
HAL Id: hal-02680967
https://hal.inrae.fr/hal-02680967v1

Submitted on 31 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Inhibition of HIV-1 replication by cell-penetrating
peptides binding rev

Armelle Roisin, Jean-Philippe Robin, Nathalie Dereuddre-Bosquet,
Anne-Laure Vitte, Dominique Dormont, Pascal Clayette, Pierre Jalinot

To cite this version:
Armelle Roisin, Jean-Philippe Robin, Nathalie Dereuddre-Bosquet, Anne-Laure Vitte, Dominique
Dormont, et al.. Inhibition of HIV-1 replication by cell-penetrating peptides binding rev. Journal of
Biological Chemistry, 2004, 279 (10), pp.9208-9214. �10.1074/jbc.M311594200�. �hal-02680967�

https://hal.inrae.fr/hal-02680967v1
https://hal.archives-ouvertes.fr


Inhibition of HIV-1 Replication by Cell-penetrating Peptides
Binding Rev*□S

Received for publication, October 22, 2003, and in revised form, December 5, 2003
Published, JBC Papers in Press, December 10, 2003, DOI 10.1074/jbc.M311594200

Armelle Roisin‡, Jean-Philippe Robin‡, Nathalie Dereuddre-Bosquet§, Anne-Laure Vitte‡,
Dominique Dormont¶†, Pascal Clayette§, and Pierre Jalinot‡�
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New therapeutic agents able to block HIV-1 replication
are eagerly sought after to increase the possibilities of
treatment of resistant viral strains. In this report, we
describe a rational strategy to identify small peptide se-
quences owning the dual property of penetrating within
lymphocytes and of binding to a protein target. Such se-
quences were identified for two important HIV-1 regula-
tory proteins, Tat and Rev. Their association to a stabiliz-
ing domain consisting of human small ubiquitin-related
modifier-1 (SUMO-1) allowed the generation of small pro-
teins named SUMO-1 heptapeptide protein transduction
domain for binding Tat (SHPT) and SUMO-1 heptapeptide
protein transduction domain for binding Rev (SHPR),
which are stable and efficiently penetrate within primary
lymphocytes. Analysis of the antiviral activity of these
proteins showed that one SHPR is active in both primary
lymphocytes and macrophages, whereas one SHPT is ac-
tive only in the latter cells. These proteins may represent
prototypes of new therapeutic agents targeting the cru-
cial functions exerted by both viral regulatory factors.

HIV-11 expresses several regulatory proteins that divert key
cellular factors to allow rapid and efficient production of viral

particles. After two decades of extensive studies, significant
progresses have been achieved in the understanding of the
molecular mechanisms mediating various actions of these reg-
ulatory proteins. Particular attention has been paid to two of
them, Tat and Rev. The first potently activates transcription of
the integrated provirus by establishing contacts with both
transcription factors and the transactivation-responsive ele-
ment motif located at the 5� end of the viral RNA (for reviews
see Refs. 1 and 2). This activator has been shown to interact
with the Sp1 upstream transcription factor (3), general initia-
tion factors including TBP (4, 5), TFIIB (6), and RNA polym-
erase II (7), and coactivators as p300 and PCAF (8, 9). It has
also been shown that Tat is able to interact simultaneously
with transactivation-responsive element and the CDK9/cyclin
T complex (10, 11), thereby stimulating the phosphorylation of
the RNA polymerase II large subunit carboxyl-terminal do-
main and ensuring a stable elongation (12, 13). These interac-
tions, which are regulated by posttranslational modification of
the protein as acetylation (14, 15), allow Tat to potently acti-
vate transcription of the provirus by acting both at the initia-
tion and elongation steps (16). Besides its transcriptional acti-
vation power, Tat exhibits other properties that are likely to
intervene in the onset of the immunodeficiency resulting from
HIV-1 infection (17–19).

Rev also has the dual ability to interact with RNA, the Rev
response element motif present in intronic position in the 3�
part of the viral RNA in this case, as well as with cellular
nuclear factors (for a review see Ref. 20). This viral protein
includes both a nuclear localization signal (NLS) and a nuclear
export sequence (NES) and, by shuttling between the nucleus
and the cytoplasm, allows export and hence translation of
unspliced or partially spliced viral RNAs (21–23). Export of Rev
from the nucleus depends on association with hCRM1 and
RanGTP (24–28). Rev is also known to bind nucleoporins (29–
32), and recently, it has been shown that a kinesin-like protein
binds to the NES of Rev and stimulates the activity of the
protein (33). Although several cofactors are likely to intervene
in the RNA export process mediated by Rev, hCRM1 and Ran
have been shown to be sufficient to induce translocation to the
cytoplasm of incompletely spliced HIV mRNAs (34, 35).

