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Proportional expression of retroviral genes requires that splicing of the viral primary transcript be an

inefficient process. Much of our current knowledge about retroviral suboptimal splicing comes from studies
with Rous sarcoma virus. In this report, we describe the use of chimeric introns composed of human I-globin
and human immunodeficiency virus type 1 (HIV-1) splice sites to establish the basis for inefficient splicing of
the intron which comprises most of the HIV-1 env coding sequences (referred to as the tat/rev intron). Si RNA
analysis of transfected COS-7 cells revealed that the 3' splice site (3' ss) of this region was significantly less
efficient than the 3' ss of the first intron of ,B-globin. Deletion of sequences flanking the tat/rev intron 3' ss

demonstrated that the requirements for its inefficiency reside within the region that is expected to comprise the
essential signals for splicing (i.e., the branchpoint region, the polypyrimidine tract, and the AG dinucleotide).
Introduction of an exact copy of the efficient I-globin branchpoint sequence within a highly conserved region
rendered the tat/rev intron 3' ss highly efficient. Improvement of the polypyrimidine tract also increased the
splicing efficiency, but to a degree slightly less than that obtained with the branchpoint mutation. Subsequent
examination of the tat/rev intron 5' splice site in a heterologous context revealed that it is efficiently utilized.
These results indicate that both a poor branchpoint region and a poor polypyrimidine tract are responsible for
the low splicing efficiency of the HIV-1 tat/rev intron. It is of fundamental interest to establish the basis for
inefficient splicing of the HIV-1 tat/rev intron since it may provide the key to understanding why nuclear export
of mRNAs encoding HIV-1 structural proteins is Rev dependent.

Primary transcripts of most higher eukaryotic protein-en-
coding genes transcribed by RNA polymerase II are inter-
rupted by introns. These introns are usually selectively and
efficiently removed by splicing, a nuclear process in which the
5' splice site (5' ss) and 3' splice site (3' ss) are cleaved and
joined prior to export of the mRNA to the cytoplasm. The
splicing process involves a complex series of protein-protein
and protein-RNA interactions between the pre-mRNA, com-
ponents of the spliceosome (Ul, U2, U4/U6, and U5 small
nuclear ribonucleoproteins [snRNPs]), and other auxiliary
factors (18, 30). Given the complexity of the splicing pathway,
there is great potential for elaborate regulation. In fact,
splicing of primary transcripts is emerging as an important
level of regulation in gene expression. Species ranging from
Drosophila melanogaster to humans have evolved regulated
mechanisms such as alternative splicing and exon skipping to
express multiple protein products from a single primary tran-
script (26, 39). Some viruses of higher eukaryotes have also
evolved mechanisms to maximize the coding potential of their
genomes. While DNA viruses such as simian virus 40 (SV40)
utilize mechanisms of regulated splicing similar to those of
their cellular hosts (i.e., alternative splicing) (17), retroviruses
have evolved different posttranscriptional regulatory mecha-
nisms. In the case of retroviruses, only a fraction of the primary
transcripts are spliced to subgenomic RNAs (8, 46). Propor-
tional expression of retroviral genes requires that splicing of
the genome-length primary transcript by the cellular splicing
machinery be an inefficient process. Furthermore, unlike most
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cellular transcripts which are restricted to the nucleus unless
spliced, a certain proportion of full-length retroviral transcripts
must be exported to the cytoplasm to serve as mRNA for the
gag and pol gene products and as genomic RNA for packaging
into virus particles (8, 46).
Although the Lentiviridae and Oncoviridae retroviral classes

share similar pathways of replication, they display striking
differences in genome complexity and regulation, particularly
in the metabolism of the viral primary transcript (8, 46).
Compared with simple retroviruses such as the Rous sarcoma
virus (RSV) of the Oncoviridae class, the human immunodefi-
ciency virus type 1 (HIV-1) has a more complex RNA-splicing
pattern (37, 43). In addition to producing the Gag, Pol, and
Env proteins common to all replication-competent retrovi-
ruses, the HIV-1 primary transcript also serves to produce six
regulatory proteins (10, 14), two of which-Tat and Rev-are
essential for HIV-1 replication (2, 11, 15, 31, 41, 42, 44, 47).
Moreover, unlike the RNAs of simple retroviruses, which are

constitutively transported from the nucleus to the cytoplasm
(43), the unspliced and singly spliced HIV-1 RNAs (which
encode structural viral proteins) are retained in the nucleus in
the absence of the HIV-1 Rev protein; that is, only the doubly
spliced, 2-kb class of HIV-1 RNAs is constitutively transported
to the cytoplasm and translated independently of the expres-
sion of any viral proteins (12, 13, 19, 25). Since all HIV-1
RNAs with an intact tatlrev intron are not constitutively
transported to the cytoplasm (12, 13, 19, 25), it seems that
elements within this intron must contribute to the nuclear
entrapment of the incompletely spliced RNAs. Therefore,
mechanisms unique to the lentivirus class of retroviruses must
exist which (i) allow the majority of the RNA to escape splicing
and (ii) cause nuclear retention of incompletely spliced RNAs
in the absence of viral regulatory proteins. To date, intronic
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sequences crucial for balanced retroviral RNA splicing have
been identified in avian sarcoma viruses, namely, a suboptimal
3' ss (3, 16, 20, 21) and a negative regulator of splicing (NRS)
that can function in cis to decrease splicing of both RSV and
cellular introns (1, 27, 28).
To study the basis for the inefficient splicing observed for the

