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The proteins encoded by human immunodeficiency virus type 1 (HIV-1) can be divided into two temporally
regulated classes. Early gene products are encoded by multiply spliced mRNA species and are expressed
constitutively. In contrast, late proteins are encoded by a class of unspliced or singly spliced viral transcripts
whose cytoplasmic expression is induced by the viral Rev trans activator. Here, we demonstrate that the viral
Vif and Vpr proteins are encoded by singly spliced viral mRNAs whose expression is activated by Rev. This
activation is shown to result from the reduced utilization of splice sites adjacent to or within the vif and vpr

coding sequences. Vif and Vpr therefore belong to the class of late HIV-1 gene products.

The pathogenic retrovirus human immunodeficiency virus
type 1 (HIV-1) displays a high level of genetic complexity
(Fig. 1). In addition to carrying the gag, pol, and env genes
characteristic of all known replication-competent retrovi-
ruses, HIV-1 encodes at least six auxiliary proteins. Two of
these, termed Tat and Rev, are essential trans regulators of
viral gene expression, while two others, termed Vpu and Vif,
have been shown to be important for the morphogenesis and
release of infectious virions (reviewed in reference 5). The
roles of the viral nefand vpr gene products remain less clear,
as both are dispensable for efficient HIV-1 replication in
culture (3, 10, 16). However, recent data suggest that Vpr
may be a virion structural protein whose expression mod-
estly enhances the rate of viral replication (2, 3, 16).
The nine HIV-1 proteins enumerated or alluded to above

are encoded by more than 20 distinct mRNA species that are
derived from the posttranscriptional processing of the initial,
genome-length viral transcript (7, 14, 19-21). The pattern of
expression of these HIV-1 mRNAs displays a marked tem-
poral regulation (9). In the early stages of infection, viral
gene expression is limited to the small, multiply spliced
mRNA species that are known to express the viral regula-
tory proteins Tat and Rev as well as the nef gene product
(Fig. 1) (6, 7, 9). It is hypothesized (9, 17) that accumulation
of the Rev protein to a critical level activates the expression
of the unspliced and singly spliced mRNA species that
encode the viral structural proteins Gag, Pol, and Env.
HIV-1 proviruses lacking a functional rev gene product or
bearing a defective copy of the cis-acting RNA target se-
quence for Rev, the Rev response element (RRE), are unable
to progress to the late, structural phase of the viral replica-
tion cycle and remain locked in the early, regulatory phase
(6, 7, 12).

Recently, it was demonstrated that Vpu is also a late gene
product that is encoded by the same singly spliced bicis-
tronic mRNA species as Env (21). However, the temporal
regulation of the HIV-1 vif and vpr gene products has
remained unclear. Schwartz et al. (20) have proposed that
Vif and Vpr are encoded by two doubly spliced viral mRNA
species containing the hypothetical coding exons designated
E2A and E3A, respectively (Fig. 1D). These multiply spliced
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mRNAs, which would be structurally comparable to the
known multiply spliced tat mRNAs (Fig. 1C), would lack an
RRE and would therefore have to be expressed indepen-
dently of Rev. Alternatively, Vif and Vpr could be encoded
either predominantly or exclusively by mRNAs structurally
comparable to the singly spliced viral mRNAs that encode
Env and the truncated form of Tat (Fig. ID) (18). In this
case, the Vif and Vpr proteins would fall into the class of late
viral gene products whose expression is activated by the Rev
protein.
To examine the Rev dependence of HIV-1 vifgene expres-

