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ABSTRACT

Viral integrase (IN) and Vpr are both components of
the human immunode®ciency virus type 1 (HIV-1)
pre-integration complex. To investigate whether
these proteins interact within this complex, we
investigated the effects of Vpr and its subdomains
on IN activity in vitro. When a 21mer oligonucleotide
was used as a donor and acceptor, both Vpr and
its C-terminal DNA-binding domain [(52±96)Vpr]
inhibited the integration reaction, whereas the
(1±51)Vpr domain did not affect IN activity. Steady-
state ¯uorescence anisotropy showed that both
full-length and (52±96)Vpr bind to the short oligo-
nucleotide, thereby extending previous observa-
tions with long DNA. The concentrations of the two
proteins required to inhibit IN activity were consist-
ent with their af®nities for the oligonucleotide. The
use of a 492 bp mini-viral substrate con®rmed that
Vpr can inhibit the IN-mediated reaction. However,
the activity of (52±96)Vpr differed notably since it
stimulated speci®cally integration events involving
two homologous mini-viral DNAs. Order of addition
experiments indicated that the stimulation was max-
imal when IN, (50±96)Vpr and the mini-viral DNA
were allowed to form a complex. Furthermore, in the
presence of (50±96)Vpr, the binding of IN to the
mini-viral DNA was dramatically enhanced. Taken
together, these data suggest that (52±96)Vpr stimu-
lates the formation of a speci®c complex between IN
and the mini-viral DNA.

INTRODUCTION

The integration of a DNA copy of the retroviral RNA genome
is a key step in the human immunode®ciency virus (HIV)
replication cycle. This process is carried out by the viral
integrase (IN), which directs two distinct reactions: (i) a 3¢
processing reaction in which a dinucleotide is removed from
the 3¢ end of the proviral DNA; and (ii) a strand transfer

reaction, resulting in the joining of processed 3¢ ends to 5¢
phosphates in the target DNA (1,2). In vivo, the integration of
both extremities of the viral DNA is a concomitant process,
referred to as concerted integration. Although recombinant
integrase is capable of performing both 3¢ processing and
strand transfer reactions in vitro, it does not reproduce the
in vivo process accurately. In particular, the number of
concerted integration products generated remains low com-
pared with the in vivo process (3±6). In vivo, the integration
activity is carried out by a pre-integration complex (PIC).
Thus, the enzyme may only be able to perform its function
correctly when it is included in a complex that comprises at
least the integrase and the viral DNA associated with viral and/
or cellular factors. Defective IN activity may re¯ect the lack of
these factors in in vitro assays. This hypothesis is supported by
the ®nding that ®delity is improved when the reaction is
performed either with IN puri®ed from viral particles or with
pre-integration complexes puri®ed from HIV-infected cells
(7±9). It has been proposed that the viral nucleocapside NCp7
is a viral cofactor given that it is present within puri®ed PIC
and that it can stimulate IN activity in vitro (3,10). Small,
basic, cellular proteins, such as HMGI(Y), which are able to
modulate the condensation of DNA, also stimulate IN activity
(5,11,12). Although these proteins are believed to be part of
the PICs, they are not thought to be tightly bound given the
low stringency conditions necessary for their co-puri®cation
with the PIC (13,14). The viral protein R, Vpr, is also
associated with the PIC and interacts with the nucleocapsid
protein (15±17). Vpr is a 15 kDa accessory protein of HIV-1,
packaged into the virion through its interaction with Gag
(13,18,19). Vpr has a number of activities, including the
induction of G2/M cell cycle arrest, the modulation of
apoptosis and a weak transcriptional activity in infected
cells (20±26). Vpr participates in the nuclear import of the
HIV PIC (15,27). These functions are mediated by the
interaction between Vpr and different cellular proteins [for a
review see Bukrinsky and Adzhubel (28)]. Furthermore, Vpr
binds DNA and RNA in a non-speci®c manner (29,30). The
nucleic acid-binding activity, a property that has not yet been
shown to be associated with any particular function, has been
mapped to the (52±96) C-terminal domain of Vpr. Vpr, and in
particular (52±96)Vpr, may act as a transfection agent due to
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its ability to induce DNA condensation, a phenomenon that is
highly reminiscent of the properties of NCp7 (31,32). The
analogy between Vpr and NCp7 DNA-binding properties
prompted us to examine whether Vpr and its (52±96)
subdomain affect the integration reaction in vitro. First, we
showed that the full-length Vpr and (52±96)Vpr inhibit
integration activity using a short oligonucleotide substrate
(ODN). This effect was due to the strong binding of both
proteins to the short ODN, as demonstrated by static
¯uorescence experiments. Secondly, we observed that the
C-terminal domain (52±96) of Vpr can speci®cally stimulate
the homologous strand transfer resulting from the integration
of a 492 bp mini-viral DNA substrate into a homologous
fragment. Pre-incubation assays suggested that this effect was
caused by the stimulation of the formation of an integration-
competent complex involving IN and the mini-viral substrate.
This hypothesis was reinforced by the dramatic enhancement
of IN binding to the mini-viral DNA in the presence of
(52±96)Vpr.