HIV-1 tatlrev intron, we have created chimeric introns using
splice sites of the human P-globin first intron and the HIV-1
tat/rev intron. Si analysis of total RNA from transfected COS-7
cells reveals that the tat/rev intron 3' ss, like that of RSV, is
inefficient. Mutagenesis experiments indicate that the tat/rev
intron 3' ss can be rendered efficient either by the introduction
of an efficient branchpoint sequence 30 nucleotides (nt) up-
stream of the AG dinucleotide or by improvement of the
polypyrimidine tract. Subsequent experiments carried out with
the tat/rev intron 5' ss in a heterologous context reveal that it
is efficiently utilized by the splicing machinery. Unlike the
NRS-containing intron of RSV (1, 27, 28), the tat/rev intron
does not appear to contain any cis-acting sequences that
modulate splicing efficiency. Therefore, it appears that the
tat/rev intron is inefficiently spliced simply because of the
absence of efficient signals within the 3' ss. Differences in the
regulation of splicing between HIV-1 and RSV may have
important implications for the fate of inefficiently spliced RNA
with respect to nuclear export.

MATERIALS AND METHODS

Construction of plasmids. The parent construct, pSV3, was
constructed as follows. The EcoRI-BamHI fragment of pEE14
(a generous gift from Celltech Ltd.) carrying the SV40 early
polyadenylation signal was inserted into the respective sites of
pBluescript SK(+) and (BlSK; Stratagene). Subsequently, the
BamHI and XbaI sites were eliminated by simultaneous re-
striction enzyme digestion, blunting the protruding 5' ends
with Klenow fragment, and religating. The blunt-ended Sall-
XbaI fragment of Bl-CAT containing the chloramphenicol
acetyltransferase (CAT) open reading frame was then inserted
into the unique EcoRV site upstream of the SV40 early
polyadenylation signal. Finally, the SV40 early promoter,
contained on a XhoI-HindIII fragment, and a modified human
,B-globin intron (IVS-1), contained on a 214-bp HindIll-
BamHI fragment, were inserted simultaneously into the XhoI
and BamHI sites, generating pSV3.
HIV-1 sequences spanning the tat/rev intron 3' ss (at nt

8377 [the nucleotide numbering system used throughout cor-
responds to that of the Hxb2 complete genome sequence
in GenBank, accession no. K03455]) were derived from the
Hxb2 proviral clone. The 321-bp HT fragment from the
HindIII site at nt 8141 to the TaqI site at nt 8462 was blunted
and inserted into the EcoRV site of BlSK in the T7 orientation,
generating Bl-HIVSA HT. The CT fragment (nt.8333 to 8462)
was subcloned from Bl-HIVSA HT by PCR with the ClaI
sense primer, 5'-TlTTTGCTGTACTATCGATAGTGAATAG
AGT-3' (nt 8317 to 8346), and the T3 primer of BlSK,
5'-CTCGGAATTAACCCTCAC-3'. The 152-bp ClaI-BamHI
fragment of the PCR-amplified DNA was inserted into BlSK,
generating Bl-HIVSA CT.
pSVHTSB and pSVCTSB were generated by inserting the

SalI-BamHI fragments of Bl-HIVSA HT and Bl-HIVSA CT,
respectively, into the unique Sall and BamHI sites of pSV,B.
pSVCBSB was generated by PCR as follows. pSVCTSB was
used as template DNA for PCR amplification with the T7
primer of BlSK, 5'-AGTGAATTGTAATACGAC-3', and the
SA-Bam antisense primer, 5'-GGATCCGGGTCTGAAAC
GATAATG-3' (nt 8364 to 8381). The XhoI-BamHI fragment

of pSV,B was subsequently replaced by the XhoI-BamHI frag-
ment of the PCR-amplified DNA, generating pSVCBSB.
The 2.4-kb fragment spanning the tatlrev intron 5' ss (at nt

6045) was derived from Bl-env SX C/X (6a). This construct
contains a modified SalI-XhoI fragment of Hxb2 (nt 5786 to
8897) in which the HindIll site at nt 8141 was converted to an
XbaI site by site-directed mutagenesis (as outlined by Bio-
Rad). This XbaI site was converted to a SalI site by the
addition of a Sall linker. pSVenvo3 was constructed by inserting
the 2.4-kb Sall fragment into the unique Sall site of pSV,BSA,
a modified pSV, in which the 3-globin 5' ss had been deleted.
pSVHIVfi was constructed as follows. A 159-bp fragment
spanning the tat/rev intron 5' ss was obtained by PCR ampli-
fication with the 5'HIVSD sense primer, 5'-CCAAGCTT
GAGCTCATCAGAACAGTC-3' (nt 5999 to 6016) and the
3'HIVSD antisense primer, 5'-GGGAATTCTGATTACTAT
GGACCA-3' (nt 6128 to 6142). The 116-bp HindIII-EcoRI
fragment of the PCR-amplified DNA was subcloned into
BlSK, generating Bl-envSD. The SV40 early promoter, con-
tained on an XhoI-HindIII fragment, was inserted into the
XhoI and HindIII sites of Bl-envSD. The EcoRI site was
subsequently converted to a Sall site by the addition of a Sall
linker, and the KpnI-SalI fragment of the resulting construct
was inserted into the KpnI and Sall sites of pSV3, generating
pSVHIV,B.

