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a b s t r a c t

Although HIV-1 replication can be controlled by highly active anti-retroviral therapy (HAART) using pro-
tease and reverse transcriptase inhibitors, the development of multidrug-resistant viruses compromises
the efficacy of HAART. Thus, it is necessary to develop new drugs with novel targets. To identify new anti-
HIV-1 compounds, recombinant Vpr was purified from transfected COS-7 cells and used to screen com-
pounds by chemical array to identify those that bound Vpr. From this screen, 108 compounds were
selected as positive for Vpr binding. Among these, one structurally similar group of four compounds
showed anti-HIV activity in macrophages. In particular, compound SIP-1 had high inhibition activity
and reduced the levels of p24 by more than 98% in macrophages after 8 or 12 days of infection. SIP-1
had no cytotoxic effects and did not disrupt cell cycle progression or induce apoptosis of Molt-4 and HeLa
cell lines as measured by MTT assay, flow-cytometry analysis, and a caspase-3 assay. In addition, SIP-1
specifically bound to Vpr as assessed by photo-cross-linked small-molecule affinity beads. These results
suggest that Vpr is a good target for the development of compounds that could potentially inhibit HIV-1
replication. Collectively, our results strongly suggest that chemical array is a useful method for screening
anti-viral compounds.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

HIV-1 infection can be controlled with combinations of anti-
retroviral drugs. One approach, termed highly active anti-retroviral
therapy uses protease and reverse transcriptase inhibitors, which
can decrease viremia below the limit of detection and stop disease
progression [1,2]. However, due to problems with these drugs,
including the development of viral escape mutants [3], the persis-
tence of viral reservoirs [4–6], poor patient compliance due to
complex drug regimens [7], and toxic side effects [8], the need
for new drugs with novel targets has become apparent. Many steps
in the HIV replication cycle, such as viral adsorption, viral entry,
virus-cell fusion, viral assembly and disassembly, proviral integra-
tion, viral mRNA transcription, and nuclear import of the viral gen-
ome, are potential targets for intervention [9]. In addition to
specific steps in the viral life cycle, the HIV-1 accessory gene
ll rights reserved.
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products Vpr, Vif, Nef, and Vpu have recently been highlighted as
potential targets for inhibiting HIV-1 infection. In particular, Vpr
is an ideal target due to its unique functions, including nuclear im-
port [10], induction of cell cycle arrest at the G2 phase [11], apop-
tosis regulation [11–14] and splicing inhibition [15,16]. The
identification of interactions between these accessory gene prod-
ucts and critical host factors that are required for HIV-1 replication
may provide novel targets for the development of compounds that
are potentially capable of inhibiting HIV-1 replication, thereby
decreasing the viral burden in cases of drug-resistant HIV-1
infection.

Macrophages are a major target of HIV-1 and serve as a viral
reservoir that releases a small number of viral particles in symp-
tomatic carriers [9,17]. Several studies have shown that Vpr is
important for nuclear import of the pre-integration complex
(PIC) in macrophages [18–21]. Our studies have shown that Vpr
is targeted to the nuclear envelope and then transported into the
nucleus by importin a alone, in an importin b-independent manner
[19,22]. Recently, we also demonstrated that a compound which
suppresses the interaction between Vpr and importin a resulted
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in a decrease in HIV-1 replication in macrophages [23,24]. Thus,
the inhibition of function of Vpr may targets for development of
compounds that are potentially inhibiting HIV-1 replication.

Chemical array represent one of the most promising and high-
throughput approaches for screening ligands of proteins of interest
[25], and we recently succeeded in obtaining novel anti-viral com-
pounds using this method [26]. In the present study, we screened
for Vpr-binding compounds using a chemical array. This screen re-
sulted in the discovery of novel anti-HIV-1 compounds that block
viral replication in macrophages.
2. Materials and methods

2.1. Cell culture

COS-7, 293T, HeLa or Molt-4 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (SIGMA) or RPMI1640 (Invitro-
gen) containing penicillin, streptomycin and glutamine (PSG, GIB-
CO) and 10% fetal bovine serum (FBS, SIGMA) at 37 �C for 2 days
in 5% CO2 as previously described [26].

