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Viral protein R (Vpr) of human immunodeficiency virus type 1 is produced late in the virus life cycle and is
assembled into the virion through binding to the Gag protein. It is known to play a significant role early in the
viral life cycle by facilitating the nuclear import of the preintegration complex in nondividing cells. Vpr is also
able to interact with nucleic acids, and we show here that it induces condensation of plasmid DNA. We have
explored the possibility of using these properties in DNA transfection experiments. We report that the
C-terminal half of the protein (Vpr52–96) mediates DNA transfection in a variety of human and nonhuman cell
lines with efficiencies comparable to those of the best-known transfection agents. Compared with polylysine, a
standard polycationic transfection reagent, Vpr52–96 was 10- to 1,000-fold more active. Vpr52–96-DNA complexes
were able to reach the cell nucleus through a pH-independent mechanism. These observations possibly identify
an alternate pathway for DNA transfection.

The accessory genes of lentiviruses are not essential for viral
replication in tissue culture but can be critical for the estab-
lishment of a productive infection in their natural hosts. The
vpr gene is found in human immunodeficiency virus type 1
(HIV-1), HIV-2, and simian immunodeficiency virus and en-
codes the 15-kDa viral protein R (Vpr), which is produced late
in the virus life cycle and is assembled into the virion through
binding to Gag (11, 38, 44). A variety of activities have been
associated with Vpr. It enhances the replication of HIV-1 in
lymphocytes and monocyte-derived cell lines (9, 30), it is a
weak transcriptional activator of several viral promoters (1, 8,
17, 45, 50), it causes host cell arrest in the G2/M phase of the
cell cycle (14, 20, 25, 41, 42), and it is a coactivator of the
human glucocorticoid receptor (27). Vpr has also been impli-
cated in transport of the viral preintegration complex (PIC)
into the nucleus, a property that may help HIV-1 infect non-
dividing cells (18, 21, 39, 40, 48). In the absence of other HIV-1
proteins, Vpr is localized predominantly in the nucleus, al-
though it does not contain a typical nuclear localization signal
(12, 31).

Genetic and structural studies have assigned the various
functions of Vpr to overlapping domains within the molecule.
Nuclear accumulation of Vpr was reported to depend on the
presence of a-helices in both the N- and C-terminal halves of
the protein (Fig. 1) (34, 46). The N-terminal helices are be-
lieved to be involved in incorporation of Vpr into virions. The
C-terminal domain, which is rich in basic amino acids, contains
elements essential for G2 arrest (33, 34) and nucleic acid bind-
ing activities (10, 55).

The ability of Vpr to interact with nucleic acids and to enter
the nucleus, either in the context of PICs or independent of
other viral proteins, prompted us to test its ability to deliver
plasmid DNA into mammalian cells. An efficient carrier of
DNA for transfections must package the DNA into compact
particles which can be readily taken up by cells. It must also
protect DNA from cellular nucleases, allow its release from
endocytic vesicles, and favor its nuclear import. While existing
carriers can fulfill some of these criteria, none of them provides
all of the necessary functions. The nuclear import of DNA
remains the major hurdle for efficient transfection (6, 13, 53).

We report here that the C-terminal domain of Vpr (Vpr52–96),
but not the N-terminal part, is able to interact with plasmid
DNA and that it mediates DNA transfection with efficiencies
comparable to those of the best transfection reagents.

MATERIALS AND METHODS

Plasmids. SMD2-LucDITR (7.6 kb) and PCIneo-Luc (7.3 kb) are expression
plasmids encoding the firefly luciferase gene under the control of the human
cytomegalovirus (CMV) immediate-early promoter. eGFP-C1 (4.7 kb; Clontech)
encodes, under the control of the CMV promoter, a red-shifted variant of the
green fluorescent protein (GFP) which has been optimized for brighter fluores-
cence and higher-level expression in mammalian cells. The pgk-LacZ and CMV-
LacZ constructs are plasmids expressing LacZ under the control of the phos-
phoglycerate kinase promoter and the CMV promoter, respectively.

