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maintained. This balance depends upon : i) the peculi-
Using in vitro splicing assays with HeLa cell nuclear arities of the HIV-1 SD and SA sites, and ii) the produc-

extracts, we showed that the HIV-1 pairs of splice sites tion of the viral Rev protein, that promotes the cyto-
D1-A2 and D2-A2 are efficiently used in vitro, as com- plasmic accumulation of singly spliced and unspliced
pared to the control D1-A2 pair of sites from the E3 mRNAs (7). As the Rev action seems to depend upontranscription unit of human adenovirus-2. The strong the peculiarities of the HIV-1 SA sites (8, 9), a completeefficiency of the two HIV-1 pairs of sites is surprising,

understanding of the Rev mechanism of action and ofas we also showed by primer extension analysis that
the complex alternative splicing of HIV-1 RNA requiresthe branch-site sequence used at the HIV-1 acceptor
a detailed analysis of HIV-1 SA sites.site A2 is UAGCAGA, with a dominant utilization of

One general peculiarity of these sites, that may inthe ultimate G as the branched residue. No significant
part explain their low efficiency, is the short lengthincrease of the splicing efficiency was observed upon
of the polypyrimidine tracts and their interruption byreplacement of the wild-type branch-site sequence by
purines (10). Utilization of the A3 and A7 SA sites wasa canonical sequence, in spite of the utilization of an
also found to be inhibited by cis acting elements, calledA residue as the branched nucleotide. Results are dis-
SRE (11-13). Furthermore, an unusual utilization of acussed taking into account the present knowledge on

branch-site selection. q 1997 Academic Press U residue at the branch site was found for site A7 (14).
Whereas detailed analysis were made for sites A3 and
A7, no deep analysis was made for the SA site A2, that
is responsible for the production of the Vpr mRNAs (5).Retroviruses transcribe their RNA from an inte- In particular, efficiency of site A2 was never tested ingrated proviral genome and utilize the host cell ma- vitro. In vivo, site A2 is coupled with the D1 or the D2chinery to produce their mRNAs. The Human Immuno- SD site. To fulfill the gap of information, we made twodeficiency Virus type 1 (HIV-1) has a complex RNA constructs for the in vitro production of RNAs with thesplicing pattern. Its genome contains 5 splicing donor D1-A2 and the D2-A2 pairs of splice sites. The in vitro(SD) sites and 9 splicing acceptor (SA) sites (1, 2), that splicing efficiencies of the two transcripts were com-are used in various combination, generating at least pared to that of a previously described efficiently40 different singly and multiply spliced mRNA species spliced human adenovirus-2 RNA transcript (15). The(1-6). The multiply spliced mRNAs encode the Tat and branch site (BS) used at site A2 was identified andRev regulatory proteins and Nef. The singly spliced found to be unusual. The effect of the branch site se-molecules encode proteins Env, Vif, Vpr and Vpu. The quence on in vitro splicing efficiency was also tested byunspliced RNA is used to produce the Gag and Pol site-directed mutagenesis.precursors and is packaged into newly synthesized viri-

ons. Hence, for an efficient production of virions, a bal-
MATERIALS AND METHODSanced production of these various mRNAs has to be

Plasmid construction. The source of HIV-1 cDNA sequences from
the BRU/LAV isolate was plasmid pBRU3 (16). PCR amplifications1 Present address: Laboratoire de Biologie Cellulaire du Développe-

ment, Université Henri Poincaré Nancy 1, Boulevard des Aiguil- were according to Nour et al. (17). Fragment 100 [HIV-1 BRU cDNA
from position 4496 to 5626 according to the numbering of Ratner etlettes, BP239, 54506 Vandoeuvre les Nancy Cedex, France.

2 Corresponding author. Fax: 33 3 83 91 20 93. E-mail: cbranlant al. (18)], was amplified with a sense primer O-1 (5* TATTCTGGA-
TCCGACAGCAGAGAT 3 *) that hybridizes from position 4496 to@legg.u-nancy.fr.
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4507 (underlined) and generates a BamH I restriction site (italic),
and an antisense primer O-2 (5* TATTCTCTGCAGTGCTTTGAT-
AGA 3 *) that hybridizes from position 5626 to 5615 (underlined) and
generates a Pst I restriction site (italic). To get plasmid pLD-100,
the BamH I-Pst I fragment from PCR product 100 was inserted in
plasmid pBluescript KSII/ (19). To generate a pre-mRNA with a
mini intron D1-A2, a Bgl II restriction site was introduced in the
middle of the D2-A2 intron by site-directed mutagenesis. Site-di-
rected mutagenesis was made according to Kramer et al. (20) with
the oligonucleotide O-3 5* GTGGCAAGTAGATCTTGAGGATTAG 3 *
(the underlined sequences are identical to the BRU RNA from posi-
tions 4652 to 4663 and 4669 to 4678, respectively), after transfer of
the BamH I-Pst I fragment in phage M13mp9. Plasmid pLD-101 was
obtained by reinsertion of the mutagenized BamH I-Pst I fragment
in pBluescriptKSII/.

