B) These
M® were analyzed for their surface expression of

CD163 by flow cytometry. The MFI is shown (left
panels). The phagocytic activity of these M® was also
analyzed by measuring the uptake of fluorescent
microspheres. The percentage of M® in the region
indicated by the solid lines, which represents the M®
with higher phagocytic activity, is shown (right pan-
els). (A and B) The experiments were repeated with
Md& obtained from different donors, and the data
shown are representative of three independent experi-
ments with similar results. (C) The M® were also
analyzed for their surface expression of M-CSFR by
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their MAPK and NF-kB pathways through the PxxP motif, and
drive them toward M® with an MI-like phenotype.

Discussion

Studies with different mice (M-CSF-deficient op/op mice, M-
CSFR knockout mice, and GM-CSF knockout mice) clearly
demonstrated that the development or survival of most tissue M®
is dependent on the M-CSFR system (30, 31, 53) and its ligands,
including M-CSF and possibly the newly identified alternative
ligand IL-34 (54). Moreover, it was suggested that, under normal
conditions, peripheral blood monocytes are predisposed toward an
M2 phenotype and are mostly devoted to tissue repair as a result of
their stimulation by the relatively high levels of M-CSF present in
sera (6, 55). Indeed, a transcriptome analysis showed that M2
polarization involved a minimal alteration in M® steady-state
mRNA expression compared with M1 polarization (14). It was
also shown that, unlike T cells, M® polarization is transient and
highly reversible (56). Therefore, more marked activation of
MAPK and NF-kB pathways in M2-M® by soluble HIV-1 pro-
teins, such as gp120 (Supplemental Fig. 1B), Tat (Supplemental
Fig. 1B), and Nef (Fig. 1), appears to be an efficient mechanism by
which HIV-1 induces the production of proinflammatory M®.

M-CSF receptor

Such a response of M2-M® to soluble HIV-1 proteins might be
a rapid process, because it occurs independently of viral replica-
tion within the M®,

Among those tested in our system (gpl20, Tat, and Nef), Nef
was the most potent activator of MAPK and NF-kB pathways of
M2-M®, the degree of which was comparable to that of TNF-«
(Fig. 2C). Although the concentration of Nef required for the
optimal activity (100-300 ng/ml) was higher than that detected
in patients’ sera (1-10 ng/ml) (29), the activation of p38 was
detectable at a minimal concentration of 3 ng/ml (Fig. 2A). The
mechanism and significance of the sustained activation of ERK in
M2-M® by Nef remain unclear (Fig. 1A), but such sustained ERK
activation has been found in several stimuli such as TPA-induced
megakaryocytic differentiation of K562 cells (57-59). Soluble Nef
was shown to activate MAPK and NF-«kB pathways in M® (25—
27). However, the in vitro preparations of differentiated M® used
in these studies varied; for instance, monocytes were cultured with
GM-CSF and then FCS alone (26) or were cultured with a high
concentration of FCS alone (27). To our knowledge, the current
study is the first report in which the response to exogenous Nef
was compared between two major M® populations. In this study,
we showed that Nef markedly stimulated the production of

€10T ‘€1 Areniga, uo AJ1sIaAtu() ojourewny e /510 jounuwuil;/:dny woiy papeoumoc]



© pLos one

OPEN a ACCESS Freely available online

The Identification of a Small Molecule Compound That
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Abstract

