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Vif is an auxiliary factor of the HIV-1 reverse transcriptase and facilitates
abasic site bypass
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The HIV-1 accessory protein Vif was found to modulate the
RNA- and DNA-dependent DNA synthesis activity of the viral RT
(reverse transcriptase) in two ways: (i) it stimulated the binding
of the viral RT to the primer by increasing the association rate
kcat/Km and by decreasing the thermodynamic barrier �H [ES] for
complex fomation, and (ii) it increased the polymerization rate of
HIV-1 RT. A Vif mutant lacking the final 56 amino acids at the
C-terminus failed to stimulate the viral RT. On the other hand,

another Vif mutant lacking the first 43 amino acids at the N-ter-
minus, which are involved in RNA binding and interaction with
the viral protease, was able to stimulate RT activity. In addition,
Vif was found to promote the bypass of an abasic site by HIV-1
RT.

Key words: abasic site, AIDS, HIV, enzyme kinetics, reverse
transcription, Vif.

INTRODUCTION

The vif gene of HIV-1 was initially shown to be dispensable for
virus infection of transformed T-cell lines. However, subsequent
studies showed that vif -deleted virions assemble in permissive
cells, and can penetrate into non-permissive cells and initiate the
process of reverse transcription, but this process fails to go to
completion [1]. This vif -dependent infectivity is manifested only
in primary lymphocytes and macrophages and in a limited number
of T-cell lines [2,3]. The vif gene is conserved in almost all
lentiviruses of primate and non-primate hosts, indicating an
essential role for its product in the replication of these viruses [4].
The vif gene encodes the 23 kDa basic protein Vif, a substantial
fraction of which is membrane-associated in virus-producing cells
and co-localizes with the protein Gag [5,6]. Analysis of the re-
verse transcription process in �Vif HIV-1 mutants in non-per-
missive cells showed a specific block in the synthesis of minus-
and plus-strand viral DNA products, resulting in an inability
to produce full-length viral DNA genomes [7]. This suggests
a possible role for Vif in the retrotranscription step [8–10]. Vif
has been shown to bind HIV-1 RNA [11] and to form multimers
in vivo through a self-association domain located at its C-terminus
[12]. This domain was also found to be essential for the Vif-
dependent stimulation of HIV-1 infectivity. Vif is phosphorylated
by cellular kinases, and this post-translational modification has
been shown to be important in regulating HIV-1 infectivity [13]. In
non-permissive cells, Vif is thought to inhibit an antiviral pathway
recently demonstrated to require the cellular protein CEM15, also
called APOBEC3G [14,15], which is a member of the family of
cytidine deaminases. The APOBEC enzyme family deaminates
specific cytidine (C) residues in either DNA or mRNA, converting
them into uridine (U) residues. APOBEC3G has been shown to be
incorporated into virions and then to deaminate cytidine residues
specifically on the minus DNA strand. As a result, when the
complementary plus-strand DNA is synthesized, high levels of
G → A substitutions are accumulated, leading eventually to the
production of non-functional proviral DNA [16]. HIV-1 Vif has
been shown to form a complex with human APOBEC3G, to impair

the translation of APOBEC3G mRNA and to accelerate the post-
translational degradation of the APOBEC3G protein by the
26 S proteasome [17,18]. As a result, virion encapsidation of
APOBEC3G is prevented, dramatically reducing G → A substi-
tutions in the proviral genome.

Recent results have clearly shown that Vif is also specifically
packaged into virions as a component of the viral nucleoprotein
and that it interacts with the genomic viral RNA, with the viral
protease and with Gag. Moreover, viral genomic RNA complexed
with natural initiator tRNA purified from Vif-defective virions
proved to be a poor substrate for in vitro reverse transcription
[19,20]. Thus we asked whether Vif, in addition to counteracting
APOBEC3G activity, might play some additional role within
the ribonucleoprotein core complex of HIV-1, in particular at the
reverse transcription step [21]. As a first attempt to investi-
gate the possible role(s) of Vif in the reverse transcription process,
we analysed its influence on the in vitro activity of viral RT
(reverse transcriptase).

