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The vif gene of human immunodeficiency virus type 1 (HIV-1) is essential for viral replication, although the
functional target of Vif remains elusive. HIV-1 vif mutant virions derived from nonpermissive H9 cells dis-
played no significant differences in the amount, ratio, or integrity of their protein composition relative to an
isogenic wild-type virion. The amounts of the virion-associated viral genomic RNA and tRNA3

Lys were addi-
tionally present at normal levels in vif mutant virions. We demonstrate that Vif associates with RNA in vitro
as well as with viral genomic RNA in virus-infected cells. A functionally conserved lentivirus Vif motif was
found in the double-stranded RNA binding domain of Xenopus laevis, Xlrbpa. The natural intravirion reverse
transcriptase products were markedly reduced in vif mutant virions. Moreover, purified vif mutant genomic
RNA-primer tRNA complexes displayed severe defects in the initiation of reverse transcription with recombi-
nant reverse transcriptase. These data point to a novel role for Vif in the regulation of efficient reverse
transcription through modulation of the virion nucleic acid components.

Lentiviruses are distinct from simpler retroviruses in encod-
ing numerous regulatory proteins that modulate virus infectiv-
ity. Vif is a lentiviral protein which modulates viral replication
(22, 23, 39) and, consequently, pathogenicity (19). It is believed
to act during the late stages of virus assembly by enabling the
establishment of integrated provirus in new target cells. Since
vif mutant virions show severely impaired infectivity, Vif must
regulate one or more of the molecules found in virions. Im-
munofluorescence analysis of infected cells has demonstrated
that Vif and the major structural protein, Gag, colocalize in the
cytoplasm (36). Furthermore, Vif cosediments with some of
the intracellular preassembly complexes of Gag, but not with
the more mature forms of these assembly complexes (38).
These data suggest that Vif and Gag may transiently be found
together in a complex during virus assembly. However, the
failure of Gag and Vif to coimmunoprecipitate tends to argue
against a direct interaction of Vif with assembling Gag parti-
cles (38), although the involvement of additional bridging mol-
ecules cannot be ruled out. Vif is also virtually absent from
highly purified human immunodeficiency virus type 1 (HIV-1)
virions, further supporting the hypothesis that the role of Vif in
infectivity occurs during the preassembly stages of particle
formation within the cytoplasm (7).

The requirement for Vif for viral replication exhibits a strik-
ing cell-type dependence. For example, Jurkat and SupT1 cells
do not require Vif for HIV-1 replication; for H9 cells and
primary blood-derived monocytes (PBMCs), however, Vif is
essential. In the case of nonhuman lentiviruses, PBMCs de-
rived from the appropriate animals fail to support the replica-
tion of vif mutant viruses (14, 33, 42). This finding has led to

the concept that specific cellular factors exist which act as
inhibitors of lentiviral replication and which Vif must over-
come (26, 37). Vif may therefore exist in an intimate molecular
relationship with components of the infected cells, where it
modulates the biology of the virus.

Analysis of vif mutant virions during entry into target cells
has suggested that either the stabilization of the viral nucleo-
protein complex is compromised (35), or the processivity of
reverse transcription is impaired (30, 40, 44). This type of
analysis follows the steps in reverse transcription that coincide
with several early-stage events in general, making it difficult to
identify the key regulatory event. Studies examining biochem-
ical differences between wild-type and vif mutant virions have
provided little compelling evidence for Vif-mediated modifi-
cation or altered incorporation of the virion-associated pro-
teins Gag, Pol, and Env (1, 11, 32, 44). However, intriguing
evidence demonstrated that detergent-treated vif mutant viri-
ons are defective in de novo reverse transcription (8, 13), a
finding which suggests that Vif may regulate molecules in-
volved in the reverse transcriptase (RT) process itself.

RT is synthesized as part of the Gag-Pol polyprotein, which
includes the major Gag structural proteins, the virus-encoded
protease, and integrase (IN). Regions of the Gag-Pol polypro-
tein, particularly RT, are believed to direct the selective incor-
poration of cellular tRNA3

Lys into virions, where it functions as
the primer in reverse transcription (27, 28). Placement of the
tRNA3

Lys molecule on the primer binding site (PBS), which is
located near the 59 end of the viral genome, may be guided by
p7NC (3, 18). tRNA itself may also contribute to the proces-
sivity of RT. HIV-1 infection has been shown to influence the
posttranscriptional modification of tRNAs (15, 24). These
modifications of tRNA3

Lys may contribute to the synthesis of
strong stop DNA, presumably through added contacts between
the tRNA and the viral genome in regions outside the PBS (16,
20, 21). Experiments using avian leukosis virus have indicated
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that the 59 end of the viral genome and the primer tRNATrp

form a complex secondary structure that influences the initia-
tion of reverse transcription (5, 29).