Nef is a multifunctional HIV-1 protein that accelerates progression to AIDS, and enhances the infectivity of progeny viruses
through a mechanism that is not yet understood. Here, we show that the small molecule compound 2c reduces Nef-
mediated viral infectivity enhancement. When added to viral producer cells, 2c did not affect the efficiency of viral
production itself. However, the infectivity of the viruses produced in the presence of 2c was significantly lower than that of
control viruses. Importantly, an inhibitory effect was observed with Nef” wild-type viruses, but not with viruses produced in
the absence of Nef or in the presence of proline-rich PxxP motif-disrupted Nef, both of which displayed significantly
reduced intrinsic infectivity. Meanwhile, the overexpression of the SH3 domain of the tyrosine kinase Hck, which binds to a
PxxP motif in Nef, also reduced viral infectivity. Importantly, 2c inhibited Hck SH3-Nef binding, which was more marked
when Nef was pre-incubated with 2c prior to its incubation with Hck, indicating that both Hck SH3 and 2c directly bind to
Nef and that their binding sites overlap. These results imply that both 2c and the Hck SH3 domain inhibit the interaction of
Nef with an unidentified host protein and thereby reduce Nef-mediated infectivity enhancement. The first inhibitory
compound 2c is therefore a valuable chemical probe for revealing the underlying molecular mechanism by which Nef
enhances the infectivity of HIV-1.

Citation: Chutiwitoonchai N, Hiyoshi M, Mwimanzi P, Ueno T, Adachi A, et al. (2011) The Identification of a Small Molecule Compound That Reduces HIV-1 Nef-
Mediated Viral Infectivity Enhancement. PLoS ONE 6(11): e27696. doi:10.1371/journal.pone.0027696

Editor: Olivier Schwartz, Institut Pasteur, France
Received March 21, 2011; Accepted October 22, 2011; Published November 15, 2011

Copyright: @ 2011 Chutiwitoonchai et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by the grant from the Global COE program “Global Education and Research Center Aiming at the control of AIDS",
launched as a project commissioned by the Ministry of Education, Science, Sports, and Culture, Japan. The funders had no role in study design, data collection and

analysis, decision to publish, or preparation of the manuscript.

* E-mail: ssuzu06@kumamoto-u.ac.jp

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Nefis a 25- to 30-kDa protein with no catalytic activity encoded
by the HIV-1 genome [1-4]. Studies of HIV-1-infected patients
have demonstrated Nef to be a critical determinant of the
progression to AIDS: HIV-1 strains without an intact nef gene
were frequently isolated from non-progressive long-term survivors
[5,6]. A subsequent study of HIV-1 transgenic mice confirmed the
pathogenetic activity of Nef: targeted expression of the entire
coding sequence of HIV-1 in CD4" T cells and macrophages
caused a severe AIDS-like disease in mice, which was completely
abolished by disruption of the nef gene [7].

Nef is multifunctional. For instance, it accelerates the endocy-
tosis of CD4 [8,9], the primary entry receptor for HIV-1, which
allows efficient viral release from host cells [1-4]: Nef also reduces
the surface expression of MHC I through multiple mechanisms
[10-13], which diminishes the recognition of infected cells by
CTL [1-4]. Nef is also known to activate the Src kinase Hck
[14-16], which causes an impaired macrophage response to the
cytokine M-CSF [17,18] or triggers cell fusion of HIV-1-infected
macrophages [19]. Another hallmark function of Nef is the

*E). PLoS ONE | www.plosone.org

enhancement of the intrinsic infectivity of progeny viruses. This
function of Nef is independent of CD4 downregulation and
requires the presence of Nef in viral producer cells [20-23].
Moreover, this function appears to depend on an early step of the
target cell infection process, as Nef is dispensable for the infectivity
of HIV-1 pseudotyped with vesicular stomatitis virus glycoprotein
VSV-G [24,25]. However, Nef does not affect viral assembly
or maturation, and it is still unclear how Nef enhances viral
infectivity [26].

Thus far, only a few chemical compounds that interfere with the
functions of Nef have been identified. Among them, a series of
guanidine alkaloid analogs were found to be too toxic for cell-
based assays [27]. A unique diphenylfuropyrimidine and its
analogs were identified to be strong inhibitors of the Nef-
dependent activation of Hck, but their primary target seemed to
be Hck not Nef [28]. In contrast, the chemical compounds D1 and
2c¢ directly target Nef. Betzi et al. identified D1 and showed that it
reduced Nef-mediated MHC I, but not CD4, downregulation in a
dose-dependent manner [29]. Subsequently, we identified 2¢, the
structure of which is distinct from that of D1, and showed that it
almost completely inhibited the Nef-dependent activation of Hck