2.2. Construction of expression plasmids

The pCAGGS mammalian vectors [27] encoding Flag-
mRFP-Flag-Vpr or Flag-mRFP were constructed as follows: the
cDNAs corresponding to full-length HIV-1 Vpr, which encodes a
96-residue protein, and the Flag-mRFP gene were amplified by
PCR using the primers Xho-Flag-mRFP-F, 50-AAACTCGAGATGGATT
ACAAGGACGACGATGACAAGATGGCCTCCTCCGAGGACGTCATC-30;
Not-Vpr-R, TTTGCGGCCGCCTAGGATCTACTGGCTCCATTTC; and Not-
mRFP-R, 50-AAAGCGGCCGCTTAGGCGCCGGTGGAGTG-30 (restric-
tion enzyme sites are underlined). PCR amplification was per-
formed with KOD Plus Ver.2 (TOYOBO) using mRFP-Flag-Vpr/
pCS2+ as a template. After purification of the products using a
MinElute PCR Purification Kit (QIAGEN), the DNA was digested
with the appropriate restriction enzymes and cloned into pCAGGS.
DNA sequencing was performed, and the predicted amino acid
sequence of Vpr completely corresponded to the previous reported
sequence of pNL432 [28] (GenBank ID: M19921).

2.3. Expression and purification of Flag-fusion proteins

COS-7 cells (1 � 106 cells) were transfected with 10 lg of the
pCAGGS mammalian vector encoding Flag-mRFP-Flag-Vpr (Vpr)
or Flag-mRFP (mRFP) using FuGene HD transfection reagent
(Roche). Two days after transfection, expressed proteins were puri-
fied using ANTI-FLAG M2 agarose (SIGMA) as described previously
[26].

2.4. SDS–PAGE and immunoblot analysis

Purified proteins were separated by 15% SDS–PAGE under
reducing conditions and stained with Coomassie brilliant blue
(CBB). Immunoblot analysis was performed using standard meth-
ods as described previously [29] with an anti-Flag monoclonal
antibody (MAb), followed by incubation with an anti-mouse IgG-
alkaline phosphatase antibody (SIGMA).

2.5. Screening for Vpr-binding compounds by chemical array

The chemical arrays were prepared according to our previous
reports [25,30]. Solutions of the 8800 compounds (2.5 mg/ml in
DMSO) in the NPDepo (RIKEN Natural Products Depository) were
arrayed onto five separate photoaffinity-linker-coated glass slides
with a chemical arrayer developed at RIKEN. Screening for
Vpr-binding compounds was performed by a chemical array
screening method as described previously [26,30].

2.6. Macrophage preparation

Human peripheral blood mononuclear cells (PBMCs) were col-
lected from three healthy donors (Nos.1–3) and isolated on a Fi-
coll gradient (Immuno-Biological Laboratories). Monocytes were
selected from PBMC using MACS CD14 MicroBeads (Miltenyi Bio-
tec) and a MACS Separation column (Miltenyi Biotec) with a
Quandro MACS Separation Unit (Miltenyi Biotec) as previously
described [19]. Monocytes were cultured for 10 days in RPMI
1640 containing 10% FBS, 5% AB serum and 10 ng/ml of human
macrophage-colony stimulating factor (PeproTech EC) to promote
differentiation into mature macrophages.