RNA-binding proteins regulate many cellular events, includ-
ing splicing, translation, and RNA transport (2, 9). Virally en-
coded proteins, especially those of HIV-1, including Tat, Rev,
and p7NC, have contributed substantially to our understanding
of RNA-binding protein function. We now report that another
HIV-1-encoded protein, Vif, associates with its RNA. Our data
indicate that Vif interacts with the viral genomic RNA within
the cytoplasm, probably acting in concert with other as yet un-
determined cellular factors. Vif appears to direct efficient re-
verse transcription by affecting the nucleic acid components of
the RT complex.

MATERIALS AND METHODS

DNA constructs. The parental wild-type (WT) virus used for this study was
derived from HXB2NEO (7). A deletion mutant resulting in a premature stop
codon was generated in the vif open reading frame between nucleotide po-
sitions 4702 and 4772 by digestion with NdeI and XmnI, creating blunt ends
by using Klenow fragment, and religation with T4 DNA ligase to generate
HXB2VifDNEO (vifD). The env deletion vector and the vif mutant vector with an
env deletion were created by removing nucleotides 6620 to 7200 of HXB2 by
digestion with BglII and religation with T4 ligase.

Cells, DNA transfection, and infection. COS-7 cells were transfected by the
DEAE-dextran method (7). COS-7 cells transfected with HXB2-derived env
mutants were co-transfected with a murine leukemia virus Env expression vector,
SV-A-MLV-env, in order to pseudotype HIV-1 virions.

Cell culture supernatants containing viral particles were harvested 3 days after
transfection, precleared by centrifugation in a Sorvall RT 6000B centrifuge at
3,000 rpm for 30 min, filtered through a 0.2-mm-pore-size membrane, and used
to infect Jurkat and H9 cell lines. At 24 h postinfection, cells were grown in the
presence of 1.2 mg of G418 per ml for at least 2 weeks before analysis of cellular
and viral protein profiles to ensure that all surviving cells contained viral ge-
nomes.

Exogenous and endogenous RT assays. Exogenous RT assays using cell culture
supernatants were performed as previously described (7). Endogenous RT assays
used virions which were first normalized for viral protein content by immuno-
blotting and assays of exogenous RT activity. Pelleted virions were resuspended
in 50 ml of endogenous RT buffer (40 mM Tris-HCl [pH 8.0], 10 mM MgCl2,
6 mM KCl, 2 mM dithiothreitol [DTT], 0.5 mM dCTP, 0.5 mM dGTP, 0.5 mM
dTTP, 20 mCi of [35S]dATP, 0.02% Triton X-100) and incubated at 37°C for 16 h.
The reaction products were precipitated with 3 ml of chilled 10% (wt/vol) tri-
chloroacetic acid using tRNA as a carrier. [3H]dTTP bound to GF/C glass mi-
crofiber filters after five washes with chilled 5% trichloroacetic acid was quanti-
fied with a Beckman LS 6500 scintillation counter.

Immunoblotting. Virion-associated viral proteins were prepared from cell
culture supernatants and analyzed by immunoblotting (7). Membranes were
probed with either HIV-1-positive patient serum (diluted 1:200), rabbit poly-
clonal antiserum against Vif (1:1,000), sheep polyclonal anti-p17MA (1:400),
mouse monoclonal anti-RT (1:400; BTI), rabbit polyclonal anti-IN (1:400), goat
polyclonal anti-p7NC (1:400), goat polyclonal anti-p6gag (1:1,000), or rabbit poly-
clonal anti-Vif (1:1,000).

Northern and slot blots for tRNA and genomic RNA. Virions were pelleted
through 30% sucrose and resuspended in TNE (10 mM Tris-HCl [pH 7.4], 100
mM NaCl, 1 mM EDTA), treated with 1% sodium dodecyl sulfate (SDS), and
extracted with phenol-chloroform. Virion-associated nucleic acids were then
ethanol precipitated and resuspended in diethyl pyrocarbonate-treated water.
Viral genomic RNA was detected from virions by slot blot or Northern blot
analysis by using an in vitro-transcribed probe spanning the 59 long terminal
repeat (LTR) and gag regions (BglII-BglII; nucleotide positions 52 to 1675) in the
antisense orientation. Hybridization was performed under standard conditions,
and blots were subjected to autoradiography.

Viral genomic RNA dimers were analyzed by running viral RNA directly on
nondenaturing 1.0% agarose gels in Tris-borate-EDTA (TBE) running buffer.
Gels were treated with 10% formaldehyde for 30 min at 70°C, washed twice for
20 min in 203 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and
transferred overnight to nylon membranes which were hybridized with the 59
LTR-gag probe described above.

tRNA3
Lyss were obtained from virion-associated nucleic acid preparations sim-

ilar to those for genomic RNA. RNAs were run on 1% agarose gels containing
formaldehyde, washed twice for 20 min in 203 SSC, and transferred overnight
to nylon membranes. Membranes were hybridized with a tRNA3

Lys-specific prim-
er (59-TGGCGCCCGAACAGGGAC-39), which was end labeled with [g-32P]
dATP by using polynucleotide kinase.