Construct pLD-104 was obtained by deletion of the 593-nt Sau3A
FIG. 1. Schematic representation of the RNA transcripts usedI-EcoR V fragment in plasmid pLD-101 (position 5049 to 5626 of the

in this study. Exon-intron organization of the HIV-1 RNA (5) (A) andBRU cDNA plus 15 nts of the polylinker). To get plasmid pLD-104
RNA transcripts 104, C2, C2.838, and 837D (B). Exons are repre-(Fig. 1), the resulting 3.4 kb fragment of pLD-101 was blunt ended
sented by rectangles of different colors, introns by thin lines. Nucleo-with the Klenow enzyme and circularized by the T4 DNA ligase
tide positions in the HIV-1 BRU RNA (19) are indicated. The thickaccording to Maniatis et al. (21).
lines correspond to the 52-nt sequence generated by the vector. TheTo substitute the D2 SD site of construct pLD-104 by the D1 SD
mutated BS sequence is shown for transcript C2.838.site, the cDNA fragment 141 (position 1 to 384 of the BRU cDNA)

was PCR amplified. The sense primer O-4 (5* TATTCTGGATCC-
GGTCTCTCTGGT 3 *) had the BRU RNA sequence from position 1
to 12 (underlined) and generated a BamH I restriction site (italic). a 30 min treatment with proteinase K (23), followed by phenol and
The antisense primer O-5 (5* TATTCTAGATCTCCCATCGATCTA chloroform extractions and they were analyzed by electrophoresis
3 *) was complementary to the BRU RNA from position 384 to 373 on a 5% polyacrylamide sequencing gel (21). Splicing efficiency was
(underlined) and generated a Bgl II restriction site (italic). To get estimated by scanning the gel with a Molecular Dynamics Phos-
plasmid pLD-C2 (Fig. 1), the BamH I-Bgl II fragment of PCR ampli- phorimager, using the Image Quant software version 3.3. The M/P
fication product 141 was inserted in plasmid pLD-104 in place of the ratio (amount of mature RNA versus the amount of residual precur-
171-nt BamH I-Bgl II fragment containing site D2. sor) was determined taking into account the measured radioactivity

Variant plasmid pLD-C2.838 was produced by substitution of the and the uridine content of the molecules.
wt BS sequence in construct pLD-C2, by a canonical BS sequence, Branch site identification. For BS identification, the cold RNA
by site-directed mutagenesis (20). The oligonucleotide O-5 (5* GTA- transcript synthesized with 30 ml of transcription mixture was di-
GACCCTGAACTACTAACCCAACTAATTCATC 3 *) had a 13-nt 5* vided in two portions : two third were subjected to a splicing reaction
sequence and a 14-nt 3 * sequence identical to the BRU RNA from for 50 min at 307C, with 72 ml of nuclear extract in 198 ml of the
position 4914 to 4926 and 4934 to 4947, respectively, the underlined splicing solution described above. To get a control, the remaining
sequence corresponds to a consensus BS sequence (22). third was incubated with 24 ml of nuclear extract in 66 ml of splicing

Plasmid pBS-837D was obtained by insertion of the 837-pb Pst I - solution, except that the ATP concentration used was of 8 mM in-
EcoR I fragment from plasmid pSP64-837D (15), that contains the stead of 1 mM, and that the incubation temperature was of 337C
D1-A2 splice sites of the E3 transcription unit from human adenovi- instead of 307C.
rus-2, into pBluescriptKSII/ cleaved by the same enzymes. After incubation, the control RNA and the spliced RNA were

