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The untranslated leader of the human immunodeficiency virus type 1 (HIV-1) RNA genome encodes essential
sequence and structural motifs that control various replication steps. The 5� splice site or splice donor (SD) is
embedded in a semistable hairpin, but the function of this structure is unknown. We stabilized this SD hairpin by
creating an additional base pair and demonstrated a severe HIV-1 replication defect. A splicing defect was apparent
in RNA analyses of virus-infected cells and cells transfected with appropriate reporter constructs. We selected
multiple virus revertants in search for interesting second-site escape pathways. Most revertants acquired an
additional mutation that modulated the stability of the mutant SD hairpin. One revertant acquired a single
nucleotide change in the upstream DIS hairpin. We demonstrate that a novel SD site is created by this upstream
mutation, which obviously reduces the number of leader nucleotides that are included in spliced HIV-1 transcripts.
These results suggest a novel role of RNA structure in the regulation of HIV-1 splicing.

The human immunodeficiency virus type 1 (HIV-1) proviral
DNA genome expresses a primary transcript of 9 kb that serves
not only as genomic RNA for progeny virus but also as the
mRNA that encodes the viral Gag and Gag-Pol proteins. Suc-
cessful infection and production of new infectious viruses re-
quire the balanced expression of seven additional viral pro-
teins. To achieve this proteomic diversity, the primary
transcript is alternatively and incompletely spliced, and nuclear
export of the unspliced transcript is regulated (21, 34–37). The
process of HIV-1 RNA splicing is highly orchestrated. Several
sequence motifs within the RNA are required for recognition
by the cellular spliceosome, including the 5� splice site or splice
donor (SD), a branch point, and a 3� splice site or splice
acceptor (SA). HIV-1 uses multiple alternative 5� and 3� splice
sites to generate more than 40 spliced mRNA species (32, 36,
38). Spliced mRNAs can be divided into two classes, namely,
multiply spliced (�1.8 kb) and singly spliced (�4 kb) RNAs
(Fig. 1A). In the early phase of HIV-1 gene expression, only
the completely spliced mRNAs are transported to the cyto-
plasm for translation of the Tat, Rev, and Nef proteins. As the
Rev protein accumulates, nuclear export of the singly and
unspliced mRNAs is facilitated (27, 31). These mRNAs ex-
press the Vif, Vpr, Vpu, and Env proteins and the Gag and
Gag-Pol polyproteins, respectively. For cellular gene expres-
sion, only intronless RNAs are exported from the nucleus (24).
To circumvent this intron-dependent export block, both singly
spliced and unspliced HIV-1 RNAs harbor the Rev-responsive
element (RRE) in the env intron (Fig. 1A). Rev binds to the
RRE and mediates nuclear export of the RRE-containing
RNAs by delivering them to the Crm1-dependent pathway (14,

19, 20). To allow the expression of all HIV-1 transcripts, splic-
ing of the primary transcript must be inefficient, allowing Rev
to facilitate nuclear export before splicing is completed. Inef-
ficient splicing of the HIV-1 primary transcript has been at-
tributed to suboptimal 3� SAs and noncanonical branch-point
sequences (3, 18, 25, 34, 36, 38, 40). Furthermore, splice en-
hancers and silencers throughout the viral genome have been
implicated in splicing regulation (12, 17, 41).

We recently became interested in the HIV-1 5� major SD,
which is used in all splicing events. Mutation of the 5� SD
blocks all downstream splicing events (9). The 5� major SD fits
the consensus sequence MAG2GURAGU (in which M is
either C or A) in eight of nine positions and has been described
as an efficient SD (34). The 5� major SD is positioned in a
semistable hairpin structure of the untranslated leader RNA
(Fig. 1B). We previously mutated this SD hairpin as part of an
extended mutational analysis of the leader RNA structure (2).
The SD mutants exhibited a rather unusual phenotype, sug-
gesting that the hairpin structure may affect RNA splicing. In
this study, we tested the hypothesis that the local SD structure
regulates HIV-1 splicing efficiency. The replication of SD mu-
tant viruses was analyzed, and interesting revertant viruses
were selected. A detailed splicing analysis of these mutant and
revertant HIV-1 genomes and reporter constructs indicates
that the activity of the 5� SD can be suppressed by stable local
RNA structure.