RNase protection assay. Total RNA was isolated from infected H9 cells by the
RNA Stat-60 RNA isolation method (Tel-Test, Inc., Friendswood, Tex.). After
ethanol precipitation, samples were resuspended in water and stored at 270°C.

Typically, 5 mg of total RNA from H9 cells was precipitated in ethanol in the
presence of 10 mg of carrier tRNA and resuspended in 30 ml of hybridization
buffer [40 mM piperazine-N-N9-bis(2-ethanesulfonic acid) (PIPES; pH 6.4), 1
mM EDTA, and 400 mM NaCl in 80% formamide]. Viral genomic RNA was
detected with an in vitro-transcribed probe containing a region of gag
(HindIII-PstI; nucleotide positions 1291 to 998) in the antisense orientation.
Samples were heated to 85°C for 10 min and hybridized to 2 3 105 cpm of
32P-labelled antisense RNA at 50°C overnight. Samples were then incubated at
25°C for 2 h, followed by a 1-h incubation at 37°C in the presence of 300 ml of
RNase digestion buffer (10 mM Tris-HCl [pH 7.5], 300 mM NaCl, 5 mM EDTA,
2-mg/ml RNase T1, 40 mg of RNase A). The RNase digestion was terminated by
the addition of SDS (1% final concentration) and proteinase K (300-mg/ml final
concentration) and incubated at 37°C for 30 min. Samples were phenol-chloro-
form extracted and ethanol precipitated in the presence of 10 mg of carrier
tRNA, and the dried pellets were resuspended in loading buffer (80% form-
amide, 10 mM EDTA [pH 8.0]). Samples were analyzed by 6% polyacrylamide–7
M urea–13 Tris-borate-EDTA gels and visualized by autoradiography.

PCR of intravirion nucleic acids. PCR was performed according to the stan-
dard manufacturer’s conditions (Perkin-Elmer). PCRs were run at 94°C for 30 s,
55°C for 30 s, and 72°C for 45 s for 30 cycles, followed by a 5-min extension at
72°C. Early RT products or strong stop DNA was detected with primer pairs U5a
and U5 (59-CGTCTGTTGTGTGACTCTGGTAAC-39 and 59-CTGCTAGAGA
TTTTCCACACTGAC-39, respectively), R (59-GGCTAACTAGGGAACCCAC
TGCTT-39) and U5, and TAR (59-GGTCTCTCTGGTTAGACCAGATCT-39)
and U5. The first jump was detected with primer pair U3 (59CACACACAA
GGCTACTTCCCT-39) and U5. Extended minus-strand synthesis into the gag
region was detected with primer pair H68 and H71 (59-GCGAGAGCGTCAG
TATTAAGCG-39) and 59-TCTGATAATGCTGAAAACATGG-39, respective-
ly). PCR products were run on 1.6% agarose gels, incubated twice for 20 min in
1.5 M NaCl with 0.5 N NaOH and twice for 20 min in Southern neutralization
buffer (1 M Tris [pH 7.4], with 1.5 M NaCl), and transferred overnight to a nylon
membrane. Southern blot hybridization was performed with an in vitro-tran-
scribed riboprobe recognizing gag and LTR, as described above. Filters were
washed and visualized by autoradiography.

In vitro translation. In vitro translation of Vif was performed as previously
described (12). Vif was in vitro transcribed by using the T7 promoter and
translated by using the TNT rabbit reticulocyte lysate system according to the
manufacturer’s instructions (Promega), in the presence of [35S]cysteine for 90
min at 30°C. Following the TNT reaction, either canine pancreatic microsomal
membranes (2 U) (Promega), RNase A (10 mg/ml), or both in combination were
added directly to the reaction mixture and incubated for 30 min at 30°C. The
sample was diluted with 500 ml of physiological salt buffer (50 mM Tris-acetate
[pH 7.5], with 150 mM potassium acetate, 2.5 mM MgOAc, 1 mM DTT),
adjusted to 2 mM tetracaine hydrochloride, and incubated at room temperature
for 5 min. Samples were layered onto a 1-ml cushion of 500 mM sucrose in
physiological salt buffer and sedimented in a TLA 100.4 rotor at 160,000 3 g for
15 min at 4°C. Pellets were resuspended in 500 ml of immunoprecipitation buffer
(0.15 M NaCl, 0.01 M Tris-HCl [pH 7.4], 1% Triton X-100), while a final
concentration of 0.5% Triton X-100 was added to the upper 500 ml of sample
supernatants. All samples contained phenylmethylsulfonyl fluoride (PMSF), leu-
peptin, aprotinin, and antipain. Samples were then immunoprecipitated for 3 h
at 4°C with anti-Vif antiserum (12) that had been preabsorbed with protein
A-Sepharose. Proteins were analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE), followed by autoradiography.

