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Virion infectivity factor (Vif) is a protein encoded by human immunodeficiency virus types 1 and 2 (HIV-1
and -2) and simian immunodeficiency virus, plus other lentiviruses, and is essential for viral replication either
in vivo or in culture for nonpermissive cells such as peripheral blood lymphoid cells, macrophages, and H9 T
cells. Defects in the vif gene affect virion morphology and reverse transcription but not the expression of viral
components. It has been shown that Vif colocalizes with Gag in cells and Vif binds to the NCp7 domain of Gag
in vitro. However, it seems that Vif is not specifically packaged into virions. The molecular mechanism(s) for
Vif remains unknown. In this report, we demonstrate that HIV-1 Vif is an RNA-binding protein and specifically
binds to HIV-1 genomic RNA in vitro. Further, Vif binds to HIV-1 RNA in the cytoplasm of virus-producing
cells to form a 40S mRNP complex. Coimmunoprecipitation and in vivo UV cross-linking assays indicated that
Vif directly interact with HIV-1 RNA in the virus-producing cells. Vif-RNA binding could be displaced by
Gag-RNA binding, suggesting that Vif protein in the mRNP complex may mediate viral RNA interaction with
HIV-1 Gag precursors. Furthermore, we have demonstrated that these Vif mutants that lose the RNA binding
activity in vitro do not support vif-deficient HIV-1 replication in H9 T cells, suggesting that the RNA binding
capacity of Vif is important for its function. Further studies regarding Vif-RNA interaction in virus-producing

cells will be important for studying the function of Vif in the HIV-1 life cycle.

Virion infectivity factor (Vif) protein of human immunode-
ficiency virus type 1 (HIV-1) is a highly basic, 23-kDa protein
composed of 192 amino acids. Sequence analysis of viral DNA
from HIV-l-infected-individuals has shown that the open
reading frame of Vif remains intact (58, 66, 67). Deletion of
the vif gene will dramatically decrease the replication of simian
immunodeficiency virus (SIV) in macaques and HIV-1 repli-
cation in SCID-hu mice (3, 22). These studies indicate that the
vif gene is required for viral replication in vivo. In cell culture
systems, vif-deficient (vif ) HIV-1 is incapable of establishing
infection in certain cells, such as H9 T cells, peripheral blood
mononuclear cells, and monocyte-derived macrophages. This
has led to classification of these cells as nonpermissive. How-
ever, in some cells, such as C8166, Jurkat, SupTl, and
HeLa-T4 cells, the vif gene is not required, and these cells have
been classified as permissive (29, 32, 33, 60, 64).

Extensive studies have been performed to identify the role
of Vif in the viral life cycle. A defective vif gene can be com-
plemented by wild-type Vif protein expressed in the virus-
producing cells but not in the target cells, indicating that Vif
functions in the virus-producing cells or within cell-free virions
(7, 32, 64). Defects of the vif gene do not have detectable
effects on viral transcription and translation or on virion pro-
duction. HIV-1 variants with a defective vif gene are able to
bind and penetrate the target cells but are not able to complete
intracellular reverse transcription and endogenous reverse
transcription (ERT) in cell-free virions (17, 36, 59, 64). Con-
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versely, it has also been reported that the stability of newly
synthesized viral DNA in the target cells is impaired (54).
Recently, we demonstrated that defects in the vif gene have
much less of an effect on ERT if detergent is not used. When
ERT was driven by addition of deoxyribonucleoside triphos-
phates at high concentrations, certain levels of plus-strand viral
DNA could also be completed. Interestingly, if vif~ viruses,
generated from nonpermissive cells and harboring larger quan-
tities of viral DNA generated by ERT, were allowed to infect
permissive cells, they could partially bypass the block at intra-
cellular reverse transcription, through which vif~ viruses with-
out deoxynucleoside triphosphate (ANTP) treatment could not
pass. Consequently, viral infectivity can be partially rescued
from the vif phenotype (24). Most of the studies indicated
that the expression of viral components, including viral pro-
teins and nucleic acids, is not altered in the virions produced
from nonpermissive cells (31, 32, 64). However, deletion of the
vif gene will result in alterations of virion morphology (8, 10,
38). It has been shown that the quantity of Vif protein in the
HIV-1 virions generated from chronically infected cells is ap-
proximately 7 to 28 molecules per virion (13, 31, 55). As the
virion-associated Vif proteins do not depend on the expression
of viral components and the amount of Vif in the virus-pro-
ducing cells, it seems that Vif proteins are not specifically
incorporated into virions (13, 55). Recently, it was reported
that Vif was absent from virions when highly purified virions
were used for quantitative analysis (23).

Based on these investigations, it has been proposed that Vif
functions in the virus-producing cells and could affect viral
assembly. The expression of Vif in infected cells is quite high,
and the majority of Vif in the virus-producing cells is in the
cytoplasmic fraction; some are associated with the cellular
membrane. The molar ratio of Vif to Gag precursors in the
infected cells is 1:1.7, suggesting that Vif may play a structural
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rather than a regulatory role in the virus-producing cells (35,
55). As Vif is required by nonpermissive but not the permissive
cells for HIV-1 replication, two possibilities exist. In permissive
cells, there may be a Vif cellular homologue which can replace
Vif function in the virus-producing cells; alternatively, there
may be an inhibitor(s) for viral replication in nonpermissive
cells which require Vif to counteract their effects (62). Recent-
ly, it was proposed that Vif protein is required to counteract an
unknown endogenous inhibitor(s) in the virus-producing cells
(42, 53). HIV-1 Vif can complement the function of HIV-1 Vif
and SIV gy Vif in human nonpermissive cells, whereas it
cannot complement the function of HIV-1 and SIV 4\, Vif in
simian cells. However, SIV 4y can complement the function
of HIV-1 Vif and SIV g\ Vif in simian cells but not the
function of HIV-1 Vif and SIV 4G\ Vif in human cells. This
work indicates that a cellular cofactor(s) is involved in the ac-
tion of Vif protein (56). Conversely, as a Vif mutant (Vif from
HIV-1g,,) can inhibit wild-type HIV-1 replication in the per-
missive cells, a Vif homologue in the permissive cells may also
exist (18). Interestingly, although it seems that Vif is not spe-
cifically incorporated into virions, Vif is able to bind to the
NCp7 domain of Gag precursors (9, 39). Vif protein is found to
colocalize with Gag precursors in the cytoplasm of HIV-1-
infected cells (52). This Vif-Gag interaction in vivo, however,
could be indirect (51).