Peptides. Peptide Vpr1–96 from HIV-1 strain LAI, with the sequence MEQA
PEDQGPQREPYNDWTLELLEELKNEAVRHFPRIWLHSLGQHIYETYG
DTWTGVEALIRILQQLLFIHFRIGCRHSRIGIIQQRRTRNGASKS, was used.
The peptides were synthesized as described previously (11). Electrospray mass
spectrometry was used to confirm the identities of peptides Vpr1–51 (theoretical
molecular mass [MMth] 5 6,165.81; calculated molecular mass [MMcalc] 5
6,167), Vpr52–96 (MMth 5 5,247.3; MMcalc 5 5,249), Vpr1–96 (MMth 5 11,394.9;
MMcalc 5 11,392.6), Vpr70–96 (MMth 5 3,148.66; MMcalc 5 3,148), Vpr80–96
(MMth 5 1,941.23; MMcalc 5 1,941), Vpr60–80 (MMth 5 2,577.18; MMcalc 5
2,578), and Arg80Vpr52–96Ala80 (MMth 5 5,162.02; MMcalc 5 5,162). Peptides
Vpr52–75, Vpr77–96, and Vpr52–93 were synthesized by SYNTEM. The peptides
were stored at 280°C as 1-mg/ml solutions in MilliQ water.

Cell culture. The culture medium Dulbecco’s modified Eagle medium
(DMEM; GIBCO-BRL) was supplemented with 2 mM L-glutamine, 100 U of
penicillin/ml, 100 mg of streptomycin/ml, and 10% heat-inactivated fetal calf
serum (FCS; HyClone). We used human hepatocarcinoma cells (HepG2; Amer-
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ican Type Culture Collection [ATCC]), human epithelioid carcinoma cells
(HeLa 229; ATCC), human embryonic retinoblasts (cell line 911; kindly given by
Introgene), transformed human embryonic kidney cells (cell line 293; ATCC),
and Swiss mouse embryo cells (NIH 3T3; ATCC).

DNA retardation assay and sensitivity of the polyplexes to DNase I. DNA
binding was studied by means of agarose gel retardation assays. Plasmid DNA (1
mg) and increasing amounts of peptide were each diluted in 25 ml of 150 mM
NaCl and then mixed together. After a period of 25 min, samples (25 ml) were
electrophoresed through a 1% agarose gel, using Tris-borate-EDTA buffer, and
DNA was visualized after ethidium bromide staining.

To evaluate the sensitivity of the Vpr52–96-DNA complexes to DNase I diges-
tion, naked DNA (1 mg) and preformed complexes were mixed with 10 U of
DNase I in a total volume of 30 ml containing 50 mM of Tris-HCl (pH 7.5), 10
mM MgCl2, 10 mM dithiothreitol, and 1 mM ATP. After a 1-h incubation at
37°C, 3 ml of a 10% sodium dodecyl sulfate (SDS) solution was added to each
sample. Each sample was extracted with 30 ml of phenol, and the aqueous phase
was loaded onto a 1% agarose gel to examine the integrity of the plasmid DNA.

Transfection experiments. Polylysine hydrobromide (pLys) with a degree of
polymerization of about 180 was from Sigma, 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) was from Avanti Polar Lipids Inc., and polyethylenimine
(PEI; 25 kDa) was from Aldrich. The PEI solution was prepared as described
elsewhere (2). In some experiments, Vpr52–93 was used instead of Vpr52–96; the
two peptides have indistinguishable transfection properties. Four micrograms of
plasmid DNA and the desired amount of peptide, DOTAP, PEI, or pLys were
added to 100 ml of 150 mM NaCl and gently mixed. After 25 min of incubation,
the mixture was diluted with serum-free medium to a final volume of 1 ml; 0.5 ml
of the transfection mixture was then put in each well of duplicate plates. A total
of 100,000 to 300,000 cells, depending on the cell type, were plated in each well
of 24-well plates (Nunc) 1 or 2 days before transfection. For all experiments, the
final transfection volume was 0.5 ml per well. After about 3 h, the transfection
medium was replaced with fresh medium containing 10% FCS. Each experiment
was carried out several times; within a series, experiments were done in dupli-
cate. The transfection experiments involving chloroquine (Sigma; final concen-
tration, 100 mM) and bafilomycin A1 (Sigma; final concentration, 50 to 175 nM)
were done as described above except that the drug was added after dilution of the
complexes with DMEM, just prior to the addition of the transfection medium to
the cells.