Gradient sedimentation of Vif. H9 cells (5 3 106) infected with HXB2NEO
were washed in phosphate-buffered saline and then lysed with 0.5% Triton X-100
in phosphate-buffered saline containing PMSF, leupeptin, aprotinin, and anti-
pain. Cell lysates were precleared of nuclei by centrifugation at 1,500 3 g for 5
min at 4°C and incubated in the presence or absence of RNase A (10 mg/ml) for
30 min at 30°C. Postnuclear supernatants were loaded onto a 15 to 50% (wt/vol)
sucrose gradient and centrifuged at 40,000 rpm for 90 min at 4°C in a Beckman
SW41Ti rotor. Fractions were collected, precipitated with trichloroacetic acid,
resuspended in loading dye, separated by SDS-PAGE (12% polyacrylamide),
and analyzed by Western blotting with antiserum against Vif.

In vivo Vif-RNA association. H9 cells either mock infected or chronically
infected with HXB2NEO or HXB2VifDNEO were washed in phosphate-buff-
ered saline, pelleted, and resuspended in hypotonic lysis buffer (10 mM Tris-HCl
[pH 8.0], with 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT) in the presence of
protease inhibitors. Cells were incubated on ice for 10 min, homogenized with 20
strokes of a tight-fitting glass Dounce homogenizer, and centrifuged at 1,500 3
g for 5 min at 4°C to remove nuclei. Postnuclear supernatants were immunopre-
cipitated in the presence of 0.5% NP-40 and 10 mg of yeast tRNA per ml with
antiserum against Vif (preabsorbed on protein A-Sepharose) for 3 h at 4°C.
Precipitated samples were subjected to either cDNA synthesis with avian my-
eloblastosis virus RT (Invitrogen), followed by PCR, or were submitted directly
to PCR. PCRs were run at 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s for 30
cycles, followed by a 5-min extension at 72°C to amplify the env-coding region
with primers J10 and J12 (59-CGCGGGATCCTGTTAAATGGCAGTCTAGC
AGAAG-39 and 59-CGCGCGCGGAATTCTTAAACAGTAGAAAAATTCCC
CTC-39, respectively). PCR amplification was also performed with the HXB2
construct as a positive control. PCR products were separated on 1.2% agarose
gels and visualized by ethidium bromide staining.
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In vitro RT reactions. Supernatants were harvested from H9 cells infected with
HXB2NEO(env2) and HXB2VifDNEO(env2), and virions were pelleted as
described above. Total viral RNA was extracted from viral pellets by the guani-
dinium isothiocyanate method (18) and dissolved in 5 mM Tris buffer (pH 7.5).
Total viral RNA was incubated for 15 min at 37°C in 20 ml of RT buffer (50 mM
Tris-HCl [pH 7.5], with 60 mM KCl, 3 mM MgCl2, 10 mM DTT) containing 40
ng of purified HIV RT, 10 U of RNasin, and various radioactive a-32P-labeled
deoxynucleoside triphosphates (dNTPs). The reaction mixture for measuring
total tRNA placement contained 0.2 mM dCTP, 0.2 mM dTTP, 5 mCi of
[a-32P]dGTP (Dupont; 3,000 Ci/mmol, 10 mCi/ml), and 0.5 mM ddATP. For
experiments assessing the initiation of reverse transcription, the reaction mixture
contained only 5 mCi each of [a-32P]dGTP and [a-32P]dCTP (Dupont; 3,000
Ci/mmol, 10 mCi/ml). The reaction products were ethanol precipitated, resus-
pended, and analyzed on 6% polyacrylamide–7 M urea–13 TBE gels.

RESULTS

Viral growth kinetics and exogenous and endogenous RT.
To identify the functional target of Vif, wild-type and vif mu-
tant virions derived from permissive COS-7 cells were used to
infect Jurkat and H9 cells. Virion production was monitored
by assaying RT activity in the extracellular supernatant every
other day for 25 days. The infected Jurkat cells produced
comparable levels of wild-type and vif mutant virus (Fig. 1A).
In H9 cells, however, the wild-type virus was readily competent
for productive infection, but the vif mutant failed to replicate
(Fig. 1B).

Wild-type and vif-mutant virions produced from H9 cells
were the focus of further analysis. The activity of virion-asso-
ciated RT was first examined by measuring exogenous RT
activity: virions were lysed with 1% Triton X-100 and added to
an exogenous template and primer, and the incorporation of
radiolabeled dTTP was determined. When wild-type and vif
mutant virions were normalized by virion-associated protein
profiles, including RT, they gave indistinguishable levels of
exogenous RT activity (Fig. 1C). The same preparation of
virions was then monitored for endogenous RT activity. In this
case, 0.02% Triton X-100 was used for lysis, and radiolabeled
dATP and nonradioactive dGTP, dCTP, and dTTP were added
to the reaction. Under these conditions, the vif mutant showed
a markedly decreased ability to incorporate radiolabeled nu-
cleotides (Fig. 1D). The endogenous RT assay utilizes viral
genomic RNA and tRNA3

Lys as template and primer, respec-
tively, a situation distinct from the exogenous RT reaction.
Taken together, the data from these two assays suggest a defect
in the reverse transcription process in the vif mutant that can-
not be attributed to the RT molecules.