sion, we transfected (4) cultures of the HIV-1 replication-
permissive monkey cell line COS (11) with an expression
plasmid containing a full-length, replication-competent
HIV-1 provirus (pHIV-1) or with a similar HIV-1 provirus
bearing a defective viral rev gene (pHIV-lARev) (13). These
expression plasmids are based on the HXB-3 proviral isolate
and are similar to those previously described (13), except
that the single-base-pair frame-shift mutation present within
the vpr gene of the HXB-3 isolate (3, 15, 16) has been
corrected in order to permit expression of the full-length vpr
gene product. At 72 h after transfection, total cytoplasmic
mRNA was harvested and subjected to Northern (RNA)
analysis (12) with probes specific for the tat gene or the vif
gene (Fig. 2). The HIV-1 tat gene is known to be expressed
as a set of multiply spliced, -2-kb transcripts in the absence
of Rev and as a singly spliced, -4-kb transcript in the
presence of Rev (Fig. 1C) (7, 14, 20). This result is confirmed
in Fig. 2, which shows a marked accumulation of exclusively
multiply spliced tat mRNAs in the absence of Rev (Fig. 2,
lane 2). In the presence of Rev, expression of the 2-kb tat
mRNAs is reduced whereas the singly spliced tat mRNA, as
well as the genomic transcript, is readily detected. In con-
trast, the probe specific for the vifopen reading frame failed
to detect any specific viral mRNA species in cells trans-
fected with the pHIV-lARev construct (Fig. 2, lane 5). Even
with prolonged exposure, no specific mRNA species could
be detected in this lane (data not shown). However, both a
singly spliced and a genome-length viral RNA species were
detected by the vif-specific probe in cells transfected with
the wild-type HIV-1 proviral expression plasmid (Fig. 2, lane
6). Of note, the singly spliced mRNA detected by the
vif-specific probe was observed to migrate more slowly than
the predominant singly spliced species detected by the tat
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FIG. 1. RNA expression strategies in HIV-1. (A) Genetic orga-
nization of the HIV-1 provirus, showing the location of major splice
donors (Dl to D4) and splice acceptors (Al to A6). R, vpr. (B) HIV-1
exons observed in the multiply spliced viral mRNA species. El to
E7 represent exons that have been cloned and characterized. E2A
and E3A represent hypothetical exons proposed by Schwartz et al.
(20). The exon nomenclature used here is similar to that previously
proposed (14, 20). (C) HIV-1 Tat protein occurs in two forms (7, 12).
A full-length, two-exon form of Tat is encoded by a set of at least
three different multiply spliced mRNAs and is expressed indepen-
dently of Rev (12, 19, 20). In the presence of Rev, a singly spliced
Tat mRNA that encodes a truncated, one-exon form of Tat (7, 12) is
observed. (D) By analogy with the Tat protein, the HIV-1 vifand vpr

gene products could be expressed from doubly spliced mRNA
species containing the hypothetical E2A and E3A exons (20).
Expression of these mRNAs, which would lack the env gene-

specific RRE signal, would therefore be predicted to be Rev
independent. In contrast, Vif and Vpr might be translated entirely
from singly spliced mRNAs (18) whose cytoplasmic expression
would be dependent on Rev.

probe, which was predicted by their projected sizes of -5.0
and -4.1 kb, respectively (Fig. 1). Results obtained with a

probe specific for the HIV-1 vpr gene were similar to those
obtained with the vif-specific probe (data not shown).
The Northern analysis whose results are presented in Fig.

2 suggests that vif is detectably expressed only as a singly
spliced, -5-kb transcript and only in the presence of Rev.
One possible explanation for this result is that Rev induces
the utilization of the vif gene-specific Al splice acceptor
(Fig. 1). Alternatively, Rev might activate Vif expression by
reducing utilization of the D2 splice donor in a population of
RNA that has already completed the Dl-Al splice. It is of
interest that such a splicing event would generate the small
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FIG. 2. Northern analysis of HIV-1 tat and vifmRNAs. COS cell
cultures were transfected (4) with an intact HIV-1 provirus, with a
provirus bearing a defective Rev gene (pHIV-1ARev), or with a
negative control vector (mock transfected). Total cytoplasmic RNA
was isolated (12) 72 h after transfection, and Northem analysis was
performed as described previously (12), with 10 ,ug ofRNA per lane.
The nitrocellulose filter was initially analyzed with a probe specific
for the first (E4) exon of tat (proviral coordinates 5794 to 5955; see
reference 15) (lanes 1 to 3). Subsequently, the filter was stripped and
rehybridized with a probe specific for the viral vif gene (proviral
coordinates 5077 to 5332) (lanes 4 to 6). The approximate sizes of the
unspliced (-9 kb), singly spliced (-4 kb), and multiply spliced (-2
kb) viral mRNAs, as determined by their mobilities, are indicated.

noncoding exon, designated E2 in Fig. 1, that has previously
been detected in the multiply spliced HIV-1 mRNA species
(14, 19, 20). To distinguish between these possible explana-
tions, we subjected the cytoplasmic mRNA samples de-
scribed above to quantitative Si nuclease analysis (Fig. 3).

Figure 3a illustrates a probe, end labeled in the first exon
of the tat gene, that spans the D4 splice site. This probe can
therefore detect all cytoplasmic viral mRNAs containing
exon E4 and will quantitate the utilization of the D4 splice
donor in this population. In cells transfected with pHIV-
lARev (Fig. 3A, lane 2), essentially all of the cytoplasmic
HIV-1 transcripts detected by this probe were spliced at the
D4 site. In contrast, a large majority of the viral RNAs
detected in the culture transfected with a wild-type HIV-1
provirus were unspliced at the D4 site (Fig. 3A, lane 3). This
result therefore confirms those of a previous study (12)
showing that coexpression of Rev reduces the utilization of
the D4 splice site.