MATERIALS AND METHODS

DNA constructs. The introduction of the J1 and J7 mutations into pLAI-R37
and pLTR-gag-flag-luc was previously described (2). pLAI-R37 is a derivative of
the full-length infectious clone pLAI, containing a deletion in the 3� R region (7).
The pLTR-gag-flag-luc plasmid contains the HIV-1 5� long terminal repeat
(LTR) promoter region, the complete leader RNA, nucleotides 1 to 75 of the
Gag coding sequence, an in-frame Flag coding sequence, and the firefly lucifer-
ase open reading frame. The fusion protein contains the N-terminal 25 Gag
amino acids followed by the Flag peptide (amino acids DYKDDDDKD) and the
firefly luciferase protein. The pRL-CMV plasmid contains the Renilla luciferase
reporter gene under the control of the cytomegalovirus (CMV) promoter (Pro-
mega). pcDNA3-Tat (42) expresses the HIV-1 LAI Tat protein under the control
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of the CMV promoter and is a derivative of the pcDNA3 vector (Invitrogen).
Plasmid DNA isolation was performed with a Qiagen plasmid isolation kit
according to the manufacturer’s protocol (Qiagen, Chatsworth, CA).

CA-p24 ELISA. Culture supernatant was heat inactivated at 56°C for 30 min in
the presence of 0.05% Empigen-BB (Calbiochem, La Jolla, CA). The CA-p24
concentration was determined by a twin-site enzyme-linked immunosorbent as-
say (ELISA), with D7320 (Biochrom, Berlin, Germany) as the capture antibody
and alkaline phosphatase-conjugated anti-p24 monoclonal antibody (EH12-AP)
as the detection antibody. Detection was done with a Lumiphos Plus system
(Lumigen, MI) in a LUMIstar Galaxy (BMG Labtechnologies, Offenburg, Ger-
many) luminescence reader. Recombinant CA-p24 expressed in a baculovirus
system was used as the reference standard.

Virus production. C33A cells, a human cervix carcinoma cell line, were grown
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum (FBS), nonessential amino acids (Invitrogen), 20 mM glucose, 100 U/ml
penicillin, and 100 �g/ml streptomycin at 37°C and 5% CO2. Virus production
was determined for C33A cell cultures (24-well plate) transfected with 1 �g
proviral DNA by the calcium phosphate method. CA-p24 was measured by
ELISA 2 days after transfection, both in the culture medium and intracellularly.
Cells were lysed in phosphate-buffered saline (PBS) containing 1% Empigen-BB.

Virus replication and evolution studies. The SupT1 T-cell line was cultured in
RPMI 1640 medium supplemented with 10% (vol/vol) FBS, 100 U/ml penicillin,
and 100 �g/ml streptomycin at 37°C and 5% CO2. SupT1 T cells (10 � 106) were
transfected with 250 ng proviral DNA by electroporation (250 V, 975 �F), using
a Bio-Rad Gene Pulser II instrument (Bio-Rad, Hercules, CA), or were infected
with viruses produced in C33A cells (equivalent to 1 ng CA-p24). Cells were split
1 to 10 twice a week. CA-p24 levels in the culture medium were determined by
ELISA. The protocol for virus evolution by prolonged cell-free passage of virus
on fresh, uninfected SupT1 cells was described previously (30). Isolation of total
cellular DNA was performed by proteinase K treatment (4). The LTR-leader
region was PCR amplified with primers T7-1 and TA014 (2). The PCR products
were sequenced directly, thus providing the population sequence of the viral

quasispecies, and subsequently used for cloning purposes. The PCR product with
the J7 mutations and the C267U reversion was termed J7R.

The J7R PCR product, containing the leader-gag-flag sequences, was cloned
into the pCRII-TOPO vector (Invitrogen). The HindIII-NcoI fragment was
subsequently cloned into pLTR-gag-flag-luc. In addition, the HindIII-ClaI frag-
ment was cloned into Blue-5�LTR digested with the same restriction enzymes,
rendering Blue-J7R-LTR. This pBluescript-derived construct (29) contains the
XbaI-ClaI fragment of the infectious pLAI clone, including the 5� LTR promoter
sequence, the full-length leader sequence, and part of the Gag open reading
frame (positions �454 to �376 relative to the transcriptional start site at �1).
The J7R XbaI-ClaI fragment was subsequently cloned into pLAI-R37. The
resulting constructs were named pLTR-gag-flag-luc-J7R and pLAI-J7R. All con-
structs were verified by restriction enzyme digestion and BigDye Terminator
sequencing (Applied Biosystems, Foster City, CA) on an automatic sequencer
(Applied Biosystems 377 DNA sequencer).