Virion-associated protein and RNA profiles. In order to
examine the virion-associated protein profiles, we established
stable H9 cell lines using wild-type and vif mutant constructs.
env was deleted in these constructs in order to prevent the
spreading of the wild-type virus in culture; previous studies
have established that Env is not the target of Vif (11, 32, 44).
These H9 cell lines expressed comparable levels of intracellu-
lar viral proteins (data not shown). Pelleted virions were ex-
amined by Western blotting, which demonstrated that virion
production and release were unaltered in the vif mutant (Fig.
2A to F). Immunoblots were probed with HIV-positive patient
serum and with antibodies recognizing p7NC, p17MA, p6gag,
RT, and IN. No significant differences were seen in the com-
position, ratio, or integrity of any of the Gag or Pol proteins
examined (Fig. 2A to F).

We then analyzed viral genomic RNA from virions derived
from stable H9 cell lines containing wild-type or vif mutant
constructs. When the viral RNA was extracted, run on a non-
denaturing gel, and then probed for genomic RNA by North-
ern blotting, the vif mutant virions were found to possess levels
of viral genomic RNA in its dimeric form which were indistin-
guishable from those of the wild type (Fig. 2G).

Natural intravirion RT products. The natural intravirion RT
products were then monitored by direct extraction of nucleic
acids from virions, followed by a combination of PCR for
specific sites in the viral genome and Southern blotting. Our
intent was to determine whether vif mutant virions have a
defect in reverse transcription that precedes virus entry into
target cells and occurs in the absence of any in vitro manipu-
lation. The wild type and vif mutant produced in Jurkat cells
were first normalized for protein composition and exogenous
RT activity (data not shown) and then examined for virion
incorporation of tRNA3

Lys and viral genomic RNA (Fig. 3A
and B, respectively); in both cases, no distinguishable differ-
ences were seen. The existence of RT-directed DNA exten-
sions from the tRNA3

Lys primer was then assessed by us-
ing PCR primers within the 59 LTR: U5 and U5a, R and U5,
and TAR and U5 for minus-strand strong stop DNA. Ad-
ditional PCR primers covered the first strand transfer (U3
and U5). PCR products from all four sets of primers were
indistinguishable when wild-type and vif mutant virions from
Jurkat cells were compared (Fig. 3C). These data suggest that

FIG. 1. Viral growth curves and exogenous and endogenous RT reactions.
Cell culture supernatants from COS-7 cells transfected with wild-type (wt) or vif
mutant (vifD) viral constructs were used to initiate infections. After infection of
Jurkat (A) and H9 T-cell (B) lines, virion production was monitored by RT
activity in cell culture supernatants. Exogenous (C) and endogenous (D) RT
reactions utilized H9-derived virions (wild type and vif mutant), which were
normalized by viral protein content as displayed in Fig. 2. CPM, counts per
minute.
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Vif plays no detectable role in the extent of reverse transcrip-
tion within Jurkat-derived virions, as had been predicted.

A similar analysis of intravirion RT products was performed
on wild-type and vif mutant virions from H9 cells. Virions were
normalized for virion-associated protein content and exoge-
nous RT activity before nucleic acid extraction. Comparable
levels of virion incorporation of tRNA3

Lys and viral genomic
RNA were noted (Fig. 3D and E, respectively). PCR products
using the four sets of primers described above were then eval-
uated by using H9-derived virions. For all DNA-extended
products examined, the vif mutant displayed an approximately
eightfold reduction in reverse transcription (Fig. 3F). These
data argue in favor of an RT-mediated defect in the vif mutant
that preceeds the entry of virions into new target cells.

RNA association of Vif. We next examined the association of
Vif with RNA as a means of evaluating the possibility that Vif
could regulate the RT complex through an association with
viral genomic RNA or tRNA3

Lys. We therefore translated Vif in
vitro by using a rabbit reticulocyte lysate and assessed its ability
to be pelleted by a 160,000 3 g centrifugation. We also post-
translationally treated Vif-containing lysates with RNase A,
supplemented the lysates with canine pancreatic microsomes,

or exposed them to a combination of both treatments. This
assay served as a preliminary means of assessing the ability of
Vif to associate with a complex containing membranes, as
previously suggested (12), or RNA. In the absence of RNase A
or microsome treatment, approximately 50 to 60% of Vif was
pelletable, as previously shown (12) (Fig. 4A). When lysates
were treated with RNase A, irrespective of whether canine
pancreatic microsomes were present, the ability of Vif to pellet
was severely impaired. The presence of canine pancreatic mi-
crosomes did not appear to significantly influence Vif sedimen-
tation.