Introduction of the branchpoint and polypyrimidine tract
mutations into the HT fragment. For introduction of the
,3-globin branch point, mutagenesis was carried out entirely in
vitro by three sequential PCRs as follows. In the first reaction,
a fragment was amplified from BI-HIVSA CT with the muta-
genic primer 3-BP, 5'-ATAGTGAATACACTGACGCAGG
GATATTC-3' (nt 8333 to 8361), and the T3 primer. The ,3-BP
primer contains four mismatches (underlined) which create an
exact copy of the reported ,B-globin branchpoint sequence,
CACTGAC (32). The expected site of the RNA branch
formation (shown in boldface type) coincides with an A
residue 30 nt upstream of the AG dinucleotide of the HIV-1
tat/rev intron 3' ss. An aliquot of the resulting 229-bp PCR
product was used as a pseudoprimer in conjunction with the
P-PCR1 primer, 5'-CTITAAGTTGGTGGTGAGG-3' (a sense
primer complementary to sequences 5' of the P-globin 5' ss), in
a second PCR to amplify a 488-bp fragment from pSVHTSB.
To increase the yield of amplified DNA, 1/10 of the second
PCR product was further amplified by PCR with the 1-PCR1
and T3 primers. The SalI-BamHI fragment of pSV3 was
subsequently replaced by the SalI-BamHI fragment of the final
PCR product, generating pSVHTSB*.
To introduce mutations into the polypyrimidine tract of the

tat/rev intron, a strategy identical to that outlined above was
employed, the only modification being that the mutagenic
primer polypyr, 5'-GGATATTCTCCTIfl'7'l'Cl'lTI7CAGAC
3', was utilized in place of the 1-BP primer. Consequently,
purine residues at positions -7, - 10, - 13, and - 16 relative
to the AG dinucleotide of the 3' ss (shown in boldface type)
were changed to thymidine (underlined). These mutations
resulted in the generation of an uninterrupted polypyrimidine
tract of 17 pyrimidines. The SalI-BamHI fragment from the
final PCR was inserted into pSV,B to generate pSVHTSBPPt.
To ensure that no other alterations to the sequence had
occurred during the amplification cycles, all mutations were
confirmed by chain-terminating DNA sequencing (35).

Cell culture and transfection. COS-7 cells (ATCC
CRL1651) were maintained in Iscove's modified Dulbecco's
medium supplemented with 10% fetal bovine serum. Culture
dishes (diameter, 100 mm) were seeded with 106 cells, and the
cells were transfected 24 h later by the DEAE-dextran method
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as previously described (9). Forty-eight hours posttransfection,
the cells were washed twice in phosphate-buffered saline,
gently scraped off the dishes, and pelleted. The cell pellet was
resuspended in 4 M guanidine thiocyanate-25 mM sodium
citrate (pH 7.0)-0.5% Sarkosyl-0.1 M ,B-mercaptoethanol.
Total RNA was extracted as previously described (6). After the
final precipitation, RNA pellets were washed with 70% etha-
nol, dried, and redissolved in diethylpyrocarbonate-treated
water. RNA was quantitated by determining the A160 (an A2,60
value of 1 is 50 ,ug/ml).

SI nuclease protection analysis. DNA fragments used as
probes were from either the Sall or the HindlIl site upstream
of the 3' ss to the PvuII site within the CAT open reading
frame. To distinguish reannealed probe from protected probe
resulting from unspliced RNA, DNA fragments contained
heterologous, BlSK-derived DNA sequences upstream of the
3' ss. The probe for the 3-galactosidase control was contiguous
with a 3' portion of the lacZ gene-from the PvuII site to the
EcoRI site of pCH1 10 (Pharmacia; nt 2929 to 3286)-and also
contained heterologous sequences to distinguish reannealed
probe from protected probe resulting from hybridization to
RNA. Each DNA fragment was radiolabelled at the 5' end
with [y-32P]ATP by using T4 polynucleotide kinase (34).
End-labelled DNA probe (approximately 2 x 103 cpm; specific
activity, approximately 0.5 x 106 cpm/,ug) was added to total
RNA (5 big) in 30 RlI of hybridization buffer {80% formamide;
40 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)],
pH 6.8; 400 mM NaCl; 1 mM EDTA}. The nucleic acid was
denatured at 75°C for 10 min and allowed to hybridize for 16
h at 50°C. Following hybridization, samples were rapidly
cooled to 4°C. Single-stranded nucleic acid was digested by
adding 300 ,u of S1 digestion mix (50 mM sodium acetate [pH
4.5], 280 mM NaCl, 4.5 mM ZnSO4, 20 pLg of denatured,
sonicated salmon sperm DNA per ml, 1,000 U of S1 nuclease
per ml) and incubating at 25°C for 2 h. The reaction was
terminated by the addition of 5 [.l of 500 mM EDTA and 20 ,ug
of Escherichia coli tRNA. Proteins were removed by phenol-
chloroform (1:1) extraction, and the aqueous phase was etha-
nol precipitated. The dried nucleic acid pellet was resuspended
in 80% formamide-10 mM EDTA, heated at 85°C for 5 min,
and subjected to electrophoresis on a 5% polyacrylamide-8 M
urea gel. The protected DNA fragments were visualized either
by autoradiography on Kodak XAR film or by using a phos-
phorimager (Molecular Dynamics). Quantitation of phosphor-
imager-derived data was carried out by using Image Quant
software as described by the manufacturer (Molecular Dynam-
ics).