2.7. Viral infection of macrophages

HIV-1 was introduced into 293T cells by transfection of macro-
phage-tropic pNF462 viruses encoding either wild-type Vpr [31] or
a deficient form of the protein [32] as described above. After filtra-
tion with a 0.45 lM Millipore filter, viral stocks were titrated by an
enzyme-linked immunosorbent assay (ELISA) to determine the rel-
ative p24 values as described previously [33]. Differentiated pri-
mary macrophages (2 � 105 cells/wells) were infected with HIV-1
(a total of 1 ng of p24) at 37 �C for 1 h. After washing three times
with RPMI, the cells were cultured in RPMI containing serial 10-
fold dilutions of the different compounds ranging in concentrations
from 0 to 50 lM or from 0 to 10 lM. Cell supernatants were col-
lected 4, 8 and 12 days after infection, and the p24 values were cal-
culated by ELISA.

2.8. MTT cell viability assay

Molt-4 cells (1 � 105 cells/well) were cultured in 24 well plate
at 37 �C for 2 days in the RPMI1640 containing serially diluted
compounds ranging from 0 to 10 lM. MTT analysis was performed
using a standard method as described previously [26].

2.9. Cell cycle analysis

HeLa cells (1.6 � 106 cells) were harvested at 48 h in the pres-
ence of 10 lM of compound and analyzed by flow cytometry for
DNA content as described previously [34].

2.10. Analysis of caspase-3 activation

HeLa cells (2 � 106 cells) were harvested 24 h after the addition
of 10 lM of compound, and caspase-3 activity was then deter-
mined using a caspase-3/CPP32 fluorometric assay kits (Bio Vision)
as described previously [34].

2.11. Photo-cross-linked small-molecule affinity beads assay

Compound was cross-linked to Sepharose beads as described
previously [35]. Briefly, N-hydroxysuccinimide-activated beads
were washed three times with 1 mM aq. HCl and coupling solution
(0.1 M NaHCO3, 50% dioxane mixture). A solution of photoaffinity
linker in coupling solution was then added to the beads, and the
beads were incubated at 37 �C for 2 h on a rotator. After washing
five times with coupling solution, the beads were blocked with
1 M ethanolamine in 0.1 M Tris–HCl (pH 8.0) buffer at 37 �C for
1 h on a rotator. Beads were then washed three times with milli-
Q water and methanol on a spin column and transferred to a glass
sample vial. A methanol solution of the compound was added to
beads and the mixture was concentrated and dried in vacuo. The
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beads were irradiated at 365 nm (4 J/cm2) with a UV cross-linker
and washed with methanol to yield compound cross-linked affinity
beads.

Recombinant Vpr or mRFP was incubated with compound
cross-linked affinity beads at 4 �C for 16 h. After centrifugation,
the beads were washed three times with buffer containing
10 mM Tris (pH 7.8), 150 mM NaCl and 0.05% NP-40. The protein
that bound to the compound was then separated by 15% SDS–PAGE
and detected by immunoblot analysis using an anti-Flag MAb.

3. Results and discussion

To search for compounds that bound to HIV-1 Vpr using a
photo-cross-linked chemical array, plasmid was constructed that
express chimeric Vpr protein containing an N-terminal Flag tag
and mRFP. As a negative control, an expression vector encoding re-
combinant Flag-mRFP was constructed. To produce chimeric Vpr
and mRFP, recombinant plasmids were transfected to COS-7 cells,
and the expression of each protein was examined using confocal
microscopy. As shown in Fig. 1A, control mRFP was located both
in the nucleus and the cytoplasm (Panel 1). In contrast, Vpr mainly
localized in the nucleus (Panel 2), indicating that the recombinant
Vpr retained its nuclear transport activity. The expressed proteins
Fig. 1. Purification of recombinant Vpr protein and chemical array screening. (A) Conf
transfected with pCAGGS mammalian vectors encoding Flag-mRFP (mRFP, Panel 1) or Fla
recombinant proteins. Samples were separated by 15% SDS–PAGE and stained by CBB (lef
alkaline phosphatase staining (right panel). Lane 1, purified mRFP; lane 2, purified Vp
activities of the compounds. Compounds were classified into 11 groups and the others by
against HIV-1 in macrophages derived from healthy donor No. 1 is shown by + and no
were purified using Flag-affinity beads and were examined using
SDS–PAGE and immunoblot analysis. Purified mRFP and Vpr were
clearly detected as single protein bands with apparent molecular
masses consistent with their predicted sequences (Fig. 1B left pa-
nel). Immunoblot analysis using an anti-Flag MAb also indicated
that the Flag-fusion proteins were purified appropriately (Fig. 1B
right panel).