By considering that both Tat and Rev are small proteins that
act through protein-protein interactions, we reasoned that it
should be feasible to inhibit their function, which is absolutely
necessary to viral replication, with peptide ligands competi-
tively interfering with the associations in which they are en-
gaged. Because it has the interest of reporting the interaction
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in the intracellular environment, especially the nucleus, the
two-hybrid approach (36) represented the method of choice for
selection of such peptides from a library of random sequences
(37). An important problem with peptides is their intracellular
penetration. To avoid utilization of complex gene therapy pro-
cedures, this property was added at the screening step through
adjunction of a protein transduction domain (PTD), the Tat
basic domain in this case. In this report, we present data
showing that this method led to identification of short peptide
sequences that bind to Tat or Rev. Association of these peptide
motifs with SUMO-1 for their stabilization led to small proteins
named SUMO-1 heptapeptide protein transduction domain
(SHP) that efficiently penetrate within lymphocytes and in-
hibit, for some of them, the function of Rev. These proteins,
which were also observed to inhibit viral replication, in both
lymphocytes and macrophages might represent new therapeu-
tic agents useful for impairing generation of new viral
particles.

EXPERIMENTAL PROCEDURES

Construction of the Library of Peptides of Random Sequence—As a
first step, the sequence coding for the Tat PTD was inserted in plasmid
pGAD424 (Clontech). The phosphorylated sense, 5�-AATTGGGTGGT-
GGCGGATCCGGTTTGCCCGGGAGAAAGAAGCGTAGACAAAGAAG-
ACGTGGTTA-3�, and antisense, 5�-GATCTTAACCACGTCTTCTTTG-
TCTACGCTTCTTTCTCCCGGGCAAACCGGATCCGCCACCACCC-3�,
oligonucleotides were hybridized and inserted between the EcoRI and
BglII restriction sites of pGAD424, giving plasmid pGAD-CR. DNA
fragments coding for heptapeptide motifs of random sequence were
generated as follows. The 5�-biotinylated sense, 5�-ACTCGGATCCNN-
NNNNNNNNNNNNNNNNNNNCCCGGGGTCGCAGTG-3� (N
representing any of the four nucleotides A, G, C, or T), and antisense,
5�-CACTGCGACCCCGG-3�, oligonucleotides were hybridized, and the
3�-recessed end was filled-in using the Klenow fragment of the Esche-
richia coli DNA polymerase I. The DNA fragments were digested by
BamHI and XmaI restriction enzymes, and the digestion products were
incubated with streptavidin paramagnetic beads (Promega) to remove
the biotinylated ends. The unbound fragments were inserted between
the BamHI and XmaI restriction sites of plasmid pGAD-CR, giving
plasmids pGAD-CR-Ps. The ligation products were transformed in the
E. coli strain XL1-blue and streaked on LB agar plates containing
ampicillin. 2 � 106 independent colonies were recovered and grown for
1 h in LB medium containing ampicillin. Plasmids were extracted and
purified according standard PEG procedure.

Two-hybrid Screening—Plasmid pLex-Tat was constructed as fol-
lows. The pSG-Tat mammalian expression vector (5) was digested by
the NcoI restriction enzyme, and the 3�-recessed ends were filled-in
using the Klenow fragment of DNA polymerase I. The vector was
further digested by BamHI, and the resulting DNA fragment corre-
sponding to the Tat coding sequence was inserted between the SmaI
and BamHI restriction sites of plasmid pLex9 (32). For Rev, the pLex-
Rev and pLex-NES constructs were used as baits (32). The two-hybrid
screens with pLex-Tat, pLex-Rev, or pLexNES as bait and pGAD-CR-P
as prey were performed in Saccharomyces cerevisiae HF7c strain, and
colonies that grew on minimal medium lacking histidine were analyzed
for �-galactosidase expression by the filter assay as described previ-
ously (38). The pGAD-CR-P plasmid from positive colonies was recov-
ered, and the heptapeptide motifs were characterized by DNA
sequencing.

Mammalian Expression Constructs—For two-hybrid assay in mam-
malian cells, the prey plasmids were constructed by inserting the se-
quence coding for the heptapeptide motif fused to the Tat PTD in the
pSG-FNV mammalian expression vector, which includes sequences cod-
ing for the FLAG epitope as well as for a NLS and for the VP16
activation domain (39). Amplification from pGAD-CR-P constructs was
performed using the sense, 5�-TGAAGGTCGACCACCAAACCCAAAA-
AAAGAG-3�, and antisense, 5�-CCTGAGAAAGCAACCTGACC-3�, olig-
onucleotides, and the amplified fragment was digested with the SalI
and BglII restriction enzymes. The digestion product was inserted be-
tween the XhoI and BglII restriction sites of pSG-FNV, giving plasmid
pSG-FNV-P. Vectors expressing the LexA-Rev and LexA-Tat fusion
proteins were pSG5-LexA-Rev (32) and pSG5-LexA-Tat, respectively.
This latter construct was generated by inserting the NcoI (filled-in)-B-
amHI restriction fragment of pSG-Tat between the SmaI and BamHI
restriction sites of pSG5-LexA (32). Vectors expressing the SHP prot-