MATERIALS AND METHODS

Proteins and peptides

Peptide (1±96)Vpr from HIV-1 strain LAI was used. The
sequence of this peptide was QAPEDQGPQREPYNDW-
TLELLEELKNEAVRHFPRIWLHSLGQHIYETYGDTWT-
GVEALIRILQQLLFIHRIGCRHSRIGIIQQRRTRNGASKS.
Peptides were synthesized as described previously (16).
Electrospray mass spectrometry was used to con®rm the
identities of peptides (1±51)Vpr [theoretical molecular mass
(MMth) = 6165.81; calculated molecular mass (MMcalc) =
6167], (52±96)Vpr (MMth = 5247.3; MMcalc = 5249),
Vpr (1±96) (MMth = 11 394.9; MMcalc = 11 392.6),
(70±96)Vpr (MMth = 3148.66; MMcalc = 3148) and
(60±80)Vpr (MMth = 2577.18; MMcalc = 2578). Recombinant
IN protein was puri®ed as previously described (33).

Oligonucleotides

Oligonucleotides U5B 5¢-GTGTGGAAAATCTCTAGC-
AGT-3¢, U5-B-2 5¢-GTGTGGAAAATCTCTAGCA-3¢, U5A
5¢-ACTGCTAGAGATTTTCCACAC-3¢ and D 5¢-TGC-
TAGTTCTAGCAGGCCCTTGGGCCGGCGCTTGCGCC-3¢
were purchased from Eurogentec and puri®ed further on an
18% denaturing acrylamide/urea gel. For processing assays,
100 pmol of U5B was radiolabeled using T4 polynucleotide
kinase and 50 mCi of [g-32P]ATP (3000 Ci/mmol). The T4
kinase was heat inactivated and unincorporated nucleotides
were removed using a Sephadex G-25 column (Pharmacia).
NaCl was added to a ®nal concentration of 0.1 M and the
complementary unlabeled strand U5A was added. The mixture
was incubated at 90°C for 3 min and the DNA was annealed by
slow cooling. Pre-processed U3U5 DNA substrate consists of
a 492 bp DNA fragment generated by NdeI restriction of
pU3U5 (10).

IN activity assays

Processing reactions were performed using U5 double-
stranded oligonucleotide substrates in buffer containing
20 mM HEPES pH 7.0, 50 mM NaCl, 2 mM dithiothreitol
(DTT) with 10 mM MnCl2. The reaction was initiated by

adding substrate DNA. The reaction mixture was incubated for
up to 1 h at 37°C. The reaction was stopped by phenol±-
chloroform extraction, and DNA products were precipitated
with ethanol. The products were dissolved in TE buffer
containing 7 M urea and subjected to electrophoresis on an
18% denaturing acrylamide/urea gel. Long fragment inte-
gration assays were carried out using 10 ng of [32P]U3U5
DNA fragment and 40 ng of pSP70 vector as a heterologous
integration target in a buffer containing 20 mM HEPES pH 7.0,
50 mM NaCl, 2 mM DTT, 0.05% NP-40, 0.5 mM CHAPS and
10 mM MnCl2. The mixture was pre-incubated at 4°C for
10 min and then at 37°C for 1 h. After phenol±chloroform
extraction and DNA precipitation, the products were separated
by electrophoresis on a 1% agarose gel containing 0.1% SDS.
Gels were dried and vizualized using a STORMÔ Molecular
Dynamics phosphorimager.

DNA gel electrophoretic mobility shift assay

Experiments were performed in the same buffers as the strand
transfer assay. After 10 min at 4°C, DNA loading buffer was
added and samples were loaded on a 1% agarose gel. Gel
electrophoresis was carried out in 0.53 Tris/borate buffer.
Gels were dried and visualized on a Molecular Dynamics
STORMÔ phosphoimager.

