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Over 40 different human immunodeficiency virus type 1 (HIV-1) mRNAs are produced by alternative splicing
of the primary HIV-1 RNA transcripts. In addition, approximately half of the viral RNA remains unspliced and
is used as genomic RNA and as mRNA for the Gag and Pol gene products. Regulation of splicing at the HIV-1
3� splice sites (3�ss) requires suboptimal polypyrimidine tracts, and positive or negative regulation occurs
through the binding of cellular factors to cis-acting splicing regulatory elements. We have previously shown
that splicing at HIV-1 3�ss A1, which produces single-spliced vif mRNA and promotes the inclusion of HIV exon
2 into both completely and incompletely spliced viral mRNAs, is increased by optimizing the 5� splice site (5�ss)
downstream of exon 2 (5�ss D2). Here we show that the mutations within 5�ss D2 that are predicted to lower
or increase the affinity of the 5�ss for U1 snRNP result in reduced or increased Vif expression, respectively.
Splicing at 5�ss D2 was not necessary for the effect of 5�ss D2 on Vif expression. In addition, we have found that
mutations of the GGGG motif proximal to the 5�ss D2 increase exon 2 inclusion and Vif expression. Finally,
we report the presence of a novel exonic splicing enhancer (ESE) element within the 5�-proximal region of exon
2 that facilitates both exon inclusion and Vif expression. This ESE binds specifically to the cellular SR protein
SRp75. Our results suggest that the 5�ss D2, the proximal GGGG silencer, and the ESE act competitively to
determine the level of vif mRNA splicing and Vif expression. We propose that these positive and negative
splicing elements act together to allow the accumulation of vif mRNA and unspliced HIV-1 mRNA, compatible
with optimal virus replication.

Human immunodeficiency virus type 1 (HIV-1) primary
RNA transcripts are alternatively spliced, to generate over 40
different mRNAs of three different size classes, unspliced
�9-kb mRNAs, incompletely spliced �4-kb mRNAs, and com-
pletely spliced �1.8-kb mRNAs (Fig. 1) (for a review, see
reference 28). The unspliced viral RNA is used as genomic
RNA and as mRNA for the Gag and Pol gene products (for a
review, see reference 7). The incompletely spliced size class
includes mRNAs for Vif, Vpr, single-exon Tat, and Env/Vpu,
and the completely spliced size class includes mRNAs for two-
exon Tat, Rev, and Nef. Four different 5� splice sites (5�ss) and
eight different 3� splice sites (3�ss) are used to produce the
different alternatively spliced HIV-1 mRNAs, which are
present in different amounts in the infected cells (21). The
locations and sequences of most of these splice sites are highly
conserved in all clades of group M HIV-1 and in HIV-1 strains
in groups N and O. The extent to which these 5�ss and 3�ss are
used is dependent on the relative strengths of the splice sites
and on the presence of cis splicing elements within the viral
genome. The cis elements within the HIV-1 genome include
both exonic splicing silencers (ESS) and intronic splicing si-
lencers (ISS) and exonic splicing enhancers (ESE).

We have previously shown that the splicing of tat mRNA,
which is present in relatively low abundance, is regulated by
two different ESS within the first tat coding exon that represses
splicing at 3�ss A3 and in an ESS in the second tat/rev coding
exon that represses splicing at 3�ss A7 (4, 11, 26, 27). In addi-

tion, an ISS upstream of 3�ss A7 regulates tat/rev mRNA splic-
ing (30). The first tat coding exon and the second tat/rev coding
exon also contain ESE that selectively increase splicing at 3�ss
A3 and A7, respectively (4, 26, 27, 35). The splicing of vpr
mRNA, which is also present in low abundance in infected
cells, is regulated by an ESS that represses splicing at 3�ss A2
(6, 18). In addition, splicing at 3�ss A2 is facilitated by the
presence of a downstream 5�ss (5�ss D3), a result predicted by
the exon definition hypothesis, which proposes that the defi-
nition of exons is an early step in splicing and precedes the
definition of introns (5, 10, 22). The use of the 5�ss D3 results
in the inclusion of a small 74-nucleotide (nt) noncoding exon
(exon 3) between 3�ss A2 and 5�ss D3 into a fraction of the
HIV-1 mRNAs. Mutations that optimize 5�ss D3 result in
increased splicing at 3�ss A2 and increased exon 3 inclusion (6).

vif mRNA is also present in low abundance in HIV-1-in-
fected cells. Regulation of vif mRNA splicing may be impor-
tant to maintain Vif expression at the levels necessary to in-
hibit the accumulation and packaging of APOBEC3G and
APOBEC3F deoxycytidine deaminases (14, 20, 25, 34) without
inhibiting virus protein processing and virus replication, which
has been shown to occur at higher Vif levels (2). We have
previously shown that splicing at 3�ss A1, the splice site used to
generate vif mRNA, is limited by the presence of a suboptimal
downstream 5�ss, since the mutation of 5�ss D2 to a consensus
5�ss results in an HIV-1 phenotype with excessive splicing, a
dramatic increase in the expression of Vif, and the inclusion of
the 50-nt noncoding exon 2 between 3�ss A1 and 5�ss D2 into
a majority of the spliced viral mRNAs (17). In contrast, in the
wild-type infected cells, exon 2 is included into only a fraction
of viral mRNAs (21). It has also recently been shown that exon
2 contains two potential ESE elements (ESEM1 and ESEM2)
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with the sequence UGGAAAG; mutations of these two ele-
ments resulted in a selective decrease in exon 2 inclusion.
Surprisingly, in the context of an infectious provirus, these ESE
mutations were reported to not significantly affect the levels of
vif mRNA and Vif expression, suggesting that ESEM1 and
ESEM2 affect exon 2 definition and exon 2 inclusion but not
the creation of vif mRNA (13).