RESULTS

Construction of pSV,I for examination of the efficiency of
HIV-1 splice sites. In order to facilitate the study of heterolo-
gous splice site efficiency, the pSV,B plasmid, which contains a
modified human P-globin intron (IVS-1) upstream of the CAT
open reading frame, was constructed (Fig. IA). The modified
,B-globin intron contains several unique restriction enzyme
sites into which heterologous splice sites can be inserted to
analyze their efficiency of utilization. In addition, the 3-globin
intron contains several AUG codons (data not shown) such
that translation of the RNA into functional CAT protein is
dependent upon the removal of the intron. This feature
provides a readily quantitated marker for gene expression
(Table 1). S1 analysis revealed that the P-globin intron is
efficiently excised from pre-mRNA in transfected COS-7 cells
(Fig. 1B, lane 8; Table 1). Analysis was carried out with a probe
spanning the 3' ss, yielding protected products of 302 and 206

nt corresponding to the unspliced and spliced forms of the
RNA, respectively. Furthermore, experiments using a probe
spanning the entire CAT open reading frame of pSV3 indi-
cated that no cryptic splice sites within the CAT sequences are
utilized (data not shown). This efficient splicing results in the
accumulation of a considerable amount of spliced pSV,B RNA
(Fig. 1B, lane 8) and, in turn, high-level expression of CAT
enzyme activity (Table 1). Thus, the pSVP3 construct provides
a convenient system to examine the basis for the inefficient
splicing of the tat/rev intron of HIV-1.
The tat/rev intron 3' ss is intrinsically inefficient. In order to

study the efficiency of the tat/rev intron 3' ss, the SB series was
constructed (Fig. IA). In this series, the 3-globin 3' ss of pSV3
was replaced by env sequences spanning the tat/rev 3' ss by
insertion into the Sall and BamHI sites. The largest fragment
tested (designated HT) contains 236 nt 5' and 85 nt 3' of the
tat/rev 3' ss. To test whether flanking sequences modulate the
efficiency of the 3' ss, either 5' sequences or both 5' and 3'
sequences were deleted (designated CT and CB fragments,
respectively). Analysis of the RNA generated from pSVHTSB
revealed that the tat/rev intron 3' ss is utilized (Fig. 1B, lane 9),
but at an extremely low level relative to utilization of the
3-globin 3' ss of pSV3 (Fig. 1B, lane 8). The level of splicing
observed with the pSVHTSB chimeric construct is comparable
to the ratio of unspliced and spliced viral RNAs derived from
other HIV env expression vectors (13, 19, 25). These results
indicate that the requirements for suboptimal splicing are
located within the 321-bp HT fragment. Examination of the
pSVCTSB and pSVCBSB constructs revealed that deletion of
flanking sequences does not increase the efficiency of the
tat/rev intron 3' ss (Fig. IB, lanes 10 and 11). In fact, compar-
ison of the ratio of spliced to unspliced RNA indicates that
splicing of pSVCTSB and pSVCBSB transcripts is less efficient
(or undetectable in the case of pSVCBSB) than that of
pSVHTSB transcripts. Therefore, the results obtained with the
SB series indicate that the tat/rev intron 3' ss is functional,
albeit at a very poor efficiency. Moreover, requirements for
suboptimal splicing appear to be confined to the region that is
expected to contain the signals for splicing (i.e., the branch
point, the polypyrimidine tract, and the AG dinucleotide).
Consistent with the hypothesis that the tat/rev intron 3' ss is
inefficiently recognized by the host splicing apparatus, we have
also determined that the tat/rev intron 3' ss cannot compete in
cis with efficient splice sites such as that of 3-globin (42a).
The tat/rev intron 3' ss is rendered efficient by the introduc-

tion of the 1-globin branch point or mutation of the polypy-
rimidine tract. To examine the tat/rev intron 3' ss in more
detail, the sequences comprising the 3' ss from several different
HIV-1 proviral clones were compared (Fig. 2). The striking
observation is the presence of an extremely conserved region
between 20 and 39 nt upstream of the AG dinucleotide of the
tat/rev intron 3' ss. It is within this region that the A residue
involved in RNA branch formation is expected to be located
(18). Although several potential A residues are found within
this region, none are contained within a context bearing
similarity to the weakly conserved 5'-UNCURAC-3' branch-
point consensus of higher eukaryotes (18). In addition to the
conservation of sequence in the anticipated branchpoint re-
gion, there is also conservation of interruptions within the
polypyrimidine tract. These findings suggest (i) that inefficient
utilization of the tat/rev intron 3' ss may be due to a poor
branchpoint region and/or polypyrimidine tract and (ii) that
there is an evolutionary constraint on the virus to maintain
these suboptimal splicing signals.
To test the hypothesis that inefficient splicing of the tat/rev