Overall, Vif may directly or indirectly be involved in the viral
assembly process. Uncovering the molecular mechanism(s) of
Vif will be extremely important for understanding HIV-1
pathogenesis and in identifying new targets for HIV-1 treat-
ment. In this report, we attempt to evaluate Vif-binding pro-
teins or nucleic acids in virus-producing cells. We show herein
that Vif is an RNA-binding protein and is an integral compo-
nent of an mRNP complex of viral RNA in the cytoplasm of
virus-producing cells. The Vif protein in this mRNP complex
may protect viral RNA from various endogenous inhibitors
and could mediate viral RNA engagement with HIV-1 Gag
precursors. As such, the interaction between Vif and HIV-1
RNA may play an important role in the late events of the
HIV-1 life cycle.

MATERIALS AND METHODS

Plasmids, mutagenesis, and protein expression. The vif gene and its fragments
of HIV-1 were amplified by PCR with pNL4-3 as the template. The PCR
fragments were then cloned into pGEM-T vector (Promega). HIV-1 gag, NCp7,
and SIV,,,.2s; vif genes were also cloned into pGEM-T by the same procedure.
A PCR-based mutagenesis method, as described previously (68), was adapted to
create point mutations in the vif gene. The PCR fragments were inserted into
pGEM-T. All of the clones were confirmed by DNA sequencing. The cloned
genes were then inserted into pGEX-KG for glutathione S-transferase (GST)
fusion protein expression, into pCITE-4a vector for 3*S-labeled in vitro protein
synthesis, and into pSLX-CMV-RRE for retrovirus-mediated expression in spe-
cific cells. Of note, pSLX-CMV-RRE was constructed by inserting the HIV-1
Rev response element (RRE) into the 3’ portion of pSLX-CMYV to allow for Vif
expression to be Rev dependent. An HIV-1 infectious clone lacking the vif gene,
pNL4-3Avif, was constructed by replacing the Eagl-EcoRI fragment of pNL4-3
with the Eagl-EcoRI fragment of p197-1 (5'-half mutant of pNL4-3 with vif
deletion) (34). To generate HIV-1 riboprobes, HIV-1 DNA fragments in various
regions of pNL4-3 were amplified by PCR and inserted into pPGEM-T.

To generate GST, GST-Gag, GST-p7, GST-Vif, and GST-Vif mutant fusions,
pGEX-KG only and pGEX-KG harboring gag, NCp7, vif, and vif mutants, re-
spectively, were transformed into Escherichia coli BL21 competent cells (Nova-
gen). After the expression of GST or GST fusion proteins induced by 1 mM
isopropylthio-B-p-galactoside, the bacterial cells were lysed by adding bacterial
lysing buffer (cold phosphate-buffered saline [PBS] containing 0.5% Triton
X-100, 0.2 mg of lysozyme/ml, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, 2 pg of leupeptin/ml, and 1 pg of aprotinin/ml), followed by sonication. The
insoluble fraction was pelleted at 10,000 X g for 10 min, and the supernatant was
applied to a glutathione-conjugated agarose bead (Sigma) column. After wash-
ing, the bound GST or GST fusion proteins were eluted with 5 mM glutathione.
The free glutathione was removed by dialysis assay. The protein concen-
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tration was measured by the Bradford method, and the samples were frozen at
—70°C.

In vitro transcription and translation. The HIV-1 and y-actin RNAs (includ-
ing riboprobes) were synthesized by in vitro transcription with linearized
pGEM-T harboring HIV-1 DNA fragments or the y-actin DNA fragment as the
template. A standard protocol (Novagen) was followed. To synthesize *°S-la-
beled Vif protein or Vif fragments, the Novagen single-tube protein system 3 was
used for in vitro translation, following the protocol supplied by the manufacturer.
The translation efficiency was determined by measuring the trichloroacetic acid
(TCA)-insoluble radioactive counts.

In vitro RNA-protein binding assays. Several methods were used to study in
vitro RNA-Vif binding. First, polynucleotide homopolymer-conjugated beads
(Sigma) were mixed with in vitro-translated, 3°S-labeled Vif or Vif fragments
(50,000 cpm) in washing/binding buffer (150 mM NaCl, 10 mM Tris-HCI [pH
8.0], 0.1% Triton X-100). Binding was allowed to proceed at 23°C for 20 min and
then at 4°C for 1 h. The beads were then washed with washing/binding buffer
three times, and the bead-bound proteins were fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For gel mobility shift
assays, GST or GST fusion proteins (10 pmol of each) were allowed to bind to
riboprobes (10° cpm) in RNA-protein buffer modified from a previous descrip-
tion (65) [30 mM Tris-HCI (pH 8.0), 12% glycerol, 70 mM KCl, 1.3 mM dithio-
threitol, 2.5 mM MgCl,, 0.01% Triton X-100, 20 U of RNasin RNase inhibitor
(Promega), 750 ng of poly(dI-dC) (Sigma) or tRNA]. Binding was allowed to
continue at 23°C for 15 min. The mixtures were then fractionated in native 5%
Tris-borate-EDTA (TBE) gels. For filter binding assays, the GST and GST
fusion proteins (10 pmol) were allowed to bind with riboprobes (10° or 2 x 10°
cpm) in RNA-protein buffer [containing 750 ng of poly(dI-dC) as the inhibitor]
at 23°C for 15 min. The mixtures were then slowly loaded onto presoaked HAWP
nitrocellulose filters (0.45-pum pore size; Millipore). After washing with ice-cold
PBS three times, the radioactivity remaining on the filters was determined by
liquid scintillation counting (12). Finally, for UV light-induced cross-linking
assays, GST or GST fusion proteins (10 pmol) were mixed with riboprobes (10°
cpm) in the presence of RNA-protein binding buffer at 23°C for 15 min. The
mixtures were then irradiated in a 300-nm UV light source for 10 min. RNase A
(1 pg/ml) was added to digest the unprotected riboprobes. The mixtures were
then heated at 95°C for 5 min and fractionated by SDS-PAGE.