For luciferase activity determinations, cells were harvested after 24 to 48 h in
250 ml of lysis buffer (8 mM MgCl2, 1 mM dithiothreitol, 1 mM EDTA, 1%
Triton X-100, 15% glycerol, and 25 mM Tris-phosphate buffer [pH 7.8]). The cell
lysate was then transferred into Eppendorf tubes and centrifuged for 5 min at
10,000 3 g to pellet debris. From an aliquot of the supernatant (50 ml), luciferase
activity (in light units) was measured in a 96-well plate format with a PhL
luminometer (Mediators Diagnostika) with 10-s integration after automatic in-
jection of 100 ml of assay buffer (lysis buffer without Triton X-100 but supple-
mented with 2 mM ATP) and 100 ml of a luciferin solution (167 mM, in water;
Molecular Probes). Background luciferase activity (300 light units) was sub-
tracted from each value, and the transfection efficiency was expressed as light
units per 10 s per well (with 1 light unit being equivalent to 10 counts); the values
presented are means of duplicate determinations.

b-Galactosidase activity was measured by a chemiluminescence method
(Tropix). For GFP expression measurements, the cells were trypsinized 24 to

48 h after transfection and analyzed by flow cytometry (FACSCalibur; Becton
Dickinson).

Association and/or endocytosis of Vpr52–96-DNA complexes. Plasmid DNA was
incubated with the fluorescent intercalating dye YOYO-1 (Molecular Probes;
about one dye molecule/300 bp), and Vpr52–96–DNA complexes were prepared
as described above. The fluorescent complexes were added to 293 cells, which
were then incubated at 37°C for 4 h. The cells were washed twice with cold
phosphate-buffered saline (PBS) and harvested in PBS–1 mM EDTA. Cells were
then analyzed by flow cytometry.

Cell proliferation assay, protein quantification, and cell cycle study. One day
after transfection, the cell culture medium was removed and replaced by serum-
free DMEM containing 0.5 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide (MTT; Sigma)/ml. The insoluble blue formazan crystals that
formed after 3 to 4 h of incubation were dissolved in 240 ml of an acidified
isopropanol-SDS mixture (200 ml of isopropanol-HCl and 40 ml of 3% SDS in
water), and the absorbance at 570 nm was measured. Untreated cells were used
as a control (100% absorbance). The protein content of the transfected cells was
measured by the Bradford dye-binding method, using the Bio-Rad protein assay.
For cell cycle analysis, cells were washed, trypsinized, centrifuged, and resus-
pended in 1 ml of PBS containing 30 mg of propidium iodide (Sigma), 0.02%
saponin, and RNase A (10 ml of a 10-mg/ml solution). The cellular DNA content
was analyzed by flow cytometry after 30 min of incubation in the dark at room
temperature.

Southern blot analysis. 293 cells were transfected with 3 mg of plasmid SMD2-
LucDITR in six-well plates, washed once with PBS, trypsinized, centrifuged, and
washed again with PBS. Selective low-molecular-weight DNA extraction was
performed according to the method of Hirt (22). After linearization of the
recovered DNA, the samples were electrophoresed on a 1% agarose gel. After
transfer of the samples to a nylon membrane (Biodyne B; Pall), hybridization was
carried out with the linearized SMD2-LucDITR construct labeled with alkaline
phosphatase (AlkPhos kit; Amersham). The specific bands were detected after
addition of the enhanced chemifluorescent substrate by chemifluorescent imag-
ing (Storm; Molecular Dynamics).

Electron microscopy. Vpr peptides at a final concentration of 0.08 mg/ml (11.6
mM for the Vpr52–96 and 25 mM for Vpr77–96) were mixed with 0.02 mg of plasmid
DNA (3.4 nM)/ml in a final volume of 50 ml of 150 mM NaCl. Five microliters
of the mixture was deposited onto an electron microscope grid covered with a
thin carbon film previously activated by a glow discharge in the presence of
pentylamine. The grids were then stained with 2% aqueous uranyl acetate,
drained, and blotted. The observations were done in the annular dark-field mode
with a Zeiss model 902 electron microscope, filtering out inelastically scattered
electrons for enhanced contrast and resolution (28).