Fluorescence anisotropy study

Steady-state ¯uorescence anisotropy experiments were carried
out using a Beacon 2000 Fluorescence Polarization System
(Pan Vera P3200) to investigate the interaction between Vpr,
or its fragments, and DNA. The target DNA used in the
following studies was 21 bp long, representing the terminal
sequence of the HIV-1 viral DNA, and 5¢-labeled with
¯uorescein 5¢-F-GTG TGG AAA ATC TCT AGC AGT-3¢
(E21AF5). Oligonucleotides E21B (5¢-ACT GCT AGA GAT
TTT CCA CAC-3¢) and E21AF5 were purchased from
Cybergene. Fluorescein was attached to the ODN through a
six-carbon linker to minimize perturbation of the DNA±Vpr
interaction. The duplex was pre-formed in 50 mM NaCl,
20 mM HEPES pH 7.2. The solution was incubated at 85°C for
5 min and allowed to cool slowly on the bench. Concentrations
of double-stranded DNA (dsDNA) were estimated by meas-
uring the optical density at 260 nm (corrected for hypochromic
effects). To follow a change in anisotropy, the concentration
of dsDNA was set to 10 nM and a small aliquot (1 or 2 ml) of
protein was added successively to 100 ml of total volume to
avoid a dilution effect. The anisotropy value of labeled
dsDNA alone in our conditions was approximately 0.04. This
value was systematically subtracted from the anisotropy value
of the DNA±protein complex (delta anisotropy). A theoretical
binding curve following the Hill formulation was ®tted to
experimental data using the maximum delta anisotropy (dmax),
Kapp and the Hill coef®cient n as adjustable parameters.

d = dmax(1 + (Kapp/[P])n) 1

where [P] refers to the total peptide concentration and Kapp

the apparent dissociation constant. The difference between
experimental and theoretical values was minimized using
the non-linear regression module of Prism 3.0 (Graphpad
software).
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RESULTS

Full-length Vpr and (52±96)Vpr inhibit IN activity on
short ODNs

Both the DNA-binding properties of Vpr and its presence
within the PIC prompted us to explore whether Vpr affects the
integration process. First, we examined the effect of Vpr and
its (52±96) DNA-binding domain by assaying HIV-1 IN
activity in the presence of short oligonucleotide substrates. In
this assay, a double-stranded 21mer ODN mimicking the
HIV-1 U5 long terminal repeat (LTR) extremity acted as both
a DNA donor and acceptor. In the presence of IN, both
activities, i.e. 3¢ processing and strand transfer, were observed.
The incubation of the enzyme in the presence of the 21mer
substrate led to the accumulation of a 19mer oligonucleotide
product corresponding to the trimmed substrate (Fig. 1, lane
7). The larger bands were the products of the subsequent
strand transfer reaction resulting from the covalent insertion of
a donor into a homologous acceptor ODN. Vpr strongly
inhibited both activities of IN (Fig. 1). This inhibition was
dose dependent, with an EC50 of 0.2 mM.

The same experiment was performed with the N-terminal
(1±51) domain or with the C-terminal DNA-binding (52±96)
domain of Vpr. IN activity was tested in the presence of these
peptides and the results obtained were compared with those
obtained with the full-length protein. The 3¢ processing
activity was quanti®ed in the presence of both peptides
(Fig. 1B). The (52±96) peptide strongly impaired the IN
activity, whereas the (1±51) peptide did not affect IN activity
at concentrations up to 5 mM. The inhibition due to
(52±96)Vpr was comparable with that of the full-length
protein, suggesting that IN inhibition was related to the
DNA-binding property of Vpr.

Af®nity of full-length and truncated Vpr for ODN

The af®nity of full-length and truncated Vpr for nucleic acids
was evaluated previously by measuring their capacity to
aggregate long nucleic acids (30,31). This approach does not
make it possible to estimate the apparent association constant
for short oligonucleotides. To investigate the possibility that
full-length and (52±96)Vpr bind to short ODNs and subse-
quently compete with IN for the 21mer oligonucleotide, we
used steady-state ¯uorescence anisotropy to evaluate their
af®nity for the U5 oligonucleotide. This method makes it
possible to quantify the association between a ¯uorescently
labeled ODN and a putative ligand by monitoring the
¯uorescence anisotropy increase as a function of the amount
of complex present in solution. The addition of increasing
concentrations of Vpr and (52±96)Vpr to a solution of
¯uorescein-labeled U5 21mer induced a dramatic increase in
the steady-state anisotropies of the ODN (Fig. 2). In the
presence of (1±51)Vpr, no signi®cant change of anisotropy
was detected. We concluded that both full-length Vpr and
(52±96)Vpr readily associated with the oligonucleotide,
whereas no binding was detectable for (1±51)Vpr. The
sigmoidal shape of the experimental binding curve hinted at
a positive cooperative binding. Indeed, data ®tted best a
binding isotherm corresponding to a simple Hill model (see
Materials and Methods). Apparent dissociation constants
(Kapp) were derived from the binding isotherms, yielding