Luciferase expression. Reporter gene expression driven by the wild-type (wt)
and mutant leader RNAs was analyzed in C33A cells. The cells (24-well plates)
were transfected with 1 �g calcium phosphate-precipitated luciferase constructs
in the presence of 5 ng pcDNA3-Tat or pcDNA3 (16, 42). pRL-CMV (5 ng)
expressing Renilla luciferase was cotransfected as an internal control. Cells were
washed with PBS 2 days after transfection and lysed in passive lysis buffer
provided by a dual-luciferase reporter assay system (Promega). The firefly and
Renilla luciferase activities were determined according to the manufacturer’s
protocol. Firefly luciferase activity was normalized to Renilla luciferase activity.

Single-cycle infection. TZM-bl cells (43, 44) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, nones-
sential amino acids (Invitrogen), 20 mM glucose, 100 U/ml penicillin, and 100
�g/ml streptomycin at 37°C in 5% CO2. For transient transfection assays, ap-
proximately 5 � 104 cells were seeded into 24-well plates to 40 to 60% conflu-
ence. TZM-bl cells were infected with equal amounts of virus produced in C33A
cells (10 ng CA-p24) in the presence of 80 �g/ml DEAE-dextran. At 2 days
postinfection, cells were washed with PBS and lysed in passive lysis buffer (Pro-

FIG. 1. HIV-1 SD mutants. (A) The HIV-1 DNA genome and the three classes of spliced mRNAs are shown. The 5� and 3� LTRs are divided
into three segments (U3, R, and U5). Transcription starts at the U3-R border (arrow). SD and SA sites are shown in a simplified scheme. The RRE
is required to export the unspliced and singly spliced mRNAs from the nucleus to the cytoplasm. All spliced mRNAs are spliced at the 5� major
SD. The wt and mutant (J1 and J7) sequences of the major 5� SD site are shown. Mutated nucleotides are indicated in bold and underlined, and
deletions are indicated with black triangles. 2, cleavage site. The consensus sequence is indicated underneath, with M indicating an A or C
nucleotide and R indicating a purine. (B) The J1 and J7 mutations affect the SD hairpin structure. �G values were determined with the Mfold
program and are indicated underneath the RNA structure. The J1 hairpin is unlikely to fold, since its �G value is close to zero.
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mega). Firefly luciferase in cell lysates was measured using assay reagents from
Promega.

Splice site analysis. C33A cells were transfected with 1 �g of a wt or mutant
luciferase construct in the presence of 50 ng pcDNA3-Tat or pcDNA3 (16, 42).
Cells were washed with PBS 2 days after transfection, and total RNA was isolated
by the method of Boom et al. (10). Total RNA was used as a template for reverse
transcription (RT) at 60°C (ThermoScript RT-PCR system; Invitrogen), using
the reverse oligonucleotide primer TA113 (GCATACGACGATTCTGTG),
which is complementary to nucleotides (nt) 666 to 683 of the HIV gag-Flag-luc
mRNA (nt 226 to 243 of the luciferase open reading frame).

C33A cells were transfected with 1 �g of a wt or mutant HIV-1 molecular
clone. At 2 days posttransfection, cells were harvested and washed with PBS.
Total RNA was isolated according to the Boom method and used for RT, using
a Tat intron primer complementary to nt 5725 to 5703 of the HIV-1 LAI genome.
The luciferase and HIV-1 cDNAs were subsequently amplified in a standard
PCR, with a forward oligonucleotide primer that corresponds to nt 1 to 18 of the
HIV-1 leader downstream of a T7 promoter sequence. The products were ana-
lyzed in a 1.5% ethidium bromide-containing agarose gel and cloned into the
pCRII-TOPO vector (Invitrogen) for sequence analysis.

RNA secondary structure prediction. Computer-assisted RNA secondary
structure predictions were performed using the Mfold, version 3.0, algorithm (33,
46) offered by the MBCMR Mfold server (http://mfold.burnet.edu.au/). Standard
settings were used for all folding jobs (37°C and 1.0 M NaCl). Folding was
performed with sequences comprising nt 1 to 368 of the genomic RNA sequence
of the wt and mutant HIV-1 leader RNAs.