In this study, we investigated splicing elements affecting both
exon 2 definition and HIV-1 Vif expression by creating muta-
tions that strengthen or weaken 5�ss D2, mutations within exon
2, and mutations downstream of 5�ss D2. Based on our results,
we propose that 5�ss D2, a GGGG splicing silencer proximal to
5�ss D2, and an ESE act competitively by interacting with host
factors to determine the level of vif mRNA splicing and Vif
expression. In addition, we propose that these elements act
together to allow the accumulation of unspliced mRNA levels
compatible with optimal virus replication.

MATERIALS AND METHODS

Plasmids. The infectious HIV-1 molecular clone pNL4-3 was obtained from
the NIH AIDS Research and Reference Program (1). pNLD2up has been de-
scribed previously (17). The mutant derivatives of pNL4-3 shown in Fig. 2 were
generated using a QuikChange site-directed mutagenesis kit (Stratagene) as
described previously (18). The �-galactosidase expression plasmid pCMV110
was obtained from Tom Hope, Northwestern University School of Medicine.

Cell transfection. 293T cells growing in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum were transfected with pNL4-3 or with mutants of
pNL4-3, using calcium phosphate precipitation as previously described (18). To
monitor transfection efficiencies, cells were cotransfected with a lacZ expression
plasmid, CMV110. The cells and culture medium were harvested at 24 to 48 h
posttransfection. Aliquots of the cell extracts were used to determine �-galac-

tosidase-specific enzyme activity (23). The remainder of the cells were disrupted
by using Tri-Reagent (Molecular Research Center, Inc.), and total cellular RNA
and protein were isolated according to the protocol supplied by the manufac-
turer.

Analysis of viral RNA species. Reverse transcription (RT)-PCR was used to
detect HIV-1 mRNA species in the �1.8-kb and �4-kb mRNA size classes, and
Northern blotting analysis of the total RNA was performed as previously de-
scribed (18). Blots were hybridized to a 32P-labeled probe generated from the
422-nt XhoI/BamHI restriction fragment in the 3� untranslated region of
pNL4-3, which is present in all HIV-1 mRNAs.

Quantitative real-time RT-PCR analysis of vif mRNA. cDNA was synthesized
from total cellular RNA, using Moloney murine leukemia virus reverse trans-
criptase (RT) and random hexamers, as previously described (6). Real-time PCR
analysis to quantify vif and �-actin mRNAs was performed with an Applied
Biosystems model 7300 real-time PCR system using an absolute RNA quantifi-
cation method. PCR amplification was followed by detection with SYBR Green.
Primers used for specific amplification of vif mRNA were D1-A1 (forward),
GGCGACTGGGACAGC, and Vif body (reverse), CACACAATCATCACCT
GCC. Primers used for the amplification of �-actin mRNA were �-actin-5�
(forward), GCTCCTCCTGAGCGCAAG, and �-actin-3� (reverse), CATCTGC
TGGAAGGTGGACA. Ratios of the vif mRNA concentration to the �-actin
mRNA concentration were then determined. Data for the pNL4-3 mutants were
then normalized to wild-type values after corrections were made for the relative
transfection efficiencies based on the �-galactosidase assays of transfected cell
extracts.

Immunoblotting. Cellular proteins (50 �g) were resolved by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis, transferred to nitrocellulose
membrane via the semidry transfer method, and immunoblotted. �-Tubulin was
detected with monoclonal antibody (MAb) E7 (Developmental Studies Hybrid-
oma Bank, University of Iowa) diluted 1:1,000. Vif was detected using either
MAb 319 diluted 1:50 or polyclonal Ab 2221 diluted 1:1,000. Both Vif antibodies
were obtained from the NIH AIDS Research and Reference Reagent Program.
Blots were developed with an ECLPlus Western blotting detection system (Am-
ersham) using peroxidase-conjugated sheep anti-mouse immunoglobulin G
(MAb E7 and MAb 319) or donkey anti-rabbit immunoglobulin G (Ab 2221).

FIG. 1. Viral RNA species produced within HIV-1-infected cells. HIV-1 genes are shown relative to the long terminal repeats (LTR). The viral
genomic or �9-kb unspliced mRNA shows the location of 5�ss and 3�ss within the pNL4-3 infectious plasmid. The incompletely and completely
spliced HIV-1 viral mRNAs (�4-kb and 1.8-kb size classes) are shown as black boxes. Spliced mRNAs are denoted by the translated open reading
frames and by the exon content. The incompletely spliced mRNAs, denoted by an I, are differentiated from completely spliced mRNAs by the
inclusion of the intron between 5�ss D4 and 3�ss A7. Either one or both of the noncoding exons 2 and 3 are included in a fraction of all �4-kb
and �1.8-kb mRNA species, with the exception of vif mRNA. The locations of the primer pairs used for qRT-PCR analysis of vif mRNA (D1A1
and VifBody) and RT-PCR analysis of 1.8-kb mRNA (BSS and SJ4.7A) are indicated.
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RT assays and virus production. Cell-free supernatants were assayed for RT
activity by [�-32P]dTTP incorporation as previously described (33). Incorpora-
tion of radioactivity was quantitated using an Instant Imager (Packard) program.
RT data were normalized to that of the wild type after correction was made for
transfection efficiency based on �-galactosidase assays of extracts from trans-
fected cells.

In vitro RNA splicing. The pdsx�E and pdsxASLV plasmids were a gift from
M. Caputi, Florida Atlantic University, and have been described previously (29,
31). Plasmids for in vitro splicing templates were constructed by inserting an-
nealed oligonucleotides into the ClaI site of dsx�E (sequence GGACAGCAG
AGATCCAGT for dsxWT and GGACAGCAGTCTAGGTGG for dsxA1M).
Plasmids were linearized with HindIII for dsx�E derivatives or with BamHI for
dsxASLV and used as templates for the in vitro transcription of 32P-labeled RNA
substrates, using T7 polymerase. In vitro splicing assays of purified substrates
were carried out essentially as described previously (3).