RESULTS

Interactions between Vpr derivatives and plasmid DNA.
Full-length Vpr (Vpr1–96) and several Vpr subfragments (Ta-
ble 1 and Fig. 1) were synthesized and tested for their capacity
to interact with plasmid DNA at a physiological ionic strength
(150 mM NaCl). Peptide-DNA interactions can be measured
by determining the amount of peptide required to retard the
migration of plasmid DNA toward the cathode during agarose

FIG. 1. Vpr structure. Vpr1–96 is characterized by the presence of an a-helix
(Ha)–turn–a-helix motif (residues 17 to 29 and 35 to 46) in the N-terminal
region (51) and by an a-helix in the C-terminal domain (residues 53 to 78) (43).
The Leu- and Ile-rich domain (residues 60 to 84) overlaps partially with both the
a-helix of the C-terminal region and the arginine-rich region (residues 73 to 96).
Of note, Vpr52–96 presents three negative charges and 9 to 11 positive charges,
depending on the pH (histidine residues are positively charged at about pH 6).

TABLE 1. Capacity of Vpr derivatives to retard plasmid
DNA migration

Peptide
Amt of peptide needed

for complete DNA
retardation (mg)a

Plus/minus charge ratio
of the peptide-DNA

complex

Vpr1–96 4 0.5
Vpr1–51 .30b NAd

Vpr52–96 2 0.8
Vpr52–93 2 0.77
Vpr52–75 20 2.1
Vpr60–80 2.5 1.5
Vpr70–96 2 1.4
Vpr77–96 ;5c 3.6
Vpr80–96 .30b NA

a The indicated amounts of peptides are the minimal amounts required to
retard completely 1 mg of plasmid DNA.

b The largest amount of peptide tested was 30 mg.
c With 5 mg of peptide, most of the DNA was retarded, but complete retar-

dation was not attained even with a significantly larger amount of peptide (i.e.,
30 mg).

d NA, not applicable.
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gel electrophoresis. Table 1 shows that all peptides except
Vpr1–51 and Vpr80–96 were able to retard plasmid DNA. Vpr1–96,
Vpr52–96, and Vpr52–93 were active at plus/minus charge ratios
below 1, whereas the other peptides required a charge ratio
above 1. Vpr77–96 behaved unexpectedly in that 5 mg of peptide
retarded most, but not all, of the DNA. Even with 30 mg of
Vpr77–96 there was still a smear of DNA, indicating partial or
unstable complex formation (data not shown). Interestingly,
Vpr52–75, which possesses three negative charges and three
positive charges at pH 7 (Fig. 1), completely retarded 1 mg of
DNA while Vpr80–96 (six positive charges and one negative
charge) was inactive even in large quantities (30 mg). Thus, the
ability of Vpr derivatives to bind DNA was not simply linked to
their positive charges, suggesting that structural features are
probably involved.

The complexes formed between selected Vpr fragments and
plasmid DNA were analyzed by electron microscopy. Figure 2a
and b show that Vpr52–96 induced a high level of compaction of
DNA molecules. DNA condensation results from intermolec-
ular interactions by which several molecules are incorporated
in the condensed structure, leading to the formation of aggre-
gates with irregular sizes and shapes. In contrast, Vpr77–96,
which was less active in the retardation assay, induced an
ordered and reversible condensation without collapse of the
DNA molecule. Figure 2 shows that in a single Vpr77–96-DNA
preparation, different steps of compaction were evident (la-
mellar structures and rods [Fig. 2c], as well as toroids [Fig.
2d]).