RESULTS

Mutation of HIV-1 SD hairpin structure. The 5� major SD is
positioned in a semistable stem-loop structure (SD hairpin) in
the HIV-1 leader RNA (Fig. 1). The SD is used for the gen-
eration of all spliced viral RNAs. Previous studies showed that
certain mutations in the SD hairpin (J1 and J7) (Fig. 1B) affect
expression from an HIV-1 LTR-leader luciferase reporter
gene (2). The J1 mutations change two nucleotides of the
consensus splice site sequence (Fig. 1A). In addition, these
mutations destabilize the SD hairpin by disrupting one C-G
and two A-U base pairs (Fig. 1B). The J7 mutations leave the
consensus sequence intact and stabilize the SD hairpin because
of a deletion of the bulged A nucleotide and an extension of
the stem with an additional A-U base pair (Fig. 1). The J1 and
J7 mutations may affect mRNA splicing through different
mechanisms, as the J1 mutations destroy the SD consensus
sequence, whereas the J7 mutations decrease the accessibility
of the SD consensus sequence.

Impaired replication of SD mutant viruses. We analyzed the
effect of these mutations on virus replication. Molecular clones
with the wt and mutant leader sequences were transfected into
the SupT1 T-cell line, and viral replication was monitored for
several months (Fig. 2). The J1 mutant virus did not replicate
at all, even when large amounts of input DNA were used for
transfection (results not shown). The effect of the J7 mutations
on virus replication was not as severe but was still very signif-
icant. Replication of the J7 virus was much delayed compared
to that of the wt virus. Infection assays with an equal amount
of input virus gave similar results (results not shown).

Subsequently, we determined which part of the replication
cycle, the production phase or the entry/integration phase, was
affected by the SD mutations. The production phase was ana-
lyzed by monitoring virus production in nonpermissive C33A
cells transfected with the wt and mutant molecular clones.
CA-p24 production was quantified as a measure of virus pro-
duction in cell lysates and the culture medium (Fig. 3A and B,
respectively). Virus gene expression was greatly decreased for

the J1 and J7 mutants. The decrease in protein production of
the J1 mutant was more severe than that of the J7 mutant. The
production of Env protein was similarly decreased by the SD
mutations (results not shown). These results indicate that virus
production is impaired by the J1 and J7 mutations due to
decreased protein production.

To analyze the entry/integration phase of the viral life cycle,
equal amounts of wt and mutant viruses were used to infect
TZM-Bl cells. These cells express the HIV-1 receptors and
carry an LTR-driven luciferase transgene. Viruses that success-
fully complete entry, RT, and integration produce the Tat
protein, which trans-activates the LTR-luciferase transgene. In
the absence of virus, Tat is not produced and the basal LTR
promoter activity drives luciferase expression (Fig. 3C, mock).
Infection by wt HIV-1 increased luciferase expression approx-
imately 40-fold (Fig. 3C). The J1 and J7 mutants showed de-
fects in luciferase induction. The J1 mutant did not stimulate
luciferase expression at all, whereas the J7 mutant upregulated
luciferase expression sevenfold (Fig. 3C).

These combined results suggest that the J1 and J7 mutations
cause defects in both phases of the viral life cycle. However,
they could also be explained by one defect in RNA splicing that
affects both assays. If splicing is inhibited, the amounts of tat
and rev mRNAs will decrease, resulting in reduced levels of Tat
and Rev proteins. Consequently, Tat-induced upregulation of
viral gene expression in C33A cells and luciferase expression in
HeLa TZM-bl cells will be reduced. In addition, Rev levels
may be too low to facilitate the nuclear export of the unspliced
and singly spliced mRNAs, thus abrogating the expression of
Gag, Gag-Pol, and Env in C33A cells. As a direct test for the
amount of Tat produced from the J1 and J7 proviral genomes,
we cotransfected the molecular clones with an LTR-luciferase
construct (Fig. 3D). Luciferase production in the absence of
molecular clones represents the basal LTR promoter activity
(lane labeled with a dash). The wt HIV-1 DNA upregulated
luciferase expression severalfold, in a dose-dependent manner.
Under linear assay conditions, we observed a fourfold stimu-
lation. The J1 molecular clone failed to upregulate luciferase
expression and therefore did not seem to express a detectable
level of Tat protein. The J7 construct showed significantly
decreased luciferase induction. These results are in agreement
with the proposed gene expression defect, possibly due to an

FIG. 2. Replication of wt and SD mutant viruses. SupT1 cells were
transfected with 250 ng of wt or mutant molecular clones. Virus pro-
duction was measured in the culture medium by CA-p24 ELISA at
several days posttransfection.
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effect on splicing caused by mutation of the SD signal or
structure.