Figure 3b illustrates a second end-labeled probe that is
designed to detect only those mRNAs that have already
made the splice from the Dl splice donor to the Al splice
acceptor, i.e., mRNAs which could present the vif gene as
the first open reading frame. This probe also spans the D2
splice site. It is therefore possible to quantitate the level of
utilization of the D2 splice donor in a population of mRNAs
that has already made the Dl-Al splice. Only mRNAs not
spliced at D2 could encode the HIV-1 Vif protein. In fact,
very little RNA not spliced at the D2 splice site (i.e., vif
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FIG. 3. Si nuclease analysis of HIV-1 tat and vif mRNAs. The
RNA samples used in this experiment were identical to those used
for Northern analysis (Fig. 2). Quantitative S1 nuclease analyses
were performed as described elsewhere (4, 12), with 5 p.g of total
cytoplasmic RNA per lane. (A, a) The probe strategy used in this
experiment has been described previously (12). The probe used was
end labeled at a BstYl (b) site within the first coding exon of tat and
extends through splice donor D4 into the env gene-specific intron. A
pBR322 DNA tag was attached at an intron KpnI (k) site to allow us
to distinguish the full-length input (I) probe from probe fragments
rescued by viral transcripts that were unspliced (U) or spliced (S) at
the D4 splice donor. Size markers (M) were obtained by end labeling
an MspI digest of pBR322 DNA. e, EcoRI. (B, b) To quantitate the
level of splicing at the D2 splice acceptor in HIV-1 transcripts
already spliced at the Al and Dl splice sites, we used the polymer-
ase chain reaction to generate a molecular clone that contained the
Di-Al splice junction. The 5' primer used was homologous to HIV-1
sequences located 3' to the Al splice acceptor (positions 4913 to
4927), and it also contained a 12-bp 5' extension homologous to
HIV-1 leader sequences located 5' to the Dl splice donor (positions
732 to 743). The 3' primer spanned a HindIII (h) site located 26
nucleotides (nt) 3' to the D2 splice acceptor. This polymerase chain

mRNA) was detected in cells transfected with pHIV-1ARev
(Fig. 3B, lane 5). Instead, we detected a high level of RNA
spliced at the known D2 splice site as well as a lower level of
a slightly larger RNA spliced at an immediately adjacent
splice donor that we term D2*. Utilization of this second 5'
splice site was detected in several independent experiments,
although always at a lower level than that of the known D2
site, and it therefore appears probable that this represents a
novel minor splice donor present in the HIV-1 provirus. Si
nuclease analysis maps the location of this site to 14 nucle-
otides 3' to the known D2 site. The D2* sequence is
therefore 5'-A/GUAAU-3', which is similar to the splice
donor consensus sequence (5'-G/GUAAG-3') (1). However,
the significance of this novel 5' splice site, which should
result in a slightly larger noncoding E2 exon, is unclear.

In cells transfected with a wild-type HIV-1 provirus, a
marked increase in the level of mRNA unspliced at the D2
site (i.e., vif mRNA) was detected, as was a concomitant
drop in the level of mRNA spliced at either D2 or D2* (Fig.
3B, lane 6). This result therefore supports the hypothesis
that Rev activates the expression of vif mRNA by reducing
the utilization of the D2 splice donor.
The experiments presented thus far have examined Vif

and Vpr expression entirely at the RNA level. To more
directly test whether the expression of the Vif and Vpr
proteins depends on Rev coexpression, we raised rabbit
antisera specific for these viral proteins by using as an
immunogen either a peptide (N-CEQAPEDQGPQREPHNE
WTLE-C) identical to amino acids 2 to 21 of the predicted
vpr open reading frame or a full-length recombinant Vif
protein obtained from the National Institutes of Health
AIDS Reagent Program. We then used these antisera, to-
gether with a previously described (12) rabbit antiserum
specific for the HIV-1 Tat protein, to analyze the expression
of Vpr, Vif, and Tat proteins in transfected cells. For this
purpose, cultures transfected with pHIV-1, pHIV-1ARev, or
a control plasmid were metabolically labeled with [35S]cys-
teine and [35S]methionine (12). The labeled proteins were
then extracted (12), and equal aliquots were subjected to
immunoprecipitation analysis with anti-Tat, anti-Vpr, or
anti-Vif rabbit antisera. Precipitated proteins were resolved
by electrophoresis through a denaturing sodium dodecyl
sulfate (SDS)-14% polyacrylamide gel and were then visu-
alized by autoradiography (Fig. 4).
As predicted, the culture transfected with pHIV-lARev

gave rise to a high level of the two-exon form of Tat protein
(Fig. 4, lane 5) encoded by the various multiply spliced tat
mRNA species (Fig. 1B) (20). Coexpression of Rev resulted
in a marked reduction in the expression of the full-length Tat
protein and an induction of the one-exon form of Tat (Fig. 4,
lane 6) encoded by the singly spliced tat mRNA (Fig. 1C)
(12, 20). The culture transfected with the wild-type HIV-1
proviral clone also gave rise to a specific band (-14 kDa)
with the mobility predicted previously (2) for the HIV-1 Vpr
protein (Fig. 4, lane 3). However, no Vpr protein was
detected in the absence of Rev coexpression (Fig. 4, lane 2).