values of 0.48 3 10±6 M for Vpr and 0.25 3 10±6 M for
(52±96)Vpr. Hill coef®cients were 1.5 and 2, respectively, for
Vpr and (52±96)Vpr. Moreover, similar values were obtained
with a non-viral oligonucleotide, thus indicating that binding
of both Vpr and (52±96)Vpr to short ODNs was not sequence
speci®c (data not shown).

These values were consistent with the EC50 concentrations
obtained for integrase inhibition using the U5 ODN as a DNA
substrate, suggesting that these proteins actually compete with
IN for the oligonucleotide.

(52±96)Vpr stimulates homologous integration of long
DNA fragments

To avoid the possibility that an effect of Vpr and (52±96)Vpr
might be masked by this competition for the short substrate,
we decided to use longer substrates that could accommodate
both proteins simultaneously. The 21mer oligonucleotide was
substituted for a 492 bp dsDNA fragment containing both U5
and U3 extremities as a mini-viral donor DNA. pSP70 was
used as the heterologous acceptor DNA. In the presence of IN,
both homologous (bands b) and heterologous (bands c)

Figure 1. Inhibition of HIV-1 IN-mediated 3¢ processing by Vpr and its sub-
domains. (A) Dose±response effect of full-length Vpr on 3¢ processing of a
21mer ODN substrate. The 5¢-end-labeled U5 substrate (10 nM) was incu-
bated for 1 h at 37°C with 65 nM IN. Lanes 1±6, 50, 100, 200, 400 and 800
nM, and 1.6 mM Vpr, respectively; lane 7, no Vpr; lane 8, negative control
in the absence of IN. The 21mer DNA substrate, 19mer 3¢ processed product
and the strand transfer products are indicated on the left. (B) Quanti®cation
of experimental data obtained in the presence of full-length Vpr (®lled cir-
cles), (1±51) (open squares) and (52±96) (open diamonds) peptides of Vpr.
Data from two independent experiments were averaged.
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integration products were detectable (Fig. 3A). Homologous
integration refers to the integration of one 492 bp fragment
into a second homologous fragment, whereas heterologous
integration corresponds to the insertion of one or several LTR
fragments into the pSP70 target (10). In the presence of
increasing concentrations of Vpr, the strand transfer activity
was inhibited (Fig. 3A, lanes 3±5, and B). Both homologous
and heterologous strand transfer were equally impaired,
con®rming the effect previously observed with the short
oligonucleotide substrate. Likewise, the (1±51) fragment did
not affect IN activity (Fig. 3A, lanes 6±8). In contrast,
(52±96)Vpr stimulated strand transfer (Fig. 3A, lanes 9±11,
and B). At concentrations of 1.6 mM, which inhibit 90% of the
oligonucleotide 3¢ processing activity, the strand transfer
activity was enhanced 4-fold. Furthermore, analysis of the
integration products indicated that the overall stimulation
resulted exclusively from an enhancement of the homologous
strand transfer, whereas the heterologous strand transfer was
not affected (Fig. 3B). Thus, unlike other DNA-binding
proteins that stimulate the integration reaction in vitro, the
(52±96) peptide speci®cally affected integration into the
mini-viral DNA.

To determine whether the properties of (52±96)Vpr could
be mapped to one or several speci®c sequences, the overlap-
ping (52±96), (52±70), (60±80) and (70±96) Vpr peptides were
assayed in the long DNA strand transfer assay. Increasing
concentrations of peptides were assayed. Figure 4 presents
heterologous (Fig. 4A) and homologous (Fig. 4B) strand
transfer products. Homologous integration was stimulated
10-fold in the presence of 1.6 mM of the (52±96) fragment
(Fig. 4B, lanes 2±4). At higher concentrations, integration was
strongly inhibited (Fig. 4A and B, lanes 4 and 5). The (52±70)
and (70±96) peptides did not signi®cantly affect the strand
transfer activity (lanes 6±8 and 9±11). The (60±80) peptide
strongly inhibited both homologous and heterologous strand
transfer activity without signi®cant speci®c changes in

the homologous integration (lanes 12±14). Interestingly,
the stimulating effect of (52±96)Vpr was restricted to a
narrow concentration range. Increasing the concentration of
(52±96)Vpr above 2 mM led to the inhibition of the whole
reaction, showing that the stimulating effect only occurs for a
given ratio of reaction components.