DNA transfection activity of Vpr derivatives. Full-length
Vpr and Vpr subfragments with complete or partial DNA
binding activity were tested for their ability to transfect DNA
into human 293 cells. The peptides were complexed to a lucif-
erase expression plasmid (CMV-Luc) and incubated with the
cells for 3 h. Luciferase activity was measured about 30 h later.
The controls included polyplexes formed with PEI and pLys.
PEI is a potent transfection reagent even in the absence of
endosomolytic agents (2, 3), whereas pLys cannot efficiently
escape the endocytic vesicles (26). Figure 3A indicates that
Vpr1–96 mediated significantly less gene transfer than did pLys.
In contrast, Vpr52–96 (Fig. 3B) and Vpr52–93 (data not shown)
were up to 500-fold more efficient than pLys and only 2- to
20-fold less efficient than PEI was under its best conditions. In
spite of their DNA binding activities, Vpr52–75, Vpr77–96, and
Vpr60–80 displayed poor transfection efficiencies (Fig. 3B).

Using another CMV-luciferase construct (PCIneoLuc) or an
expression plasmid encoding the lacZ gene under the control
of the human phosphoglycerate kinase promoter, we also ob-
served a higher transfection efficiency with Vpr52–96 than with
pLys (data not shown). We then tested whether the number of
cells expressing the reporter gene was higher with Vpr52–96
than with pLys. We transfected a GFP expression construct
and measured the percentage of transfected cells by flow cy-
tometry 40 h posttransfection. While less than 1% of the 293
cells expressed GFP when transfected with pLys under opti-
mized conditions, 26% and 37% were GFP positive when
Vpr52–96 and the monocationic lipid DOTAP, respectively,
were used as the carriers (data not shown).

Following transfection, the toxicity of Vpr52–96-DNA com-
plexes for 293 cells was monitored by measuring the total
amount of protein per well, by counting the cells, and by
measuring cell proliferation by the MTT colorimetric assay
(37). Cell survival after transfection with Vpr52–96 was between
70 and 90% of that of nontreated cells. This cytotoxicity was
comparable to that observed with other transfection reagents.
Our data are in good agreement with the recent findings of
Jacotot and coworkers, who showed that the cytocidal effect of

Vpr52–96 was abolished when agents such as RNA or DNA
interacted with the H(S)RIG region of the peptide (23).

Vpr52–96 was also able to mediate DNA transfection in other
cell lines. The best Vpr52–96 and pLys conditions were deter-
mined for each cell line by testing several concentrations of
both reagents. Table 2 shows the ratios of the highest levels of
luciferase activity obtained with Vpr52–96 and pLys. As with 293
cells, Vpr52–96-mediated transfection resulted in up to 3 orders
of magnitude higher luciferase activities on 911 and HepG2
cells than did pLys under optimal conditions, thus reaching
efficiencies comparable to those obtained with PEI or DOTAP
(Fig. 3C). For transfections into NIH 3T3 cells and HeLa cells,
Vpr52–96 was only 3 to 10 times more efficient than pLys.

The leucine-rich region and the C terminus of Vpr can
stimulate reporter gene expression directed from the HIV-1
long terminal repeat as well as from heterologous viral pro-
moters (17, 19, 50). Importantly, this stimulation is usually
under 10-fold and is linked to G2 arrest activity (16, 17, 19). To
rule out the possibility that Vpr52–96 transactivated reporter
gene expression in our experiments, we performed a series of
control studies. First, we determined whether the externally
added peptide Vpr52–96, alone or mixed with plasmid DNA,
was able to induce cell cycle arrest. Although less than 30% of
the cells expressed the reporter gene following transfection,
most of the cells took up polyplexes, as shown by flow cytom-
etry after incubation of the cells with fluorescent Vpr52–96-
DNA complexes (Fig. 4B). The cell cycle was analyzed after
propidium iodide staining of DNA 24 and 30 h after transfec-
tion (see Materials and Methods). Control cells and cells in-
cubated with Vpr52–93 (data not shown) or with Vpr52–93–
CMV-Luc complexes showed normal cell cycle profiles, with
about 50% of the cells being in G0/G1. The experiment was
controlled by treatment of 293 cells with thymidine and no-
codazole, which resulted in accumulation of cells in the G2
phase (to .70%) (Fig. 4A). We concluded that Vpr52–96 alone
or complexed with DNA did not mediate G2 arrest in our
system. In a second control experiment, we used the mutant
Arg80Ala, which is unable to arrest cells in G2 (16, 17). We
compared the mutated peptide Arg80Vpr52–96Ala80 to wild-
type Vpr52–96 with regard to the ability to form complexes with
plasmid DNA and to transfect 293 cells. The mutated peptide
behaved like Vpr52–96 in the DNA retardation assay and was as
active as in DNA transfections (data not shown).