Rate-zonal sedimentation. HIV-1y 4 s-infected H9 T cells were harvested,
washed twice with cold PBS, and then lysed with cell/virus lysing buffer (10 mM
Tris-HCI, 100 mM NaCl, 1.5 mM MgCl,, 0.5% Triton X-100, 1 mM phenylmeth-
ylsulfonyl fluoride, 1 g of leupeptin/ml, 1 pg of aprotinin/ml, 1 pg of benzami-
dine/ml). The nuclear fraction was removed by centrifugation at 1,400 X g for 3
min. The cytoplasmic portion was then placed onto a 15 to 30% sucrose gradient.
After centrifugation at 250,000 X g for 3 h at 4°C, the gradient was collected in
12 parts. Vif protein in each fraction was then analyzed by Western blotting;
HIV-1 unspliced and spliced RNAs and +y-actin RNA were extracted and de-
tected by reverse transcriptase-mediated PCR (RT-PCR) as described previously
(69, 70). The primer pair for HIV-1 RNA at the s site (unspliced RNA) was
5'-AGCAGTGGCGCCCGAACAGGGA-3' (sense) plus 5'-TGCCCATACTA
TATGTTTTA-3' (antisense); the probe was 5'-ATGGGTGCGAGAGCGTCG
GTA-3'. The primer and probe for HIV-1 spliced RNA were described previ-
ously (49). The primer pair for y-actin RNA was 5'-AAGAGATCGCCGCGC
TGGTC-3' (sense) plus 5'-GTACTTCAGGGTCAGGATGC-3' (antisense); the
probe was 5'-GTGTTTCCTTCCATCGTCGG-3'.

Coimmunoprecipitation. Coimmunoprecipitation was used as described pre-
viously (47), with some modification. Briefly, the Vif protein-enriched fraction
was mixed with anti-Vif antibody and protein A-conjugated Sepharose. As a
control, preimmune rabbit serum was also mixed with the same sample and pro-
tein A-conjugated Sepharose. Binding was allowed to proceed at 4°C for 2 h.
After washing three times, the Sepharose-bound Gag protein was subjected to
SDS-PAGE followed by Western blot detection with anti-p7 antibody; the Seph-
arose-bound HIV-1 unspliced RNA and vy-actin RNA were subjected to RT-
PCR analysis.

In vivo UV light-induced cross-linking and oligo(dT)-cellulose chromatogra-
phy. The protocol of Adam et al. (1) was followed, with some modification.
Briefly, HIV-1y 43-infected H9 T cells were washed and exposed to a 300-nm
UV light source for 10 min. The cells were then lysed with cellvirus lysing buffer.
The postnuclear fraction was adjusted to 1 mM EDTA and 0.5% SDS. After
heating at 65°C for 5 min, rapid chilling, and addition of high-salt buffer, the
postnuclear fraction was allowed to pass through an oligo(dT)-conjugated cel-
lulose column which was obtained from the mRNA purification kit (Pharmacia).
After washing with high-salt buffer, the mRNA was eluted from the cellulose
column and ethanol precipitated. The protocol supplied by the manufacturer was
followed. After suspension in TN buffer, RNase A (1 pg/ml) was added to digest
unprotected RNA. The mixtures were then analyzed by SDS-PAGE and West-
ern blotting.

Viral infectivity assay. Infectious clone pNL4-3Avif was transfected into RD
(rhabdomyosarcoma) cells to generate HIV-1yy 434, as described previously
(68). Conversely, murine retroviral vectors (pSLX-CMV-RRE) containing
HIV-1 vif and vif mutant genes were transfected into PA317 cells. The G418-
resistant PA317 cells were then cocultured with H9 cells for 2 days to allow the
vif or vif mutant-containing recombinant amphotropic murine leukemia virus
(MLV) to infect H9 T cells. Subsequently, G418-resistant H9 T cells were se-
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FIG. 1. HIV-1 Vif binds to polynucleotide homopolymers in vitro. (a) In
vitro-translated, 3°S-labeled HIV-1 Vif was mixed with polynucleotide homo-
polymers [poly(G), poly(A), poly(C), and poly(U)]-conjugated agarose beads,
respectively. (b) In vitro-translated, 3°S-labeled HIV-1 Vif was mixed with
poly(G)-conjugated agarose beads in the presence of NaCl at various concen-

trations. After a binding and washing procedure, the bead-associated Vif protein
was fractionated by SDS-PAGE.

lected. The H9 T cells (10°) harboring vif or vif mutant genes were then infected
with HIV-1ng 434, (1 ng of p24 antigen equivalents) as described previously (69,
70). Viral growth was monitored by detecting HIV-1 p24 antigen in the super-
natant via enzyme-linked immunosorbent assay (ELISA) (Du Pont).

RESULTS

Vif specifically binds to HIV-1 RNA in vitro. Our studies
were initiated by searching for Vif-associated proteins or nu-
cleic acids. As HIV-1 Vif binds to the NCp7 domain of the Gag
protein (9, 39; our unpublished data), we investigated whether
Vif binds to nucleic acids. With ribonucleotide homopolymer-
conjugated agarose beads, which have been used to study other
RNA-protein interactions (61), we found that Vif can bind to
ribonucleotide homopolymers (Fig. 1a). Vif preferentially
binds to poly(G), indicating that the binding is sequence spe-
cific, as described for the NCp7 protein of HIV-1 (30). This
binding was quite strong, as it still occurred when the NaCl
concentration reached 500 mM (Fig. 1b). Moreover, the Vif
protein of SIV,..,s, also bound to poly(G)-conjugated beads
(data not shown).