treated by proteinase K, phenol extracted and ethanol precipitated.In vitro transcription. Prior to transcription with T7 RNA poly-
One half of the spliced RNA was subjected to the debranching activitymerase, plasmid pLD-104 was digested with the Hind III nuclease,
of 10 ml of nuclear extract, in a 60 ml solution containing : 6.5 mMplasmids pLD-C2, pLD-C2.838 and pBS-837D with the EcoR I
EDTA, 66 mM KCl, 0.33 mM DTT, 13.3% glycerol, 13.3 mM Hepesnuclease. Conditions for production of uniformally labeled capped
pH 8.0, for 30 min at 307C. RNA was again extracted with a phenol-RNA transcripts were as follows : 250 ng of linearized DNA template
chloroform mixture and ethanol precipitated. Position of the branchwere incubated for 1h in 10 ml of transcription mixture containing 6
nucleotide was analyzed by primer extension with reverse tran-mM MgCl2, 10 mM NaCl, 40 mM Tris HCl (pH 7.9), 10 mM DTT,
scriptase (RT), using primer O-6 5* CACCTAGGGCTAACTATATG0.1 mg/ml BSA, 25 U of RNasin, 1.25 mM GpppG, 0.05 mM UTP,
3 *, complementary to the BRU RNA from position 4990 to 5009.0.5 mM ATP and CTP, 0.2 mM GTP, 0.9 ml of [a-32P] UTP (800 Ci/
Conditions for primer extension analysis were as previously de-mmol, Dupont de Nemours) and 10 units of T7 RNA polymerase.
scribed (24). The sequencing ladder was prepared according to QuDNA was then digested with 2 U of RNase-free DNase I. RNA was
et al. (25), with the 5*-end labeled oligonucleotide O-6. The cDNAphenol extracted and ethanol precipitated in the presence of 20 mg
products were fractionated by electrophoresis on a 7% sequencingof a yeast tRNA mixture. For branch-point analysis, large quantities
gel (21).of cold transcripts were synthesized with the same procedure, with

30 ml of the transcription mixture described above, where [a-32P]
UTP was replaced by 0.5 mM UTP. RESULTS

In vitro splicing and gel electrophoresis. The HeLa cell nuclear
extracts were purchased from the Computer Cell Culture Center S.A. In Vitro Splicing Efficiency of the D1-A2 and D2-A2
(Belgium). Each splicing reaction was carried out with 105 Cerenkov Splice-Site Pairscpm of RNA transcript. To get a splicing kinetics, incubations were
for 30min, 1h, 1h30 and 2h30 at 307C, in 22 ml of splicing solution As the HIV-1 A2 SA site is used with the D1 or D2
containing : 53 mM KCl, 2.8 mM MgCl2, 20 mM EDTA, 1 mM ATP, SD sites in vivo, two DNA constructs were produced to28 mM creatine phosphate, 0.3 mM DTT, 3.5% (w/v) polyvinyl alco-

test the in vitro efficiency of site A2 in a HIV-1 sequencehol, 10.5% (v/v) glycerol, 79 mM Hepes (pH 7.9), 10 U of RNasin and
8 ml of nuclear extract. The spliced products were deproteinized by context. Construct pLD-104 (Fig. 1) was made to test
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the efficiency of the D2-A2 pair. It codes for a mRNA was incubated in splicing conditions for 50 min. This
short incubation time was chosen to optimize the yieldwith the HIV-1 BRU sequence from position 4496 to

5053, with mutations in the intron that create a Bgl II of branched molecules (Fig. 2). The BS was identified
by direct primer-extension analysis of the splicingrestriction site. The 613-nt transcript 104 produced by

in vitro trancription of construct 104 contained : i) the products. For identification of specific arrest of RT at
the branched residues, on the one hand, half of theHIV-1 exon 2 (A1-D2) flanked by 52 additional nts, that

were generated by the vector, ii) the mutated D2-A2 spliced products was subjected to the debranching ac-
intron, and iii) exon 3 (A2-D3) flanked by 8 nts of the tivity of a nuclear extract. On the other hand, C2 tran-
D3-A3 intron. As in vitro splicing assays are only effi- script was incubated in splicing conditions, except that
cient for pre-mRNAs with lengths that do not exceed in order to block the splicing reaction, the ATP concen-
1600 nts, the splicing efficiency of the D1-A2 intron tration was of 8 mM instead of 1 mM and the incubation
(4682-nt long) was tested on a truncated version of this temperature of 337C instead of 307C. The fractionation
intron coded by construct C2. The C2 RNA transcript of the cDNAs obtained in the control experiment and
(Fig. 1) contained : i) the exon 1 (position 1 to 289), in the assays is illustrated in Figure 3. Two successive
flanked by 52 nts generated by the vector, ii) the 96-nt RT arrests were detected with the splicing products.
sequence located downstream from site D1 joined to They were absent in the control RNA and their yields
the 308-nt sequence located upstream of site A2 and decreased slightly after the debranching step.
iii) the entire exon 3 flanked by 8 nts of the D3-A3 The arrest located 38 nts upstream of site A2 was of
intron. medium intensity, that located one nucleotide up-