reaction fragment was cloned into the pGem3zf(+) polylinker
(Promega). The probe used was end labeled at an XmaI (X) site
introduced into the HIV-1 leader (L) sequence and extends through
the D2 splice donor into the vif open reading frame. A pGem DNA
tag was attached at a vifgene Hindlll site to allow us to distinguish
the full-length input (I) probe from probe fragments rescued by RNA
species that were unspliced (U) or spliced (S) at the D2 splice donor.
p, PvuII.
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FIG. 4. Immunoprecipitation analysis ofCOS cell cultures trans-
fected with proviral clones. COS cell cultures were transfected with
the wild-type HIV-1 provirus or with a provirus bearing a defective
rev gene (pHIV-1ARev) or were mock transfected with a control
plasmid, pBC12/CMV, as indicated. At 72 h posttransfection, cul-
tures were radiolabeled and lysed (12), and 800-,ul aliquots of the
solubilized proteins were subjected to immunoprecipitation (12)
with 8 ,ul of anti-Vpr antiserum (lanes 1 to 3) or 5 pAl of anti-Tat
antiserum (lanes 4 to 6). The precipitated proteins were resolved by
electrophoresis. The relative mobilities of 14C-labeled protein mo-
lecular size standards (Bethesda Research Labs, Inc.) are indicated
by their molecular masses in kilodaltons on the left. Vpr has been
shown to migrate at -14 kDa (2), while the two-exon (2ex) and
one-exon (lex) forms of Tat migrate at -15.5 and -14 kDa,
respectively (12).

Therefore, Vpr expression, like expression of the one-exon
form of Tat, is dependent on Rev.

Unfortunately, it proved impossible to detect Vif protein
in cultures transfected with HIV-1 proviral clones by using
the rabbit anti-Vif antibody at our disposal (data not shown).
In an attempt to increase expression to a detectable level, we
constructed an expression plasmid, pgVif, in which a seg-
ment of the HIV-1 genome extending from immediately 3' to
the Al splice acceptor to immediately 3' to the end of the
second exon of Tat was inserted into the expression plasmid
pBC12/CMV (4). This segment of the HIV-1 provirus con-
tains an intact viral RRE but lacks a functional rev gene.
Unspliced mRNAs transcribed from this plasmid are pre-
dicted to be structurally comparable to the singly spliced vif
mRNA and should, therefore, direct the synthesis of Vif
protein. In contrast, fully spliced mRNAs derived from
pgVif are predicted to encode predominantly the two-exon
form of the HIV-1 Tat protein. In fact, a culture transfected
with pgVif alone produced no detectable Vif protein (Fig. 5,
lane 2) but yielded a high level of two-exon Tat (Fig. 5, lane
5). In contrast, coexpression of Rev in trans resulted in the
induction of the 23-kDa Vif protein (Fig. 5, lane 3) (8, 22) and
reduced synthesis of the 2-exon form of viral Tat protein
(Fig. 5, lane 6).

In this report, we have demonstrated that expression of
the HIV-1 Vif and Vpr proteins is activated by and depen-
dent upon coexpression of the HIV-1 Rev protein. These
results were obtained by the transfection of full-length
HIV-1 proviral clones into the monkey cell line COS.
Although COS cells are permissive for HIV-1 replication
(11), they do not represent a physiologically relevant host
cell for the HIV-1 virus. Nevertheless, these results clearly
predict that Vif and Vpr expression is likely to be activated

FIG. 5. Immunoprecipitation of the HIV-1 Vif protein from
transfected cells. Immunoprecipitations were performed as de-
scribed for Fig. 4. The vif gene expression plasmid pgVif contains
HIV-1 proviral sequences extending from immediately 3' to the Al
splice acceptor (Fig. 1A) to immediately 3' to the end of the second
coding exon of tat (positions 4917 to 8475). This plasmid therefore
contains a truncated, defective rev gene but includes an intact RRE.
These HIV-1 sequences were placed under the control of the
cytomegalovirus immediate-early promoter in the pBC12/CMV plas-
mid (4). Cultures were transfected with pgVif together with a Rev
expression plasmid (pcRev) or a control plasmid (pBC12/CMV).
Negative control (mock) cultures were transfected with pBC12/
CMV alone. Labeled cell extracts (800-,ul samples) were subjected
to immunoprecipitation with 8 pd of anti-Vif antiserum (lanes 1 to 3)
or 5 pd of anti-Tat antiserum (lanes 4 to 6). The Vif protein has been
shown to migrate at -23 kDa on SDS-polyacrylamide gels (8).

late in the HIV-1 replication cycle in infected primary human
T cells or macrophages.
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