FIG. 2. Protein and genomic RNA composition of wild-type (wt) and vif
mutant (vifD) virions from H9 cells. Protein profiles of virions derived from
chronically infected H9 cells expressing wild-type and mutant constructs were
evaluated by SDS-PAGE, and immunoblots were stained with HIV-1-positive
patient serum (A), antiserum against p7NC (B), antiserum against p17MA (C),
antiserum against p6gag (D), a monoclonal antibody against RT (E), or antiserum
against IN (F). (G) Virion-associated genomic RNA was hybridized with a probe
directed against the 59 LTR and gag coding regions and visualized by autora-
diography.

FIG. 3. Intravirion nucleic acid profiles from Jurkat and H9 cells expressing
wild-type (wt) or vif mutant (vifD) constructs. Nucleic acids were extracted from
Jurkat cell-derived virions. (A and B) tRNA3

Lys was analyzed by Northern blot
hybridization (A), and (B) viral genomic RNA content was analyzed by slot blot
analysis (B) with two separate dilutions (3 and 1 ml) of each sample. (C) Natural
virion-associated RT products were detected by PCR with specific primers,
followed by hybridization with a probe directed against the 59LTR and gag
coding region. The primers are described in Materials and Methods. Control
standards were amplified with the indicated primers and the HXB2 construct as
the template in serial 10-fold dilutions. Similar analysis was performed for (D)
tRNA3

Lys (D), virion-associated genomic RNA (E), and natural intravirion RT
products (F) from virions derived from H9 cells expressing wild-type or vif
mutant constructs.
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Bearing in mind that Vif participates in the coordination of
a cell-type-specific event, we were interested to assess its ability
to associate with RNA in virus-infected cells. Infected H9 cells
were lysed with 0.5% Triton X-100, and postnuclear superna-
tants containing Vif were then treated with RNase A or di-
rectly centrifuged without RNase A pretreatment through a
sucrose velocity gradient. In the untreated sample, Vif was
present in fractions 1 to 7 with slightly higher protein levels in
fractions 2 and 3 than in other fractions (Fig. 4B). After RNase
A treatment, a much lower level of Vif was seen in the frac-
tions closer to the bottom of the gradient (fractions 4 to 7),
with a corresponding increase of Vif in fractions 2 and 3. These
data suggest that Vif associates with RNA either directly or
through interaction with other molecules.

Association of Vif with viral genomic RNA. To determine
whether Vif is associated with viral genomic RNA, we at-
tempted to immunoprecipitate RNA from virus-infected H9
cells by using an anti-Vif antibody. Postnuclear supernatants
from mock-, wild-type-, or vif mutant-infected cells were im-
munoprecipitated with antiserum against Vif, and the resulting
precipitates were subjected to either RT-PCR or PCR using
primers to the viral genome. Whereas viral genomic RNA was
successfully amplified from the cell lysate containing Vif, the
vif mutant lysate failed to give a detectable product (Fig. 5A).
In addition, when lysates were used in PCR, no products were
obtained, confirming that the amplification in the wild type was
RNA. RNase protection was performed with cell lysates ex-
pressing the wild-type or vif mutant viral genome demonstrat-
ing the comparable abundance of intracellular viral genomic
RNA (Fig. 5B). Additionally, cell lysates were probed in an
immunoblot with antiserum to Vif demonstrating the expres-

sion of Vif protein in the wild type, but not mock or vif mutant-
infected cells (Fig. 5C).

Although the vif open reading frame is conserved within the
lentivirus family, the overall amino acid sequence identity
among various Vif proteins is low. Lentiviral Vifs, which are
highly basic proteins of 192 to 251 amino acids, do share
one common feature: a highly conserved sequence motif,
SLQXLA. Since Vif appears to associate with viral genomic
RNA, it is interesting to note that the same amino acid motif
appears in the Xenopus laevis RNA-binding protein Xlrbpa
(10). In fact, this motif is present in the double-stranded RNA
binding region of the molecule (34). HIV-1 Vif and Xlrbpa
show amino acid sequence identity in 7 of 8 residues or, when
extended, 9 of 14 residues encompassing this motif (Fig. 5D).

Viral RNA components of the vif mutant virions display a
defect in initiation of reverse transcription. It is possible that
Vif influences reverse transcription by regulating the viral
RNA, but not viral proteins. To test this idea, total viral RNAs
(tRNA3

Lys and genomic RNA) were extracted from virions
devoid of proteins. Initiation of reverse transcription with pu-

FIG. 4. RNA association with HIV-1 Vif in vitro and in vivo. (A) HIV-1 Vif
was in vitro translated with rabbit reticulocyte lysates, followed by incubation
with canine pancreatic microsomes (CPM), RNase A, or both in combination.
Vif-containing lysates were subjected to centrifugation at 160,000 3 g through a
sucrose cushion in order to separate samples as supernatants (S) and pellets (P).
(B) H9 cells infected with HXB2NEO (wild type) were lysed in the presence of
0.5% Triton X-100, and postnuclear supernatants were incubated in the presence
(bottom panel) or absence (top panel) of RNase A. Lysates were layered on top
of a 15 to 50% sucrose gradient and subjected to centrifugation, and fractions were
collected. Fraction numbers are labeled, with fraction 1 being the top of the gradient.