MATERIALS AND METHODS

Chemicals

[3H]dTTP (40 Ci/mmol) and [γ -32P]ATP (3000 Ci/mmol) were
from Amersham Biosciences, and unlabelled dNTPs were from
Roche Molecular Biochemicals. Whatman was the supplier of
the GF/C filters. The tetrahydrofurane (dSpacer) was from Glen
Research. MuLV (murine leukaemia virus) RT was from Applied
Biosystems. HCV (hepatitis C virus) NS3 recombinant protein
was expressed and purified as described in [29]. All other reagents
were of analytical grade and were purchased from Merck or Fluka.

Nucleic acid substrates

The homopolymeric templates poly(rA) · oligo(dT) (10:1, mol/
mol) and poly(dA) · oligo(dT) (10:1) (Pharmacia) were prepared
as described in [22]. The d73-mer, either undamaged or containing
the synthetic (tetrahydrofurane) abasic site, and the corresponding

Abbreviations used: AP (site), abasic site (where a pusine or pyridimine group is removed from the DNA strand); DDS, DNA-dependent DNA synthesis;
FIV, feline immunodeficiency virus; HCV, hepatitis C virus; MuLV, murine leukaemia virus; PCNA, proliferating-cell nuclear antigen; RDS, RNA-dependent
DNA synthesis; RP-A, replication protein-A; RT, reverse transcriptase; TLS, translesion synthesis.
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Table 1 Effects of Vif on the kinetic and thermodynamic parameters for RDS and DDS catalysed by HIV-1 RT

k cat/K m values were calculated using various concentrations of the 3′-hydroxy primer. k pol values were calculated using various concentrations of RT. K d values for Vif were calculated from variations
in the K m value (*), the k cat/K m value (†) or the k pol value (‡) with Vif concentration. Values are means +− S.D. Thermodynamic parameters were determined at T = 310 K (1 kJ = 4.184 kcal).

(A) Kinetic

RDS DDS

K m (nM) k cat/K m (M−1 · s−1) k pol (s−1) K m (nM) k cat/K m (M−1 · s−1)

− Vif 109 +− 10 (3.5 +− 0.5) × 106 0.25 +− 0.01 10.6 +− 1 (1.9 +− 0.1) × 106

+ Vif 3.6 +− 0.5 (1.3 +− 0.2) × 108 0.98 +− 0.02 0.4 +− 0.05 (5.0 +− 0.5) × 107

K d Vif (µM) 0.18 +− 0.03* 0.21 +− 0.05† 0.20 +− 0.01‡ 0.27 +− 0.03* 0.23 +− 0.04†

(B) Thermodynamic

�H [ES] (kcal · M−1) �S[ES] (cal−1 · M−1 · K−1) �G [ES] (kcal · M−1)

− Vif 4.9 +− 0.1 17.5 +− 1 − 0.5 +− 0.06
+ Vif 0.3 +− 0.05 9.5 +− 1 − 2.6 +− 0.7

primer were chemically synthesized and purified on a denatur-
ing polyacrylamide gel. The sequence is 5′ GATCGGGAGGG-
TAGGAATATTGAG[X/G]ATGAAGGGTTGAGTTGAGTGG-
AGATAGTGGAGGGTAGTATGGTGGATA 3′. The sequence
complementary to the 18-mer primer is underlined. The position
of the lesion, or the corresponding G residue in the undamaged
template, is indicated in bold (where X denotes the abasic site).