intron 3' ss is due to either a poor branchpoint region or a poor
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FIG. 1. (A) Schematic representation of pSV13 and its SB derivatives. All constructs contain the SV40 early promoter and early polyadenylation
signal (pA). The CAT open reading frame is depicted by a dotted box. Numbers above HIV-1 sequences (HT, CT, and CB fragments [hatched
boxes]) spanning the tat/rev intron 3' ss are from the Hxb2 numbering system in GenBank accession no. K03455. Splice sites are indicated by
vertical lines. 1B 5' ss, 3-globin 5' ss; ,B 3' ss, ,B-globin 3' ss. The tat/rev intron 3' ss is labelled 3' ss within the env sequence. Important restriction
enzyme sites are also shown. H, HindIll; S, SalI; X, XbaI; B, BamHI. The SB constructs were derived by insertion of HIV-1 sequences into the
unique SaI and BamHI sites of pSV,B. (B) S1 nuclease protection analysis of total RNA from COS-7 cells transfected with the SB constructs. Lane
1 contains 1/10 the amount of probe used for S1 protection analysis in lanes 5, 9, and 10; lane 2 contains 1/10 the amount of probe used for S1
protection analysis in lanes 6 and 8; lane 3 contains 1/10 the amount of probe used for S1 protection analysis in lanes 7 and 11. Lane 4 contains
radiolabelled markers. A 5-jxg aliquot of total RNA from COS-7 cells transfected with pSVI (lane 8), pSVHTSB (lane 9), pSVCTSB (lane 10),
and pSVCBSB (lane 11) was used in the S1 protection reactions. As a negative control, total RNA from mock-transfected COS-7 cells (lanes 5,
6, and 7) was incubated with probes and digested with S1 nuclease. The ,B-galactosidase (1-gal) control S1 protection reactions carried out in
parallel using a ,B-galactosidase-specific probe are also shown below the large gel. Numbers on the left indicate molecular sizes (in base pairs). (C)
Schematic representation of the expected protection pattern for the SB constructs outlined in panel A, indicating the sizes of the probes and
protected fragments corresponding to the unspliced and spliced RNAs derived from the constructs tested. The wavy line corresponds to
heterologous sequence used to discriminate between unspliced RNA and reannealed probe.

polypyrimidine tract, several mutations were generated. In the
first instance, the reported ,B-globin branchpoint sequence
CACTGAC (32) was introduced into pSVHTSB by mutagen-
esis to generate pSVHTSB* (Fig. 3A). This construct is
identical to pSVHTSB except that the env sequences contain
altered bases at positions -29, -31, -33, and -35 relative to
the AG dinucleotide of the 3' ss. The sequence 5'-_iAGQT
_A£i-3' at positions -35 to -29 within the highly conserved
region was converted to the ,B-globin branchpoint sequence
shown above. This particular location within the conserved
region was chosen for several reasons: (i) only four point
mutations (underlined) were required to create an exact copy

of the f-globin branchpoint sequence, (ii) the sequence resides
within the -18 to -38 distance from the AG dinucleotide

commonly found for RNA branch formation, (iii) no A
residues within the highly conserved region are altered, and
(iv) the expected branchpoint A residue (shown above in
boldface) coincides with a naturally occurring A residue 30 nt
upstream of the AG dinucleotide of the tat/rev intron 3' ss. Si
analysis (Fig. 3B, lane 4) revealed that this minor alteration of
the primary nucleotide sequence, which introduces an efficient
branch point, dramatically increases the level of spliced RNA
observed. Comparison between pSVHTSB* and pSV,B of the
percentage of total RNA that is of the spliced form indicates
that splicing of the pSVHTSB* transcript is as efficient as that
of the pSV13 transcript (Table 1). The higher ratio of spliced to
unspliced RNA observed for pSVHTSB* than for pSV1 is due
both to a higher level of spliced product (94.17 versus 81.2%)

A
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TABLE 1. Analysis of CAT activity and RNA species generated by
pSVf and its HTSB derivatives'

CAT/,B- RNA analysisd
Construct" galactosidase Spliced/unspliced

activity' ~ ratio % Spliced

pSV3 21.44 ± 15.96 4.35 ± 0.53 81.20 ± 1.78
pSVHTSB 0.47 ± 0.18 0.56 ± 0.09 40.57 ± 6.00
pSVHTSB* 9.73 ± 1.27 16.30 ± 1.89 94.17 ± 0.68
pSVHTSBPPt 6.27 ± 0.88 6.92 ± 0.30 87.37 ± 0.51

a Results are averages for three independent sets of transfections. Standard
deviations between the three experiments are also indicated.

b Each construct was cotransfected with the I-galactosidase expression plas-
mid pCH1 10 (Pharmacia).

' Parallel assays for CAT and ,B-galactosidase activities were performed as
previously described (34). Numbers represent % conversion of CAT substrate
normalized to the A420 obtained for the respective ,B-galactosidase assay.

d Quantitation of S1 RNA protection experiments such as that shown in Fig.
3B was carried out by using a phosphorimager as described by the manufacturer
(Molecular Dynamics).

and to a slightly lower absolute level of pSVHTSB* unspliced
RNA (Table 1 and Fig. 3B). Therefore, four simple point
mutations within an evolutionarily conserved region encom-
passing the putative site of RNA branch formation are suffi-
cient to render the otherwise inefficient tat/rev intron 3' ss
highly efficient.

In order to evaluate the contribution of the polypyrimidine
tract to the overall splicing inefficiency observed, the four
purine residues interrupting the polypyrimidine tract were
converted to T residues by site-directed mutagenesis, resulting
in the generation of an uninterrupted polypyrimidine tract 17
nt long (Fig. 3A). Analysis of this construct also revealed an
increase in utilization of the tat/rev intron 3' ss (Fig. 3B, lane 5;
Table 1). Therefore, it can be concluded that the four purines
that interrupt the polypyrimidine tract of the tat/rev intron 3' ss
contribute to the overall inefficiency of this site. The observa-
tion that the steady-state levels of unspliced RNA do not differ
between the pSVHTSB construct and its derivatives indicates
that the differences in levels of spliced RNA cannot be
attributed to differences in the stability of the unspliced RNA.
Rather, it would appear that if the RNA is unable to be
efficiently spliced, it is degraded in the nucleus.
The tat/rev intron 5' ss is efficiently utilized in a heterolo-