November 2011 | Volume 6 | Issue 11 | e27696
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Figure 1. The effect of 2c on the infectivity of NL43 wild-type and Nef-defective mutant viruses. (A) The chemical structure of 2c. (B) The
infectivity of the NL43 wild-type (WT) and Nef-defective mutant (ANef) viruses to the target TZM-bl cells was compared by varying the concentration
of p24 Gag protein and is expressed as a percentage of the value for the sample on the far left. Data are shown as the mean=5D of triplicate assays
and are representative of two independent experiments with similar results. (C) 2c was added to 293 cells producing NL43-WT or ANef viruses at the
indicated concentrations for 2 days, and the concentration of p24 Gag protein in the cell supernatants was determined by ELISA (bar graph). Data are
shown as the mean=5D of triplicate assays and are representative of two independent experiments with similar results. Alternatively, the producer
cells were lysed and analyzed for the expression of Gag and Nef by Western blotting (lower blots). The actin blot was used as a loading control. (D)
The infectivity of NL43-WT (upper) or ANef viruses (lower) produced by 293 cells in the absence or presence of the indicated concentrations of 2c was
determined using TZM-bl cells as the target cells. The WT and ANef viruses were inoculated by changing the p24 concentration (2 or 4 ng/mland 8 or
16 ng/ml for the WT and ANef viruses, respectively) so that the two viruses were similarly infective to the target cells. Infectivity is expressed as a
percentage of the value for the sample on the far left. Data are shown as the mean=SD of triplicate assays and are representative of three
independent experiments with similar results. *p<<0.05.

doi:10.1371/journal.pone.0027696.g001

[30] and significantly reduced Nef-mediated MHC I, but not
CD4, downregulation [31]. The fact that 2c has the inhibitory
effect on MHC I downregulation and Hck activation, but not on
CD4 downregulation, agrees with the finding that MHC 1
downregulation and Hck activation are mediated by overlapping
motifs or amino acids of Nef, which are distinct from those
required for CD4 downregulation [3,9,14,18]. However, none of
these compounds have been tested for their ability to interfere with
the enhancement of viral infectivity by Nef.

In contrast to its requirement for elevated in wvo viral load
[5,6], Nef is not essential for viral replication in ex wwo cell

@ PLoS ONE | www.plosone.org

cultures. Nonetheless, Nef significantly enhances viral replication
in primary CD4" T cells and macrophages that have been
exposed to HIV-1 prior to their stimulation with mitogens
[32,33], a function of Nef that is likely determined by
enhancement of the initial infection with cell-free HIV-1 [34].
In this regard, a compound that can reduce viral infectivity would
be a valuable chemical probe for revealing the underlying
mechanism of this function of Nef. In this study, we identified 2c
as the first small compound that has an inhibitory effect on Nef-
mediated HIV-1 infectivity enhancement and reported its
inhibitory mechanism.

November 2011 | Volume 6 | Issue 11 | e27696
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on the far left. The amount of p24 inoculated was 4 or 8 ng/ml. (A-C) Data are shown as the mean=5SD of triplicate assays and are representative of

two independent experiments with similar results, *p<0.05.
doi:10.1371/journal.pone.0027696.g002