Expression and purification of recombinant HIV-1 proteins

The expression vector pD10Vif [23] was introduced into
Escherichia coli strain DH5α by electroporation. Cells were
grown at 37 ◦C in 1 litre of Luria Broth to an A600 of 0.6. Isopropyl
β-D-thiogalactoside was added to a final concentration of 1 mM
and growth was continued for 4 h. Cells were lysed and recom-
binant His-tagged Vif protein was purified by affinity chromato-
graphy on Ni2+-nitrilotriacetate–agarose and subsequently by ion-
exchange chromatography using an FPLC MonoS column. For
preparation of the Vif�N and Vif�C mutants, the vif gene was
amplified using the linearized pD10Vif plasmid as a template.
The amplified full-length gene was then subjected to another
round of PCR amplification using appropriate pairs of primers to
generate two fragments, one encompassing nt 1–421 (vif �C) and
the other comprising nt 138–590 (vif �N), bearing restriction sites
for the BamHI and HindIII endonucleases. The two fragments
were cloned into the pD10 plasmid to generate pD10Vif�N and
pD10Vif�C respectively. Expression and purification of the
recombinant Vif�N and Vif�C proteins was performed as de-
scribed above. Recombinant His-tagged HIV-1 RT was expressed
and purified as described in [24].

Assay of HIV-1 RT RNA- and DNA-dependent
DNA polymerase activity

The RNA-dependent and DNA-dependent DNA polymerase
activity of RT was assayed as described in [22]. When the 5′-32P-
labelled template was used, a volume of 10 µl contained 0.05 µM
(3′-hydroxy ends) of the DNA template, 5 nM RT and Vif protein
as indicated in the Figure legends.

Steady-state kinetic measurements

Reactions were performed under the conditions described for the
HIV-1 RT activity assay. Kinetic parameters were determined

by non-least-squares computer-fitting methods utilizing the equa-
tions specified in the Figure legends.

Calculation of thermodynamic parameters

Reactions were carried out at different temperatures, and three
separate incubations were performed at each temperature in a
thermostatted water-bath, in the absence or in the presence of 0.4,
0.8, 1.6 or 3.2 µM Vif. �H [ES] and �S[ES] values were determined
according to the van’t Hoff equation:

ln (kcat/Km)obs = −�H [ES]/RT + �S[ES]/R

where R is the gas constant and T is the absolute temperature (K).
�G[ES] was calculated using the equation:

�G [ES] = �H [ES] − T�S[ES]

RESULTS

HIV-1 Vif protein increases the affinity of the viral RT for the
3′-hydroxy primer during both RDS (RNA-dependent DNA
synthesis) and DDS (DNA-dependent DNA synthesis)

Recombinant Vif protein was titrated in assays of RDS and DDS
in the presence of increasing concentrations of the 3′-hydroxy
primer. Table 1 summarizes the calculated kinetic parameters in
the presence or in the absence of Vif. The apparent affinity of
RT for the 3′-hydroxy primer was increased by Vif by 30-fold
under RDS conditions and by 26-fold under DDS conditions, as
reflected by a decrease in the value of Km (Figures 1A and 1C;
Table 1). A similar stimulatory effect was observed in the case
of the parameter kcat/Km, which was increased 37-fold under RDS
conditions and 26-fold under DDS conditions (Figures 1B and
1D; Table 1). The dependence of both Km and kcat/Km on the Vif
concentration under RDS conditions allowed the estimation of
values for the apparent affinity constant, Kd, of Vif for the RT ·
primer complex of 0.18 and 0.21 µM respectively. When the
same analysis was performed under DDS conditions, the cal-
culated Kd values for Vif were 0.27 and 0.23 µM respectively.