Evolution of HIV-1 mutants with a stabilized SD hairpin. To
further understand the effect of the SD mutations on RNA
splicing, we performed evolution studies with the J1 and J7
viruses. We started infections by transfection of SupT1 T cells
with large amounts of the proviral clones and prolonged six
independent cultures for each construct for a considerable
time. If virus replication was observed, viruses were passaged
at the peak of infection onto fresh uninfected cells. The leader
region of the passaged viruses was sequenced to check for the
presence of the original mutations and the occurrence of sec-
ond-site reversions. All attempts to obtain a replicating J1 virus
variant were unsuccessful. In contrast, all J7-infected cultures
yielded quickly replicating viruses. Interestingly, the J7 viruses
maintained the original SD mutations, but additional muta-
tions were acquired during the course of the evolution exper-
iment (Fig. 4A). These adaptations were divided into two
classes, namely, mutations located within the SD hairpin (J7A,
-B, and -C) and a true second-site mutation in the upstream
region that encodes the RNA dimerization signal, or DIS hair-
pin (J7R). The J7A reversion was observed in three of six
cultures, suggesting a preferential escape route, which may be
triggered by the relatively easy G-to-A transition (6). None of
the acquired mutations affects the SD consensus sequence, and
J7R does not affect the DIS palindrome that is used in RNA
dimerization. We analyzed the effect of the reversions on the
RNA secondary structure with the use of Mfold software (Fig.
4B). The J7A, -B, and -C reversions destabilize the mutant SD
hairpin, such that wt stability is restored. These results strongly
suggest that the stabilized J7 SD hairpin causes a drop in viral
fitness, which is restored in the revertants. Interestingly, the

upstream DIS mutation in J7R does not change the stabilized
SD hairpin and only slightly reduces the stability of the DIS
hairpin. No simple mechanistic explanation for the J7R rever-
sion is apparent, and we therefore decided to focus on this
intriguing second-site repair pathway.

The DIS mutation restores protein expression and virus
replication. We tested whether the J7R reversion in the DIS
hairpin was indeed responsible for improved replication of the
J7 mutant. We introduced the mutation into the original J7
virus and infected the SupT1 T-cell line. Indeed, the mutation
greatly improved the replication of the J7 mutant (Fig. 5A).
The J7R revertant showed a slight replication delay compared
to the wt, and a similar small defect was observed in the
TZM-bl infection assay (results not shown). Tat production
was restored to wt levels in a cotransfection assay with the
molecular clone and an LTR-luciferase reporter (Fig. 5B).
Virus production measured by intra- and extracellular CA-p24
protein expression was also restored to wt levels (Fig. 5C and
D, respectively), and Env protein production was largely re-
stored (results not shown). The J7R mutation clearly rescues
the detrimental effect of SD hairpin stabilization on viral rep-
lication and protein expression.

Surprisingly, the J7R mutation does not directly affect the
stability of the extended SD hairpin and only moderately af-
fects the stability of the DIS hairpin. It is possible that DIS
hairpin destabilization has an indirect effect on the folding and
accessibility of the SD. Mfold analyses do not support this
hypothesis. In addition, the stability of the DIS hairpin regu-
lates the LDI/BMH riboswitch of the HIV-1 leader RNA (23).
The SD region is folded differently in the long distance inter-
action (LDI) and branched multiple hairpin (BMH) confor-
mations, and the equilibrium may therefore also influence pre-

FIG. 3. Characterization of wt and SD mutant viruses. (A and B) SD mutations decrease CA-p24 expression intracellularly (A) and extracel-
lularly (B). C33A cells were transfected with wt or mutant proviral clones and lysed at 2 days posttransfection, and CA-p24 was determined by
ELISA in the lysates and culture medium. (C) Infectivity of SD mutant viruses is severely decreased. TZM-bl indicator cells that express luciferase
from a 5� LTR promoter were infected with the indicated viruses. Luciferase activity was measured at 2 days postinfection. RLU, relative light
units. (D) Tat production is greatly reduced by SD mutations. Tat protein production was determined in cotransfection assays with the indicated
wt or mutant molecular clones and an LTR-luciferase expression construct. The basal expression level was determined in the absence of proviral
DNA (lane labeled with a dash).
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mRNA splicing (1). However, in vitro RNA folding and
dimerization assays do not support this possibility (results not
shown).