gous context. The demonstration that the tat/rev intron 3' ss is
inefficient is similar to previous findings with the RSV system
(3, 20, 21). Moreover, the branchpoint region has also been
implicated in splicing inefficiency in the RSV system (16).
Further work with RSV has identified an additional cis-acting
element, NRS, that functions to downregulate splicing effi-
ciency within the context of both RSV and heterologous
introns (1, 27, 28). To test for the presence of analogous
sequences within the env region of HIV-1, the pSV, construct
was used to examine the efficiency of the tat/rev intron 5' ss
alone or in the context of most of the env coding region (Fig.
4A). The construct with the tat/rev intron 5' ss, pSVHIVI,
contains 17 and 99 bp of HIV-1 sequences upstream and
downstream of the 5' ss, respectively. To address the possibility
that the efficiency of the tat/rev intron 5' ss is downregulated by
distinct, cis-acting elements outside the 116-bp fragment, a
larger portion of the HIV-1 genome spanning the 5' ss was also
tested. pSVenv,B contains a 2.4-kb fragment of the HIV-1
genome which includes 258 bp upstream of the 5' ss and most
of the tat/rev intron. Si analysis of the RNA from cells
transfected with these constructs (Fig. 4B) demonstrated that
the tat/rev intron 5' ss is at least as efficient as the 3-globin 5'
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GUGCUUUCU UUAGU AAAUAGAGUUAGGCAGGGAUA CUCACCU GUCGUU CAG

GUGCUUUCUUUAGU AAAUAGAGUUAGGCAGGGAUA UCACCUC GUCGU GCAG
GACUUUCU UAGUGAAUAGAGUUAGGCAGGGAUA UCACC AU GUCGU GCAG
G |ACUUUCU UAGU AUAGAGUUAGGCAGGGAU UCAC A U AUCGU CAG

GCUUUCU AUAGU AUAGAGUUAGGCAGGGAU CACC U U CAG
Val Lou Ser fie Val Asn Arg Val Arg Gin GlyF Tyr S.r Pro LouS,r Phe Gin

Lou Leu
Val

FIG. 2. Comparison of the nucleotide sequences comprising the
tat/rev intron 3' ss of various HIV-1 proviral clones. Sequences
conserved in all 10 proviral clones are boxed. At the extreme 3' end of
each sequence is the AG dinucleotide that defines the 3' end of the
tat/rev intron. Immediately upstream is the somewhat conserved poly-
pyrimidine tract preceded by a large conserved region between 20 and
39 nt upstream of the AG dinucleotide. It is within this area that the
critical A residue involved in formation of the RNA branch point is
expected to reside. However, no obvious homology to the 5'-UNCU-
RAC-3' branchpoint consensus is detected within this region. The
amino acid composition of the portion of the env gene product
encoded by the nucleotide sequence is also shown. All HIV-1 proviral
sequences were obtained from the GenBank data base.

ss, whether alone (Fig. 4B, lane 4) or in the context of the
tat/rev intron (Fig. 4B, lane 5). Therefore, unlike the inefficient
splicing in the RSV system, inefficient splicing of the tat/rev
intron cannot be ascribed to the action of cis-acting repressive
sequences within the intron.

DISCUSSION

Previous studies with simple retroviruses such as RSV have
demonstrated that a suboptimal 3' ss and the presence of an
NRS which downregulates the utilization of the 5' ss contrib-
ute to the inefficient excision of introns within the viral RNA
(1, 3, 16, 20, 21, 27, 28). That is, in order for their primary
transcripts to evade the cellular splicing machinery most of the
time, these simple retroviruses have evolved an intronic orga-
nization which comprises an intrinsically inefficient 3' ss and a
distinct, cis-acting intron element which downregulates the
efficiency of an otherwise efficient 5' ss by a currently unknown
mechanism.