eins were generated in two steps. The human SUMO-1 sequence was
amplified from an expressed sequence tag using the following sense and
antisense primers, 5�-GGGTCGACGTCCATATGTCTGACCAGGAG-
G-3� and 5�-ATCAGATCTGAATCTCGAGCCGTTTGTTCCTGATAAA-
C-3�, respectively. The amplified DNA fragment was cut by SalI and
BglII restriction enzymes and inserted between the XhoI and BglII
restriction sites of pTL1, which is a pSG5 derivative, giving plasmid
pTL1-SUMO-CP. The heptapeptide-PTD modules were amplified from
pGAD-CR-P as described above and after digestion with SalI and BglII
restriction enzymes inserted between the XhoI and BglII restriction
sites of pTL1-SUMO-CP, giving vectors pTL1-SHP.

Cell Culture and Transfection—All of the cells were incubated at
37 °C in a 5% CO2-humidified atmosphere. HeLa and COS7 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 5%
fetal calf serum. Transfections were performed by the calcium phos-
phate coprecipitation method. For mammalian two-hybrid assay, trans-
fections were done in 6-well plate seeded with 80,000 HeLa cells. The
DNA mixture included 125 ng of secreted alkaline phosphatase (SEAP)
reporter construct, 25 ng of vectors expressing Tat or Rev fused to LexA
along with the amount determined as optimum for the prey-expressing
plasmids, i.e. 250 ng for motifs selected against Tat and 25 ng for motifs
selected against Rev with the exception of clones 142 and 190 (50 ng).
SEAP activity was measured using the SEAP reporter gene assay
chemiluminescent kit (Roche Applied Science). Tat functional assay
was performed by transfecting 300,000 HeLa cells in 60-mm Petri dish
with the LTR HIV-CAT reporter construct (50 ng) (40), pSG-Tat (2 ng),
and SUMO-1 or SHPT expression vectors (0.5 and 2 �g). Rev functional
assay was performed similarly by transfecting the pDM128 reporter
plasmid (50 ng) (41), pSG-Rev (5 ng), and SUMO-1 or SHPR expression
vectors (0.5 and 2 �g). CAT activity was measured using the CAT
enzyme-linked immunosorbent assay kit (Roche Applied Science). Jur-
kat cells were cultured in RPMI 1640 medium supplemented with 10%
fetal calf serum. Human peripheral blood mononuclear cells (PBMC)
and monocytes were isolated from the blood of healthy seronegative
donors by density gradient centrifugation using Ficoll-Hypaque (Euro-
bio) and adherence. Human PBMC were 3-day-activated with 1 �g/ml
phytohemagglutinin-P (PHA-P, Difco) and 5 IU/ml recombinant human
interleukin-2 (rHuIL-2, Roche Applied Science). PBMC then were dis-
pensed into 96-well microplates (100,000 cells/well) in 200 �l of medium
A (RPMI 1640 cell culture medium (Invitrogen), 10% fetal calf serum
(Bio West), and 1% penicillin, streptomycin, and neomycin mixture
(Invitrogen) supplemented with 20 IU/ml rHuIL-2). Monocyte-derived
macrophages (MDM) were differentiated from monocytes for 7 days by
adherence. At day 3, 300,000 cells were dispensed/well into 48-well
plates in 1 ml of cell culture medium. Monocyte differentiation and
MDM cultures were performed in cell culture medium A� (Dulbecco’s
modified Eagle’s medium GlutamaxTM supplemented with 10% fetal
calf serum and 1% penicillin, streptomycin, and neomycin mixture).

Production in Bacteria and Purification of SHP—SHP sequences
were cloned between the HindIII and BglII restriction sites in the
bacterial expression vector pFLAG.MAC (IBI). Vectors were used to
transform E. coli BL21-CodonPlusTM-RP (Stratagene), which were cul-
tured in 2 liters of LB medium up to an optical density of 0.9. After 30
min at 18 °C, 0.1 mM isopropyl-1-thio-�-D-galactopyranoside was added
to the cultures that were pursued overnight at 18 °C. Bacteria were
sonicated in lysis buffer (200 mM NaCl, 0.1 M Tris-HCl, pH 7.4, 10 mM

MgCl2), which was completed with Complete antiprotease (Roche Ap-
plied Science), 0.5 mg/ml lysozyme, and 20 units/ml Benzonase (Sigma).
After centrifugation at 4,000 rpm for 30 min, the supernatant was
loaded on a 5-ml column of Heparin HyperD (Biosepra). Elution was
done with DE 600 buffer (600 mM KCl, 20 mM Hepes, pH 7.9, 10 �M

ZnCl2, 1.5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol). The eluate was
fractionated through a Hiload 16/60 Superdex 200 gel filtration column
(Amersham Biosciences). Fractions containing the SHP were pooled,
and after dialysis against DE 50 buffer (same composition as DE 600
with the exception that KCl concentration was 50 mM), fractions were
loaded on a 5-ml Mono Q HyperD (Biosepra) column. The flow-through
was dialyzed against 0.1� phosphate-buffered saline (PBS), concen-
trated 10 times by lyophilization, and sterile-filtered.