The DIS mutation creates an alternative SD. The results
thus far show that SD mutations impair viral gene expression.
To establish that this inhibition is caused by an RNA splicing
defect, we determined the RNA splicing efficiencies of lucif-
erase constructs (Fig. 6A). We transfected C33A cells with the
wt, mutant, and revertant constructs in the presence or absence
of a Tat expression vector (Fig. 6B). Luciferase expression was
slightly but consistently improved by the J7 mutations in both
the absence and presence of Tat, as previously described (2).
Most importantly, the J7R mutant restored the wt expression
level in both the absence and presence of Tat.

To determine whether altered levels of RNA splicing are
responsible for these changes in gene expression, total RNA

was isolated from transfected cells and reverse transcribed.
The cDNA products were amplified with a standard PCR.
Since the luciferase sequence does not carry a known 3� SA, we
used reverse primers that are complementary to different lo-
cations in the luciferase mRNA to identify aberrant splice
products. The primer TA113 (Fig. 6A) detected both unspliced
and spliced transcripts (Fig. 6C). The splicing event was con-
firmed by cDNA sequencing, indicating that the HIV-1 5� SD
is joined to a cryptic 3� SA at position 570 in the luciferase
mRNA (Fig. 6D). This observation supports our hypothesis
that splicing occurs on the luciferase mRNA and consequently
affects protein expression. The J7 sample did not yield the
spliced product, further supporting our hypothesis that stabi-
lization of the SD hairpin prevents RNA splicing, which trig-
gers increased luciferase expression. The J7R mutation cor-
rected the splicing defect, consistent with reduced luciferase

FIG. 4. Forced evolution of the J7 SD mutant yields two classes of virus revertants. (A) Six cultures of SupT1 cells were transfected with the
J7 proviral clone. Over time, replicating viruses were observed in all cultures, and viruses were passaged onto fresh cells at the peak of infection.
In addition, chromosomal DNA was isolated from infected cells at the time of passage, and the leader region of the integrated proviral genome
was sequenced, of which only the DIS-SD region is depicted. The J7 mutations (indicated in bold and underlined; black triangles indicate the deletion)
remained present. Nucleotide changes acquired during evolution are shown in white in black boxes. Nucleotide positions are indicated. The J7A mutation
(G283A) was selected in three cultures. (B) Effects of J7 variants on DIS and SD hairpins. The J7A, J7B, and J7C mutations destabilize the SD hairpin
by disrupting a base pair. The �G values are indicated below the RNA structures. The J7R reversion leaves the stabilized SD hairpin intact but slightly
destabilizes the DIS hairpin by altering a G-C to a G-U base pair. The �G values of the wt and J7R DIS hairpins are indicated.
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expression (Fig. 6B). However, close examination of the mi-
gration pattern shows that the J7R splice product is smaller
than the wt product. Strikingly, sequencing of this PCR prod-
uct indicated that the cryptic luciferase 3� SA was not linked to
the major 5� SD but to an upstream DIS sequence near the
C267U reversion mutation. Indeed, nt 263 to 271 of the J7R
leader RNA (ACG2GUAAGA) constitute an SD consensus
sequence (MAG2GURAGU). Apparently, stabilization of
the SD hairpin causes a splicing defect that is restored by
creation of an alternative SD* in the upstream DIS region.