Results and Discussion

2c reduces the infectivity of wild-type HIV-1

We assessed the effect of the compound 2c¢ (Fig. 1A) on Nef-
mediated infectivity enhancement using a standard single-round of
replication assay [21-23]. HIV-1 viruses were prepared by
transfecting HIV-1 proviral clones into 293 cells (producer cells),
and infectivity was analyzed by inoculating TZM-bl cells (target
cells) with defined amounts of p24 Gag protein of the resultant
viruses. We first used the proviral clone NL43 and a Nef-defective
mutant (ANef) and confirmed that the infectivity of the ANef
viruses was lower than that of the NL43 wild-type (W) viruses
(Fig. 1B). When added to the producer 293 cells, 2c did not affect
the production of WT or ANef viruses, even at a high
concentration such as 75 pM (Fig. 1C): there was no significant
difference in the supernatant p24 Gag protein concentration
(upper graph) or the processing of the Gag polyprotein in the cells
(lower blots) between the control and 2c-treated cells. However,
we found that the infectivity of the WT viruses produced in the
presence of 2c was significantly lower than that of the control
viruses (Fig. 1D, upper). An inhibitory effect of 2c was detectable
at a minimal concentration of 25 pM. Importantly, no such
inhibition was observed for the ANef viruses, even at a high 2¢
concentration (75 uM) (Fig. 1D, lower). In the experiment shown
in Fig. 1D, WT and ANef viruses were inoculated into TZM-bl
cells, and the concentration of p24 was adjusted (2 or 4 ng/ml and
8 or 16 ng/ml for WT and ANef viruses, respectively) so that the
two viruses were similarly infective to the target cells (see Fig. 1B).
As the supernatant of proviral plasmid-transfected 293 cells was
used as a viral stock, 2c was also present in the culture of target
cells (<5 uM). However, 2¢ did not reduce the infectivity when
added to the target cells at a high concentration (10 or 25 puM)
together with WT viruses produced in the absence of 2c (Fig. 2A),
suggesting that the presence of 2c in the producer cells was
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essential for its inhibitory effect. Although 2c was added to the
producer cells immediately after transfection in Fig. 1D, the
inhibitory effect was also observed when 2c was added 24 h after
transfection (Fig. 2B). Importantly, 2¢ did not show any inhibitory
effect on the infectivity of Nef™ HIV-1 viruses pseudotyped with
VSV-G (Fig. 2C), which was consistent with the finding that Nef
was dispensable for the infectivity of VSV-G-pseudotyped HIV-1
[24,25]. Therefore, these results indicated that 2c specifically
reduced the infectivity of the wild-type NL43 viruses produced in
the presence of Nef.

We also assessed the effect of 2c on viral replication. 2c
decreased by half in the number of viable peripheral blood
mononuclear cells after 9 days when used at 50 pM (data not
shown). On the other hand, 2c at the same concentration showed
no detectable toxicity to 293, TZM-bl, Jurkat T cells and
macrophages (data not shown). We therefore used Jurkat and
macrophages as target cells. As previously reported [28], the
replication of HIV-1 NL43 was independent of Nef in Jurkat T
cells (Fig. 3A). Accordingly, 2c failed to inhibit viral replication in
the cells (Fig. 3A). However, WT JRFL viruses replicated more
efficiently than ANef viruses in monocyte-derived macrophages,
and 2c significantly reduced the replication of WT viruses (Fig. 3B).
The result further supported the idea that the primary target of 2c
was Nefl

The inhibitory effect of 2c requires the proline-rich PxxP
motif of Nef

Next, we tested the inhibitory activity of 2c on the infectivity of
NL43 viruses with point mutations in Nef; i.e., R77A, K824,
D86A, FO0A, or G119L [35]. As shown, 2c reduced the infectivity
of all these viruses, although to a varying degree (Fig. 4A).
Interestingly, the intrinsic infectivity of the NL43-G119L viruses
was shown to be low [35] (also see Fig. 4A), but 2c further reduced
the infectivity of the mutant viruses to the level of the ANef viruses
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Figure 3. The effect of 2c on the replication of HIV-1. (A) Jurkat cells were infected with either the NL43 wild-type (WT) or Nef-defective (ANef)
viruses at the indicated concentrations of p24, and cultured in the presence (50 uM) or absence of 2c. AZT was also used at 5 uM. The concentration
of p24 in the supernatants (at day 5, 7 or 9) was determined by ELISA. Data are shown as the mean=SD of triplicate assays and are representative of
two independent experiments with similar results. (B) Peripheral blood monocyte-derived macrophages were obtained from two different donors,
infected with either the JRFL wild-type (WT) or Nef-defective (ANef) viruses at the indicated concentrations of p24, and cultured in the presence
(50 uM) or absence of 2¢c. AZT was also used at 5 pM. The concentration of p24 in the supernatants (at day 6, 9 or 12) was determined by ELISA. Data

are shown as the mean=5D of triplicate assays. *p<<0.05.
doi:10.1371/journal.pone.0027696.g003

(Fig. 4B). This result supported the conclusion that 2c¢ reduced the
infectivity of the NL43 viruses in a Nef-dependent manner.