The purified proteins were used to screen Vpr-binding com-
pounds by chemical arrays. Flag-mRFP fusion Vpr or Flag-mRFP
were incubated with 8800 compounds from a NPDepo that were
immobilized on glass slides in duplicate. ‘‘Hit ligands’’ were de-
tected by merged display analysis as described previously
[25,26]. As a result of this analysis, a total of 108 compounds were
specifically selected as Vpr binding molecules. Among these, 65
compounds were classified into 11 groups by the similarities in
their chemical structures (Fig. 1C). First, we investigated whether
compounds typical of these 11 groups could block HIV-1 replica-
tion in macrophages. Primary macrophages derived from healthy
donor No.1 were infected with the macrophage-tropic pNF462
HIV-1 viruses and cultured in RPMI1640 containing serial 10-fold
dilutions of different compounds ranging in concentration from 0
to 50 lM. After 4 and 8 days of infection, viral replication was as-
sayed by p24 ELISA. Among the compounds tested, only one
ocal laser-scanning analysis of recombinant protein localization. COS-7 cells were
g-mRFP-Flag-Vpr (Vpr, Panel 2). (B) SDS–PAGE and immunoblot analysis of purified
t panel). After transferring to a membrane, they were detected by anti-Flag MAb and
r. (C) Summary of the screening of compounds by chemical array and inhibitory
the similarities in their chemical structures. Inhibitory activities of the compounds

activity is shown by �.



Table 1
Summary of the binding and inhibitory activities of the compounds.

Compounda Binding activity to Vpr IC50 (lM)b Cytotoxicity

Array Affinity beads

SIP-1 +c + 5.5 (0.5) –
SIP-2 + Not tested >10 –
SIP-3 + Not tested 6.8 –
SIP-4 + Not tested 8.9 –

a The Purity of the compounds was greater than 88%.
b The IC50 compounds after 8 days infection in Fig. 2 is indicated and those of IC50

in Fig. 3 is shown in a parenthesis.
c Positive activity is shown by + and no activity is shown by �.
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belonging to group 6 reduced virus replication efficiently (Fig. 1C)
in a dose-dependent manner both on 4 and 8 days after infection
(data not shown). This compound showed no cytotoxic effects on
Molt-4 cells by MTT assay (data not shown), indicating that the
compound has anti-HIV-1 activity.

This compound was designated SIP-1 since it had a basic struc-
ture of spiro[1H-indole-3,20-pyrrolidine]-2-one (Fig. 2A). And we
then tested the effect of the other three compounds in the SIP
group on HIV-1 replication (Fig. 2B). Primary macrophages derived
from healthy donor No. 2 were infected with HIV-1 and cultured in
the absence or presence of the compounds at the indicated concen-
trations for 4, 8 and 12 days. At all time points, macrophages in-
fected with the Vpr+ virus showed higher p24 values than the
macrophages infected with the Vpr� virus. However, difference
of p24 value between two types of viruses was decreased after
12 days infection, suggesting that the Vpr play an important role
in early stage of infection in macrophage. As a result, all four com-
pounds inhibited HIV-1 replication on 10 lM treatment at all time
points after infection (Fig. 2B). In particular, SIP-1 strongly inhib-
ited viral replication than the other three compounds and reduced
the p24 value by approximately 80% at 10 lM. The 50% inhibition
concentration (IC50) of SIP-1, SIP-2, SIP-3 and SIP-4 was 5.5, >10,
6.8 and 8.9 lM, respectively, at 8 days post-infection (Table 1).
All compounds had no effect of host cell viability as observed by
microscopy. In addition, these compounds had no cytotoxic effect
on Molt-4 cells as measured by MTT assay (Fig. 2C, Table 1).