Figure 3. Vpr effects on long DNA integration activity. (A) Phosphorimage
of long DNA strand transfer assay. Reactions were performed by incubation
for 1 h at 37°C of 2 pmol IN, 10 ng of U3U5 substrate and 40 ng of pSP70
target in the presence of increasing concentrations of Vpr and its sub-
domains: 0.4 mM (lanes 3, 6 and 9), 0.8 mM (lanes 4, 7 and 10), 1.6 mM
(lanes 5, 8 and 11) of Vpr, (1±51)Vpr or (52±96)Vpr, respectively.
Components were pre-incubated for 10 min on ice before incubation at
37°C, with the exception of the pSP70 target, which was added at the
beginning of the reaction. The nature of the integration product is reported
on the right: bold arrows indicate the main products corresponding to
integration of one mini-viral DNA; fainter arrows indicate products corres-
ponding to multiple integration events. (a) 32P-labeled U3U5 substrate;
(b) homologous integration products; (c) heterologous integration products.
(B) Quanti®cation of homologous integration products using ImageQuant
software. Homologous integration in the presence of (52±96)Vpr (®lled
circles); (1±51)Vpr (®lled inverted triangles) and Vpr (®lled squares).

Figure 2. Binding of Vpr and (52±96)Vpr to the double-stranded 21mer U5
ODN. Change in steady-state ¯uorescence anisotropy of ¯uorescein-labeled
U5 ODN (10 nM) was monitored as a function of increasing concentrations
of either full-length Vpr (®lled squares) or (52±96)Vpr (®lled triangles). The
anisotropy value of labeled dsDNA alone recorded in our condition was
close to 0.04 and was systematically subtracted from the anisotropy value of
the DNA±protein complex (d anisotropy). Addition of (1±51)Vpr did not
lead to a change in anisotropy, indicating the absence of complex formation.
Isotherm binding curves were ®tted with Prism3.0 software.
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Stimulation by the (52±96)Vpr requires a viral extremity

Unlike the oligonucleotide assay, the use of long DNA
fragments implicated the presence of two structurally different
DNA molecules. The 492 bp donor DNA is a linear fragment
containing LTR-derived sequences at both extremities,
whereas the acceptor DNA is a circular DNA devoid of viral
sequences. We considered the possibility that the speci®city of
homologous integration was due to these differences between
donor and acceptor DNA. To address this issue, the experi-
ment was repeated with various heterologous DNAs. First, a
linear instead of circular pSP70 was used as the unspeci®c
acceptor DNA. Homologous integration events again were
stimulated speci®cally in the presence of 0.8 mM (52±96)Vpr
(Fig. 5B). This result indicates that the speci®city does not
originate from a preference of IN for linear substrates.
Secondly, we examined the possibility that IN and the viral
sequence speci®cally interact in the context of the circular
DNA. The pSP70 target DNA was substituted with pU3U5
DNA containing the 492 bp mini-viral fragment. Again, the
homologous integration was stimulated speci®cally in the
presence of (52±96) peptide (Fig. 5A). Taken together, these
data demonstrated that stimulation occurred exclusively in the
context of strand transfer between linear DNAs bearing
LTR-derived sequences at their extremities.

Stimulation of homologous strand transfer does not
require commitment of IN on the mini-viral DNA

There are two hypotheses to explain this effect. First, the Vpr
bound to DNA may compete for non-speci®c IN-binding sites
but not for LTR-speci®c IN-binding sites, thereby impairing
the binding of IN to the acceptor DNA. Alternatively, the
simultaneous binding of Vpr and IN to the mini-viral donor