In control experiments, the RNA-binding protein NS3 of HCV
was titrated in RDS assays in the presence of different amounts
of HIV-1 RT. A shown in Figure 2(A), NS3 did not stimulate
HIV-1 RT. Similarly, BSA, PCNA (proliferating-cell nuclear anti-
gen), RP-A (replication protein-A) or histone H1 was titrated
in the RDS and DDS assays, but no effects on RT activity
were observed (results not shown). To test the specificity of Vif
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Figure 1 HIV-1 Vif increases the affinity of the viral RT for a 3′-hydroxy primer during both RDS and DDS

(A) The variation of the K m value for the 3′-hydroxy primer (�K m) under RDS conditions is expressed as the difference between the K m value determined in the absence of Vif and in its presence
(K app). The points were fitted to the hyperbolic equation �K m = �max/(1 + K d,vif/[Vif]), where �max denotes the maximum difference in the kinetic parameters extrapolated at infinite Vif concentration.
(B) The variation of the k cat/K m value (�k cat/K m) under RDS conditions is expressed as the difference between the k cat/K m value determined in the absence of Vif and that determined in its presence
(k cat/K app). The points were fitted to the hyperbolic equation �k cat/K m = �max/(1 + K d,vif/[Vif]). The fitting parameters were r2 = 0.9735 and SSE (sum of squares of errors) = 15.76. (C, D) As in
(A) and (B) respectively, but under DDS conditions. The fitting parameters were r2 = 0.9559 and SSE = 9.

stimulation further, we titrated increasing concentrations of HIV-1
Vif in the presence of RT from HIV-1, FIV (feline immuno-
deficiency virus) or MuLV. As shown in Figure 2(B), Vif increased
the activity of HIV-1 RT; however, it failed to stimulate both the
FIV and MuLV RT enzymes, even inhibiting the reaction at high
concentrations, indicating that its effect was specific for HIV-1.

HIV-1 Vif stimulates the reaction rate (k pol) of HIV-1 RT
Different amounts of recombinant RT were titrated in the RDS
reaction, in the presence of increasing concentrations of Vif pro-
tein. As shown in Figure 2(C), the reaction velocity at different
RT concentrations was increased by Vif. When the increase in
the slopes of the curves, representing the polymerization rate
kpol, was re-plotted to show dependence on the Vif concentration
(Figure 2D), a maximum kpol value of 0.98 s−1, corresponding to
a 4-fold stimulation of RT activity, was calculated. The apparent
Kd value for Vif was 0.2 µM (Table 1).

HIV-1 Vif decreases the thermodynamic barrier for the formation
of the complex of viral RT with the primer-template
Since Vif increased the rate of association (kcat/Km) of RT with
the 3′-hydroxy primer, the dependence of kcat/Km on the absolute
temperature of the reaction was studied in the absence or in the

presence of Vif. The corresponding thermodynamic parameters
�H [ES], �S[ES] and �G [ES] for RT · primer complex formation are
reported in Table 1. HIV-1 Vif was found to decrease the thermo-
dynamic barrier for complex formation, �H [ES], resulting in a
5-fold increase (i.e. shifted towards more negative values) of
�G [ES] for the reaction.

The C-terminal domain of Vif is required for stimulation
of HIV-1 RT activity

We produced two mutants of the Vif protein: one lacking the first
43 aa at the N-terminus (Vif�N) and the other lacking the final
56 aa at the C-terminus (Vif�C). An SDS/polyacrylamide gel of
the purified proteins is shown in Figure 3(A). We then tested the
effects of wild-type Vif and the Vif�N and Vif�C mutants on
HIV-1 RT activity against the homopolymer poly(rA) · oligo(dT).
By using a 5′-labelled (dT)20 oligonucleotide as primer, we could
directly visualize the synthesized products on a polyacrylamide
gel. As shown in Figure 3(B), addition of increasing amounts of
wild-type Vif (lanes 3–6) or of Vif�N (lane 7–10) resulted in
the stimulation of total DNA synthesis by HIV-1 RT, compared
with control reactions without Vif (lanes 1 and 2). On the other
hand, the Vif�C mutant failed to stimulate HIV-1 RT activity.
Figure 3(C) shows the quantification of the products, expressed
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Figure 2 HIV-1 Vif specifically stimulates the reaction rate (k pol) of HIV-1 RT