Further, GST-Vif protein was allowed to bind with HIV-1
riboprobes, and the mixtures were fractionated in native gels.
Various inhibitors were tested in the binding buffer. Interest-
ingly, the location of GST-Vif (or GST-Gag)-RNA complex in
the gel shift was mainly affected by the inhibitors. The mech-
anism behind this phenomenon is unknown. Figure 2a indi-
cates that GST-Vif-RNA complex and GST-Gag-RNA com-
plex located at almost the same place in the gel when tRNA
was used as the competitor. However, the location of GST-
Gag-RNA complex and GST-Vif-RNA complex could be
clearly separated on the gel when poly(dI-dC) was used as the
competitor (Fig. 2b). Thus, poly(dI-dC), rather than tRNA,
was used as the inhibitor for the rest of this work. Further, the
gel mobility shift assay indicated that Vif can strongly bind to
HIV-1 RNA at various regions but not to -y-actin RNA, sug-
gesting that Vif specifically binds to HIV-1 RNA (Fig. 2c).
Neither free poly(dI-dC) or tRNA can inhibit the HIV-1 RNA-
Vif binding (Fig. 2a to c¢). This binding is similar to the binding
between NCp7 and RNA, which is also HIV-1 RNA but not
actin RNA specific and cannot be inhibited by free tRNA (5).
To further verify the Vif-RNA shift, unlabeled HIV-1 RNA, at
various concentrations, was added into the solutions for Vif-
RNA binding. The mixture was then subject to gel shifting.
Figure 2d demonstrates that the binding between Vif and
HIV-1 riboprobe could be competitively inhibited by unlabeled
HIV-1 RNA, in a concentration-dependent way. This result
also indicated that the Vif-RNA shift, even though relatively
minor, was substantial.

Alternatively, filter binding assays, described by others for
the analysis of NCp7 of HIV-1 and RNA binding, were used
(15, 19). After binding in vitro, the mixture of GST-Vif and

J. VIROL.

HIV-1 RNA was placed onto a nitrocellulose filter, and the
TCA-insoluble radioactivity remaining on the filter was quan-
titated. This assay also demonstrated that GST-Vif strongly
binds to HIV-1 RNA (Table 1). Interestingly, the binding be-
tween Vif and HIV-1 RNA is stronger than the binding be-
tween the Gag precursor and HIV-1 RNA at many regions of
HIV-1 genomic RNA but not at the s site (Table 1 and data
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FIG. 2. Gel shift assay to analyze the interaction between Vif and RNA. (a
and b) GST-Gag and GST-Vif (10 pmol) were allowed to bind with the HIV-1
riboprobe 7A (located in the HIV-1 RNA genome at nucleotides 5104 to 5287)
in the presence of 750 ng of tRNA (a) or poly(dI-dC) (b). (c) GST and GST-
fusion proteins (GST-NCp7 and GST-Vif) (10 pmol) were allowed to bind with
the HIV-1 riboprobe 5A (located in the HIV-1 RNA genome at nucleotides 3677
to 3925) and riboprobe 7A, respectively. As a control, a riboprobe generated
from the y-actin gene (nucleotides 81 to 280) was also allowed to bind with GST
and GST-Vif. The RNA-protein mixtures were then fractionated on a 5% native
TBE gel. (d) GST-Vif protein (10 pmol) were allowed to bind with HIV-1
riboprobe 7A in the presence of in vitro-transcribed, unlabeled HIV-1 7A at
various concentrations. The mixtures were then fractionated on a 5% native TBE
gel, followed by autoradiography.
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TABLE 1. Interaction between Vif and HIV-1 RNA
analyzed by filter binding assay”

Radioactivity remaining on filter (cpm)

Assay
1B? 5A° TAC

Riboprobe only 726 744 711
Riboprobe plus:

GST 892 923 721

GST-Gag 46,727 13,236 26,847

GST-NCp7 49,263 18,162 62,415

GST-Vif 36,223 38,215 51,886

“ HIV-1 riboprobes 1B (177 to 446 [ site]), SA, and 7A were allowed to bind
with GST or GST fusion proteins. The RNA-protein mixtures were then placed
onto a nitrocellulose filter. After washing, the radioactivity remaining on the
filter was quantitated. The values reported are the means of duplicated experi-
ments.

® Input radioactivity was 10° cpm.

¢ Input radioactivity was 2 X 10° cpm.

not shown). This result also indicated that the distance of
protein-RNA shifting on the native gel is not correlated with
the binding ability.

The in vitro UV cross-linking method was also used to study
the interaction between Vif and RNA. HIV-1 riboprobes were
mixed individually with GST-Vif, GST-NCp7, and GST pro-
teins, followed by UV light-induced cross-linking. After RNase
A digestion and heating, GST-Vif proteins that were cross-
linked with *?P-labeled nucleotides were fractionated by SDS-
PAGE (Fig. 3). This experiment demonstrated that the HIV-1
riboprobes could bind to HIV-1 Vif protein. However, the
v-actin riboprobe did not bind to GST-Vif under the same
conditions (Fig. 3, lane 10), further indicating that binding
between Vif and HIV-1 RNA is sequence specific. Of note, the
smear covering the bottom half of lanes 1, 2, 4, 5, 7, and 8 may
be due to the degraded Vif and NCp7 protein, as the smear
does not appear in the lanes with GST (lanes 3, 6, and 9).