The dileucine motif of Nef ('°**LL'®) that is required for CD4
downregulation is also required for the enhancement of infectivity
[3,36]. However, it was unlikely that the inhibitory activity of 2c
was mediated through the motif, as 2c did not inhibit CD4
downregulation [31]. On the other hand, Nef has another
characteristic motif; i.e., a proline-rich PxxP motif, and the
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substitution of the proline residues for alanine residues (AxxA) is
known to result in reduced viral infectivity [3]. Thus, we tested
whether 2¢ further reduced the infectivity of Nef-AxxA viruses as it
did with G119L mutant viruses (see Fig. 4B). To test whether 2c is
also effective against Nef derived from an additional HIV-1 strain,
we used an HIV-1 JRFL construct in which nef gene was replaced
with that of the SF2 strain Nef or its AxxA mutant [30] in the
subsequent experiments. First, as expected, the infectivity of the
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Nef- AxxA viruses was lower than that of the wild-type (WT)
viruses, although it was still higher than that of the ANef viruses
(Fig. 5A). As was the case with the NL43 viruses (see Fig. 1C), 2¢
did not affect viral production in the JRFL-SF2 Nef viruses
(Fig. 5B): there was no change in the amount of p24 Gag protein in
the supernatants (upper graph), the processing of the Gag
polyprotein, or the expression of Nef or another viral protein,
Vif, (lower blots) between the control and 2c-treated cells.
Moreover, as was the case with the NL43 viruses (see Fig. 1D),
2c significantly reduced the infectivity of the produced JRFL-SF2
Nef WT viruses, but not that of the ANef viruses (Fig. 5C).
However, we found that 2c minimally affected the infectivity of the
Nef-AxxA mutant viruses (Fig. 5C, middle), which was in contrast
with the finding that it further reduced the infectivity of the Nef-
G119L mutant viruses (see Fig. 4B). These results suggested that
the inhibitory activity of 2c is mediated, at least in part, through
the proline-rich motif of Nef.

2c binds directly to Nef in a similar manner to the Hck
SH3 domain

Although 2c was the first small molecule to be found to reduce
the Nef-mediated infectivity of HIV-1, the overexpression of
mutant forms of Hck in viral producer cells was also reported to
result in reduced viral infectivity [37]. Hek is a cellular tyrosine
kinase, and its SH3 domain has been shown to bind to Nef with
high affinity [14—16], although its pathological significance is not
yet understood. It is also known that the SH3 domain forms an
intra-molecular interaction with the linker region of Hck [15,16]
(also see Fig. 6A). Thus, the SH3 domain of mutant Hek, which
lacks the linker region and the subsequent kinase domain (see
Fig. 6A, HckN), is devoid of the intra-molecular interaction, and is
thought to more efficiently bind to Nef and thereby reduce viral
infectivity. Indeed, when co-expressed with the NL43 proviral
clone, HckN annd HckN-R1518, which carries a mutation in its
SH2 domain, buit not HckN-W93F, which carries a mutation in its
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SH3 domain, significantly reduced the infectivity of viruses
produced from the cells (Fig. 6B).