Uniformely labeled transcripts 104 and C2 were incu- stream was very strong. As RT is expected to stop pre-
bated for 30 min, 1h, 1h30 and 2h30 in a HeLa cell nu- dominantly one nucleotide before the branched nucleo-
clear extract in conditions previously defined to get an tide (26), the results strongly suggest that the G resi-
efficient in vitro splicing of the human adenovirus-2 con- due located 40 nts upstream of site A2 is used as the
trol RNA transcript (15). Fractionation of the resulting main BS. Either some of the RT molecules stopped two
products by electrophoresis on a 5% sequencing gel, re- nts before the branched G residue, explaining the sec-
vealed an efficient splicing of transcripts 104 and C2, as ond arrest, or the A residue that follows it is also used
compared to the control RNA (Fig. 2). For transcript 104, as a BS. Identical results were obtained when site A2
both the 187-nt mature RNA (band 5), the intron in a was coupled with site D1 (not shown). Hence, the A2
lariat form (band 2) were accumulated during the incuba- BS sequence is UAGCAGA with a preferential utiliza-
tion. Band 3 probably corresponds to a degradation prod- tion of the underlined G residue as the branched nucle-
uct of the intron retaining the lariat structure and band otide.
1 to the first intermediate containing the lariat. The first
exon was lost during the electrophoresis. For transcript

Effect of the BS Sequence on in Vitro SplicingC2, a very similar pattern was observed : the first inter-
Efficiencymediate (band 1), the intron in a lariat form (band 3), a

degradation product of the intron retaining the lariat
To test whether the conversion of the UAGCAGA BSform (band 4) and the 425-nt mature RNA (band 5) were

sequence of site A2 into a canonical UACUAAC BSalso accumulated after a 2h30 incubation, the free exon
sequence will increase the utilization of this site, a mu-1 (band 6) was retained in the gel in this case. Based on
tated construct, that produced a C2.838 transcript withthe evaluation with a Phosphorimager of the radioactiv-
a canonical BS sequence located at the same positionity contained in the bands of gel corresponding to the
as the UAGCAGA wt sequence, was generated by site-residual precursor RNA and the mature RNA obtained
directed mutagenesis. As shown in Figure 3A, the splic-after a 2h30 incubation, M/P ratios of 0.7 and 1.6 were
ing efficiency of transcript C2.838 was not significantlyfound for transcripts 104 and C2, respectively. The expe-
increased as compared to that of transcript C2 (M/Prience was repeated several times and M/P ratios com-
ratio of 2.1 for C2.838 against 1.6 for C2). Upon primerprised between 0.7 and 1 and between 1.4 and 2 were
extension analysis of the splicing products from tran-reproducibly found for transcripts 104 and C2, respec-
script C2.838 with or without debranching step, twotively. An M/P ratio of 1 was found for the control adeno-
RT stops were detected at the same positions as for thevirus transcript. Hence, the HIV-1 SA site A2 is effi-
wt C2 transcript (38 and 39 nts upstream of site A2).ciently used in vitro and the efficiency of the D1-A2 pair
The position of the strongest stop is in accord with theis superior to that of the control adenovirus splice-site
expected utilization of the ultimate A residue of thepair.
canonical BS sequence (UACUAAC) as the branched
nucleotide (Fig. 3B). The more likely explanation forUtilization of an Unusual Branch Point at Site A2
the second band of lower intensity is the arrest of some
of the RT molecules two nucleotides before theTo check whether an unusual residue was used at

site A2, as found for site A7 (14), the cold C2 transcript branched nucleotide.
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FIG. 2. In vitro splicing kinetics of transcripts 104, C2, C2.837 and 837D. Uniformely labeled transcripts 104, C2 and C2.838 were
incubated for 0, 30 min, 1h, 1h30 and 2h30 in a HeLa cell nuclear extract as described in Materials and Methods. The control transcript
837D was spliced for 1h and 2h30 in the same conditions. The splicing products were fractionated on a 5% sequencing gel and autoradio-
graphed. Name of transcripts and duration of incubations are indicated above the lanes and M/P values evaluated as described in Materials
and Methods at the bottom of the lanes. Positions of the precursor RNA and splicing products are shown on the left. Labeled size markers
M1 and M2 were pBR322/Hpa II and l/Pvu II, respectively. Fragment lengths are indicated in nt.

adenine could be involved in the second trans-esterifi-DISCUSSION
cation step (29). In spite of this more favorable proper-