Finally, we looked at a possible transactivation effect of
Vpr52–93 by applying complexes to 293 cells previously trans-
fected with a CMV-driven reporter gene. Cells first received
PEI–CMV-Luc complexes, and after 43 h they were trans-
fected again with either Vpr52–93–CMV-LacZ, DOTAP–
CMV-LacZ, or PEI–CMV-LacZ. Thirty hours after the second
transfection, the luciferase and b-galactosidase activities were
measured. Figure 5 shows that none of the secondary trans-
fections led to enhanced luciferase expression. Thus, we con-
cluded that the high levels of reporter gene expression ob-
tained with Vpr52–96 cannot be explained by transactivation of
the CMV promoter.

Intracellular fate of the transfection complexes. To deter-
mine whether the higher transfection levels obtained with
Vpr52–96 compared to pLys were due to more-efficient DNA
delivery, we harvested transfected 293 cells 7, 24, 48, and 96 h
after transfection and isolated low-molecular-weight DNA.
Southern blot analysis indicated that significant amounts of
plasmid DNA were present at 7 h posttransfection in both
Vpr52–96- and pLys-transfected cells (Fig. 6). One day after
Vpr52–96-mediated transfection, the amount of plasmid present
in the 293 cells was dramatically decreased whereas cells trans-
fected with pLys still contained large amounts of DNA. After
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FIG. 2. Electron microscopy of Vpr52–96-DNA and Vpr77–96-DNA complexes. The visualization of Vpr-DNA complexes was performed by positive staining and
annular dark-field electron microscopy. The Vpr52–96-DNA and Vpr77–96-DNA complexes were prepared in 150 mM NaCl as described in Materials and Methods. (a
and b) Vpr52–96 induces the formation of aggregates of plasmid DNA. The aggregates in panel b, which represent a large majority of the events that can be observed
on the grid, result from the incorporation of several DNA molecules. (c and d) Vpr77–96 induces a compaction of the DNA molecules, without collapse and effective
aggregations, but an ordered condensation with lamellar structures. Such condensation can lead to the formation of rods or toroids. (d) Illustration of toroidal
compaction of plasmid DNA mediated by Vpr77–96. Scale bars, 100 nm.
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4 days, no DNA was detectable in Vpr52–96-transfected cells
whereas the signal remained in the case of pLys. Although
much less DNA accumulated following Vpr52–96 transfection,
reporter gene activity was superior to that of pLys at all time
points (Fig. 6, lower panel). Of note, the high level of luciferase
activity observed at day 4 cannot be explained by the accumu-
lation of enzyme during the first hours because the half-life of
this enzyme in mammalian cells is only 3 h (47).

This experiment indicates that most of the delivered DNA
does not contribute to transgene expression. This DNA is
trapped either in vesicles or in the cytosol and is eventually
degraded at a rate that depends on the capacity of its carrier to

provide protection against nucleases (29). To evaluate the ca-
pacity of Vpr52–96 to protect DNA against degradation, we
incubated Vpr52–96-DNA complexes with DNase I for 1 h at
37°C, and after elimination of Vpr by SDS treatment, DNA
was analyzed by agarose gel electrophoresis. Vpr52–96 was not
able to preserve the integrity of the plasmid (data not shown),
in contrast to pLys (7). Thus, the rapid disappearance of the
transfected DNA (Fig. 6) may reflect the sensitivity of Vpr52–96-
DNA complexes to nucleases.