UV cross-linking and immunoprecipitation. The wild-type NL4-3 sequence
(GGA CAG CAG AGA TCC AGT) or the mutant sequence corresponding to
ESEVifm (GGA CAG CAG AAA GCC) were cloned into the pBluescript SK�
plasmid at the KpnI site. In vitro transcription templates (65 nt) were created by
PCR amplification of the sequence between the T7 RNA promoter and the
sequence downstream of the insertion. 32P-labeled RNA substrates (48 nt) were
then synthesized from the PCR product. For UV cross-linking assays, 1 � 105

cpm of RNA substrates were incubated in the presence of the HeLa nuclear
extracts (HNE), at the indicated volumes at 30°C for 30 min and cross-linked to
bound protein by UV irradiation for 15 min. Unbound substrate was digested
with 25 �g RNase A (Fermentas), and the 32P-labeled RNA-protein complexes
were resolved on 10% polyacrylamide gels. For immunoprecipitation reactions,
1 � 106 cpm substrate was incubated with 20 �l HNE and cross-linked, and
unbound RNA was digested with 100 �g RNase A. After samples were digested,
they were incubated at 4°C for 2 h with either 2 �g of pan-SR MAb 16H3
(Zymed) or 1 �g of MAb �-SRp75 (Ptglabs). Complexes were then bound to
protein A-conjugated agarose beads, and unbound proteins were removed by
washing the beads four times with 20 mM Tris-HCl–0.5 M NaCl–1% NP-40 and
once with 20 mM Tris-HCl–0.15 M NaCl–1% NP-40. The bound fractions were
solubilized in 5 mM Tris-7 mM SDS-10 mM dithiothreitol-5% glycerol (pH 6.8),
heated at 100°C for 3 min, and resolved on a 10% polyacrylamide gel. The
immunoprecipitation products were then visualized by autoradiography.

RESULTS

Down mutations of 5�ss D2 decrease exon 2 inclusion and
levels of vif mRNA and Vif protein expression. To test the role
of the downstream 5�ss in Vif expression, we created 5�ss D2
mutations within the infectious HIV-1 plasmid pNL4-3, and

the mutant plasmid was predicted to bind to U1 snRNP with
reduced affinity compared to that of the wild type (Fig. 2). To
prevent splicing at 5�ss D2, we changed the invariant GU to
GC (pNLD2GC). We also changed additional bases, as shown in
Fig. 2, that were predicted to either reduce or increase the affinity
of U1 snRNP for 5�ss D2 compared to that of pNLD2GC
(pNLD2GCdown and pNLD2GC-G5, respectively). The mutant
plasmids were transfected into 293T cells, and cells and superna-
tants from the transfected cells were harvested at 24 to 48 h
posttransfection. The extent of exon inclusion was determined by
polyacrylamide gel electrophoresis of the RT-PCR products ob-
tained from �1.8-kb mRNA (Fig. 3A). As controls for exon 2
inclusion, we compared the profiles of the three down mutations
of 5�ss D2 to that of the wild-type pNL4-3 plasmid and to that of
the previously described pNLD2up mutant plasmid. This mutant
plasmid is predicted to bind to U1 snRNA with a significantly
higher affinity than that of the wild type (Fig. 2). As expected from
our previous results, exon 2 was spliced into most, if not all,
pNLD2up �1.8-kb mRNAs, which include nef, rev, and tat
mRNA species (17). This can be seen by the absence of RNA
species 1.5.7, 1.4b, 1.4a, and 1.4.7 and by the prominence of RNA
species 1.2.5.7, 1.2.4b, 1.2.4a, and 1.2.4.7. Exon 2 was also in-
cluded into most of the pNLD2up plasmid �4.0-kb size class
mRNAs (data not shown). In contrast, the three GU-to-GC mu-
tants did not include exon 2 into the HIV-1 mRNAs. This can be
seen in Fig. 3A by the absence of RNA species 1.2.5.7 and 1.2.4.7,
indicating that splicing at D2 was prevented by all three of the
GU-to-GC mutants. Exon 2 was also not included into mRNAs
from the �4.0-kb mRNA size class (data not shown).

We next determined the effect of the D2 GC mutations on
vif mRNA levels by quantitative real-time RT-PCR (qRT-
PCR) assays (Fig. 3B). Each of the GC mutants produced
lower levels of vif mRNA than the wild type, with the highest
levels seen with pNLD2GC (�50% of the wild type) and the
lowest levels seen with pNLD2GCdown (�10% of the wild
type). The pNLD2GC-G5 mutant demonstrated intermediate
levels (�25% of the wild type). In contrast, pNLD2-up, with an

FIG. 2. Mutations of pNL4-3 used in this study. The sequence of exon 2 is shown in uppercase letters, and the surrounding intron sequences
are shown in lowercase letters. The location of the changes in sequence for each of the mutants is shown. The predicted �G0

37 in kcal/mol for the
eight base pairs of U1 snRNA binding to wild-type and mutated 5�ss D2 was calculated by the method described by Serra and Turner (24).
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optimized 5�ss D2, produced approximately 17-fold more Vif
mRNA than the wild type, consistent with our previous studies
which showed elevated Vif expression with this mutant (17).
To determine if the levels of vif mRNA were reflected by the
levels of Vif protein in transfected cells, we performed West-
ern blotting of cell extracts using Vif antibody (Fig. 3C). These
results indicated that the relative levels of Vif protein were
consistent with that of the qRT-PCR assays. Note that, in
addition to the major Vif protein band, several lower-molecu-
lar-weight bands were detected by the anti-Vif antibody. These
lower-molecular-weight bands correspond to several truncated
forms of Vif, described previously, that are translated using
alternative in-frame AUGs within the Vif reading frame (32).
Overall, the results, as shown in Fig. 3B and C, indicated that
the strength of 5�ss D2, whether splicing occurs at this site or
not, is an important determinant of the level of HIV-1 Vif
expression.