To examine the inhibition activity of SIP-1 in more detail, mac-
rophages derived from healthy donor No. 3 were infected with
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SIP-1 had no effect on host cell cycle progression as assayed by
flow-cytometry analysis (Fig. 3B), or on apoptosis as determined
by measurements of caspase-3 activity (Fig. 3C). Collectively, the
inhibition of viral replication in infected cells by SIP-1 is due to
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Fig. 3. The effect of SIP-1 on viral replication and normal cell function, and the ability of SIP-1 to bind Vpr. (A) SIP-1-mediated inhibition of viral replication in macrophages.
Terminally differentiated primary macrophages derived from healthy donor No. 3 were infected with HIV-1 and then incubated in serial 10-fold dilutions of SIP-1 ranging in
concentration from 0 to 10 lM. The levels of virus in the culture supernatants were measured at 4, 8 and 12 days after inoculation by p24 antigen ELISA. The data represent
the average p24 value from two wells. (B) Effect of SIP-1 on cell cycle progression. HeLa cells were cultured for 48 h in the presence of 10 lM SIP-1 or DMSO, and cell cycle
profiles were analyzed by flow cytometry. The percentage of cells in G1 phase was calculated using ModFit LT Software (Verity Software House) and shown by black bold on
the right of each panel. (C) The effect of SIP-1 on apoptosis. HeLa cells were cultured for 24 h in the presence of 10 lM SIP-1, DMSO or Actinomycin D, and caspase-3 activity
was determined using a caspase-3/CPP32 fluorometric assay kit (Bio Vision). (D and E) Photo-cross-linked small-molecule affinity beads assay of compound-Vpr binding. A
model structure of SIP-1-linked Sepharose beads is shown (D). (E) Purified mRFP (left panel) or Vpr (right panel) was mixed with SIP-1 that had been photo-cross-linked to
affinity beads, and then the beads were incubated at 4 �C for 16 h. The proteins that bound to the compound were detected by immunoblot analysis using an anti-Flag MAb
followed by incubation with an alkaline phosphatase conjugated antibody. Lane 1, 5% of the total input protein used for the binding assay; lane 2, control beads containing
only linker; lane 3, compound-linked beads.
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To determine whether SIP-1 directly interacted with Vpr, we
performed binding assay using photo-cross-linked small-molecule
affinity beads (Fig. 3D and E). Purified Vpr or mRFP was applied to
compound-cross-linked affinity beads, and the beads were incu-
bated at 4 �C for 16 h. After sedimentation of the beads, bound pro-
teins were detected by immunoblotting using an anti-Flag MAb. In
this assay, recombinant Vpr coprecipitated with compound-linked
affinity beads (Fig. 3E lane 3, right panel), whereas control mRFP
did not (Fig. 3E left panel), indicating that Vpr specifically binds
to the compound.

Together, these results suggest that SIP-1 inhibits Vpr function
via binding to its functional domain, thereby inhibiting HIV-1 rep-
lication. However, this SIP-1 inhibits which particular function of
Vpr is not understood. Therefore, in ongoing studies, we seek to
clarify the mechanism of action of SIP group compounds by analyz-
ing the crystal structure of the SIP–Vpr complex. Detailed descrip-
tions of these interactions will provide new therapeutic strategies
for rational drug design. Indeed, as the IC50 of SIP-1 is approxi-
mately 0.5 lM at 8 days after infection, new compound derivatives
could potentially develop novel anti-HIV drugs.