Immunoblot and Immunofluorescence—Proteins were separated on
polyacrylamide gels and transferred to polyvinylidene difluoride mem-
branes. Immunoblots were carried out using the M2 monoclonal anti-
body directed against FLAG (Sigma) diluted 1:1000 and revealed using
ECL (Amersham Biosciences). After incubation with the SHPs, Jurkat
cells were added to slides coated with polylysine (1 mg/ml solution
added for 5 min). Cells were fixed for 10 min in 4% paraformaldehyde
in PBS, incubated for 10 min in 0.1 M glycine in PBS, and then perme-
abilized for 5 min in 1% Triton X-100 in PBS and blocked with 1%
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bovine serum albumin in PBS. The antibody to FLAG was used at 1:500
dilution and incubated for 2 h at room temperature. Secondary antibody
coupled to Alexa Fluor 488 (Molecular Probes) diluted at 1:1000 was
further added to the cells for 1 h. Slides were mounted in medium
containing Mowiol (Calbiochem) and observed with a LSM 510 confocal
microscope (Zeiss).

Virus and Antiviral Assays—PBMC were infected with the reference
lymphotropic HIV-1-LAI strain (42), and MDM was with the reference
macrophage-tropic HIV-1/Ba-L strain (43). These viruses were ampli-
fied in vitro with PHA-P-activated umbilical blood mononuclear cells.
Cell-free supernatants were ultracentrifugated at 360,000 � g for 10
min to eliminate soluble factors such as cytokines, and pellets were
resuspended in cell culture medium. Viral stocks were titrated using
PHA-P-activated PBMC, and 50% tissue culture infectious doses
(TCID50) were calculated using Kärber’s formula (44).

PBMC were pretreated for 30 min by five concentrations of each
molecule and infected with 75 TCID50 of the HIV-1-LAI strain. AZT
(1.6, 8, 40, 200, and 1,000 nM) and indinavir (1.6, 8, 40, 200, and 1,000
nM) were used as control. SHPT-8, SHPR-15, SHPR-190, and SHPR-142
were tested at 31, 62.5, 125, 250, 500, 1000, and 2000 nM. Molecules
were maintained throughout the culture, and cell supernatants were
collected at day 7 postinfection and stored at �20 °C to measure viral
replication by reverse transcriptase (RT) activity dosage.

MDM were pretreated for 30 min by five concentrations of various
molecules and infected with 30,000 TCID50 of the HIV-1/Ba-L strain.
AZT (0.8, 4, 20, 100, and 500 nM) and indinavir (0.8, 4, 20, 100, and 500
nM) were used as control. SHPT-8, SHPR-15, SHPR-190, and SHPR-142
were tested at 62.5, 125, 250, 500, 1000, and 2000 nM. Molecules were
maintained until 7 days after infection, and cell supernatants were
collected at days 7, 14, and 21 and stored at �20 °C to measure viral
replication by RT activity dosage.

Both PBMC and MDM were microscopically observed before super-
natant harvest to assess possible drug-induced cytotoxicity. RT activity
was measured in supernatants using the RetroSys RT kit (Innovagen).
Experiments were performed in triplicate, and results were expressed
as the mean of RT activity � S.D. 50, 70, and 90% effective doses (ED50,
ED70, and ED90) were calculated using percents of untreated controls
and microcomputer software (Biosoft).

RESULTS

Identification of Peptide Sequences Binding to Tat and
Rev—A search for short peptide sequences, which bind the
regulatory proteins Tat and Rev, was performed by two-hybrid
screening in yeast. Baits consisted of the LexA sequence fused
to the entire sequence of Tat, Rev, or the NES of Rev (Fig. 1A).
The prey included three different parts: 1) the GAL4 activation
domain; 2) a random sequence of seven amino acids; and the
PTD of Tat (Fig. 1B). The random sequence was selected of
restricted length to limit the occurrence of stop codons and the
presence of unnecessary sequences. The various domains were