In an effort to determine the basis for the inefficient splicing
of the tat/rev intron, chimeric introns composed of ,B-globin
and tat/rev intron splice sites were examined. The results
obtained indicate that if cis-acting sequences which modulate
splice site efficiency are present within the tatlrev intron, they
must be context dependent. Deletion mapping demonstrated
that, in the context of the constructs examined, the require-
ments for suboptimal splicing are intrinsic to the region
expected to comprise all of the signals of the tatlrev intron 3' ss,
since removal of both 5' and 3' flanking sequences did not
result in an increase in spliced RNA. In fact, analysis of the SB
constructs suggests that sequences 3' of the AG dinucleotide of
the 3' ss act to augment splicing, given that deletion of these
sequences in pSVCBSB dramatically reduces the level of
spliced product relative to that obtained with either pSVHTSB
or pSVCTSB (Fig. 1). This role of exon sequences in splicing
is similar to that observed in other systems (45), including RSV
(16). Furthermore, the HIV-1 env sequences implicated here
(i.e., nt 8382 to 8462) encompass a purine-rich region (data not
shown) similar to other exon sequences that have been re-
ported to affect splicing efficiency (45). This observation sug-
gests that these downstream "splicing enhancer" sequences
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FIG. 3. Analysis of tat/rev intron 3' ss containing either branchpoint or polypyrimidine tract mutations. (A) Schematic representation of the
constructs. The pSVHTSB construct (Fig. 1A) was mutagenized by an in vitro PCR-based method as described in Materials and Methods to
generate pSVHTSB* or pSVHTSBPPt. The pSVHTSB* construct is identical to pSVHTSB except for the four point mutations in the expanded
region (dashes denote unaltered bases). The AG dinucleotide that defines the 3' end of the intron is shown at the extreme 3' end of the sequence.
The three G-to-C mutations and the T-to-G mutation at positions - 29, - 33, - 35, and - 31, respectively, relative to the AG create an exact copy
of the reported ,B-globin branchpoint sequence, 5'-CACTGAC-3'. Consequently, the A residue at position - 30 is the expected site of RNA branch
formation in the case of pSVHTSB*. The exact site of RNA branch formation for the authentic tat/rev intron 3' ss in the context of either
pSVHTSB or the HIV-1 genome is unknown. To assess whether the polypyrimidine tract could also play a role in determining the extent of splicing
of the tat/rev intron, the tract was mutagenized as indicated to create a continuous stretch of 17 pyrimidines, generating pSVHTSBPPt. 3, ,B-globin.
(B) S1 nuclease protection analysis. A 5-,g aliquot of total RNA from COS-7 cells transfected with pSVf (lane 2), pSVHTSB (lane 3), pSVHTSB*
(lane 4), and pSVHTSBPPt (lane 5) was used in the Si protection reactions. The probe used for RNA analysis of cells transfected with pSV,B is
identical to that used in previous experiments (Fig. 1B), the probe used for pSVHTSB is identical to that used previously for pSVHTSB (Fig. 1),
and the probes used for pSVHTSB* and pSVHTSBPPt are similar to that used for pSVHTSB except for the point mutations described above. The
protection patterns for pSVHTSB, pSVHTSB*, and pSVHTSBPPt are as depicted in Fig. IC. Unspliced (U) and spliced (S) forms of the RNAs
are indicated, those on the left referring to RNA derived from pSVI3 and those on the right referring to RNAs derived from pSVHTSB and its
derivatives. At the bottom of the figure are the results obtained upon parallel incubation with probe to ,B-galactosidase (,8-gal) mRNA. Numbers
on the left indicate molecular sizes (in base pairs).

from diverse transcripts may have similar mechanisms of
action.

Subsequent analysis of the region comprising the tat/rev
intron 3' ss revealed a striking conservation of sequences
between 20 and 39 nt 5' of the AG dinucleotide of the 3' ss

among several HIV-1 proviruses (Fig. 2). Although this region
encodes a portion of the env protein, given the high mutation
rate of retroviruses and the redundancy of the genetic code,
one would expect some variation within the third base of some
codons within this region. The observed 100% conservation
suggests another function for this region encompassing the
putative site of RNA branch formation. Base pairing between
the branchpoint sequence on the pre-mRNA and the U2
snRNA is important for binding of the U2 snRNP to the
pre-mRNA and subsequent biochemical reactions (32, 48, 49)
and may be a critical step in the splicing process (40). Because
the tat/rev intron 3' ss does not contain an obvious branchpoint
sequence, efficient base pairing with the RNA component of
the U2 snRNP may be a rate-limiting step in splicing of the
tat/rev intron, resulting in inefficient splicing. Consistent with
this hypothesis, introduction of an exact copy of the 3-globin
branchpoint sequence within the highly conserved, putative
branchpoint region converted the intrinsically inefficient tat/rev
intron 3' ss into a highly efficient splice site. This demonstrates
that the inefficiency of the tat/rev intron 3' ss is due, at least in
part, to the absence of a strong branchpoint consensus se-

quence and that the observed sequence conservation in this
region of the HIV-1 genome may be due to an evolutionary
constraint to maintain a suboptimal branch point, as in RSV
(16). Thus, maintenance of a suboptimal branchpoint region
may be a common theme among retroviruses. Subsequent
examination of the polypyrimidine tract of the tatlrev intron 3'
ss also revealed a conservation in the disruption of the tract by
purine residues (Fig. 2). Mutations which converted these
purines to thymidine resulted in a dramatic increase in the
efficiency of splicing (Fig. 3). However, the effect of the
polypyrimidine tract mutation was marginally less than that
obtained with the introduction of the ,3-globin branch point
(the branchpoint mutant yielded 94% spliced RNA, as op-
posed to 87% spliced RNA observed with the polypyrimidine
tract mutant). The introduction of an efficient branch point
would appear to provide a signal that can function despite the
suboptimal nature of the polypyrimidine tract. Similarly, im-
provement of the polypyrimidine tract increases splicing effi-
ciency despite the absence of a consensus branchpoint se-

quence. The increase in splicing efficiency observed with the
pSVHTSB* and pSVHTSBPPt mutants, in addition to ruling
out the possibility that heterologous 3' ss are not functional in
pSV3, demonstrates the absence of any other distinct cis-
acting negative sequences within this region. Therefore, it
appears that a poor branchpoint region and a suboptimal
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FIG. 4. Analysis of the tat/rev intron 5' ss. (A) Schematic representation of the constructs. pSVHIV,B and pSVenvl were derived by replacing
the ,-globin (,B) 5' ss of pSV3 with portions of the HIV-1 genome spanning the tat/rev intron 5' ss. The initiation codon of the env open reading
frame (hatched box) is indicated by an asterisk. (B) S1 nuclease protection analysis. The end-labelled DNA probe used for analysis of the constructs
spanned the 3' ss and was identical to that used for pSV,B. Lane 1 contains radiolabelled markers. A 5-,ug aliquot of total RNA from COS-7 cells
transfected with pSV,B (lane 3), pSVHIV,B (lane 4), and pSVenv,B (lane 5) was used in the S1 protection reactions. As a negative control, total RNA
from mock-transfected COS-7 cells (lane 2) was incubated with probe and digested with S1 as normal. Bands arising from S1-resistant hybrids
corresponding to unspliced (U) and spliced (S) RNA are indicated by arrows. Numbers on the left indicate molecular sizes (in base pairs).

polypyrimidine tract both contribute to the inefficient splicing
of introns containing the tat/rev intron 3' ss.