To test for the effects of down mutations of 5�ss D2 on total
HIV-1 RNA splicing, we performed Northern blotting analysis
of the total RNA isolated from transfected cells (Fig. 3D).
Compared to that found with the wild type, there were no
detectable differences in the levels of �9-kb unspliced, �4-kb

incompletely spliced, and �1.8-kb incompletely spliced mRNA
size classes. We also determined the effect of the down muta-
tions of 5�ss D2 on virus production, by assaying the RT activ-
ities of the media harvested from the transfected cells (Fig.
3E). These results indicated that there were no significant
differences compared to that of the wild type, indicating that
virus production was not significantly affected by the lack of
splicing at 5�ss D2.

Up mutations of 5�ss D2 and GGGG motif mutations in-
crease exon 2 inclusion and levels of vif mRNA and Vif protein
expression. The above-described results suggested the impor-
tance of the strength of 5�ss D2 for HIV-1 Vif expression. As
shown in Fig. 2, mutations of GU to GC would be predicted to
reduce the affinity of U1 snRNP, and indeed, the expression of
Vif was reduced in the pNLD2GC-transfected cells compared
to that of the wild type. Furthermore, Vif expression was fur-
ther reduced in pNLD2GCdown-transfected cells. The affinity
of U1 snRNP for 5�ss D2 in the pNLD2GC-G5 mutant was
predicted to be greater than that in pNLD2GC. However, in
contrast to our expectation, Vif expression in pNLD2GC-G5-
transfected cells was lower than that in pNLD2GC-transfected
cells. This suggested the possibility that an additional element

FIG. 3. Mutations decreasing the strength of 5�ss D2 decrease splicing to 3�ss A1 and expression of Vif. (A) Total RNA samples from 293T
cells transfected with the indicated plasmids were analyzed by RT-PCR using primer pair BSS and SJ4.7A, specific for completely spliced �1.8-kb
viral mRNA. HIV-1 mRNA species are indicated on the right side. (B) Total RNA samples from transfected cells were analyzed by qRT-PCR for
vif and �-actin mRNAs, and the normalized levels of vif mRNA for the indicated mutants are expressed relative to that of the wild type.
(C) Proteins isolated from transfected cells of the wild-type pNL4-3 and the indicated mutants were analyzed by Western blotting using antibodies
to Vif and �-tubulin. (D) Northern blotting analysis of total RNA isolated from cells transfected with the wild-type pNL4-3 or the indicated
mutants. The positions of the unspliced (�9-kb), the incompletely spliced (�4-kb), and the completely spliced (�1.8-kb) mRNAs are indicated.
(E) RT activity of cell-free supernatants from cells transfected with the wild-type pNL4-3 or the indicated mutants.
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or elements may regulate the usage of 5�ss D2. Previous studies
have shown that a GGGG motif proximal to the 5�ss of the
brain region-specific C1 cassette exon of the N-methyl-D-
aspartic acid (NMDA)-type glutamate receptor NR1 subunit
(GRIN1) transcript acts to silence inclusion of the C1 exon (9).
Several GGGG motifs in the intron sequences upstream and
downstream of alternative exon 4 of the HLA-DQB1 gene play
a role in the differential inclusion of exon 3 into mRNA (15).
In the HIV-1 genome, there is a GGGG motif which overlaps
the last base of the U1 snRNP binding site and is just proximal
to the 5�ss D2 sequence. In the pNLD2GC-G5 mutant, the
number of G’s was increased, resulting in a GGGGG se-
quence.

We tested for the effects of the potential 5�ss-proximal GGGG
silencer motif on splicing and on Vif expression by creating the
mutations shown in Fig. 2. As shown in Fig. 4A, mutations within
the first three bases of the potential silencer motif (pNLG4M,
pNLG4968T, pNLG4969T, and pNLG4970T) resulted in the in-
creased inclusion of exon 2, as evidenced by increased amounts of
the RNA species 1.2.5.7, 1.2.4a/b.7, and 1.2.4.7 relative to those of
the wild-type pNL4-3. These mutants demonstrated significantly
less exon 2 inclusion than pNLD2up, which is predicted to inac-
tivate the putative GGGG silencer and increase the affinity of D2
for U1 snRNP. On the other hand, a G-to-T mutation of the last
base of the GGGG motif (pNLG4971T) had little effect on exon
2 inclusion. The effects of the GGGG mutations were also seen
with studies of vif mRNA levels (Fig. 4B) and Vif protein expres-
sion (Fig. 4C). Mutants with changes within the GGGG motif

that increased exon inclusion exhibited vif mRNA levels two- to
fourfold higher than the wild type but considerably lower than
pNLD2up, which in these experiments expressed vif mRNA
levels approximately 15-fold higher than the wild type. The
pNLG4971T mutant, on the other hand, did not demonstrate an
elevation of Vif expression relative to that of the wild type. In-
terestingly, the pNLD2-G5 mutant, in which the length of the
GGGG motif was increased but in which the predicted affinity of
5�ss D2 for U1 snRNP was also increased, showed elevated in-
clusion of exon 2 (Fig. 4A) and increased Vif expression (Fig. 4B
and C).

We next compared the effects of the GGGG mutations and
the up mutations of 5�ss D2 on total HIV-1 splicing by using
Northern blotting analysis of the total RNA from transfected
cells (Fig. 4D) and analysis of virus production, by RT assays of
cell supernatants (Fig. 4E). We have previously reported that
pNLD2up demonstrates an excessive splicing phenotype char-
acterized by greatly reduced levels of unspliced viral RNA and
reduced levels of Gag protein (17). In the experiment shown in
Fig. 4D, we found that in addition to the normal band corre-
sponding to the wild-type �4-kb mRNA band, a slower-mi-
grating band was detected that corresponded to the size ex-
pected for vif mRNA. This upper band was not detectable in
the wild-type RNA because of the normally low abundance of
vif mRNA. The pNLG4M mutant, which inactivates the
GGGG motif but does not increase the predicted affinity of D2
for U1 snRNP, and the pNLD2-G5 mutant, which is predicted
to increase the affinity of D2 for U1 snRNP but not impinge on

