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The first intron of the early region 3 from adenovirus type 2 contains a cryptic 5’ splice site, Dcrl, 74
nucleotides downstream from the natural site D1. The cryptic site can be activated when the natural site is
inactivated by mutagenesis. To investigate the basis for selection between a natural and a cryptic 5’ splice site,
we searched for cis-acting elements responsible for the exclusive selection of the natural site. We show that both
the relative intrinsic strength of the sites and the sequence context affect the selection. A 120-nucleotide segment
located at the 3’ end of exon 1 enhances splicing at the proximal site D1; in its absence the two sites are used
according to their strength. Thus, three cis-acting elements are involved in the silencing of the cryptic site: the
sequence of D1, the sequence of Dcrl, and an upstream exonic sequence. We show that the exonic element folds,
in solution, into a 113-nucleotide-long stem-loop structure. We propose that this potential stem-loop structure
which is located 6 nucleotides upstream of the exon 1-intron junction is responsible for the preferential use of

the natural 5’ splice site.

Regulation of primary transcript processing is one of the
key events ensuring the production of functional mRNA.
Processing mainly includes splicing and polyadenylation (for
reviews, see references 5, 30, and 50). In some genes,
alternative splicing, polyadenylation, or both occur, which
may produce a variety of mRNAs with subtle different
characteristics. Usually, the various RNA forms are either
made or predominate in different cell types or at different
stages of the cell’s life.

We are interested in the alternative processing events
occurring in the region of adenovirus type 2 (Ad2) where the
transcription units of early region 3 (E3) and late region 4
(L4) overlap (18 and Fig. 1). Processing implies the selection
of either the early splicing sites or the late polyadenylation
site. In the course of our in vitro studies, mutagenesis
experiments revealed the presence of a cryptic 5’ splice site
(Dcrl) located downstream of the natural 5’ splice site D1 of
the first E3 intervening sequence (IVS1).

In mammals, the 5’ splice site (or donor site) consensus
sequence is SAG/GUAAGU, including three exonic and six
intronic bases (4, 36), and is recognized by a conserved
sequence at the 5’ end of UIRNA. In fact, this consensus
masks a large diversity of individual sequences (26) and only
the first nucleotide (G1) is conserved in all natural introns.
All other nucleotides are dispensable for function provided
that the overall stability of the UIRNA-donor site hybrid is
conserved (26, 60). From the donor site sequence diversity,
it can be predicted that potential donor sites will be present
fairly often along an RNA strand. GU is one of the 16
dinucleotides; thus, statistically, there are 62.5 GUs per
1,000 nucleotides. Some of these may be eliminated as
potential donor sites because they cannot pair stably with
U1RNA, and others may be eliminated because there is no
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suitable acceptor or branch site. Nevertheless, some of these
sequences are donor site candidates, in particular when they
are located close to the natural donor site and can use the
same acceptor and branch sites. The best-known example is
that of the human B-globin gene where the donor site of the
first IVS is surrounded within a 60-nucleotide (nt) stretch by
three cryptic sites used only when the natural site is mutated
(56). Thus, most of the natural pre-mRNAs may contain
cryptic donor sites in addition to constitutive or alternative
sites. This is the case for the adenovirus region that we are
studying, where the cryptic site Dcrl, located 74 nt down-
stream of the natural site D1, can use the natural acceptor
and branch sites. In order to understand the basis for splice
site selection, we used the E3 pre-mRNA of Ad2 as a model
system for the study of the mechanism of selection between
a natural and a cryptic donor site.