Having identified elements within the tat/rev intron 3' ss that
are responsible for the inefficient splicing observed, we then
focused attention on other elements of the tat/rev intron. In
particular, it was of interest to examine the efficiency of the
tat/rev intron 5' ss and to test for the presence of negative,
cis-acting intron elements analogous to the NRS sequences of
RSV (1, 27, 28). Upon examination of the HIV-1 tat/rev intron
5' ss in a heterologous context, no such element was detected.
Splicing of chimeric introns containing the tat/rev intron 5' ss
with either minimal flanking sequences or the 5' ss in the
context of most of the tatlrev intron was at least as efficient as
that of the ,-globin intron (Fig. 4). Moreover, there is no
evidence for the existence elsewhere in the tat/rev intron of
cis-acting negative regulatory elements that modulate splicing
efficiency. From the data regarding the tat/rev intron 5' ss and
3' ss and their effects on splicing efficiency, it can be concluded
that the only basis for inefficient splicing of the tat/rev intron is
the inefficient signals present within the 3' ss. While it appears
that HIV-1 and RSV share some requirements for inefficient
splicing (i.e., a suboptimal branchpoint region), their respec-
tive unspliced RNAs differ dramatically in their capacity to be
transported to the cytoplasm (8, 43, 46).

Different mechanisms for the achievement of suboptimal
splicing in simple retroviruses (e.g., RSV) and HIV-1 could
explain the observed differences in the metabolism of their
respective mRNAs. Both spliced and unspliced RSV mRNAs
are constitutively transported from the nucleus to the cyto-
plasm (43). However, in the case of HIV-1, RNAs containing
an intact tat/rev intron are sequestered within the nucleus in
the absence of the viral protein, Rev (12, 13, 19, 25). Experi-
ments using subgenomic constructs of HIV-1 have demon-
strated that the env region contains all the signals necessary for
nuclear sequestration of viral mRNA observed in the absence
of Rev (12, 13, 19, 25). There are currently two theories to
explain how these HIV-1 RNAs are retained in the nucleus: (i)
partial recognition of splice sites by components of the splice-
osome, resulting in the nuclear entrapment of pre-mRNA
within spliceosome complexes (4, 5, 23), and (ii) the presence
of distinct, cis-acting repressive sequence (CRS) elements (7,

24, 33, 36, 38). If sequestration of the HIV-1 RNA is the result
of entrapment into spliceosome complexes because of the
inefficiency of the splicing signals, then there must exist
differences between HIV-1 and RSV that permit unspliced
RNA of the latter to avoid the entrapping process. The
observation that splicing inefficiency in the RSV system is also
partly due to an inefficient branch point (16) suggests the
presence of either positive RNA export signals in RSV or
negative signals in HIV-1. To date, several distinct CRS-like
elements have been identified throughout the HIV-1 transcript
(7, 24, 33, 36, 38). Furthermore, the absence of an NRS-like
element within the env region of HIV-1 may also explain the
observed difference in RNA metabolism. The NRS of RSV
may function to downregulate recognition of the 5' ss. Failure
to recognize the 5' ss may prevent RSV primary transcripts
from becoming committed to the splicing pathway, making
them available for transport to the cytoplasm. Support for such
a model does exist, since inactivation of the 5' ss and 3' ss of an
intron has been shown to result in transport of unspliced
mRNA into the cytoplasm (4, 5, 22). In the case of the HIV-1
tat/rev intron, the results presented provide strong circumstan-
tial evidence that both the branch point and the polypyrimidine
tract of the 3' ss interact poorly with the essential splicing
components, U2 snRNP and U2AF, respectively. Poor recog-
nition of the polypyrimidine tract by U2AF implies that the
recently described, ATP-independent early (E) splicing com-
mitment complex (29) composed of the pre-mRNA, Ul
snRNP, and U2AF may not form efficiently with the tat/rev
intron of HIV-1. This implication is inconsistent with the
splice-site-mediated model for nuclear retention of HIV-1
structural mRNA. Instead, on the basis of the data outlined in
this paper, it is tempting to suggest that sequences distinct
from the HIV-1 tat/rev splicing signals play a role in mediating
nuclear retention of structural mRNA. Indeed, recent results
indicate that the signals for suboptimal splicing and nuclear
retention can be segregated in the case of HIV-1 (42a).

In summary, the data presented in this paper indicate that
the balanced splicing of the HIV-1 tat/rev intron is due solely to
the action of signals within the 3' ss and the neighboring exon.
There is evidence that a purine-rich sequence within the 3'
exon acts to increase recognition of the tat/rev intron 3' ss
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despite the suboptimal nature of both the branch point and the
polypyrimidine tract; deletion of the purine-rich region renders
the tat/rev intron 3' ss completely nonfunctional. Having
identified the basis for inefficient splicing of the HIV-1 tat/rev
intron, our interest is now focused on establishing the mecha-
nism for the nuclear sequestration of HIV-1 structural protein
mRNA. To test the various possibilities (some of which are
mentioned above), chimeric constructs comprising portions of
the RSV and HIV-1 genomes are being tested to identify
sequence elements that underlie the observed difference in
nucleocytoplasmic transport of their respective mRNAs.
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