FIG. 4. Mutations increasing the strength of 5�ss D2 or in a GGGG motif proximal to 5�ss D2 increase splicing at 3�ss A1 and the expression
of Vif while decreasing virus production. (A) Total RNA samples from 293T cells transfected with the indicated plasmids were analyzed by
RT-PCR using primers specific for completely spliced �1.8-kb viral mRNA. HIV-1 mRNA species are indicated on the right side. (B) Total RNA
samples from transfected cells were analyzed by qRT-PCR for vif and �-actin mRNAs, and the normalized levels of vif mRNA for the indicated
mutants are expressed relative to that of the wild type. (C) Proteins isolated from transfected cells of the wild-type pNL4-3 and the indicated
mutants were analyzed by Western blotting using antibodies to Vif and �-tubulin. (D) Northern blotting of total RNA isolated from cells
transfected with the wild-type pNL4-3 and the indicated mutants. The positions of unspliced (�9-kb), incompletely spliced (vif, �4-kb), and
completely spliced (�1.8-kb) mRNAs are indicated. (E) RT activity of cell-free supernatants from cells transfected with the wild-type pNL4-3 or
the indicated mutants.
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the GGGG motif, also demonstrated increased levels of �4-kb
vif mRNAs. In addition, these two mutants produced virus
particles at levels between that of the wild type and that of the
pNLD2up mutant, whose virus particle production in this ex-
periment was approximately eightfold reduced compared to
that of the wild type (Fig. 4E). We concluded from these
results that the level of splicing at 3�ss A1 is determined by
both the affinity of U1 snRNP for 5�ss D2 and the GGGG
silencer 3� proximal to 5�ss D2. Both exon 2 inclusion and vif
mRNA levels are increased by mutations within the 5�ss D2
that increase its affinity for U1 snRNP and by mutations of the
GGGG silencer motif. Increased splicing at 3�ss A1 is concom-
itant with reduced virus production, and the extent of the
reduction correlates with the extent to which the viral RNA is
spliced.

An ESE binding selectively to SRp75 promotes exon 2 in-
clusion and levels of vif mRNA and Vif protein expression. As
discussed above, several ESS and ESE elements that promote
or inhibit RNA splicing have previously been identified within
the HIV-1 genome. Therefore, we tested for the possibility that

exon 2 contained additional cis elements that contributed to
the regulation of splicing at 3�ss A1. Preliminary experiments
performed in the context of a gag/pol-deleted pNL4-3 plasmid
indicated that point mutations and deletions within the 5�-
proximal region of exon 2 resulted in a decreased inclusion of
exon 2 into HIV-1 mRNAs (data not shown). Based on these
data, mutations downstream of 3�ss A1 at nt 4923 and 4925 in
pNL4-3 were introduced to create the pNL-ESEVifm mutant.
This mutant was transfected into 293T cells, and at 24 to 48 h
posttransfection, cells and cell supernatants were harvested.
RT-PCR was used to detect viral RNA species in the mutant
�1.8-kb HIV-1 mRNA size class, and this result was compared
to that of the wild-type pNL4-3 and pNLD2GC (Fig. 5A). The
mRNA species profile of pNL-ESEVifm was similar to that of
pNLD2GC, indicating an almost complete absence of exon 2
inclusion. A decrease in exon 2 inclusion to undetectable levels
was also observed with the �4.0-kb mRNA size class (data not
shown). Analysis of total RNA from pNL-ESEVif by qRT-
PCR indicated that the vif mRNA was present at a level that
was approximately 3% of that of the wild type (Fig. 5B). Pro-

FIG. 5. A mutation within exon 2 decreases splicing to 3�ss A1 and expression of Vif. (A) Total RNA samples from 293T cells transfected with
the indicated plasmids were analyzed by RT-PCR using primers specific for completely spliced �1.8-kb mRNA. HIV-1 mRNA species are
indicated on the right. (B) Total RNA samples from transfected cells were analyzed by qRT-PCR for vif and �-actin mRNAs, and the normalized
levels of vif mRNA for the indicated mutants are expressed relative to that of the wild type. (C) Proteins isolated from transfected cells of the
wild-type pNL4-3 and the indicated mutants were analyzed by Western blotting using antibodies to Vif and �-tubulin. (D) Northern blotting of
total RNA isolated from cells transfected with the wild-type pNL4-3 and the indicated mutants. The positions of unspliced (�9-kb), incompletely
spliced (�4-kb), and completely spliced (�1.8-kb) mRNAs are indicated on the right. (E) Reverse transcriptase activity of cell-free supernatants
from cells transfected with the wild-type pNL4-3 or the indicated mutants.
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tein expression, as determined by Western blotting analysis of
cell lysates, detected little or no Vif and was in agreement with
the qRT-PCR data (Fig. 5C).

Analysis of pNL-ESEVifm RNA by Northern blotting indi-
cated that the relative amounts of �9-kb, �4-kb, and �1.8-kb
size class mRNAs were similar to those of the wild type (Fig.
5D). Furthermore, mutant virus particle production was near
wild-type levels, as determined by RT assays of transfected cell
supernatants (Fig. 5E). Thus, the mutations in pNL-ESEVifm,
except for the reduced levels of Vif mRNA and Vif protein, did
not affect virus replication.

These results suggested that the 5�-proximal region of exon
2 contains an ESE. To test for the presence of an ESE in this
region, we inserted the 5�-proximal 18 nt of exon 2 into a
Drosophila dsx heterologous in vitro-splicing construct (Fig.
6A). In vitro splicing was performed using HNE. All host
factors required for the regulation of HIV-1 splicing appear to
be present in HeLa cells, since the types and levels of spliced
HIV-1 mRNA species in transfected HeLa cells are similar to
those of infected primary T cells (21). Splicing of RNA sub-
strates produced from the Drosophila dsx splicing construct is
dependent upon the presence of an ESE, as shown in Fig. 6B.
Substrate dsx�E, which lacks an ESE, is poorly spliced,

whereas substrate dsxASLV, which contains an ESE from the
avian sarcoma-leukosis virus (8), is spliced. When splicing sub-
strates contained the wild-type but not the mutant HIV-1 se-
quence (dsxA1WT and dsxA1M, respectively), the spliced
product of the expected size accumulated (Fig. 6). It should be
noted that the sequences used in this ESE assay did not
include the region of exon 2 that contained the previously
described ESEM1 and ESEM2 elements (13). Our results
suggest that a novel ESE downstream of HIV-1 3�ss A1
promotes the inclusion of exon 2, as well as the creation of
vif mRNA.