Removal of introns from precursors to messenger ties of A residue to assume the function of branch nucle-
RNAs involves two trans-esterification reactions and otide, we observed, here, that a D1-A2 intron with a
takes place in a large macrostructure, the spliceosome canonical BS sequence is not significantly more effi-
(for review 27). Except for a very limited number of ciently spliced in vitro, than a wt D1-A2 intron with a
introns, in the first trans-esterification, the 2 * OH of G residue at the BS. One possibility is that the first
an adenosine residue is the nucleophile that attacks trans-esterification step is not the limiting step in the
the 5*-splice site phosphate (reviewed in 27). Here we splicing reaction of the D1-A2 intron. However, it
show that a guanosine residue is preferentially used should be noticed that, as compared to the adenovirus
as the nucleophile at the HIV-1 SA site A2. Upon vary- RNA transcript used as the control, the C2 and 104
ing the identity of the base in a canonical BS sequence, transcripts were efficiently spliced in vitro (Fig. 2).
Query et al. (28, 29) found that the highest efficiency Hence, introns D1-A2 or D2-A2 with a suboptimal
of A residue at the BS, as compared to G or U residues, polypyrimidine tract and an unusual BS sequence are,
is due in part to the strong inhibitory effect of the C6- however, efficiently assembled into spliceosomes and
oxo/ N1-H of guanine and uracile. In addition, the hy- excised. Interestingly, the sequence that we identified

as the A2 BS sequence in the BRU isolate is highlydrogen bond acceptor properties of the N1 position of

185

AID BBRC 7091 / 6934$$$801 07-22-97 11:40:21 bbrcg AP: BBRC



Vol. 237, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

between the A2 BS sequence and U2 snRNA.(Fig. 4).
Assuming that the two adenosines are stacked to-
gether, the branched G residue is a bulged nucleotide.
The interaction involves 5 Watson- Crick base pairs
against 6 for a canonical BS sequence. This may in part
explain the observed in vitro splicing efficiency. Dyhr-
Mikkelsen and Kjems (14) also found the utilization of
an unusual U residue as the BS for the HIV-1 SA site
A7. As shown in figure 4, a base-pair interaction with
U2 snRNA with a stability similar to that of the inter-
action formed at the A2 BS, can be formed at the A7
BS. A very limited number of cellular pre-messenger
introns using residues other than adenosine as BS have
been described. A C residue was found to be used for
the intron A of the human growth hormone (38). A
uridine branch residue was also found to be a cis-acting
element involved in regulation of the alternative pro-
cessing of the calcitonin/CGRP-I pre-mRNA (39) and
substitution of the uridine residue at the BS by an
adenosine resulted in a strong increase of the calcitonin
specific splicing efficiency (39). The peculiar BS se-
quence of the HIV-1 SA sites may also be a basis for
the regulation of their relative utilization. Experiments
are underway to identify the BS sequences of the A1
and A3 SA sites.

FIG. 3. Branch point identification for transcript C2 and C2.838.
Cold transcripts C2 (A) and C2.838 (B) were subjected to a 50 min
splicing reaction as described in Materials and Methods. One half
was analyzed directly by primer extension with oligonucleotide O-6
(Lane 2), the other half was subjected to the debranching activity of
a nuclear extract (Lane 3) prior primer extension analysis. Lane 1
corresponds to a control primer extension on transcripts incubated
for 50 min at 337C in a nuclear extract containing 8 mM ATP. Lanes
UGCA correspond to the sequencing ladder. The BS sequence and
the RT arrests are shown.

conserved in various HIV-1 isolates. So that, the pecu-
liarity that we observed for BRU seems to be general.
Except for a few cases, the experimentally identified
BS were found to be located between the 18th and the
40th nt upstream of the 3 *-splice site (30-32). Hence,
concerning its distance to the 3 *-splice site (39 nts), the
BS identified for site A2 fits to the general rule.

In addition to its distance from the 3 *-splice site, the
identity of the nucleotide used as the BS is also defined
by the capacity of the BS sequence to base pair with U2
snRNA (33-35). The branched nucleotide constitutes a FIG. 4. Possible base-pair interaction between U2 snRNA and
bulged residue within the interaction (29). In contrast some of the BS sequences identified for metazoans. The interaction
to the situation in yeast (36, 37), the BS sequence is between the metazoan consensus BS sequence and U2 snRNA is

shown, as well as, the possible interaction for the two BS sequencesonly weakly conserved in metazoans and as a conse-
identified in HIV-1 RNA (site A2 this paper), site A7 (15), the BSquence the base-pair interaction with U2 snRNA is of-
sequence of the intron A of the human growth hormone (38), theten of low stability (Fig. 4). However, the canonical intron 3 of the calcitonin/CGRP I (39), and some of the identified BS

UACUAAC sequence was found to be preferentially sequences with a branched A residue (40). The branched residues
are indicated by an asterisk.used (22). A rather stable interaction can be formed
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