Ligand-pLys-mediated gene transfer can be significantly en-
hanced in the presence of chloroquine (15, 54), a weak lyso-
somotropic base which accumulates in acidic endocytic vesi-
cles, neutralizes their pH, and destabilizes their membranes.
Another beneficial effect of chloroquine in pLys-mediated
transfection experiments may be the dissociation of polyplexes
(15). Figure 7 shows that Vpr52–96-mediated transfection of
HepG2 cells was 2- to 10-fold more efficient in the presence of
100 mM chloroquine. This enhancement is comparable to that
observed with pLys (Fig. 7). We concluded that at least some
of the Vpr52–96-DNA complexes are localized in chloroquine-
sensitive endocytic vesicles.

Several peptides known to enhance pLys-mediated DNA
transfection are believed to act by disrupting the endosome
membrane at low pH values (35, 49). Their fusogenic activity is
triggered when protonation of their side-chain carboxy groups
induces a change from a random conformation to an a-helix.
This process is inhibited by bafilomycin A1, a specific inhibitor
of the vacuolar proton pump (4, 52). To test the possibility that
Vpr52–96 was acting along a similar pathway, we transfected
HepG2 cells in the presence of increasing amounts of bafilo-
mycin A1. Figure 7 shows that gene transfer was not significa-
tively altered under these conditions. This indicates that if
Vpr52–96 complexes are released from endosomes, it happens
via a pH-independent mechanism.

In summary, our study of the intracellular fate of Vpr52–96-
DNA complexes indicates that only a minority of them effi-
ciently find their way to the nucleus whereas most are trapped
in vesicles or in the cytosol and are quickly degraded. The
active fraction of complexes ending up in the nucleus either
avoids the endocytic route or can be released from endosomes
by a pH-independent mechanism.

DISCUSSION

Vpr is incorporated into HIV virions through interactions
with at least two gag-encoded proteins, p6 and Ncp7. It is
known to bind RNA and DNA (10, 55) and therefore may be
an integral component of the PIC following reverse transcrip-
tion. The presence of Vpr has been shown to facilitate nuclear
import of the complex, possibly through interactions with

FIG. 3. Transfection efficiencies of Vpr derivatives. Increasing amounts of
transfection agents were mixed with a constant amount of reporter plasmid (4 mg
per duplicate), and the mixtures were incubated for 3 h with cells in a serum-free
medium. Luciferase activity was measured 30 h posttransfection. The transfec-
tion efficiency was expressed as total light units per 10 s per well, and the means
of duplicate determinations are shown. Only the results obtained under the best
conditions are shown. (A) Comparison of transfection efficiencies of Vpr1–96 and
pLys on 293 cells. (B) Comparison of transfection efficiencies of Vpr derivatives
pLys and PEI on 293 cells. (C) Comparison of transfection efficiencies of Vpr52–
96, DOTAP, and PEI on HepG2 cells. Of note, 1 eq. of DOTAP represents the
amount of lipid needed to neutralize the negative charges carried by 4 mg of
DNA.

TABLE 2. Transfection efficiency of Vpr52–96 versus that of pLys

Cell line
Vpr52–96/pLys ratioa

Expt 1 Expt 2 Expt 3

293 67 112 225b

911 30 110 NDc

HepG2 500 720 1,400
HeLa 7 10 ND
NIH 3T3 3 5 ND

a The values are the ratios of the highest levels of luciferase activity obtained
with Vpr52–96 to those obtained with pLys. Data from two to three independent
experiments are shown.

b Data are shown in Fig. 3B.
c ND, not done.
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karyopherins (40). Considering these properties, we tested the
possibility of using Vpr directly as a DNA transfection agent.

We first analyzed the DNA binding activities of a variety of
Vpr-derived peptides in gel retardation assays. Our study con-
firmed that peptide fragments from the C-terminal domain
(residues 52 to 96), but not those from the N terminus (resi-
dues 1 to 51), are able to form complexes with DNA. We
showed that Vpr52–96 induces the compaction of plasmid DNA,
leading to the formation of aggregates with irregular sizes and
shapes. Rather unexpectedly, the positively charged peptide
Vpr80–96 was found to be unable to bind DNA efficiently.
Instead, residues between positions 70 and 80 appear to play a
key role in the formation of a DNA binding domain.