(A) Increasing amounts of recombinant HCV NS3 were titrated in the presence of 0.25 (�) or 0.5 (�) pmol of HIV-1 RT, under RDS conditions. The NS3 concentrations used were 0.25, 0.5,
1 and 1.5 µM. (B) Increasing amounts of recombinant Vif were titrated in the presence of HIV-1 RT (�), FIV RT (�) or MuLV RT (�). Vif concentrations used were 0.5, 1, 2 and 2.5 µM.
(C) The dependence of the reaction velocity (pmol · min−1) under RDS conditions from the RT concentration was tested in the absence or in the presence of 0.4, 0.8 or 1.2 µM Vif, as indicated.
(D) The slopes of the curves shown in (A), representing the reaction rate k pol. The variation of k pol under RDS conditions (�k pol) is expressed as the difference between the values determined in
the absence and in the presence of Vif. The points were fitted to the hyperbolic equation �k pol = �max/(1 + K d,vif/[Vif]), where �max denotes the maximum difference in the kinetic parameters
extrapolated at infinite Vif concentration. Fitting parameters were r2 = 0.9605, SSE (sum of squares of errors) = 0.0025.

as relative amounts of elongated primer relative to the total input
substrate concentration. Under the conditions used, HIV-1 RT
elongated approx. 30% of the input DNA primers in the absence
of Vif. The RT activity was increased by more than 2-fold by wild-
type Vif and the Vif�N mutant, whereas Vif�C even slightly
inhibited the reaction.

The C-terminal domain of Vif is required for stimulation of binding
of HIV-1 RT to the nucleic acid substrate

Next, the polymerization rate of HIV-1 RT was measured under
RDS conditions as a function of the poly(rA) · oligo(dT) concen-
tration, in the absence or presence of increasing amounts of the
Vif�N and Vif�C mutants. As shown in Figure 4(A), Vif�N
was still able to increase the efficiency of template utilization by
RT in a manner similar to full-length Vif, resulting in a 4-fold
stimulation of the kcat/Km of RT for the template (Figure 4B).
On the other hand, when Vif�C was tested over a wide range
of concentrations and in the presence of increasing amounts of
template, no stimulation was observed (Figures 4C and 4D). In
summary, the C-terminal domain of Vif appears to be essential to
stimulate HIV-1 RT activity.

Effect of Vif on the ability of HIV-1 RT to bypass abasic sites

It has been shown that Vif counteracts the effects of a cellular
cytidine deaminase (CEM15/APOBEC3G) which is responsible

for massive deamination of cytosine to uracil in the first (minus)-
strand DNA intermediate of HIV-1 reverse transcription. A pos-
sible consequence of the presence of uracil in DNA is triggering
of the base-excision repair pathway, with excision of the base by
a glycosylase and generation of an abasic (AP) site. Since abasic
sites can sometimes block the progress of DNA synthesis by
a DNA polymerase, we investigated the ability of HIV-1 RT to
bypass this lesion in the absence or in the presence of Vif. In a first
series of experiments, we tested the effects of Vif on the activity
of HIV-1 RT in the presence of the DNA/DNA heteropolymeric
primer-template 17/73-mer. As shown in Figure 5(A), Vif was
able to stimulate DDS by HIV-1 RT on this template in a dose-
dependent manner (compare lane 1 with lanes 2–5). Next, we
tested the effects of Vif on the same 17/73-mer substrate, but
this time with a synthetic abasic site (tetrahydrofuran moiety)
at position +1 on the template strand (Figure 5B). As shown,
DDS by HIV-1 RT using the AP-site-containing template was
increased by Vif in a dose-dependent manner (Figure 5B, compare
lane 6 with lanes 7–10). When the same Vif concentrations were
tested with the damaged template in the presence of DNA poly-
merase α, an enzyme which is blocked by an abasic site, no
stimulation was observed (Figure 5B, lanes 1–5). Quantification
of the translesion synthesis (TLS) products (Figure 5C) showed a
4-fold stimulation of RT activity and a Kd value for Vif of 0.3 µM.