Based on these results, we hypothesized that 2¢ inhibits viral
infectivity in a similar manner to mutant Hck. To this end, we
examined whether 2c and Hck compete to bind to Nef using an in
vitro pull-down assay. First, we performed a pull-down assay with
various combinations of GST-Nef fusion proteins (Fig. 7A) and the
Hck proteins described above. As a result, we found that the wild-
type (WT) NL43 Nef bound to the wild-type (WT) Hck, HckN,
and HckN-R 1515, but not Hek-W93F, which had a mutation in
its Nef-binding SH3 domain (Fig. 7B). In contrast, the PxxP motif-
disrupted AxxA mutant did not bind to any of these Hck proteins
(Fig. 7B), confirming that the pull-down system specifically
detected Nef-Hck binding. As the affinity of the SF2 strain Nef
for Hek was higher than that of NL43 strain Nef, which was due to
the different amino acid present within the PxxP motif (Figs. 7A
and B, NL43 Nef-TR mutant with a T71R substitution), we used
SF2 Nef in the following experiments. Among three different
competitive pull-down assays, the pre-incubation of Nef with 2c
most effectively inhibited the binding of Hck to Nef (Fig. 7C,
right). We therefore concluded that both the Hck SH3 domain
and 2c directly bind to Nef and that their binding sites overlap.

To further confirm the above-mentioned conclusion, we used a
GST fusion protein containing a 20-mer peptide derived from the
PxxP motif of SF2 Nef (Fig. 8A, SF2-PxxP). As shown, the
observed binding of the SF2-PxxP peptides to Hck was specific,
albeit weak, in comparison with that of the full-length Nef, since it
was detected with the wild-type Hck, HckN, and HckIN-R1518,
but not with the Nef binding-deficient HekN-W93F (Fig. 8A).
Importantly, 2c inhibited the binding of Hck to the Nef-PxxP
peptide, and its inhibitory effect was more marked when the Nef-
PxxP peptide was pre-incubated with 2¢ prior to its incubation
with Hck (Fig. 8B). This result suggests that 2¢ binds to Nef, at
least in part, through the region including the PxxP motif, which is
consistent with the finding that unlike the wild-type viruses, the
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Figure 5. The effect of 2c on the infectivity of SF2 wild-type, Nef-defective, and Nef PxxP motif-disrupted viruses. (A) The infectivity of
the SF2 wild-type (WT), Nef-defective (ANef), and Nef PxxP motif-disrupted viruses (AxxA) was compared by inoculating them into the target TZM-bl
cells at a concentration of 8 ng/ml p24 and is expressed as a percentage of the value for the sample on the far left. Data are shown as the mean=5D
of triplicate assays and are representative of two independent experiments with similar results. *p<<0.05. (B) 2c was added to 293 cells producing SF2-
WT, ANef, or AxxA viruses at the indicated concentrations for 2 days, and the concentration of p24 Gag protein in the supernatants was determined
by ELISA (bar graph). Data are shown as the mean=5SD of triplicate assays and are representative of two independent experiments with similar
results. Alternatively, the producer cells were lysed and analyzed for the expression of Gag, Nef, and Vif by Western blotting (lower blots). The actin
blot was used as a loading control. (C) The infectivity of SF2-WT (top), AxxA (middle), or ANef viruses (bottom) produced by 293 cells in the absence
or presence of the indicated concentrations of 2c was determined using TZM-bl cells as the target cells. The WT, AxxA, and ANef viruses were
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infectivity values of the AxxA and ANef viruses produced at the same concentration of p24 (i.e., 8 ng/ml) are also shown as a reference. In the middle
panel, the infectivity values of the ANef viruses produced at the same concentration of p24 (i.e, 16 ng/ml) are also shown. Data are shown as the
mean=SD of triplicate assays and are representative of three independent experiments with similar results. *p<0.05.
doi:10.1371/journal.pone.0027696.9005

infectivity of the PxxP motif-disrupted AxxA mutant viruses was suggested that R77, K82, A83, D86, 187, F90, Q118, and Y120
minimally affected by 2c (see Fig. 5C). (positions are based on the sequence of NL43 strain Nef) may be