ESE elements bind to members of the SR protein family,
which are characterized by arginine-serine repeats, as well
as by one or more RNA recognition motifs. To determine
which SR protein binds to ESEVif, short 32P-labeled RNAs
containing wild-type or mutated ESEVif were transcribed
and incubated with HNE, followed by UV cross-linking of
bound proteins to the RNA. A specific band with an appar-
ent molecular mass of approximately 90 kDa was detected in
the wild-type but not in the mutant RNA cross-linked prod-
uct (Fig. 6C). This labeled band was immunoprecipitated
with both a pan-SR antibody, 16H3, and an antibody specific
for the SR protein, SRp75 (Fig. 4D). We concluded from

FIG. 6. A novel ESE within exon 2 that binds selectively to SRp75. (A) Diagram of the in vitro RNA substrates used. (B) Representative in
vitro splicing assays of HNE was performed with the indicated RNA substrates. Positions of the unspliced RNA precursors and spliced products
are indicated on the left. (C) UV cross-linking of the indicated substrates with different amounts of HNE was performed, and the labeled proteins
were resolved by polyacrylamide gel electrophoresis. (D) UV cross-linked products were immunoprecipitated with the indicated antibodies
(�-16H3 and �-SRp75).
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our results that ESEVif specifically binds to SRp75 and not
to other SR proteins.

ESE, GGGG, and 5�ss D2 act competitively to determine
splicing at 3�ss A1 and the level of Vif expression. To deter-
mine the relative strengths of the three elements regulating
splicing at 3�ss A1 and the level of Vif expression (downstream
suboptimal 5�ss D2, GGGG silencer, and ESEVif), we created
double mutants in the pNL4-3 backbone, with both the ESEVif
mutation (Em) and either the D2up or the G4 mutation
(pNLEm2up and pNLEmG4M, respectively). These two dou-
ble mutants were transfected into 293T cells, and the cells were
analyzed for the Vif gene expression and virus production. To
determine the level of exon 2 inclusion, we used RT-PCR to
amplify the �1.8-kb size class mRNAs (Fig. 7A). The results of
this experiment indicated that the inclusion of exon 2 in the
pNLEm2up double mutant was elevated and did not appear to
be significantly different from than that in pNLD2up. On the
other hand, the inclusion of exon 2 in the pNLEmG4M double
mutant was reduced compared to that in pNLG4M and more
similar to that of the wild type. This was indicated by a relative
decrease in mRNA species, which include exon 2 (1.2.5.7,
1.2.4a.7, 1.2.4b.7, and 1.2.4.7), and a relative increase in
mRNA species, in which exon 2 is skipped (1.5.7, 1.4a.7, 1.4b.7,

and 1.4.7). The pNL-ESEVifm mutant, as shown in Fig. 5A,
demonstrated little or no inclusion of exon 2 into viral mRNAs.

We next analyzed Vif expression in cells transfected with the
double mutants. We determined vif mRNA levels by qRT-PCR
(Fig. 7B). This experiment indicated that pNLEm2up pro-
duced somewhat less vif mRNA (approximately 12-fold higher
than that of the wild-type) than pNLD2up (19-fold higher than
that of the wild type). The pNLEmG4M mutant produced
wild-type levels of vif mRNA compared to that of the single-
GGGG silencer pNLG4M mutant, which, in these experi-
ments, produced vif mRNA at a level approximately fourfold
higher than that of the wild type. The pNL-ESEVifm mutant,
as shown in Fig. 5B, produced very little vif mRNA. As shown
in Fig. 7C, the relative levels of Vif protein in extracts from
transfected cells were consistent with the relative levels of
mRNA seen in Fig. 7B.

We next determined the effect of the ESE double mutations
on unspliced, incompletely spliced, and completely spliced vi-
ral RNA levels, by Northern blotting (Fig. 7D). As described
above and elsewhere, little unspliced mRNA was present in
cells transfected with the pNLD2up mutant. In addition, as
shown in Fig. 4D, a prominent mRNA band was present which
migrated slightly slower than the 4.0-kb mRNA band and at

FIG. 7. Negative and positive splicing elements act competitively to affect splicing to 3�ss A1, the expression of Vif, and virus production.
(A) Total RNA samples from 293T cells transfected with the indicated plasmids were analyzed by RT-PCR using primers specific for completely
spliced �1.8-kb viral mRNA. HIV-1 mRNA species are indicated on the right side. (B) Total RNA samples from transfected cells were analyzed
by qRT-PCR for vif and �-actin mRNAs, and the normalized levels of vif mRNA for the indicated mutants are expressed relative to that of the
wild type. (C) Proteins isolated from transfected cells of the wild-type pNL4-3 and the indicated mutants were analyzed by Western blotting using
antibodies to Vif and �-tubulin. (D) Northern blotting of total RNA isolated from cells transfected with the wild-type pNL4-3 and the indicated
mutants. The positions of unspliced (�9-kb), incompletely spliced (vif, �4-kb), and completely spliced (�1.8-kb) mRNAs are indicated. (E) RT
activity of cell-free supernatants from cells transfected with the wild-type pNL4-3 or the indicated mutants.
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the size expected for single-spliced vif mRNA. Cells trans-
fected by the pNLEm2up double mutant also exhibited a
prominent vif mRNA band. However, in these cells, there was
a higher level of unspliced mRNA than in pNLD2up-trans-
fected cells. In cells transfected with the pNLG4M GGGG
silencer mutant, a distinct vif mRNA band was present, as well
as reduced levels of unspliced mRNA, compared to that of
the wild type as shown in Fig. 4D. On the other hand, a vif
mRNA band was not detected in cells transfected with the
pNLEmG4M double mutant. Furthermore, these cells ap-
peared to accumulate an increased level of unspliced mRNA
comparable to that of the wild type. In contrast to the data
shown in Fig. 4D, the intensity of the 1.8-kb mRNA bands of
all the mutant RNA samples seen in Fig. 7D appeared to be
reduced relative to that of the 4.0-kb mRNA bands. This dif-
ference was not reproduced in other repetitions of this exper-
iment.