Vif binds to HIV-1 RNA and forms a 40S mRNP complex in
the virus-producing cells. It has been shown that Vif does not
specifically incorporate into virions and localizes mainly in the
cytoplasmic rather than the nuclear fraction (13, 23, 35, 55). If
Vif truly interacts with HIV-1 RNA in vivo, Vif could bind to
HIV-1 RNA in the cytoplasmic fraction to form an mRNP
complex. Similar to other retroviral genomic RNAs, the size of
HIV-1 genomic RNA may be 34S to 38S (16). As such, Vif
could also be associated with a particle which is larger or equal
to 34S to 38S. To examine this possibility, the postnuclear
fractions of HIV-1-infected cells were further fractionated by

Riboprobes: HIV-12C HIV-17A HIV-15A y-actin
—
¢ A o e o A
& HFHFF S FS & Ss &
P S S PSP
[ aN < [N & & ¢ &
* .
— 66
> &
GST-Vif
> — 43
GST-NCpT » P ‘ .
3 ‘ o — 29
GST > = .
Lanes 12 3 a4 5 6 7 8 9 10

FIG. 3. In vitro UV light-induced cross-linking assay. GST-Vif was mixed
with HIV-1 riboprobes 2C (located in the HIV-1 RNA genome at nucleotides
1467 to 1677), SA, and 7A. As controls, GST and GST-NCp7 were also mixed
with HIV-1 riboprobes, while GST-Vif was mixed with an y-actin riboprobe (lane
10). The mixtures were irradiated with UV light, followed by digestion with
RNase A. The samples were then fractionated by SDS-PAGE, and protein-
associated *?P-labeled RNA was visualized via autoradiography.
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FIG. 4. Copurification of unspliced HIV-1 RNA with Vif by rate-zonal sed-
imentation. HIV-1y; 4.5-infected H9 cells were lysed, and the postnuclear frac-
tion was divided into two parts; one part was treated with RNase A (1 pg/ml),
and the other part was treated with the RNase inhibitor RNasin (320 U/ml). Both
portions were then placed onto a 15 to 30% sucrose gradient for ultracentrifu-
gation. Twelve fractions were collected, and Vif protein in all fractions was
detected via Western blotting. The sedimentation coefficient was calculated as
described previously (44, 70). HIV-1 unspliced and spliced RNAs and y-globin
RNA were detected by RT-PCR.

rate-zonal sedimentation, with or without RNase A treatment.
As shown in Fig. 4, Vif is associated with an RNase A-sensitive
particle (fraction 8). The sedimentation coefficient for this par-
ticle is approximately 40S. As expected, the unspliced HIV-1
RNA was enriched in this fraction, while spliced HIV-1 RNA
and a cellular RNA, y-actin RNA, did not occur in this frac-
tion. Of note, the quantity of particle-associated Vif (fraction
8) is still lower than that of particle-free Vif (<10S) (fractions
11 and 12), possibly because of particle degradation by con-
taminating RNase, particle-free Vif proteins in the cytoplasm,
or association with membranous structures.

To examine the components of this RNase-sensitive particle,
we used an anti-Vif antibody to capture Vif and its potential
partner(s) (Fig. 4, —RNase A, fraction 8). As shown in Fig. 5,

HIV-1 psi RNA . .

M(K)

) P
P55 (Gag) » : - 43
T 29

- 14

Lane 1 2 3

FIG. 5. Binding between Vif and HIV-1 RNA analyzed by coimmunopre-
cipitation assay. Fraction 8 in the -RNase A panel in Fig. 4 was mixed with anti-
Vif antibody or preimmune rabbit serum, as well as protein A-conjugated Sepha-
rose beads. The bead-associated HIV-1 unspliced RNA and host cell y-actin
RNA were then detected by RT-PCR, while the bead-associated HIV-1 Gag
protein was detected with an anti-p7 antibody via Western blotting.
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FIG. 6. Interaction between Vif and mRNA analyzed by in vivo UV cross-
linking assay. HIV-1y; 4_s-infected H9 cells were washed and irradiated with UV
light. The cells were lysed, and mRNA and associated proteins were then isolated
from the postnuclear fraction by oligo(dT)-cellulose chromatography. After di-
gestion with RNase A, the mRNA-associated proteins were detected via Western
blotting with either anti-Vif or anti-B-actin antibody.

Vif-associated components included HIV-1 unspliced RNA
but not y-actin RNA. As well, NCp7 and Gag proteins were
also not detected in the Vif-associated particle by coimmuno-
precipitation assay, indicating that the Vif-associated particle
is not the budding complex associated with the cellular mem-
brane. Conversely, the interaction between Gag and Vif, as
described by others, may not be in this fraction (40S) (9, 39,
52). The complex that both Vif and Gag are associated with
may be detergent sensitive; alternatively, if it is detergent re-
sistant, the proteins may be too small to reach the 40S fraction
in rate-zonal sedimentation (250,000 X g for 3 h).

To further verify that Vif is an mRNA-associated protein, an
in vivo UV light-induced cross-linking assay was used (1). After
UV irradiation, mRNA and associated proteins in the post-
nuclear fraction of HIV-1-infected H9 T cells were purified by
oligo(dT)-cellulose chromatography. As shown in Fig. 6, Vif
but not B-actin protein was copurified with mRNA. These in
vivo data demonstrated that Vif can specifically and directly
coat HIV-1 RNA in the cytoplasm of HIV-1-infected cells to
form an mRNP complex. However, as the complex was still
sensitive to RNase A digestion (Fig. 4), Vif protein may not
completely coat HIV-1 RNA.