4. Conclusions

First, a screen was conducted to identify Vpr-binding com-
pounds using high-throughput chemical arrays. Next, we exam-
ined the effect of these compounds on the replication of the
macrophage-tropic pNF462 HIV-1 virus in primary macrophages
derived from three different human donors. All four SIP group
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compounds, which had a basic structure of spiro[1H-indole-3,20-
pyrrolidine]-2-one, inhibited HIV-1 replication in macrophages at
8 or 12 days post-infection and had no cytotoxic effects, indicating
that SIP-1-mediated inhibition of viral replication is Vpr-depen-
dent. Finally, assays using photo-cross-linked small-molecule
affinity beads indicated that SIP-1 directly binds Vpr, thereby
inhibiting HIV-1 replication.

Acknowledgments

We thank Dr. T. Saito for supplying compounds from the NPDe-
po. This work was supported in part by a Health Sciences Research
Grant from the Ministry of Health, Labor and Welfare of Japan (Re-
search on HIV/AIDS) and in part by the Chemical Biology Research
Project (RIKEN).

References

[1] G. Barbaro, A. Scozzafava, A. Mastrolorenzo, C.T. Supuran, Highly active
antiretroviral therapy: current state of the art, new agents and their
pharmacological interactions useful for improving therapeutic outcome,
Curr. Pharm. Des. 11 (2005) 1805–1843.

[2] S.G. Deeks, Antiretroviral treatment of HIV infected adults, BMJ 332 (2006)
1489.

[3] G.H. Kijak, J.R. Currier, S. Tovanabutra, J.H. Cox, N.L. Michael, S.A. Wegner, D.L.
Birx, F.E. McCutchan, Lost in translation: implications of HIV-1 codon usage for
immune escape and drug resistance, AIDS Rev. 6 (2004) 54–60.

[4] J. Kulkosky, S. Bray, HAART-persistent HIV-1 latent reservoirs: their origin,
mechanisms of stability and potential strategies for eradication, Curr. HIV Res.
4 (2006) 199–208.

[5] J.D. Siliciano, R.F. Siliciano, Latency and viral persistence in HIV-1 infection, J.
Clin. Invest. 106 (2000) 823–825.

[6] N.K. Saksena, S.J. Potter, Reservoirs of HIV-1 in vivo: implications for
antiretroviral therapy, AIDS Rev. 5 (2003) 3–18.

[7] D.J. Back, S.H. Khoo, B. Maher, S.E. Gibbons, Current uses and future hopes for
clinical pharmacology in the management of HIV infection, HIV Med. 1 (Suppl.
2) (2000) 12-17.

[8] V. Montessori, N. Press, M. Harris, L. Akagi, J.S. Montaner, Adverse effects of
antiretroviral therapy for HIV infection, CMAJ 170 (2004) 229–238.

[9] E.O. Freed, A.J. Mouland, The cell biology of HIV-1 and other retroviruses,
Retrovirology 3 (2006) 77.

[10] Y. Aida, G. Matsuda, Role of Vpr in HIV-1 nuclear import: therapeutic
implications, Curr. HIV Res. 7 (2009) 136–143.

[11] X. Wen, K.M. Duus, T.D. Friedrich, C.M. de Noronha, The HIV1 protein Vpr acts
to promote G2 cell cycle arrest by engaging a DDB1 and Cullin4A-containing
ubiquitin ligase complex using VprBP/DCAF1 as an adaptor, J. Biol. Chem. 282
(2007) 27046–27057.

[12] A. Azuma, A. Matsuo, T. Suzuki, T. Kurosawa, X. Zhang, Y. Aida, Human
immunodeficiency virus type 1 Vpr induces cell cycle arrest at the G(1) phase
and apoptosis via disruption of mitochondrial function in rodent cells, Microb.
Infect. 8 (2006) 670–679.