DNA may stimulate the formation of a complex that can
undergo integration. To discriminate between these two
models, we tested whether the pre-incubation of (52±96)Vpr
and IN with DNA would modulate the stimulating effect. IN
and (52±96)Vpr were pre-incubated with both DNA molecules
in a number of different conditions (Fig. 6). First, IN, the mini-
viral DNA and the target DNA simultaneously were mixed
and pre-incubated together. In the absence of the (52±96)Vpr,
strand transfer into the plasmid DNA was the main result, as
expected given the excess of plasmid DNA over the mini-viral
fragment which would favor the commitment of IN to the
plasmid DNA (Fig. 6, lane 1). The addition of (52±96)Vpr
stimulated the homologous strand transfer products (Fig. 6,
lane 2). IN was pre-incubated with the plasmid DNA. In the
absence of (52±96)Vpr, the whole reaction yield decreased
slightly, indicating that IN was trapped by the unspeci®c DNA
upon the addition of the mini-viral DNA. Nevertheless, the
presence of (52±96)Vpr shifted the integration pattern from
heterologous to homologous integration (lanes 3 and 4).
Thirdly, IN and the donor DNA were pre-incubated together
(lanes 5 and 6). Both the overall activity yield and the
homologous to heterologous ratio increased (52% of total

Figure 5. Effect of (52±96) peptide on mini-viral DNA strand transfer using
a linear target. The reaction was performed as described in Figure 3, except
that the circular pSP70 plasmid was exchanged with either the circular
pU3U5 plasmid DNA (A) or with a linear 2500 bp target resulting from the
digestion of the pU3U5 plasmid with NdeI (B). The assay was carried out in
the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 0.8 mM of
(52±96)Vpr. The nature of the integration product is reported on the right:
32P-labeled U3U5 substrate (a), homologous integration products (b) and
heterologous integration products (c).

Figure 4. Effects of the overlapping C-terminal peptides of Vpr on mini-
viral DNA strand transfer activity. Reactions were performed by incubation
for 1 h at 37°C of 2 pmol IN, 10 ng of U3U5 substrate and 40 ng of pSP70
target in the presence of increasing concentrations of Vpr peptides.
Concentrations of 0.8, 1.6, 3.2 mM of (52±96) were used in lanes 3±5, of
(52±70) in lanes 6±8, of (70±96) in lanes 9±11 and of (60±80) in lanes
12±14, without Vpr peptides in lane 2 or without IN in lane 1. Components
were pre-incubated together for 10 min on ice before incubation at 37°C.
(A) Phosphorimage of heterologous strand transfer; bands located above the
main products correspond to multiple integration events. (B) Phosphorimage
of homologous strand transfer products.
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integration product) (compare lane 5 with lanes 1 and 3),
indicating the early commitment of IN onto the mini-viral
DNA. In these conditions, the addition of (52±96)Vpr
stimulated homologous integration which reached 85% of
the overall yield even though the increase factor was only 1.5
(lane 6). In conclusion, the stimulatory effect of the
(52±96)Vpr peptide does not depend upon the order in
which the components are added. Finally, IN was incubated
with the mini-viral DNA whilst (52±96) was incubated with
the plasmid DNA. Both protein±DNA complexes were mixed
and the reaction was started immediately (lane 7). In these
conditions, the proportion of homologous integration products
was comparable with that obtained in the absence of

(52±96)Vpr. Thus, no stimulation was observed when Vpr
was pre-bound to the plasmid DNA. This result rules out the
possibility that the stimulatory effect was due to the displace-
ment of IN from the plasmid DNA. Altogether, these data
suggest that Vpr stimulates the formation of a competent
complex on the mini-viral DNA.

(52±96) and IN bind synergistically to DNA

To obtain new insights into the possibility that the binding of
DNA stimulates the IN on the DNA, we performed an
electrophoretic mobility gel shift assay of the mini-viral DNA
in the presence of the non-speci®c target DNA. As previously
shown, the interaction of long DNA with either IN or

Figure 6. Effect of the pre-incubation of the partners on the (52±96)Vpr stimulation of the long DNA strand transfer. Reactions were performed with 2 pmol
IN, 10 ng of U3U5 substrate and 40 ng of pSP70 target in the presence (lanes 2, 4, 6 and 7) or absence (lanes 1, 3 and 5) of (52±96)Vpr. Either all the
partners are pre-incubated for 10 min on ice before 1 h of incubation at 37°C (lanes 1 and 2), U3U5 DNA donor is omitted from the pre-incubation (lanes 3
and 4) or the pSP70 target is omitted from the pre-incubation (lanes 5 and 6). Finally, IN and U3U5 on one side and (52±96)Vpr with pSP70 on the other
side were pre-incubated for 10 min on ice before being mixed together (lane 7). The nature of the integration product is reported on the right: 32P-labeled
U3U5 substrate (a), homologous integration products (b) and heterologous integration products (c).
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(52±96)Vpr led to the formation of large complexes that
eventually formed aggregates which could be recovered at the
top of an agarose gel (30,34). In the presence of increasing
concentrations of IN, no shift of the mini-viral DNA was
observed, indicating that no stable IN±DNA complex could be
recovered for concentrations up to 0.6 mM (Fig. 7, lanes 1±5).
Conversely, increasing concentrations of (52±96)Vpr led to
the formation of a complex that could be recovered at the top
of a gel (Fig. 7, lanes 6±10). No discrete shifted bands were
detected, indicating the presence of large insoluble complexes
(30).