Vif-RNA binding can be displaced by Gag-RNA binding in
vitro. It has been demonstrated that Vif binds to the NCp7
domain of the Gag protein and colocalizes with Gag protein in
virus-producing cells (9, 39, 52; data not shown). However, Vif
does not incorporate into virions specifically (13, 23, 35, 55).
The molar ratio of Vif to Gag in HIV-1 infected cells is 1:1.7,
while the ratio in the purified virions is 1:100 (55). Further, as
genomic RNA in the cytoplasm will be packaged into virions,
why would these Vif proteins that coat the genomic RNA and
bind to Gag precursors not specifically be packaged into virions
with genomic RNA? To study the interactions between Gag,
RNA, and Vif, we first examined the effect of free RNA on the
binding activities of *>S-labeled Vif to GST-Gag protein. In the
presence of free ribonucleotide homopolymers [poly(G)] or in
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vitro-synthesized HIV-1 RNA, the binding between GST-Gag
and Vif, and the binding between GST-NCp7 and Vif, signif-
icantly decreased, suggesting that the binding between Vif and
Gag can be inhibited by viral RNA [poly(G)] rather than y-ac-
tin RNA (Fig. 7a and data not shown). Conversely, the binding
between Vif and poly(G) was inhibited by GST-Gag and GST-
NCp7, respectively, but not GST, indicating that the binding
affinity of Vif to RNA will significantly decrease in the pres-
ence of HIV-1 Gag protein (Fig. 7b). This phenomenon was
further demonstrated by gel mobility shift assays. When the
HIV-1 riboprobe (5A or 7A) was mixed with both GST-Vif and
GST-Gag, the binding of GST-Vif to HIV-1 RNA significantly
decreased in the presence of GST-Gag. However, the binding
between GST-Gag and HIV-1 RNA remained the same (Fig.
7c and d). It is notable that the binding ability of Vif to these
two HIV-1 riboprobes is higher than that of Gag to RNA, as
shown with a filter binding assay (Table 1). As such, the de-
creased binding of Vif to RNA in the presence of Gag is
unlikely to be due to competitive inhibition.

N terminus of Vif protein contains RNA binding sites, which
are required for Vif function in the HIV-1 life cycle. To analyze
the RNA binding domain(s), Vif protein fragments were gen-
erated and labeled with [**S]methionine by in vitro translation.
Via in vitro binding with poly(G)-conjugated beads, we found
that the fragment from amino acids 1 to 64, which is located in
the N terminus of the Vif, contains a strong RNA binding
activity. Deletion of this region from Vif protein significantly
decreased the RNA binding activity. The C terminus of Vif
harboring many positive charged amino acids also had weak
RNA binding activity (Fig. 8). It has been demonstrated that
Vif proteins from several strains of HIV-1, HIV-2, and SIV are
composed of heterogeneous sequences, yet they can function-
ally complement each other (46, 57). Multiple sequence align-
ments of the N termini of Vif proteins from several primate
lentivirus strains can easily identify the conserved amino acids
(Fig. 9). HIV-1 vif mutants at these amino acids, conserved in
various strains of primate lentiviruses, were then generated by
site-directed mutagenesis. In vitro binding demonstrated that
Vif mutants at W11, Y30, and Y40 significantly decreased
RNA binding activity (Table 2). It is notable that no identified
RNA binding domains are similar to the sequence of the N
terminus of Vif (11). As such, the molecular mechanism of
Vif-RNA binding remains to be further clarified.

To investigate biological significance of Vif-RNA binding,
the Vif mutants that lose the ability for in vitro Vif-RNA
binding were constructed into an MLV vector containing an
RRE. The recombinant retroviruses were generated from
PA317 cells and allowed to infect H9 T cells. After G418
screening, the H9 T cells that harbored Vif mutants were
infected with HIV-1yy 4 54, The growth of HIV-1y; 4 34, Was
quite inefficient in these Vif mutants, indicating that the RNA
binding activity of Vif is required for Vif function in the viral
life cycle (Table 2).

DISCUSSION

In this work, we have studied Vif-RNA interactions with var-
ious in vitro assays including homopolymer binding, gel shift-
ing, filter binding, and UV cross-linking plus various in vivo
assays including copurification by rate-zonal sedimentation
plus RNase digestion, UV cross-linking, and immunocoprecip-
itation. We demonstrated that in vitro (i) Vif preferentially
binds to poly(G) rather than binding equally to all homopoly-
mers (Fig. 1), indicating that Vif-RNA binding is sequence
specific; (ii) GST-Vif is able to bind to HIV-1 RNA rather than
v-actin RNA in gel shift assays (Fig. 2); (iii) the binding be-



VoL. 74, 2000

a
S
&
3S-Vif ¥
Cc
+GST-Gag —p

+GST-Vif
Probe

HIV-1 Vif INTERACTS WITH VIRAL RNA 8257

+GST-Gag —p

+GST-Vi
Probe —p

FIG. 7. Interaction between Vif, RNA, and Gag in vitro. (a) In vitro-translated, 3°S-labeled Vif protein was subjected to binding with GST-Gag-conjugated agarose
beads in the presence of free poly(G), HIV-1 7A RNA, or y-actin RNA. After washing, the bead-associated Vif was fractionated by SDS-PAGE. (b) In vitro-translated,
35S-labeled Vif protein was subjected to binding with poly(G)-conjugated agarose beads or in the presence of GST, GST-Gag, and GST-p7. The bead-associated Vif
was fractionated by SDS-PAGE. (c and d) HIV-1 riboprobes 5A (c) and 7A (d) were subjected to binding with various GST and GST fusion proteins (10 pmol of each),

respectively. The mixtures were then fractionated in a native 5% TBE gel.

tween Vif and HIV-1 RNA cannot be inhibited by tRNA or
poly(dI-dC) in a high quantity (750 ng) but can be inhibited by
unlabeled HIV-1 RNA in a concentration-dependent way (Fig.
2 and Table 1); and (iv) UV cross-linking indicates that HIV-1
riboprobes, but not an +y-actin riboprobe, can bind to GST-Vif
protein (Fig. 3). Further, we demonstrated that in vivo (i) Vif
protein is copurified with an RNase-sensitive particle which
contain HIV-1 unspliced RNA rather than spliced RNA and
v-actin RNA; and (ii) HIV-1 unspliced RNA, but not vy-actin
RNA, was coimmunoprecipitated with Vif protein.