[13] M. Nishizawa, M. Kamata, R. Katsumata, Y. Aida, A carboxy-terminally
truncated form of the human immunodeficiency virus type 1 Vpr protein
induces apoptosis via G(1) cell cycle arrest, J. Virol. 74 (2000) 6058–6067.

[14] B. Schrofelbauer, Y. Hakata, N.R. Landau, HIV-1 Vpr function is mediated by
interaction with the damage-specific DNA-binding protein DDB1, Proc. Natl.
Acad. Sci. USA 104 (2007) 4130–4135.

[15] C. Hashizume, M. Kuramitsu, X. Zhang, T. Kurosawa, M. Kamata, Y. Aida,
Human immunodeficiency virus type 1 Vpr interacts with spliceosomal
protein SAP145 to mediate cellular pre-mRNA splicing inhibition, Microb.
Infect. 9 (2007) 490–497.

[16] M. Kuramitsu, C. Hashizume, N. Yamamoto, A. Azuma, M. Kamata, Y. Tanaka, Y.
Aida, A novel role for Vpr of human immunodeficiency virus type 1 as a
regulator of the splicing of cellular pre-mRNA, Microb. Infect. 7 (2005) 1150–
1160.
[17] J.M. Orenstein, C. Fox, S.M. Wahl, Macrophages as a source of HIV during
opportunistic infections, Science 276 (1997) 1857–1861.

[18] M. Bukrinsky, A. Adzhubei, Viral protein R of HIV-1, Rev. Med. Virol. 9 (1999)
39–49.

[19] Y. Nitahara-Kasahara, M. Kamata, T. Yamamoto, X. Zhang, Y. Miyamoto, K.
Muneta, S. Iijima, Y. Yoneda, Y. Tsunetsugu-Yokota, Y. Aida, Novel nuclear
import of Vpr promoted by importin alpha is crucial for human
immunodeficiency virus type 1 replication in macrophages, J. Virol. 81
(2007) 5284–5293.

[20] S. Popov, M. Rexach, G. Zybarth, N. Reiling, M.A. Lee, L. Ratner, C.M. Lane, M.S.
Moore, G. Blobel, M. Bukrinsky, Viral protein R regulates nuclear import of the
HIV-1 pre-integration complex, EMBO J. 17 (1998) 909–917.

[21] M.A. Vodicka, D.M. Koepp, P.A. Silver, M. Emerman, HIV-1 Vpr interacts with
the nuclear transport pathway to promote macrophage infection, Genes Dev.
12 (1998) 175–185.

[22] M. Kamata, Y. Nitahara-Kasahara, Y. Miyamoto, Y. Yoneda, Y. Aida, Importin-
alpha promotes passage through the nuclear pore complex of human
immunodeficiency virus type 1 Vpr, J. Virol. 79 (2005) 3557–3564.

[23] T. Suzuki, N. Yamamoto, M. Nonaka, Y. hashimoto, G. Matsuda, S. Takeshima,
M. Matsuyama, T. Igarashi, T. Miura, R. Tanaka, S. Kato, Y. Aida, Inhibition of
human immunodeficiency virus type-1 (HIV-1) nuclear import via Vpe–
Importin interactions as a novel HIV-1 therapy, Biochem. Biophys. Res.
Commun. 380 (2009) 838–843.

[24] N. Kanoh, A. Asami, M. Kawatani, K. Honda, S. Kumashiro, H. Takayama, S.
Simizu, T. Amemiya, Y. Kondoh, S. Hatakeyama, K. Tsuganezawa, R. Utata, A.
Tanaka, S. Yokoyama, H. Tashiro, H. Osada, Photo-cross-linked small-molecule
microarrays as chemical genomic tools for dissecting protein–ligand
interactions, Chem. Asian J. 1 (2006) 789–797.

[25] G. Xue, Y. Aida, Discovery of a small molecule inhibitor of the interaction
between HIV-1 proteins and cellular cofactors: a novel candidate anti-HIV-1
drug, Curr. Chem. Biol. 4 (2010) 188–199.