Next, we tested the specificity of nucleotide incorporation
by HIV-1 RT in front of an abasic site. As shown in Figure 5(D),
HIV-1 RT preferentially incorporated dATP at the +1 position,
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Figure 3 Purification and characterization of the N- and C-terminal domain deletion mutants of HIV-1 Vif

(A) SDS/PAGE of samples taken after the final step of purification (Mono-S) of recombinant wild-type Vif and the mutants Vif�N and Vif�C. Increasing amounts of Vif were subjected to denaturing
PAGE (10 % gel) and stained with Coomassie Blue. MWM denotes molecular-mass markers (B) 7 M Urea/17 % polyacrylamide sequencing gel analysis of the products synthesized by HIV-1 RT
on poly(rA) · [5′-32P]oligo(dT)20 in the absence or in the presence of wild-type Vif and the Vif�N and Vif�C mutants. The concentrations of recombinant Vif proteins used are indicated. The
positions corresponding to the 20-mer primer, as well as of various oligonucleotide size markers, are indicated on the left. (C) Quantification of the products synthesized in the experiment shown in
(B) was performed after scanning densitometry with the program ImageQuant. The intensities of the signals corresponding to all the products above the 20-mer primer were normalized to the total
intensities of the corresponding lane, and the relative incorporation (r.i..; expressed as % of total input) values were plotted against Vif concentration. Data were fitted to the hyperbolic equation
r.i. (%) = %incmax/(1 + K d,vif/[Vif]), where %incmax denotes maximal percentage incorporation extrapolated at infinite Vif concentration.

(compare lane 4 with lanes 1–3). In a subsequent experiment (Fig-
ure 5E, upper panel), the efficiency of nucleotide incorporation in
front of the abasic site by HIV-1 RT was measured by varying the
dATP concentration in the absence (lanes 1–4) or in the presence
(lanes 5–8) of Vif. Quantification of the products (Figure 5E,
lower panel) revealed that Vif increased by 6-fold the efficiency
of dATP incorporation opposite an abasic site by HIV-1 RT.

DISCUSSION

We have analysed possible functions of Vif in the reverse trans-
cription process. The effect of Vif, as shown by kinetic and
thermodynamic analysis, was to increase the efficiency of the
association of HIV-1 RT with the template-primer substrate. This
effect appeared to be specific, since other unrelated RNA-binding
(HCV NS3) and DNA-binding (such PCNA, RP-A and histone
H1) proteins did not show any stimulation (Figure 2A and results
not shown). The N-terminal domain of Vif, which is essential
for RNA binding, was dispensable for stimulation, whereas the
C-terminal domain was essential. Moreover, stimulation was
observed both under RDS and DDS conditions. These results sug-
gest that Vif stimulates HIV-1 RT through a direct interaction.
However, we were not able to detect a physical interaction of Vif
with HIV-1 RT using a variety of techniques, such as co-immuno-
precipitation, gel filtration and pull-down assays (results not

shown). It is possible that such an interaction might be too weak
to survive direct isolation of the complex, a fact that could also
explain the relatively high amount of Vif protein required to detect
stimulation of RT activity in vitro (50-fold molar excess over the
RT). Vif has been shown to interact with other components of
the nucleoprotein complex; hence one possibility is that additional
factors might be required to increase the stability of the RT–Vif
complex.