Overall, the present data indicated that Vif strongly and
specifically bound to HIV-1 RNA. The specific sequence for
Vif-RNA binding remains to be determined. It could be an
RNA-specific structure, such as trans-activation-responsive
(TAR) element for Tat and Rev-responsive element (RRE)
for Rev. It could also be certain short sequences in HIV-1
RNA which can specifically bind to the Vif protein. These
sequences may be selected by systematic evolution of ligands
by exponential enrichment assay, as described previously for
the hnRNP proteins (12, 63). It is well known that many

RNA binding
activity
Wit t — +H+
f | -+
1-64 I 1
65-118 = i i
104-155 — )
156-192 | : +/-
Al1-64 — | -
A156-192 | | Dt

FIG. 8. Localization of RNA binding sites in the Vif protein. The vif gene was truncated into several fragments and then cloned into the pCITE-4a vector. The
35S-labeled Vif fragments were then in vitro translated and allowed to bind with poly(G)-conjugated agarose beads. The bead-associated Vif fragments were

fractionated by SDS-PAGE. Wt, wild type.
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FIG. 9. Alignment of the sequences from the N termini of various Vif proteins. *, conserved in all strains; :, not completely conserved but highly homologous; .,
with some homology. Arrows indicate the amino acids that were selected for site-directed mutagenesis.

hnRNP and mRNP proteins specifically bind to certain mRNA
molecules by binding to select short sequences (12, 25, 26). Vif
binds to viral RNA through its N terminus rather than the
positively charged amino acid-enriched C terminus, indicating
that this interaction does not simply depend on the clusters of
positively charged amino acids in Vif (Fig. 8). Importantly, we
have preliminarily demonstrated that these Vif mutants that
lose RNA binding activity in vitro do not support HIV-1 vif
replication in nonpermissive cells, suggesting that the RNA
binding ability of Vif is important for its function in the virus-
producing cells (Table 2). As such, these data strongly suggest
that Vif-RNA binding is not trivial and should play a role in the
viral life cycle.

Our data have also demonstrated that HIV-1, a member of
the lentivirus family, can encode an RNA-binding protein, Vif,
to coat temporarily and specifically its genomic RNA, and form
an mRNP complex in the cytoplasm of the virus-producing
cells (Fig. 4 to 6). It has been recognized that posttranscrip-
tional regulation of mRNA plays an important role in gene
expression. The eukaryotic mRNAs are associated with select
cellular proteins to form a particle (mRNP), which mainly
exists in the cytoplasm. The proteins in the mRNP complex
can regulate the translation, degradation, and localization of
mRNA in the cytoplasm (25, 26, 40). Some mRNA-associated
proteins are able to shuttle between the nucleus and the cyto-
plasm (2). Two major core proteins of mRNP, p50 and p70,
have been found in the cytoplasm of different somatic mam-
malian cells (25). p50 has been characterized as a member of
the Y-box-binding transcription factor family of proteins by
both high structural homology and ability to bind specifically
the Y-box sequence in double-stranded DNA. Further, this pro-
tein can melt the RNA secondary structure, change the RNA
conformation, and promote the initiation of protein biosyn-
thesis in vitro (27, 28). Other RNA-binding proteins, such as
hnRNP Al, La autoantigen, and pyrimidine tract-binding
protein, can also render translation cap-dependent in rabbit
reticulocyte lysate (27). However, Xenopus Y-box protein
FRGY2, an mRNA-binding protein, can inhibit translation
(43). Of importance, it has been reported that protein N of
vescular stomatitis virus, which is extensively packaged into
virions, can bind to viral RNA to form an mRNP complex and
inhibit ribosomal function in the host cell (1, 48).

The regulation of retroviral RNA may be more complicated
than that of host mRNAs. Similar to host mRNAs, unspliced
retroviral RNAs traffic from nucleus to cytoplasm, serve as the
template in ribosomes for the synthesis of their structural pro-
teins, and undergo degradation in the cytoplasm. Moreover,
unspliced retroviral RNA is selectively packaged into virions
for transmission through the packaging signal in its 5" region.
So far, however, little is known about this complicated regula-
tory process. Whether a cellular mRNA-associated protein(s)
is involved in this process remains unknown. An early study

showed that the nucleocapsid protein of Rous sarcoma virus
might inhibit protein synthesis in vitro (21). Moreover, it has
been proposed that dimerization of retroviral RNA plays a role
in selecting packaging rather than translation processes (6).
Our work demonstrated that in addition to Gag and Gag-Pol
structural proteins, lentiviruses could encode another protein
to potentially regulate this complicated process. Vif in the
mRNP complex of viral RNA may play multiple roles for the
intracellular trafficking and packaging of HIV-1 genomic
RNA. It may maintain the HIV-1 RNA in a properly folded
structure or prevent improper engagement with ribosomes.
Our recent data indicated that Vif may have RNA chaperone
activity whereby it performs these functions (37; unpublished
data).

Conversely, Vif in mRNP complexes may prevent the inter-
actions of HIV-1 RNA with various endogenous inhibitors, as
described by others (42, 53). For instance, it may prevent
activation of interferon or mRNA degradation systems, or it
may prevent the engagement with the Gag proteins of endog-

TABLE 2. Effects of Vif mutations in the N terminus upon
RNA binding activity and viral infectivity

. RNA binding activity (%) Viral
Vif construct . al
Poly(G)* HIV-1 RNA (7A) infectivity®
Wild type 100 100 i
WI11A 20 45 i
R17A 75 ND? ND
W21A 68 ND .
K26A 59 ND i
Y30A 16 20 -
Y40A 8 8 B
H43A, Y44A 55 ND ND
SS3A 98 ND ND
P58A 93 91 s

“The in vitro-translated Vif mutants were allowed to bind with poly(G)-
conjugated agarose beads, and binding activity was calculated by comparison
with the input sample labeled with [**S]methionine. The binding between wild-
type Vif and poly(G) was set at 100%. The others were calculated thereafter.

® Vif and its mutants were expressed as GST fusion proteins from bacterial
cells and isolated via glutathione-coated agarose beads. The purified proteins (10
pmol) were then subjected to binding with HIV-1 riboprobe 7A (10° cpm). The
mixture was placed onto a nitrocellulose filter, and the TCA-insoluble radioac-
tivity remaining on the filter was quantitated. The binding between wild-type Vif
and HIV-1 RNA was set at 100%. The others were calculated thereafter. In most
cases, the data reflect at least three independent experiments.