The experiment was carried out in the presence of 0.2 mM
IN and increasing concentrations of (52±96)Vpr. DNA was
retained even at the lowest concentration of (52±96)Vpr
(Fig. 7, lane 12). For higher concentrations of the peptide, the
amount of complex was much higher than previously observed
in the absence of IN at equivalent concentrations (compare
lanes 3, 8 and 13). The quantity of complex recovered at the
top of the gel was dose dependent (lanes 12±14) and, at the
highest concentration, all the DNA molecules were trapped
within protein±DNA complexes. This result indicated a
cooperative binding of IN and (52±96)Vpr to the mini-viral
DNA. Moreover, discrete shifted bands were observed,
suggesting that stable complexes were formed between IN,
(52±96)Vpr and the mini-viral DNA.

DISCUSSION

In this study, we attempted to characterize the effect of Vpr on
the integration process in vitro. When a unique 21mer
oligonucleotide was used as a DNA donor and acceptor,
micromolar quantities of both Vpr and its C-terminal DNA-
binding domain, (52±96)Vpr, inhibited the reaction. Steady-
state ¯uorescence anisotropy showed that both full-length and

(52±96)Vpr bind to short ODNs with comparable af®nities,
thereby con®rming previous observations with long nucleic
acids (29,30). Binding of both Vpr and (52±96)Vpr to the short
substrate was positively cooperative and independent of the
sequence. It is therefore likely that the peptide±ODN
complexes encompass the entire oligonucleotide sequence.
Moreover, the concentrations of the two proteins required to
inhibit IN activities were consistent with their af®nities for the
short ODN containing the IN cognate binding site. Altogether,
these results suggest that Vpr and (52±96)Vpr impair the
interaction of the enzyme with its short DNA substrate. The
use of a 492 bp mini-viral DNA substrate con®rmed that Vpr
can inhibit the reaction. However, the activity of the DNA-
binding domain (52±96)Vpr differed notably from when the
short U5 substrate was present, as low concentrations of this
peptide stimulated the integration reaction. The ®nding that
the short and longer substrates had opposite effects is not
unprecedented as the NCp7 protein can stimulate IN activity
on long but not on short substrates in vitro (10).

(52±96)Vpr shares common features with DNA-binding
proteins that stimulate IN-mediated strand transfer. First, no
direct interaction of either Vpr or its subdomains with IN has
been reported to date. Secondly, the stimulation effect was
maximal for a precise ratio of the reaction components, and
increasing the protein concentration led to inhibition.
However, unlike other DNA-binding proteins such as NCp7
or HMGY(I), which stimulate homologous and heterologous
strand transfer integration indiscriminately, the (52±96)
domain speci®cally stimulated homologous integration result-
ing from the joining of two donor DNA substrates. This effect
has never been reported, although it has been shown that
HMG-2 may stimulate the avian sarcoma virus IN-mediated
heterologous integration more speci®cally (5).