[26] K. Hagiwara, Y. Kondoh, A. Ueda, K. Yamada, H. Goto, T. Watanabe, T. Nakata,
H. Osada, Y. Aida, Discovery of novel antiviral agents directed against the
influenza A virus nucleoprotein using photo-cross-linked chemical arrays,
Biochem. Biophys. Res. Commun. 394 (2010) 721–727.

[27] H. Niwa, K. Yamamura, J. Miyazaki, Efficient selection for high-expression
transfectants with a novel eukaryotic vector, Gene 108 (1991) 193–
199.

[28] A. Adachi, H.E. Gendelman, S. Koenig, T. Folks, R. Willey, A. Rabson, M.A.
Martin, Production of acquired immunodeficiency syndrome-associated
retrovirus in human and nonhuman cells transfected with an infectious
molecular clone, J. Virol. 59 (1986) 284–291.

[29] K. Hagiwara, T.U. Ichiki, Y. Ogawa, T. Omura, S. Tsuda, A single amino
acid substitution in 126-kDa protein of Pepper mild mottle virus
associates with symptom attenuation in pepper; the complete nucleotide
sequence of an attenuated strain, C-1421, Arch. Virol. 147 (2002) 833–
840.

[30] I. Miyazaki, S. Simizu, H. Ichimiya, M. Kawatani, H. Osada, Robust and
systematic drug screening method using chemical arrays and the protein
library: identification of novel inhibitors of carbonic anhydrase II, Biosci.
Biotechnol. Biochem. 72 (2008) 2739–2749.

[31] M. Kawamura, T. Ishizaki, A. Ishimoto, T. Shioda, T. Kitamura, A. Adachi,
Growth ability of human immunodeficiency virus type 1 auxiliary gene
mutants in primary blood macrophage cultures, J. Gen. Virol. 75 (1994) 2427–
2431.

[32] S. Iijima, Y. Nitahara-Kasahara, K. Kimata, W. Zhong Zhuang, M. Kamata, M.
Isogai, M. Miwa, Y. Tsunetsugu-Yokota, Y. Aida, Nuclear localization of Vpr is
crucial for the efficient replication of HIV-1 in primary CD4_ T cells, Virology
327 (2004) 249–261.

[33] Y. Tsunetsugu-Yokota, K. Akagawa, H. Kimoto, K. Suzuki, M. Iwasaki, S. Yasuda,
G. Hausser, C. Hultgren, A. Meyerhans, T. Takemori, Monocyte-derived
cultured dendritic cells are susceptible to human immunodeficiency virus
infection and transmit virus to resting T cells in the process of nominal antigen
presentation, J. Virol. 69 (1995) 4544–4547.

[34] M. Nonaka, Y. Hashimoto, S. Takeshima, Y. Aida, The human immunodeficiency
virus type 1 Vpr protein and its carboxy-terminally truncated form induce
apoptosis in tumor cells, Cancer Cell Int. 9 (2009) 20.

[35] N. Kanoh, K. Honda, S. Simizu, M. Muroi, H. Osada, Photo-cross-linked small-
molecule affinity matrix for facilitating forward and reverse chemical genetics,
Angew. Chem. Int. Ed. 44 (2005) 3559–3562.


	Identification of a novel Vpr-binding compound that inhibits HIV-1 multiplication in macrophages by chemical array
	Introduction
	Materials and methods
	Cell culture
	Construction of expression plasmids
	Expression and purification of Flag-fusion proteins
	SDS–PAGE and immunoblot analysis
	Screening for Vpr-binding compounds by chemical array
	Macrophage preparation
	Viral infection of macrophages
	MTT cell viability assay
	Cell cycle analysis
	Analysis of caspase-3 activation
	Photo-cross-linked small-molecule affinity beads assay

	Results and discussion
	Conclusions
	Acknowledgments
	References