separated by proline and glycine residues to allow some flexi-
bility between the different functional parts. The library of
prey expression vectors was constructed by the cloning of DNA
fragments prepared from synthetic oligonucleotides including a
series of 21 degenerate positions (see “Experimental Proce-
dures”). This library was used in three different screens with
Lex-Tat, Lex-Rev, or Lex-NES as baits (see Supplementary
Table 1a). Prey vectors present in clones, which grew on histi-
dine minus medium and which expressed �-galactosidase, were
isolated and tested again. None of these vectors triggered �-ga-
lactosidase expression when LexA alone was used as bait (see
Supplementary Table 1, b–d). Four vectors selected against Tat
were found positive again (see Supplementary Table 1b). This
was also the case for 3 and 19 vectors obtained after screening
against Rev and NES, respectively (see Supplementary Table
1, c and d). The peptide motifs of these Tat- and Rev-positive
clones along with those of three of the NES clones were ana-
lyzed further by the two-hybrid assay in mammalian cells. The
heptapeptide-PTD modules were inserted in a mammalian ex-
pression vector downstream of a NLS linked to the Vp16 acti-
vation domain (Fig. 1C). When LexA, either alone or together
with these prey proteins, was transiently expressed, no expres-
sion of SEAP under the control of LexA binding sites was
observed (data not shown). Both Lex-Tat and Lex-Rev were by
themselves able to trigger some expression of SEAP, but co-
transfection of the prey vectors increased this production. This
was the case for the peptides selected against Tat (Fig. 2A) with
the Lex-Tat bait and for those issued from either the Rev or
NES screens when Lex-Rev was used as bait (Fig. 2B). These
results showed that the sequences selected in yeast also bind
Tat and Rev proteins in the nucleus of human cells.

Inhibition of the Tat and Rev Function—Considering the
binding properties of the isolated peptide sequences, it was
anticipated that they might antagonize the activity of Tat and
Rev by impairing association with cellular effectors. To exam-
ine this point, functional assays were performed. As small
peptides are often instable, they were fused to a stabilizing
protein. Expected properties for this latter one were to be
small, abundant, ubiquitously expressed, and of human origin.
For these reasons, we selected members of the ubiquitin family.
Constructs were made with both ubiquitin itself and SUMO-1
(45, 46). Because better results were obtained with it, SUMO-1
was chosen (data not shown). The entire coding sequence in-
cluding a mutation of the carboxyl-terminal diglycine motif was
inserted upstream of that coding for the heptapeptide-PTD
module (Fig. 3A). As stated earlier, the resulting artificial
proteins were named SUMO-1 heptapeptide protein transduc-
tion domain, abbreviated SHPT or SHPR for those binding Tat
or Rev, respectively. The effect of the four different SHPTs on
the transactivation of the HIV-1 promoter by Tat was evalu-
ated by transient expression experiments in HeLa cells. As
control, the effect of overexpression of wild-type SUMO-1 was
also tested. At low concentration, the various SHPT did not
reduce the Tat transactivation and even slightly increased it as
compared with wild-type SUMO-1 (Fig. 3B, light gray bars). At
the highest concentration, a moderate reduction of the Tat
transactivation was observed, especially for SHPT-8 (Fig. 3B,
dark gray bars). These data showed that the selected SHPT are
poor inhibitors of the Tat function, possibly because of a limited
affinity for the transactivator that hampers efficient competi-
tion with the different transcription factors known to associate
with Tat. It is also possible that Tat does not exhibit a partic-
ular structure in the absence of its natural partners as cyclin T,
thereby impairing selection of efficient inhibitory peptides. The
activity of SHPR was evaluated using the pDM128 reporter
construct that includes the CAT-coding sequence along with

FIG. 1. Schematic representation of the proteins used as baits
(A) and preys (B and C) for two-hybrid assays in yeast (A) or in
mammalian cells (C). A, the baits consisted of the LexA protein fused
to Tat (amino acids 1–86), Rev (amino acids 1–116), or the nuclear
export domain of Rev (amino acids 70–96). B, yeast preys comprised the
GAL4 activation domain, a stretch of seven amino acids of random
sequence, and the Tat PTD. C, mammalian prey included the FLAG
epitope, the SV40 large T NLS, the herpes simplex virus Vp16 activa-
tion domain, and the heptapeptide-Tat PTD module.
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the Rev response element motif in an intron (41). Rev expres-
sion stimulates CAT expression by allowing export of the un-
spliced messenger in the cytoplasm. Using this assay, the var-
ious SHPR exhibited different activities. SHPR-15 and SHPR-
115 were inefficient at the lowest amount of tranfected plasmid
as compared with wild-type SUMO-1 but caused a moderate
inhibition at a higher concentration (Fig. 3C). For SHPR-7 and
SHPR-31, a limited inhibition was observed at both amounts of
transfected plasmid (Fig. 3C). For SHPR-142 and SHPR-190, a
strong reduction in the level of CAT expression was observed
and this inhibition was augmented when the amount of protein
was increased (Fig. 3C). These observations clearly showed
that two SHPRs, SHPR-142 and SHPR-190, were potent inhib-
itors of the Rev function. It was verified whether this inhibition

correlates with a direct protein-protein interaction as expected.
To this end, both Rev and SHPR were produced in bacteria. A
protocol was developed to purify the SHPs (see Supplementary
Fig. 1). Rev was expressed as a GST fusion and coupled to
glutathione-agarose beads. SHPR-142 and SHPR-190 were
loaded onto this column as well as SHPT-8 as control. When
GST-Rev was unloaded by glutathione, coelution of this protein
with both SHPR-142 and SHPR-190 was observed, whereas no
SHPT-8 was present in the fractions containing GST-Rev (Fig.
4, lanes 3–5). This finding showed that the interaction of
SHPR-142 and SHPR-190 with Rev is direct and does not
involve any bridge factor.