FIG. 5. Association of Vif with viral genomic RNA. (A) H9 cell lysates from
mock-infected cells or cells expressing the wild type (wt) or vif mutant (vifD) were
subjected to immunoprecipitation with antiserum against Vif. Immunoprecipi-
tated pellets were either directly PCR amplified with primers directed against the
HIV-1 genome, or cDNA synthesis was performed first with avian myeloblastosis
virus RT, followed by PCR. Direct PCR amplification were performed on the
HXB2 construct as a positive control. MW, molecular weight markers; nt, nu-
cleotides. (B) RNA of H9 cell lysates from mock-infected cells or cells expressing
the wild type or vif mutant were subjected to RNase protection with a probe to
the HIV-1 genome. (C) Western blot analysis of cell lysates was performed with
antiserum against Vif. (D) Amino acid sequence alignment of HIV-1 Vif and
Xlrbpa. Residues in boldface display the highly conserved Vif sequence among
lentiviruses. Shaded residues display sequence identity between HIV-1 Vif and
Xlrbpa.
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rified viral RNAs, recombinant HIV-1 RT, and limited con-
centrations of dCTP and dGTP was then performed. Previous
studies have shown that primer tRNA3

Lys exists in unextended
and 2-base extended forms within HIV-1 virions (17). The wild
type and vif mutant produced in H9 cell lines were first nor-
malized for viral genomic RNA content (data not shown).
When extended in vitro, RNAs extracted from wild-type viri-
ons showed 1-base (11), 3-base (13), and 4-base (14) ex-
tended tRNA3

Lys forms (Fig. 6A, lane 1), consistent with pre-
vious reports (17). The vif mutant RNAs were markedly
impaired in their ability to produce the extended products (Fig.
6A, lane 2). This defect in the initiation of reverse transcrip-
tion could not be attributed to a defect in the placement of
tRNA3

Lys onto the viral genomic RNA, since a placement assay
revealed only a modest reduction in primer placement (Fig.
6B). This type of analysis utilizes only the RNA components
derived from vif mutant virions, which supports the notion that
Vif regulates the viral RNA.

DISCUSSION

Previous efforts to determine the target for Vif activity have
not yielded definitive results. It was relatively certain that Vif
must affect components found within the virion, although anal-

ysis of virion protein content from wild-type and vif mutant
producer cells revealed indistinguishable levels of Gag, Pol,
and Env proteins (1, 11, 32, 44). In addition, studies using vif
mutant virions from semipermissive cell lines (CEM) showed
no differences in viral RNA incorporation (13, 44) or dimer-
ization of RNA when compared to wild-type virions (13). In
the present study, we also observed no differences in the virion
protein content for the vif mutant (Fig. 2). Viral genomic RNA
and primer tRNA3

Lys were packaged normally in the vif mutant
virions.

Several investigators have shown that Vif plays a regulatory
role in reverse transcription during the entry phase of the
virus’s life cycle (6, 8, 30, 35, 40, 44). However, an alteration in
the appearance of RT products after viral entry into target cells
does not clearly indicate whether penetration, uncoating, virus
core stability, or reverse transcription itself is being affected.
Previous reports have demonstrated defects in the ability of vif
mutant virions to undergo endogenous reverse transcription
(8, 13). These studies suggested the existence of alterations in
virion components involved in the regulation of reverse tran-
scription; however, the target molecule(s) of this regulation
remained uncertain. Since partial RT products have been dem-
onstrated within virions (25, 43), we decided to examine
the contribution of Vif to the presence of natural intravirion
cDNAs. This analysis revealed that Vif contributed to the
enhancement of natural intravirion RT products in a cell type-
dependent manner (Fig. 3). A reduction in RT products was
evident in vif mutant virions derived from H9 cells, but not
from Jurkat cells, a finding which correlates with their repli-
cation growth kinetics (Fig. 1). These data were consistent with
the defect observed in the endogenous RT reaction (Fig. 1D),
underscoring the notion that virion-associated components
must regulate reverse transcription. Since RT itself failed to
display an enzymatic defect when a heterologous template
primer was used (Fig. 1C) and no difference was observed in
the virion-associated proteins (Fig. 2), it remained possible
that either the primer tRNA3

Lys or the viral genomic RNA
would be the likely target.