Transfection experiments identified Vpr52–96 and Vpr52–93
as agents with higher transfection efficiencies than pLys. Sur-
prisingly, full-length Vpr, which also binds DNA, was always
significantly less efficient than pLys in these experiments. Re-
cent observations indicate that Vpr1–51 can partially hinder
nucleic acid recognition by Vpr52–96 (10). Our results suggest
that the transfection activity of the Vpr52–96 region is not avail-
able in the context of the whole Vpr protein. It is not known
whether an active configuration related to the transfection
activity described here is unveiled at any step of HIV infection.
Yet, it is tempting to speculate that the ability of Vpr52–96 to
act as a DNA carrier is related to the role of Vpr as an
enhancer of the nuclear import of viral DNA.

Multiple activities have been associated with Vpr, including
cell cycle arrest in G2 and transactivation of viral promoters.
We believe that the expression of the luciferase reporter gene
which we used in our experiments to measure the transfection
efficiency was not influenced by these activities, for the follow-

ing reasons: (i) no cell cycle arrest was observed following
transfection with Vpr52–96-DNA complexes, (ii) a Vpr52–96
peptide containing a mutation that eliminates G2 arrest was as
active as the wild-type peptide, and (iii) Vpr52–93-mediated
transfection did not transactivate a CMV promoter already
present in the transfected cells (Fig. 5).

The mechanism of cellular uptake of Vpr-DNA complexes
still needs to be elucidated. Positively charged DNA complexes

FIG. 4. Study of possible Vpr52–96-induced G2/M phase arrest. (A) The cell
cycles of untreated (a), thymidine- and nocodazole-treated (b), and Vpr52–96-
transfected (c) 293 cells were analyzed by flow cytometry as described in Mate-
rials and Methods. (B) Evaluation of the association and/or endocytosis of
fluorescent DNA-Vpr52–96 complexes on 293 cells after 4 h of incubation at 37°C.
The autofluorescence of the cells is shown by the broken line. The x axis repre-
sents the relative fluorescence intensity.

FIG. 5. Does Vpr52–96 transactivate the CMV promoter of the reporter plas-
mid? 293 cells transfected with PEI 25 kDa–CMV-Luc were transfected again
(except the control) 43 h later with (1) or without (2) the following polyplexes:
Vpr52–93–CMV-LacZ, DOTAP–CMV-LacZ, and PEI 25 kDa–CMV-LacZ.
Thirty hours after the second transfection, the luciferase (solid gray bars) and the
b-galactosidase (stippled bars) activities were determined by measuring lumines-
cence.
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can enter cells after binding to membrane-associated sulfated
proteoglycans (36). Under our experimental conditions, with a
plus/minus charge ratio of around 2.5, the complexes could
follow this pathway. We have observed that although higher
levels of gene expression are reached when Vpr52–96 is used,
smaller amounts of DNA are found within the cells than when
pLys is employed. This can be related to the higher suscepti-
bility to DNase displayed by the Vpr-DNA complexes. It also
indicates that a large number of DNA molecules do not par-
ticipate in the expression of the reporter gene. Most likely,
these molecules are trapped in acidic vesicles, and we showed
that a proportion are released from these vesicles upon chlo-
roquine treatment. It is not clear, however, whether endocyto-
sis is an obligatory pathway used by Vpr-DNA complexes for
access to the cytoplasm. Alternatively, the active complexes
may enter the cell directly after membrane permeabilization.
Indeed, Macreadie et al. have reported that the C-terminal
part of Vpr causes permeabilization in different yeast strains
when added extracellularly (32, 33).

Once released in the cytosol, Vpr-DNA complexes may also
be more efficiently transported to the nucleus than pLys/DNA
polyplexes due to interactions with the nuclear import machin-
ery (24, 40). In this regard, it is interesting that the advantage
of Vpr over pLys was less conspicuous in HeLa cells, in which
Vpr-like activities were detected (5, 40). To the best of our
knowledge, Vpr52–96 represents a unique example of a natural
peptide capable of binding DNA and transporting it into cells
as efficiently as the best-known transfection agents. It is now
important to identify the cellular partners involved in the
transfection pathway. This may allow the design of a new class
of peptides for gene transfer.
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