The alternative SD* is used as a major SD in the revertant
virus. Finally, we determined whether the alternative 5� SD* is
used for the generation of spliced mRNAs in HIV-1. Proviral
constructs were transfected into C33A cells, and total RNA
was isolated and subjected to RT with an env primer (Fig. 7A).
This reaction will generate cDNAs of the 4-kb singly spliced
RNAs. The cDNAs were amplified by PCR, and the products
were analyzed in an agarose gel (Fig. 7B). The PCR products
from the wt samples were as expected and were verified by
sequencing as vpr, tat, and env RNAs. The J1 mutant with a
defective SD was used as a negative control. Hardly any splice
products and a few aberrant PCR products were detected. The
J7 mutant yielded the same three products as the wt, but with
reduced intensities. The J7R mutation seemed to restore the
intensities of the splice products, but they migrated faster than
the wt PCR products, and sequence analysis confirmed that
splicing connected the alternative SD* to the canonical 3� SA
sites.

DISCUSSION

Splicing of the HIV-1 RNA genome is highly orchestrated to
yield the proper ratio of more than 40 alternatively spliced
mRNAs and the unspliced RNA. The major 5� SD in the

untranslated leader RNA is used in all spliced mRNAs. Be-
cause the 5� SD is part of a semistable RNA hairpin structure,
we set out to test if a stable RNA structure can modulate the
splicing efficiency. Stabilization of the SD hairpin results in a
severe virus replication defect that is caused by reduced ex-
pression of the Tat and Rev proteins, which are needed for
transcriptional activation of viral gene expression and expres-
sion of the unspliced and singly spliced mRNAs, respectively.
A similar phenotype was observed for a virus with a mutated
SD sequence. We were able to select revertant viruses that
maintained the original mutations but acquired additional mu-
tations that weakened the stabilized SD hairpin. We can thus
exclude the possibility that the SD structure mutant is impaired
in replication because of changes in the nucleotide sequence.
These results demonstrate that RNA structure can be used to
suppress a splice signal, and we propose that the SD hairpin
regulates splicing efficiency. This adds another regulatory
mechanism to the extremely coordinated process of HIV-1
splicing.

To directly test this scenario of splicing regulation in the wt
virus by RNA structure, we cloned the observed second-site
reversion mutations in the context of the wt virus to destabilize
the SD hairpin. Because no significant replication defect was
observed (results not shown), we also combined these muta-
tions to more dramatically destabilize the SD hairpin. These
attempts did not induce a clear replication defect, suggesting
that the wt SD hairpin does not play a pivotal role in virus
replication, at least in cell culture infections. More sensitive
experiments, e.g., competition assays and infection of primary
cells, are required to fully address this issue. The SD mutations
were also cloned into the luciferase expression cassette, and
preliminary results indicate small effects on luciferase activity
that are in agreement with enhanced RNA splicing. However,

FIG. 5. The J7R mutation restores protein production and virus replication. (A) Replication of wt, J7, and J7R mutant viruses. SupT1 cells were
infected with equal amounts of viruses. CA-p24 production was measured in the culture medium at several days postinfection. (B) Tat expression
is restored to wt levels by the J7R mutation. See the legend to Fig. 3D for details. (C and D) CA-p24 expression in C33A cells (C) and in culture
medium (D) at 2 days posttransfection.
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more detailed experimentation, including the generation and
analysis of more mutants, is required to confirm these findings.

We selected one unique virus revertant that maintained the
stabilized SD hairpin but acquired a single nucleotide substi-
tution in the upstream DIS hairpin. We demonstrated that a
new SD was created, with seven of nine matches with the
consensus SD sequence. The substitution created a GU dinu-
cleotide in the SD* site, which is nearly invariant in all SDs and
greatly determines splicing efficiency (13, 36). The creation of
a new SD site provides independent evidence for our conclu-
sion that splicing is hampered by placement of the SD in an
excessively stable hairpin structure. Apparently, the DIS hair-
pin is not sufficiently stable to suppress this new SD site. Two
factors may contribute to this. First, the reversion mutation
weakens the DIS hairpin by replacing a G-C with a G-U base
pair. In fact, Mfold analysis indicates folding of an alternative
structure in which the SD* is accessible for the splicing ma-
chinery. Second, the revertant leader RNA may have shifted
toward the LDI conformation rather than the DIS hairpin-

containing BMH conformation (1, 23). However, in vitro RNA
dimerization assays do not support this idea (results not
shown).