Finally, we compared the effect of the ESE double mutants
on virus production to that of the single mutants by performing
RT assays of supernatants from the transfected cells (Fig. 7E).
The pNLEm2up double mutant produced significantly higher
levels of particles than the pNLD2up mutant, consistent with
the higher relative accumulation of 9-kb unspliced RNA in the
pNLEm2up-transfected cells than in the pNLD2up-transfected
cells, as shown in Fig. 7D. Similarly, the pNLEmG4M double
mutant produced higher levels of particles than pNLG4M,
consistent with the higher relative accumulation of unspliced
mRNA observed for pNLEmG4M-transfected cells than for
pNLG4M-transfected cells, as shown in Fig. 7D.

From the results with the ESEVifm/D2up and the ESEVifm/
D2G4M double mutants, we concluded that the suboptimal
5�ss D2, the GGGG silencer, and ESEVif enhancer act com-
petitively to determine the level of splicing at 3�ss A1. In this
way, the levels of exon 2 inclusion and vif mRNA and Vif
protein expression are regulated. In addition, the overall level

of HIV-1 splicing is maintained to allow the accumulation of
unspliced mRNA compatible with optimal virus production.

DISCUSSION

Based on the results of this study and previous results, we
propose the model shown in Fig. 8 for the regulation of splicing
at 3�ss A1. To date, three different positively acting exon 2
ESEs have been identified. Two 5�-distal ESEs (ESEM1 and
ESEM2) contain the sequence UGGAAAG (13). In this re-
port, we have shown evidence for a third ESE (ESEVif) within
the 5�-proximal region of exon 2. ESEM1 and ESEM2 have
been reported to facilitate exon 2 inclusion into mRNAs but
not to affect the expression of vif mRNA (13). In contrast, we
showed in this report that ESEVif promotes the production of
vif mRNA, as well as exon 2 inclusion. We have also detected
a negatively acting GGGG silencer element proximal to 5�ss
D2 which represses both exon 2 inclusion and vif mRNA pro-
duction. A third splicing element is the suboptimal down-
stream 5�ss D2 itself; the affinity of this splice site for U1
snRNP determines its influence on splicing at 3�ss A1. We have
shown that the ESEVif, the GGGG silencer element, and
downstream 5�ss act competitively to regulate vif mRNA levels.

In the model shown in Fig. 8, we propose that the regulation
of splicing at 3�ss A1 involves the interaction of multiple cel-
lular factors binding to the cis splicing elements within the viral
genome. It has been reported that ESEM1 and ESEM2 bind to
the SR protein ASF/SF2 (13). We have shown herein that
ESEVif specifically binds to the SR protein SRp75, and this
suggests that this protein is responsible for the activation of
splicing at 3�ss A1. It has been previously shown by Han et al.
(9) that the hnRNP H and F proteins bind to GGGG motifs
proximal to 5�ss of the C1 exon of the GRIN1 transcript but
that, in this context, these proteins appear to act as antagonists
of splicing silencing rather than as silencers themselves. This

FIG. 8. Proposed model for vif mRNA splicing regulation. The results presented in this study and in a previous study (13) indicate that splicing
at 3�ss A1 and 5�ss D2 is regulated at an early step of splicing by positively acting ESEs that promote splicing (dashed lines) and a negatively acting
GGGG silencer (solid line) that inhibits splicing. In addition, the wild-type 5�ss D2 is suboptimal; mutagenesis that lowers the affinity of 5�ss D2
for U1 snRNP inhibits splicing at 3�ss A1 (solid line), whereas mutagenesis that increases the affinity of 5�ss D2 for U1 snRNP promotes splicing
at 3�ss A1 (dashed line). ESEM1 and ESEM2 have been previously reported to be binding sites for the SR protein SF2/ASF (13). ESEVif binds
selectively to the SRp75 protein. The silencing activity of the GGGG motif is thought to be mediated by a cellular factor or factors that have not
yet been identified. We cannot conclude yet whether the major effects of the GGGG motif and ESEVif are on 5�ss recognition, 3�ss recognition,
or recognition of both splice sites. The overall outcome of these competing positive and negative factors binding downstream of 3�ss A1 may be
to determine the binding affinity of U2AF65/U2AF35 to the polypyrimidine tract (Py)n and 3�ss A1, which is one of the earliest steps in splicing.
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result suggested that the 5�ss proximal GGGG motif may me-
diate silencing by binding to another cellular protein or pro-
teins. It was speculated by Han et al. that hnRNP A1 may
mediate silencing by cooperative binding to GGGG motifs and
UAGG ESS elements within the C1 exon of the GRIN1 tran-
script (9). This does not appear to be the case with the HIV-1
5�ss proximal GGGG silencer, since there are no UAGG se-
quences within HIV-1 exon 2, and to date, we have not iden-
tified any other sequences within HIV-1 noncoding exon 2 that
would allow such cooperative interactions with hnRNP A1.