¢ To examine the effects on HIV-1 infectivity in H9 T cells utilizing these Vif
mutants, the mutants were cloned into a retroviral vector (pSLX-CMV-RRE).
The recombinant MLVs were generated and allowed to infect H9 T cells. The
G418-resistant H9 T cells were then infected with HIV-1y 434, The culture
was considered to be positive (+) or strongly positive (++) when the quantity of
HIV-1 p24 antigen in the supernatant was greater than 60 or 240 pg/ml on day
11 postinfection.

4 ND, not determined.
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enous retroviruses. In these circumstances, there may be no
significant component difference of 40S mRNP complexes in
permissive or nonpermissive cells. As such, a comparative anal-
ysis for the components of mRNP complexes in permissive or
nonpermissive cells may be more informative, but not essen-
tial, for understanding the physiological significance of Vif-
RNA binding.

Moreover, an interesting phenomenon has been demon-
strated in this study. In the presence of Gag precursors, the
ability of Vif to bind to RNA decreases. However, in contrast
to decreased Vif-RNA binding, RNA will continue binding to
Gag precursors (Fig. 7c and d). The precise mechanism of this
displacement is unknown, and more in vivo evidence is re-
quired to confirm this phenomenon. The characteristics of the
Vif, Gag, and RNA interactions are compatible with the fact
that Vif does not specifically incorporate into virions, even
though it strongly binds to viral RNA or Gag protein (Fig. 1, 2,
and 7; Table 1) (9, 39). Based on these observations, we sug-
gest that the binding between Vif and RNA in the mRNP
complex could decrease and Gag-RNA binding would domi-
nate at the site of aggregated Gag precursors (budding com-
plex). If this is the case, Vif could be directly involved in the
viral RNA folding and packaging process.

Retroviral RNA packaging is a complicated process com-
posed of multiple steps: recognition, selection, dimerization,
folding, and condensation. The viral RNA packaging signal (s
site) and dimerization signal are both located in the same
region of the 5’ terminus of retroviral RNA, separated by a
short distance (50). Deletion of this region will significantly
affect the RNA packaging into HIV-1 virions and the virion
morphology (14, 20, 41). The nucleocapsid domains of Gag
precursors, which harbors two zinc finger structures, directly
binds to viral RNA in the packaging process. The first zinc
finger structure and its flanking positively charged amino acids
play a key role in the RNA binding activity (4, 20). It has been
shown that Gag precursors and NCp7 of HIV-1 can specifically
bind to HIV-1 RNA at the i site in vitro (5, 15, 19). However,
several questions remain to be further investigated. How many
Gag monomers are involved in the binding to the RNA pack-
aging signal in viral unspliced RNA? Besides the binding be-
tween NCp7 and viral RNA at the i site, what is the sequential
process for the condensation and folding of the rest of viral
genomic RNA? Is any host cellular factor involved in this
process? In recent studies, a double-stranded RNA-binding
protein, Staufen, has been found within HIV-1 virions. Its
incorporation into HIV-1 virions is dependent on genomic
RNA packaging (45). This result suggests that RNA packaging
could be quite complicated process and may not be facilitated
only by Gag protein.

Based on our data, we propose that Vif may play roles in the
lentiviral RNA folding and packaging process. Vif proteins in
mRNP complexes of viral RNA could initially bind to NCp7
domains of the Gag precursor to mediate the engagement of
HIV-1 genomic RNA to HIV-1 Gag precursors. As the entire
viral RNA molecule starts to bind to the NCp7 domains of the
Gag precursor, the affinity of Vif to RNA and Vif to Gag will
decrease and Vif protein will gradually dissociate from this
budding complex composed of Gag, Gag-Pol, and genomic
RNA. This displacement process may guide the proper folding
and condensation of viral RNA during packaging. If Vif is not
expressed in the nonpermissive cells, HIV-1 genomic RNA will
still be packaged into virions through the strong binding be-
tween the ¢ site of viral RNA and certain NCp7 domains of
Gag precursors, as shown by in vitro studies (5, 15, 19). How-
ever, the genomic viral RNA, which is not coated by Vif pro-
teins, may have been altered or even damaged by the hostile
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environment of the cytoplasm, or the interaction between ge-
nomic RNA and the NCp7 domain of Gag precursor, and thus
the folding and condensation of genomic RNA would proceed
improperly. As a result, a virion generated from such a pro-
ducing cell will have morphologic alterations and not complete
reverse transcription, as previously demonstrated for HIV-1
lacking Vif from nonpermissive cell types (8, 10, 38). Further
studies are required to confirm these hypotheses.

In summary, our studies demonstrate that Vif protein is an
RNA-binding protein and binds to HIV-1 genomic RNA to
form an mRNP complex in the cytoplasm of virus-producing
cells. Vif in this complex may assist HIV-1 RNA to maintain
proper folding and trafficking in the cytoplasm, or it may pre-
vent cellular inhibitors from altering HIV-1 RNA. Further, Vif
in this complex may mediate HIV-1 genomic RNA in associ-
ation with the NCp7 domains of the HIV-1 Gag precursor. It
remains to be clarified whether the defect of the vif gene will
result in a detectable impairment in the RNA packaging/fold-
ing process. Comparative analysis of the nucleocapsid complex
in the vif virions, generated from permissive cells or nonper-
missive cells, will further prove our hypothesis. Conversely, if
an endogenous inhibitor exists in nonpermissive cells, what is
the molecular mechanism for its impairment of genomic RNA,
and how does Vif protein prevent it? Further, it is also of
interest to dissect the molecular mechanisms of Vif-RNA bind-
ing and its regulation. We believe that understanding these
questions will lead to further analysis of other molecular mech-
anisms involving Vif protein and thus generate a novel acces-
sory protein target for rational design of HIV-1 therapeutics.
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