Penetration of the SHPs within the Cell from the Extracellu-
lar Milieu—Given these positive results, it was evaluated
whether SHPs can be active from the extracellular environ-
ment. It was first examined whether they cause cytotoxicity.
Up to a concentration of 1 �M, these molecules were not ob-
served to modify the percentage of dying cells in a population of
in vitro cultured PBMC activated by PHA-P and rHuIL-2 (see
Supplementary Fig. 2). To evaluate the ability of SHP to pen-
etrate into cells, PBMCs were cultured in a medium supple-
mented with 2 �M SHPR-190. At various times, an aliquot of
the supernatant was taken and the cells were collected. After
several washes, cells were lysed in radioimmune precipitation
assay buffer and the supernatant along with this extract was
analyzed by immunoblot using an antibody directed against
the FLAG epitope present at the amino terminus of the bacte-
rially produced SHPs. In both resting (Fig. 5A) and activated
(Fig. 5B) lymphocytes, it was observed that SHPR-190 is stable

FIG. 2. Analysis of heptapeptide-Tat PTD modules selected against Tat and Rev by mammalian two-hybrid assay. A, HeLa cells were
transfected with the pSEAP LEX5X reporter construct and pSG5-LexA-Tat, alone or with pSG-FNV-P-T8, pSG-T9, pSG-T10, or pSG-T24. The
amount of SEAP was measured, and the mean of the values obtained for two independent point of transfection is represented. The error bar
corresponds to half of the difference between the two values. B, the same assay was performed with pSEAP LEX5X and pSG5-LexA-Rev together
with pSG-FNV-P-T24, pSG-FNV-P-R15, pSG-FNV-P-R115, pSG-FNV-P-R190, pSG-FNV-P-N142, pSG-FNV-P-N31, and pSG-FNV-P-N7. The
results are represented as in A. WT, wild type.

FIG. 3. Inhibition of the Tat and Rev activities by the SHPT
and SHPR constructs. A, schematic representation of the SHP con-
struct, which included the entire human SUMO-1 sequence, of which
the diglycine (GG) motif was mutated in Ala-Arg, associated at its
COOH terminus with the heptapeptide-Tat PTD module. B, HeLa cells
were transfected by the LTR HIV-CAT construct together with pSG-Tat
and pTL1-SUMO-1, pTL1-SHPT-8, pTL1-SHPT-9, pTL1-SHPT-10, and
pTL1-SHPT-24. The amount of these latter plasmids was either 0.5
(light gray bars) or 2 �g (dark gray bars). The CAT activity was meas-
ured, and the mean of the values obtained for two independent points of
transfection is represented. The error bar corresponds to half of the
difference between the two values. C, for evaluating the Rev activity,
HeLa cells were transfected with plasmid pDM128 and pSG-Rev to-
gether with either pTL1-SUMO-1 or pTL1-SHPR-15, pTL1-SHPR-115,
pTL1-SHPR-190, pTL1-SHPR-7, pTL1-SHPR-31, and pTL1-SHPR-142.
The CAT activities are represented as in A.

FIG. 4. Direct protein-protein interaction between SHPR and
Rev. GST-Rev was produced in bacteria and loaded on a glutathione-
agarose column. SHPR-142, SHPR-190, and SHPT-8 were loaded onto
the column. After a wash, proteins were eluted with glutathione. An
aliquot of the flow-through (lane 1), wash (lane 2), and elution fractions
(lanes 2–4) was analyzed by immunoblot for GST-Rev (upper panel) and
for SHP using antibodies to GST or to FLAG, respectively.
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in the culture medium and that a fraction of the protein is
present within the cell (Fig. 5, A, lanes 5 and 6, B, lane 4).
Considering the lymphocyte as a 12 �-diameter sphere, quan-
tification experiments performed with fluorescently labeled an-
tibodies showed that a 2 �M external concentration led to a 15
�M intracellular concentration (data not shown). This indicates
that the SHPs are likely to be concentrated within cells. To
confirm that SHPs enter within cells, immunofluorescence

analyses were also done. Jurkat cells were incubated with 1 �M

SHP for 4 h, and after two washes, cells were cultured for 24 h.
Immunofluorescence analysis using the antibody to FLAG
showed a clear fluorescence present diffusely within the entire
cell for all four SHPs tested (Fig. 5C). This was not observed in
control cells (data not shown). Taken together, these observa-
tions show that lymphocytes can be cultured with purified
SHPs and that these molecules effectively enter cells.