Figure 7. Electrophoretic mobility gel shift assay with IN and (52±96) peptide. Incubations were performed for 30 min on ice with 10 ng of radiolabeled
U3U5 substrate and 40 ng of pSP70 target in a buffer containing 20 mM HEPES pH 7.0, 2 mM DTT and 10 mM MnCl2. Gel shift assay with increasing
concentrations of IN: 0.1, 0.2, 0.4 and 0.6 mM (lanes 2±5). Lane 1, no IN (left panel). Gel shift assay with increasing concentrations of (52±96)Vpr: 0.2, 0.4,
0.8 and 1.6 mM (lanes 7±10). Lane 6, no (52±96)Vpr (center panel). Gel shift assay with increasing concentrations of (52±96)Vpr in the presence of IN at the
concentration of 0.2 mM (right panel). The concentrations of (52±96)Vpr were identical to those in the center panel. Asterisks indicate discrete, stable
complexes which were observed only in the concomitant presence of IN and (52±96)Vpr.
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Strand transfer experiments performed with IN puri®ed
from viral particles have shown that the relative amounts of
heterologous and homologous strand transfer products can be
affected by the pre-incubation conditions (7). For example,
homologous strand transfer stimulation was observed when IN
was pre-incubated with the acceptor DNA, thus showing that
an early commitment with the donor DNA was responsible for
the stimulation of homologous integration. This result sug-
gested that (52±96)Vpr acts similarly by stimulating the
speci®c binding of IN to the mini-viral DNA. An alternative
model is that IN is displaced from the plasmid target by the
non-speci®c binding of (52±96)Vpr, thus increasing the
percentage of strand transfer events taking place within the
mini-viral DNA. However, three lines of evidence support the
®rst hypothesis. (i) Homologous integration was always
stimulated and was not dependent upon the order in which
the components were added. Furthermore, the pre-formation
of a complex between (52±96)Vpr and the plasmid target did
not reinforce the stimulation, thus suggesting that the
stimulatory effect did not arise from concealing the plasmid
DNA from IN. Finally, the homologous integration yield was
optimized when (52±96)Vpr was pre-incubated together with
IN and the mini-viral DNA. This result indicates that the effect
of (52±96) is probably due to the formation of a complex
involving these three partners. (ii) The speci®c displacement
of IN from the plasmid target but not from the mini-viral DNA
would require Vpr to display a differential af®nity between the
two DNA molecules. This was not the case as stimulation was
not affected by the nature of the target DNA. Moreover, it has
been shown previously that Vpr binds to DNA in a non-
speci®c way, thus rendering this hypothesis implausible
(29,30). (iii) The DNA gel shift assay demonstrated that the
apparent af®nity of IN for the mini-viral DNA was enhanced
when both proteins were present simultaneously. Moreover,
the presence of (52±96)Vpr gave rise to shifted bands within
the gel, suggesting the presence of discrete stable complexes.
Thus, we propose that (52±96)Vpr stabilizes the complexes
formed following the binding of IN to its cognate speci®c site
at the extremities of the mini-viral DNA. This enrichment of
IN±viral DNA complexes could lead to an increase of
homologous integration activity as previously observed with
IN puri®ed from viral particles (7).

The full-length Vpr did not display this activity, suggesting
that a functional motif within the (52±96) peptide is unmasked
in the absence of the N-terminal moiety of the protein.
(52±96)Vpr and Vpr did not behave similarly at low concen-
trations, as attested by the unique ability of (52±96)Vpr to
promote DNA localization to the nuclear compartment of
transfected cells (31). This difference may be due to steric
hindrance of the C-terminal part of Vpr by its (1±51) sequence
(35). Indeed, an internal folding of the protein has been
evidenced by NMR spectroscopy. This could inhibit partly the
interactions of Vpr with other protein targets, which occur
mostly by its N-terminal domain (21,36±38). This folded
structure is obviously absent in (52±96)Vpr, accounting for its
better ef®ciency. Recent data suggest that the phosphorylation
of the C-terminal part of Vpr is a prerequisite for its viral
DNA translocation activity (39). This post-translational
modi®cation may be responsible for this local change.

Finally, it is noteworthy that Vpr is a probable component
of the PIC. As homologous integration results from the

connection of two DNA substrates containing the viral
extremities, it is tempting to imagine that Vpr could contribute
to the arrangement of the PICs by closing the two DNA
extremities of the viral DNA. However, Vpr-defective virions
are able to replicate in established cell lines and primary
dividing cells, suggesting that Vpr is not necessarily required
for proviral DNA integration. Moreover, no speci®c effect of
either Vpr or (52±96)Vpr on integration was reported in vivo.
Incidentally, the stimulation of homologous integration,
although presumably thwarted by cellular factors such as
barrier-to-autointgeration factor (40), is most probably not a
relevant physiological activity as this effect would be
detrimental for viral replication. Vpr is assumed to play a
determinant role along with IN and the MAp24 proteins during
the course of the nuclear importation of the PIC in non-
dividing cells (41±43). One mechanism stipulates that Vpr
increases the af®nity for the karyopherin pathway of the
nuclear localization signal-containing components of the PIC
such as IN (28). Thus, the in vitro stimulation of homologous
integration may rather re¯ect an interaction required for the
importation of PIC into the nucleus. As this interaction is
mediated by the C-terminal domain, the N-terminal part of
Vpr would remain free to interact with the components of the
karyopherin pathway. We currently are investigating this type
of interaction.
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