Finally, a computer-assisted simulation of the 2c-Nef docking responsible for this binding (Fig. 9). Among them, R77 lies within
model supported the idea that 2c binds directly to Nef and the PxxP motif ( E\'"['EQ\*'ELR”_P- , the proline residues are
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Figure 6. The effects of the overexpression of mutant forms of
Hck on viral infectivity. (A) The mutant forms of Hck used are shown
schematically. HckN lacks the kinase domain and the two intra-
molecular interactions present in the wild-type (WT) Hck. HckN-based
HckN-R151S and HckN-W93F have amino acid substitutions in their SH2
and SH3 domain, respectively. (B) The 293 cells were transfected with
the NL43 wild-type proviral plasmid or co-transected with the indicated
amount of plasmid (HckN, HckN-R151S, or HckN-W93F). The infectivity
of the viruses produced in the supernatants was determined using
TZM-bl cells as the target cells and is expressed as a percentage of the
value for the sample on the far left (bar graph). The amount of p24
inoculated was 8 ng/ml. Alternatively, the producer 293 cells were lysed
and analyzed for the expression of the mutant Hck proteins by Western
blotting (blot).

doi:10.1371/journal.pone.0027696.g006

underlined). On the other hand, molecular modeling also
identified several residues in Nef that are responsible for its
binding to Hck, such as P72, P75, R77, A83, F90, W113, Hisl 16,
and Y120 [38]. Among them, R77, A83, F90, and Y120 were also
found in the 2¢-Nef docking model (Fig. 9, underlined), supporting
the finding that 2c inhibits the binding of Hck to Nef or Nef PxxP
motif-derived peptides (Figs. 7C and 8B). In summary, the present
study revealed that the compound 2c reduced the infectivity of
HIV-1 viruses and suggested that its inhibitory activity is mediated
by its direct binding to Nef.

It remains to be determined exactly how 2c reduces Nef-
mediated infectivity enhancement. Given that both 2c and the
Hck SH3 domain bind directly to overlapping domains of Nef and
reduce viral infectivity, we speculate that their inhibitory effects

f@; PLoS ONE | www.plosone.org

Small Molecule Inhibition of HIV-1 Infectivity

are due to the inhibition of the interaction of Nef with host
proteins (Fig. 10). One of the candidates for such a host protein is
p2l-activated kinase 2, PAK2, the association of which depends
on the Nef PxxP motif [39]. However, we did not observe any
inhibitory effect of 2c on the association of Nef with PAK?2 activity
or its downstream effector functions (data not shown), and the Nef-
PAK?2 association is dispensable for the enhancement of infectivity
by theviral protein [40]. Another candidate is the GTPase
dynamin 2 whose interaction with Nef was implicated in
enhancing viral infectivity [41]. However, again, we did not
observe any significant inhibitory effect of 2c on the binding of Nef
to dynamin 2, which was assessed using a co-immunoprecipitation
assay (data not shown). Thus, the inhibitory activity of 2c observed
in this study appears to be independent of these host proteins. The
inhibitory compound 2c is a useful chemical probe for investigat-
ing the underlying molecular mechanism by which Nef enhances
the infectivity of HIV-1, and in particular, for identifying the host
proteins involved in the process.

Recently, a single-domain antibody (sdAb) that binds to Nef was
reported [42]. Although the binding domains in Nef remained
unclear, anti-Nef sdAb was also shown to reduce in witro viral
infectivity [42]. Therefore, to clarify whether viral infectivity
enhancement by Nef accounts for the high in wiwe viral load
observed in the presence of Nef, it is necessary to test the effects of
2c, a more potent analog, and/or the anti-Nef sdAb in animal
models such as HIV-I-infected humanized mice.

Materials and Methods

The compound 2c¢ preparation
Some of the 2c¢ was prepared by Kyowa Hakko Kogyo (Tokyo,

Japan), as described previously [43], whilst the rest (a large

quantity) was prepared by Sai Advantium Pharma (Hyderabad,
India). Both preparations were dissolved in DMSO and had an
equivalent inhibitory effect on HIV-1 infectivity (data not shown).