Inhibition of HIV-1 Replication by SHPs—In an ultimate
step, it was examined whether the SHPs can inhibit HIV-1
replication. This was done in both PHA-P-activated PBMCs
and MDM. In our model of PHA-P-activated PBMC, HIV-1-LAI
(42) replication was optimal at day 7. As a consequence, the
effects of different SHPs were tested at this date. AZT and
indinavir were used as controls. As expected, HIV-1-LAI repli-
cation was effectively inhibited by AZT and indinavir (Fig. 6A
and Supplementary Table 2a). SHPT-8 did not display any
anti-HIV activity, and SHPR-15 showed a poor activity, only at
the highest dose (Fig. 6A). In contrast, SHPR-142 and SHPR-
190 decreased viral replication in PHA-P-activated PBMCs
(Fig. 6A). HIV-1 replication was inhibited by SHPR-142 at 2 �M

(73 � 6%; see Supplementary Table 2a) and by SHPR-190 at 1
and 2 �M (80 � 7 and 100% respectively; see Supplementary
Table 2a). 90% effective doses were, respectively, equal to 4,600
and 927 nM (see Supplementary Table 2a), confirming that
SHPR-190 is more potent than SHPR-142.

The reference HIV-1/Ba-L strain (43) replicated efficiently in
MDMs. Reverse transcriptase activity was detected in culture

FIG. 5. Intracellular entry of SHP. Mononuclear cells were pre-
pared from peripheral blood and either directly (A) or after activation by
PHA-P and rHuIL-2 (B) were incubated with 2 �M SHPR-190. At the
indicated times after the addition of the protein, an aliquot of the
supernatant (sn) was analyzed by immunoblot using the antibody to
FLAG (A, lanes 1–4; B, lanes 1–3). Cells were also collected and lysed in
radioimmune precipitation assay buffer. The resulting extract (ex) was
also analyzed by immunoblot (A, lanes 5 and 6; B, lane 4). In panel A,
exposure times is different between lanes 5 and 6 (30 s) and lanes 1–4
(5 s). C, Jurkat cells were incubated with 2 �M SHPT-8, SHPR-15,
SHPR-142, or SHPR-190 for 1 h, and 24 h later, cells were collected and
analyzed by immunofluorescence using the antibody to FLAG. Light
transmission and fluorescence images of representative cells are shown.

FIG. 6. Inhibition of HIV-1 replication by SHP in PHA-P-acti-
vated PBMC and monocyte-derived macrophages. A, mononu-
clear cells were prepared from peripheral blood and activated. Cells
were treated by various amounts of AZT (blue line), Idinavir (purple),
SHPR-15 (green), SHPR-142 (orange), SHPR-190 (red), or SHPT-8 (yel-
low) and infected with HIV-1-LAI. Viral replication was measured by
dosage of the RT activity in supernatants, and percentages of inhibition
are represented as a function of concentration. B, macrophages were
prepared from monocytes, treated with drugs and SHPs, and infected
by HIV-1/Ba-L. Viral replication was measured, and percentages of
inhibition at day 7 postinfection are represented as shown in A.
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supernatants from 7 days postinfection and was maximal be-
tween days 14 and 21 postinfection. As expected, HIV-1/Ba-L
replication was dose-dependently inhibited by AZT and indina-
vir (Fig. 6B and Supplementary Table 3a). In these cells as in
PBMCs, SHPR-15 showed a poor activity, only at the highest
dose at day 7 (Fig. 6B and Supplementary Table 3a). Contrary
to the results obtained in activated PBMC, SHPR-142 also
inhibited poorly HIV replication (Fig. 6B). From these results,
the specificity of these effects of SHPR-15 and SHPR-142 was
not established. In contrast, viral replication was inhibited by
both SHPT-8 and SHPR-190 at 2 �M (84 � 1 and 99% of
inhibition at day 7, respectively, and 69 � 6 and 92 � 2% at day
14, see Supplementary Table 3a). Unlike SHPT-8, the effects of
SHPR-190 on HIV replication were dose-dependent (Fig. 6B).
Moreover, as illustrated by ED90 values (see Supplementary
Table 3b; ED90 � 5,500 nM for SHPT-8 versus ED90 � 1,450 nM

for SHPR-190 at day 14), the SHPR-190 compound exhibited a
higher anti-HIV activity. However, these anti-HIV effects of
SHPR-190 decreased after 14 days, probably as a consequence
of the degradation of the protein (ED90 �2,000 nM for day 21 of
culture versus ED90 � 1,450 nM for day 14 of culture, see
Supplementary Table 3b).