Since the requirement for a functional Vif is restricted to
certain cell types, it is possible that the interaction between Vif
and HIV-1 RT might not be essential for the reverse transcrip-
tion process per se. This is not surprising, since several other
HIV-1 proteins have been implicated in contributing to the effi-
ciency of the reverse transcription process in vivo, such as the in-
tegrase, the nucleocapsid protein and Tat [21]. The auxiliary pro-
tein Nef has also been shown to interact physically with HIV-1
RT and to stimulate its association with the viral RNA [25]. The
effect of Vif, however, might become more relevant under chal-
lenging conditions, for example when a minus-strand DNA con-
taining abasic sites has to be used as a template by HIV-1 RT. That
abasic sites might be present in the proviral DNA is suggested by
the fact that the cellular uracil N-glycosylase UNG2 is packaged
into HIV-1 virions through physical interaction with the viral
RT and integrase [26]. UNG2 removes uracil residues from
double- or even single-stranded DNA, generating abasic sites.
Its presence in the HIV-1 virion has been explained as part of
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Figure 4 The C-terminal domain of Vif is required for stimulation of HIV-1 RT activity

(A) The variation in the velocity of the reaction catalysed by HIV-1 RT under RDS conditions, in the absence or in the presence of increasing amounts of the Vif�N protein, was plotted as a function of
the nucleic acid substrate concentration (expressed as available 3′-hydroxy ends). Data were fitted to the Michelis–Menten equation of the form v = V max/(1 + K m/[3′-hydroxy]). Poly(rA) · oligo(dT)
concentrations used were 15, 30, 60 and 120 nM. (B) The maximal reaction rate (k cat) was calculated from the V max values derived from the experiments shown in (A) according to the relationship
k cat = V max/[E0], where [E0] is the total input enzyme concentration. These k cat values were used to calculate the k cat/K m values in the absence and in the presence of Vif�N, which were then plotted
against the Vif�N concentration. (C) Experiments were performed as in (A), but in the absence or in the presence of increasing amounts of Vif�C protein. Poly(rA) · oligo(dT) concentrations used
were 5, 10 and 20 nM. (D) k cat/K m values in the absence or in the presence of Vif�C were calculated as in (B) and plotted against Vif� concentration.

the viral defence mechanism against the accumulation of uracil
in the viral DNA. Even in the absence of APOBEC3G, that is in
the presence of Vif and/or in permissive cells, there are a number
of potential sources of dUTP incorporation into the minus-
strand viral DNA. For example, in macrophages the pools of
deoxynucleotides in general, and those of TTP and dCTP in
particular, are very low (<1 pmol/100 cells), and there is no
de novo deoxynucleotide synthesis [26]. Thus when a genomic
RNA sequence of the type A-G-C-U is to be reverse transcribed
in such an environment, some of the minus strands might look like
dT-dU-dG-dA because of the lack of dCTP and the stability of the
dU-G pair. Accumulation of dU in the minus-strand DNA has been
shown to be dangerous for retroviruses. In particular, for HIV-1
it has been proposed that accumulation of uracil in retroviral
DNA may disrupt the viral life cycle by altering the specificity of
plus-strand DNA synthesis initiation during reverse transcription
[27]. Owing to the presence of UNG2 physically associated with

the RT, it is likely that most of the dU residues present in the
minus-strand DNA will be readily converted into abasic sites.
Since the viral RNA genome is degraded as soon as the first DNA
strand is synthesized, there is probably a time interval between
the initiation of minus-strand DNA synthesis and completion
of the plus-strand DNA, when viral DNA is very sensitive to
the action of uracil-processing enzymes. The presence of abasic
sites in the minus-strand DNA might either trigger viral DNA
cleavage by specific endonucleases or hinder the synthesis of the
complementary plus-strand DNA. Indeed, HIV-1 RT has been
shown to bypass abasic sites in an error-prone fashion, either by
inserting an A opposite the lesion, or through primer misalignment
with a nucleotide downstream of the lesion. Moreover, in both
cases the incorporation efficiency opposite the abasic site was
severalfold lower than with undamaged templates, resulting in
marked pausing of the enzyme at the damaged site [28]. Our
analysis showed that Vif can increase by 5–6-fold the efficiency
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Figure 5 Vif stimulates TLS by HIV-1 RT in the presence of an abasic site