When we examined the contribution of Vif to virion-associ-
ated RNAs, we saw no differences in the levels of virion-
incorporated viral genomic RNA or tRNA3

Lys. However, use of
purified virion-associated RNAs as a template and primer for
the initiation of reverse transcription resulted in a drastic re-
duction in the 11-, 13-, and 14-base-extended forms of
tRNA3

Lys in the vif mutant, as compared to the wild type (Fig.
6A). Since the vif mutant showed a less dramatic, but still
approximately fivefold reduction in the assay of placement of
tRNA3

Lys on the viral genome, this finding imply an altered
binding affinity of the primer to its template. It remains pos-
sible that the structure of the RNA complex at the 59 end of the
viral genome may be altered by Vif in such a way that it could
indirectly influence the accessibility of the primer tRNA3

Lys in
annealing to the primer binding site. Whether the placement of
tRNA3

Lys on to the viral genome is truly altered remains un-
certain, since the tRNA placement assay used in these studies
relies not only on tRNA placement, but also on the ability of
RT to perform a 6-nucleotide extension from the primer. From
the data provided, it’s not clear whether the RT-mediated
extension defect in the vif mutant could be completely inde-
pendent of a defect in tRNA3

Lys placement. Although the de-
tails of Vif’s role in this reaction remain to be determined,
these findings provided clear evidence that the vif mutant
RNAs differed from wild-type RNAs in some manner that
influenced the initiation of reverse transcription.

In eukaryotic cells, several types of posttranscriptional reg-
ulation involve the recognition of RNA by proteins. RNA-

FIG. 6. Primer placement and initiation of reverse transcription. (A) In vitro
initiation of reverse transcription was assessed with [32P]dCTP and [32P]dGTP
from H9-derived virion-associated nucleic acids. Positive controls for 11- and 13-
base extensions are indicated. The diagram depicts viral genomic RNA with bound
tRNA3

Lys on the PBS (shaded box). Addition of recombinant RT and dCTP and
dGTP results in 11-, 13-, and 14-base extensions. Std, standard. (B) In vivo
tRNA3

Lys primer placement for H9-derived wild-type (wt) and vif mutant (vifD)
virions. An arrow indicates the primer placement product for a 6-base extension.

VOL. 74, 2000 REGULATION OF REVERSE TRANSCRIPTION BY Vif 8943



binding proteins can often be divided into distinct classes on
the basis of their amino acid sequence motifs (2, 41). We have
already noted that the highly conserved and essential Vif motif
SLQYLA shows a high degree of homology (8 out of 10 resi-
dues identical) to the double-stranded RNA-binding protein
from X. laevis, XlrbpA (Fig. 5D). This motif in XlrbA has been
shown to participate directly in binding of RNA (34). In addi-
tion, XlrbpA associates with ribosomes and hnRNPs (10). The
double-stranded RNA-binding motif (DSRM) of XlrbpA ex-
tends over a 65- to 70-amino-acid sequence and includes many
basic and hydrophobic residues. Although Vif lacks additional
sequence homology with the DSRM outside the SLQYLA
motif, it contains a high percentage of basic residues, with a
predicted pI of 10.7 (31).

Thus far, it is unclear whether Vif has specificity for the
HIV-1 genomic RNA. However, we have provided evidence
that Vif affects viral nucleic acid components to influence the
initiation of reverse transcription. Vif of FIV has recently been
shown to localize to the nucleus, which raises the interesting
possibility that Vif may traffic with the viral RNA out of the
nucleus to the cytoplasm (4). Although it appears unlikely that
Vif regulates the movement or targeting of the viral genomic
RNA itself, since the vif mutant fails to influence viral protein
translation and RNA packaging, its position within the nucleus
may provide the initial contact point with viral genomic RNA.
The association of Vif with RNA from postnuclear superna-
tants (Fig. 4B) and its colocalization with Gag proteins in
infected cells (35) are consistent with the possibility that Vif is
recruited to the same cytoplasmic location as the Gag assem-
bling complex, where it may aid in an RNA regulatory step in
viral assembly. The virtual absence of Vif from virions suggests
that its association with viral RNA, however, may be transient.
Vif may function by associating with the viral genomic RNA
prior to or during the binding of the RNA with the cytoplasmic
viral assembly complex. From this position, we speculate that
Vif regulates the viral genomic RNA-tRNA3

Lys complex in a
yet-to-be-determined manner. Once this alteration is achieved,
Vif may be removed from this complex, leaving the RNA in a
state that would promote efficient initiation of reverse tran-
scription. Since Vif functions in a strict cell-type-dependent
fashion, it may be working in concert with other cellular mol-
ecules. It has been argued that Vif is necessary to overcome an
inhibitory factor present in H9 and Hut-78 cell lines (26, 37).
Although this factor has yet to be identified, it would be in-
triguing to see whether it functions with Vif in connection with
the virion-associated nucleic acids. Future studies of Vif are
likely to provide insight into the regulatory steps of reverse
transcription.
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