These results show that SHPR-190 displays clear anti-HIV
effects in both major cell targets of HIV, i.e. T CD4� lympho-
cytes and macrophages. SHPR-142 was �2-fold less active than
SHPR-190 in lymphocytes and poorly efficient in macrophages.
These experiments also revealed that SHPT-8 has some anti-
viral activity in macrophages despite its poor ability to impair
Tat activation as evaluated by functional assay in HeLa cells.

DISCUSSION

Because of viral strains resistant to available therapeutic
agents and to the spreading epidemic occurring in developing
countries, the search for new drugs that are able to treat or
prevent HIV-1 infection remains a major scientific challenge.
The Tat and Rev regulatory proteins are clearly important
targets in this regard. Indeed, the functions they exert are
necessary to viral replication and their expression happens
very early in the expression of viral RNA from the integrated
provirus. Moreover, it is known that these proteins intervene at
the onset of the pathology resulting from the infection. Various
strategies have been proposed previously to inhibit these pro-
teins including RNA decoys (47–51) and more recently RNA
interference (52–54). A major problem that precludes so far
medical use of these RNA-based approaches is intracellular
delivery. Because both Tat and Rev act by contacting cellular
factors through protein domains of limited size, we undertook
the development of a strategy aiming at identifying peptide
sequences exhibiting the dual property of binding to these
regulatory proteins and also of entering lymphocytes. Because
this method has proven its usefulness in screening peptides
binding to target proteins (37), the first step of our approach
involved a two-hybrid screen of a library of vectors expressing
peptides fused to a protein transduction domain. Inclusion of
the PTD at this initial step avoids modification of the binding
properties of the peptide by its adjunction at later steps. In the
case of molecules destined to treat HIV-1 infection, the choice of
the Tat PTD of which properties are well documented (55–58)
was natural. Conceptually, the same method can be used with
another PTD or with another position of this domain (i.e. ami-
no-terminally fused to the peptide). The length of random se-
quence was selected of limited length to avoid generation of
long artificial protein epitopes, but clearly it is also a parame-
ter that can be modified depending on the protein domain
targeted. Our constructs in which the different domains are
separated by flexible arms allowed the identification of mole-
cules binding to both Tat and Rev. The binding properties

selected in yeast were retained in human cells. To further use
these peptides, they were fused to a stabilizing protein. Several
possibilities certainly exist for this domain, but SUMO-1
worked efficiently in our hands. The resulting SHPT or SHPR
appeared to enter cells efficiently and to lack cytotoxic effects at
concentrations 	2 �M. Because leptomycin B is highly toxic, it
is believed that CRM1-mediated nuclear export is vital (59, 60).
Hence, it is likely that the action of the SHPRs is specific of Rev
and does not affect export of endogenous proteins. Two of these
SHPRs were able to efficiently inhibit the function of Rev.
Because one of the most efficient of them, SHPR-142, was
selected against the NES of Rev and also given that the other,
SHPR-190, also binds the NES as evaluated by the two-hybrid
assay (data not shown), it is likely that these two molecules
interfere with the export properties of Rev, probably by com-
peting with cellular proteins as CRM1 and RanGTP.

In agreement with their ability to efficiently inhibit Rev,
SHPR-142 and SHPR-190 were effective in inhibiting HIV-1
replication in lymphocytes but at concentrations higher than
those of standard drugs as AZT and indinavir. Interestingly,
SHPR-190 was also clearly effective in human macrophages.
These observations indicate that these SHPR have potential
therapeutic applications. In this goal, it should be possible to
further optimize these agents by acting on all three parts.
Indeed, the PTD appeared to be partially cleaved during the
production process, this being likely to alter the cell penetra-
tion ability of the molecule. Adequate mutations in this domain
or inhibition of involved proteases might bring a solution. The
heptapeptide sequence might also be improved by introducing
mutations or chemical modifications augmenting the affinity
for Rev. Finally, SUMO-1 might be replaced by another more
effective stabilizing protein or even by a chemical modification
of the peptide ensuring its stability, for instance, cyclization.
Such modifications might reduce doses required for full inhibi-
tion of HIV-1 replication. It is interesting to note that a func-
tional part of Rev can be targeted by binding peptides, which
interfere with its activity. Determination of the structure of the
SHPR in association with Rev might help to understand which
are the key motifs of the NES domain, thereby allowing the
design of small chemical molecules impairing Rev function. The
ability of the SHPRs to interfere with the functioning of a
particular protein domain of Rev also indicates that the ap-
proach developed in this work is likely to represent an inter-
esting tool for analyzing the functional domains of a given
protein within the cell.

In conclusion, the data presented in this report show the
feasibility of a rational approach for the development of new
therapeutic agents targeted against HIV-1 proteins. In this
principle, this method is also applicable to other viral or non-
viral diseases requiring intracellular inhibition of specific
proteins.
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