This evolutionary escape provides another example of the
extreme possibilities of HIV-1 adaptation, even in the con-
served leader region. A new SD site can be created by a single
nucleotide change, apparently without destroying the natural
function of the DIS hairpin in RNA dimerization, although this
function is less important than previously thought (8, 22). In
addition, usage of the new SD* excludes 24 nt in the spliced
mRNAs, which apparently does not result in a drastic effect on
virus replication. There are additional indications that HIV-1
can easily overcome a mutational attack on the SD site. Two
groups mutated the 5� major SD and reported the usage of
cryptic SD sites 4 and 50 nt further downstream (11, 36).
Furthermore, analysis of aberrant splice products of the J1
mutant (Fig. 7B) indicated the usage of multiple alternative SD
sites at positions 265, 339, and 349.

We propose that RNA structure can downmodulate a strong

FIG. 6. Effect of J7R mutation on gene expression. (A) Luciferase reporter. See the legend to Fig. 1 for details. Primers used for RT-PCR
analysis are indicated. (B) wt and mutant HIV-1 leader RNA-driven luciferase expression. Luciferase constructs were transfected into C33A
cells, and pcDNA3 (white bars) or pcDNA3-Tat (black bars) was cotransfected. pRL-CMV was cotransfected as an internal control.
Transfections were performed in triplicate. The graph shows normalized firefly luciferase activities. Similar results were obtained in three
independent experiments. (C) Analysis of luciferase mRNA expressed by the wt and mutant reporter constructs. Transfection assays were
performed as described for panel B. Total RNA was isolated at 2 days posttransfection and reverse transcribed with primer TA113. The
cDNA was subsequently amplified with the TA033 and TA113 primers. The PCR products were applied to agarose gels. Arrows indicate PCR
products derived from the unspliced, full-length (fl), and spliced (s) luciferase mRNAs. The J7R lane shows a shorter splice product (s*).
In the presence of Tat, the ratio between fl and s or s* products is altered. A control reaction in which reverse transcriptase was omitted
from the RT-PCR did not yield any amplified products (results not shown). (D) The J7R mutation results in the formation of an SD* site
that results in splicing at nt 265 of the leader RNA. The fl, s, and s* RT-PCR products were cloned and sequenced. All wt and J7 mutant
s products were spliced at the 5� major SD, whereas the J7R mutant s* was spliced at the alternative major splice site (SD*) in the DIS region
(nt 265). The sequence surrounding the J7R mutation constitutes an SD consensus sequence. For both s and s* mRNAs, the 3� SA site is
located at nt 569 of the luciferase transcript.
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SD sequence. How would this operate in mechanistic terms? It
is likely that the initial step of splicing is blocked by RNA
structure, that is, binding of U1 snRNA to the SD. Thus, RNA
structure is likely to restrict the accessibility of the SD
sequence, but this should be verified with biochemical as-
says. HIV-1 needs to prevent constitutive splicing in order to
allow the expression of the singly spliced and unspliced
RNAs. To do so, suppression of the first RNA splicing step,
that is, the binding of U1 snRNP, seems an attractive ap-
proach. It has previously been shown that destruction of the
5� major SD abolishes all downstream splicing events (9).
Our results suggest that local RNA structure mediates this
SD suppression. A similar RNA structure phenomenon was
described for the cellular SMN and Tau genes (26, 39). Tau
is involved in frontotemporal dementia and parkinsonism
associated with chromosome 17 (FTDP17). Tau proteins are
expressed as two isoforms. The ratio between both isoforms
is 1:1 in the normal cerebral cortex of human adults. Some
FTDP17 patients harbor mutations that destabilize an RNA
structure at the 5� SD of exon 10 (SD10). Consequently,
splicing is enhanced at this position, which results in a
shifted ratio of Tau isoforms and subsequent disease devel-
opment. Binding of U1 snRNP to SD10 was indeed in-
creased for the mutant mRNAs, suggesting that the de-
creased hairpin stability increased the accessibility of the
SD10 consensus sequence for the U1 snRNP (26). In addi-
tion, RNA structure was shown to affect SA usage in the
HIV-1 genome (25). The SA3 site is required for Tat pro-
duction and is located in an RNA stem-loop structure, sim-
ilar to the 5� major SD. RNA structure was proposed to
modulate the pre-mRNA interaction with the splicing ap-
paratus. Apparently, RNA structure can be used to control
the recognition of RNA sequence motifs. In our laboratory,
we have observed this type of regulation for several RNA

functions in the HIV-1 life cycle, such as polyadenylation
and reverse transcription (4, 5, 15, 28, 45).
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