Proviral plasmids

The provial NL43 plasmid and its derivatives, which had
mutations in the Nef gene (ANef, R77A, K82A, D86A, FI0A, and
G119L), were prepared as described previously [35]. The Env-
defective mutant (pNL-Kp) and VSV-G expression plasmid were
prepared as described previously [44]. The proviral JRFL plasmid
was provided by Y. Koyanagi (Kyoto University, Kyoto, Japan)
[45]. We also prepared the proviral JRFL plasmid, in which the
Nef gene was disrupted (ANef) or replaced with the PxxP motif-
disrupted AxxA mutant [30].

Hck plasmids

The p56Hck cloned into the pcDNAS.1 vector (Invitrogen) was
prepared as described previously [18]. The mutant forms of Hck
cloned into the pCAGGS vector (HckN, Hck-R1518, and Hck-
WO3F; see Fig. 6A) were provided by M. Matsuda (Kyoto
University, Kyoto, Japan) [37].

GST fusion plasmids

The control GST and GST-Nef fusion plasmids (the wild-type
NL43, NL43 Nef-TR mutant, NL43 Nef-AxxA, and the wild-type
SF2; see Fig. 7) were prepared as described previously [30]. We also
prepared a GST-SF2 Nef-PxxP plasmid, which expressed a 20-mer
peptide derived from the PxxP motif of SF2 Nef (see Fig. 8). The
cDNA containing the motif was amplified by PCR using the
following primers (5'-GGATCCGTGGGTTTTCCAGT-3" and
5'-GTCGACCTATAAAGCTGCCT-3'), cloned into the pCR2.1

vector (Invitrogen), sequenced using the BigDye Terminator v3.1
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Cycle Sequencing kit (Applied Biosystems) and the ABI PRISM
3100 Genetic Analyzer (Applied Biosystems), and cloned into the
pGEX-6P-1 bacterial expression vector (GE Healthcare).

Virus preparation

HEK293 cells (Invitrogen) were maintained in DME medium
supplemented with 10% FCS and used as viral producer cells. The
293 cells were seeded onto 12-well tissue culture plates at a density
of 1.8x10” cells/well and transfected with 1.6 pg/well of various
proviral HIV-1 plasmids using 4 pl/well Lipofectamine 2000
reagent (Invitrogen). To prepare VSV-G-pseudotyped viruses (see
Fig. 2C), cells were transfected with 0.5 pg/well Env-defective
mutant plasmid (pNL-Kp) and 1.0 pg/well VSV-G expression
plasmid. In a selected experiment (see Fig. 6B), the cells were co-
transfected with 0.8 pg/well pNL43 plasmid and 0.2, 0.4, or
0.8 pg/well of one of the mutant forms of Hek (HckN, HckN-
R151S, or HckIN-W93F). The total amount (1.6 pg/well) of the
plasmid was normalized using the pCAGGS empty vector. After
6 h of transfection, the culture medium was replaced with fresh
medium, and the cells were cultured for an additional 48 h in the
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presence or absence of 2c¢ at the indicated concentrations. In a
selected experiment (see Fig. 2B), 2c was added to the culture 24 h
after transfection. Then, the supernatants containing the viruses
were clarified by brief centrifugation, and viral production was
assessed by measuring the concentration of p24 Gag protein in the
supernatants using the RETROtek p24 Antigen ELISA kit
(ZeptoMetrix). Viral production was also assessed by analyzing
the expression of viral proteins in the cells by Western blotting.
The preparation of the total cell lysates and Western blotting were
performed essentially as described previously [17,18,30]. Briefly,
the cells were lysed on ice with Nonidet P-40 lysis buffer (1%
Nonidet P-40, 50 mM Tris, and 150 mM NaCl) containing
protease inhibitors (1 mM EDTA, 1pM PMSF, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin). Total cell
lysates were then subjected to Western blotting. The antibodies
used were as follows: anti-Gag (#65-004; BioAcademia, Osaka,
Japan), anti-Nef (#2949; NIH AIDS Research & Reference
Program), anti-Vif (#319; NIH AIDS Research & Reference
Program), and anti-actin (#C-2; Santa Cruz). The detection was
performed with HRP-labeled secondary antibodies (GE Health-
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