We showed that G-to-T mutations of the second and third G
residue of the GGGG motif (G4969T and G4970T) resulted in
increased exon 2 inclusion and a three- to fourfold increase in
vif mRNA levels relative to that of the wild type. A G-to-T
mutation of the first G residue resulted in a somewhat lower
increase of vif mRNA level, whereas a G-to-T mutation of the
fourth G residue of the GGGG motif had little or no effect on
exon 2 inclusion or vif mRNA level. It should be noted that
mutations of the first residue of the GGGG motif are also
predicted to change the affinity of 5�ss D2 for U1 snRNP.
Therefore, the contribution of each of the two elements to the
splicing changes produced by these mutations cannot be dis-
cerned. It has previously been shown that several GGGG mo-
tifs in the intron sequences upstream and downstream of the
alternative exon 4 of the HLA-DQB1 gene play a role in
the differential inclusion of exon 4 into mRNA. Mutations of
the upstream GGGG motifs result in decreased exon 4 inclu-
sion, suggesting that they act as intronic splicing enhancers.
Alternatively, these mutations may change the structural con-
formation necessary for splicing. In contrast, mutations of the
downstream 5�ss-proximal GGGG motif result in increased
splicing, suggesting that in this case, the motif acts as a splicing
silencer. It was found in this study that point mutations within
the second and third G residues had the most effect on splicing
enhancement, but similar mutations in the 5�ss-proximal
GGGG silencer were not tested (15). In the case of the brain
region-specific C1 cassette exon of the GRIN1 transcript, mu-
tation of the central two G residues of the 5�-proximal GGGG
motif was shown to inactivate the silencer activity, but the
effect of mutating only the first or fourth G residues of the
GGGG motif was not tested (9).

Our studies indicate that, in general, the levels of vif mRNA
in the absence of changes in ESEVif and the GGGG silencer
vary according to the predicted binding affinity of U1 snRNP
for 5�ss D2. An exception to this general rule is the
pNLD2GC-G5 mutant, which would be expected to express
levels of vif mRNA higher than those of pNLD2GC, based on
its predicted U1 snRNP binding. The anomalous behavior of
pNLD2GC-G5 may be explained by the increased length of the
GGGG motif, resulting in increased silencer activity relative to
that of U1 snRNP binding. Interestingly, this same G5 mutant
in the context of the wild-type GU sequence (pNLD2-G5)
demonstrated an elevated splicing phenotype, as expected
from the predicted increased affinity of the mutated 5�ss D2 to
U1 snRNP. This suggests that in the context of pNLD2-G5, U1
snRNP binding is dominant over the extended GGGG motif
created by the G5 nt change. Further characterization of the
GGGG silencer and its hypothetical binding protein(s) is re-
quired to fully understand this phenomenon.

It is possible that the 5�ss mutations could affect HIV-1

mRNA stability in addition to their effects on RNA splicing.
Indeed, it has been shown previously that in the context of a
subgenomic HIV-1 env expression construct containing only
5�ss D5 and 3�ss A7, mutations inactivating 5�ss D5 result in
destabilization of the unspliced env RNA (12). In the context
of the complete HIV-1 genome, mutations that inactivated a
normally cryptic 5�ss within the gag/pol gene resulted in a
dramatic reduction in the steady-state level of unspliced RNA
(16). In our experiments, we have not seen a reduction in
steady-state levels of unspliced RNA as a result of inactivating
5�ss D2. We have also not detected significant differences be-
tween the wild type and the 5�ss D2 mutants in terms of the
rate of decay of vif mRNA after the addition of the transcrip-
tion inhibitor actinomycin D (Z. Feng and C. M. Stoltzfus,
unpublished data). Thus, our results suggest that the primary
effects of the mutations we have studied are on HIV-1 mRNA
splicing and not on RNA stability.

Both the removal of repression of splicing at 3�ss A1 by
inactivation of the GGGG silencer element and the increase in
the strength of 5�ss D2 resulted in decreased virus production.
This presumably is due to a skewing of the balance of normal
HIV-1 splicing, resulting in a relative decrease in the level of
unspliced mRNA and a consequent decrease in the level of
Gag and Gag-Pol proteins as we have previously shown for the
D2up mutant (17) and the D2A3 mutant, which has a G-to-A
change at position �3 of D2 (19). The negative effects of the
GGGG mutations on virus production can be partially or com-
pletely abrogated by second-site mutations within ESEVif.
This is further evidence that the splicing elements act compet-
itively to allow optimal levels of virus replication.

The results presented here and elsewhere have indicated
that the presence or absence of noncoding exon 2 or 3 within
the 5� leaders of viral mRNAs does not significantly affect virus
production or mRNA stability or the expression of viral
mRNAs (17, 18). Thus, the inclusion of exon 2 and exon 3 into
some of the HIV-1 mRNAs during virus replication may be a
by-product and reflect the necessity of a functional down-
stream 5�ss D2 and D3 for the expression of optimum levels of
Vif and Vpr, respectively. In the case of Vif, optimal levels of
expression in infected cells may be necessary both to pre-
vent the accumulation and packaging of APOBEC3G and
APOBEC3F deoxycytidine deaminases (14, 20, 25, 34) and to
avoid the accumulation of excess Vif, which has been shown to
inhibit virus protein processing and virus replication (2).

It is curious that the level of splicing at 3�ss A1 is regulated
by such a complex set of splicing elements, which involve three
different ESEs, the GGGG silencer, and a suboptimal down-
stream 5�ss. The importance of these three elements is sug-
gested by their sequence conservation in all HIV-1 clades.
There are several possibilities to explain the evolution of this
seemingly cumbersome system to regulate vif splicing. First,
exon 2 and the flanking vif mRNA intron sequences overlap
the integrase protein reading frame. Because of this overlap,
the HIV-1 sequence must be compatible with both the require-
ments for optimum Vif levels and for integrase function. Thus,
the necessity of both functions for efficient virus replication
may require multiple positive and negative cis splicing ele-
ments to achieve the necessary level of splicing to produce
optimal levels of vif mRNA. Second, the presence of multiple
splicing elements may be important to allow regulation of the
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levels of Vif in different cell types or at different stages of virus
life cycle. This regulation may be affected by the relative con-
centrations of the RNA binding proteins that bind to the cog-
nate negative and positive RNA splicing elements.
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