(A) 7 M Urea/20 % (w/v) polyacrylamide sequencing gel analysis of the products synthesized by HIV-1 RT on the undamaged 18/73-mer DNA template in the presence of Vif. (B) 7 M Urea/20 % (w/v)
polyacrylamide sequencing gel analysis of the products synthesized by HIV-1 RT (lanes 6–10) or human DNA polymerase α (lanes 1–5) in the absence or in the presence of Vif and in the presence of
the 18/73-mer DNA template containing an abasic site at position +1. The concentrations of recombinant Vif protein used are indicated. The positions corresponding to the 18-mer primer and to the
full-length products, as well as the sequence of the template strand, are indicated on the right. The arrow on the left (AP) indicates the position of the products corresponding to incorporation opposite
the lesion. (C) Quantification of the TLS products synthesized in the experiment shown in (B) was performed after scanning densitometry with the program ImageQuant. The intensity of the signal
corresponding to the TLS products were normalized to the total intensity of the corresponding lane, and the relative incorporation (TLS products; expressed as % of total input) was plotted against
Vif concentration. Data were fitted to the hyperbolic equation TLS (%) = %TLSmax/(1 + K d,vif/[Vif]), where %TLSmax denotes maximal percentage TLS extrapolated at infinite Vif concentration.
(D) 7 M Urea/20 % polyacrylamide sequencing gel analysis of the products synthesized by HIV-1 RT (lanes 1–4) or human DNA polymerase α (lanes 5–8) under single nucleotide incorporation
conditions. Reactions were performed in the absence of Vif and in the presence of the 18/73-mer DNA template containing an abasic site at position +1. The single nucleotide added in each reaction is
indicated. The position corresponding to the 18-mer primer is indicated on the left, and the sequence of the template strand is shown on the right. The arrow on the left indicates the position
of the products corresponding to incorporation opposite the lesion. (E) Upper panel: 7 M Urea/20 % polyacrylamide sequencing gel analysis of the products synthesized by HIV-1 RT in the ab-
sence or in the presence of Vif and in the presence of the 18/73-mer DNA template containing an abasic site at position +1, under single nucleotide incorporation conditions. The concentrations
of the single-nucleotide dATP used in each reaction are indicated below the gel. The positions corresponding to the 18-mer primer (0) and to the first incorporated nucleotide (+ 1), as well as
the sequence of the template strand, are indicated on the left. Lower panel: quantification of products synthesized (see upper panel) was performed after scanning densitometry with the program
ImageQuant. The intensity of the signal corresponding to the +1 products was normalized to the total intensity of the corresponding lane, and the relative elongation values (expressed as % of
elongated primer ends compared with total input) were plotted against dATP concentration. Data were fitted to the Michelis–Menten equation in the form: v = V max/(1 + K m/[dATP]). The calculated
K m, V max (V m) and Vmax/K m (incorporation efficiency) values are indicated on the right.
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with which the viral RT can perform TLS over an abasic site
in vitro. However, this bypass was always error-prone, leading to
incorporation of an A in front of the abasic site. Thus, independent
of the mechanism by which uracil is incorporated into minus-
strand DNA (either by deamination of dC or by misincorporation
of dU in front of a G), the result of TLS by HIV-1 RT will be a
G → A substitution in the plus-strand DNA.

We can thus envisage a scenario wherein Vif has the general
function of preventing the ‘stalling’ of the reverse transcription
complex at abasic sites present in the minus-strand viral DNA, but
at the expense of accumulating mutations. In the infected cell, the
resulting level of mutation would normally be compatible with
proviral DNA function, and might even contribute to increasing
the genetic variability of HIV-1. However, in the presence of
APOBEC3G, massive deamination of dC residues would increase
the accumulation of G → A mutations to lethal levels, hence the
need for the additional role of Vif in preventing APOBEC3G
incorporation into virions.
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