How does the cell achieve selection between the natural
and cryptic sites? It has been shown that the intrinsic
strength of the site, i.e., its capacity to form a stable hybrid
with UIRNA, is a major element for selection (14, 39).
However, two lines of evidence suggest that intrinsic
strength is not the only element of selection between donor
sites. First, if it were, each site would be used according to
its strength, which is obviously not so in the case of cryptic
sites. Second, the importance of sequence context, in par-
ticular of exon sequences, for selection of natural sites in
alternative splicing has been shown in a number of systems
10, 11, 17, 21, 27, 31, 33, 38, 43, 45, 47, 52, 54, 57) and this
might also apply for selection between a natural and a
cryptic site. Therefore, we looked to see whether cis-acting
elements other than the splice sites themselves were in-
volved in selection. We found an upstream exonic sequence
whose deletion provoked the activation of the cryptic site
even in the presence of the natural donor site. We also
showed that, in the absence of the exonic sequence, the two
sites were used according to their relative strength but that,
in its presence, splicing at the natural site was enhanced.
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Finally, we demonstrate that the upstream exonic sequence
with enhancing activity can be folded into a stem-loop
structure.

MATERIALS AND METHODS

Plasmid construction. The Ad2 EcoRI-D DNA fragment
(23) containing the 5’ part of the E3 unit was digested with
Pstl and Sacl, and the PstI-SacI DNA fragment (837 bp) was
inserted in the polylinker of pSP64 (35). The plasmid is
referred to as pSPWT. For the construction of 5’ deletion
mutants, the pSPWT plasmid was linearized at the PstI site
and treated with exonuclease Bal 31 (Bethesda Research
Laboratories) in order to remove from 50 to 300 bp from the
5’ end of the E3 sequence. After the ends were filled in with
the Klenow enzyme, the E3 residual sequences were excised
by EcoRI digestion and purified by electrophoresis in 1%
agarose gels. The E3 DNA fragments were ligated by T4
DNA ligase (Appligéne) to an pSP64 vector opened by
Hincll and EcoRI. Mutants 5'dl 41, 5'd1 59, 5'dl 62, 5'dl 37,
5'dl 36, and 5'dl 67 (see Fig. 3) were prepared in this way.
For the construction of 5'dl 94, a PstI-Sacll fragment was
removed from pSPWT. After filling in with the Klenow
enzyme, the plasmid was recircularized by T4 DNA ligase.

Oligonucleotide-directed mutagenesis was performed on
double-stranded plasmid DNA by the method of Inouye and
Inouye (25). Mutants pml to pm6 were obtained by this
method.

The extent of deletions and the point mutations were
determined by using the dideoxynucleotide sequencing pro-
cedure (62).

RNA synthesis. The plasmids used as DNA templates were
first linearized by EcoRI. In vitro transcription and capping
was performed by the method of Krainer et al. (28) in the
presence of [a->?P]JCTP (~400 Ci/mmol). After treatment
with RNase-free DNase 1 and deproteinization (19), the
transcripts were ethanol precipitated in the presence of yeast
tRNA as a carrier. The integrity of transcripts was checked
by electrophoresis in 5% polyacrylamide-8 M urea. The
transcripts harbor one polylinker nucleotide at their 3’ ends
and a variable number of plasmid nucleotides at their 5’
ends, depending on the cloning procedure.

In vitro splicing and RNA analysis. Nuclear extracts were
prepared from S3 HeLa cells by the method of Dignam et al.
(12). The in vitro splicing reactions were carried out essen-
tially as described previously (28). They were performed in a
total volume of 25 pl including 10 nl of nuclear extract and
~15,000 Cerenkov cpm of 32P-RNA transcripts. The final
concentration of the other components was as follows: 13
mM HEPES (N-2-hydroxyethylpiperazine-N’-ethanesulfo-
nic acid) (pH 7.9), 60 mM KCl, 2 mM MgCl,, 20 uM EDTA,
1 mM ATP, 20 mM creatine phosphate, 0.5 mM dithiothre-
itol, 2.6% (wt/vol) polyvinyl alcohol, 14% (vol/vol) glycerol,
and 400 U of RNasin per ml. Standard incubation was for 3
h at 30°C. The processed RNA was purified by proteinase K
treatment and phenol-chloroform extraction (28), and the
RNA was analyzed in 5 or 6% polyacrylamide gels (acryl-
amide/bisacrylamide, 20/1 [wt/wt]) containing 8 M urea.
After drying, the gels were autoradiographed with an inten-
sifying screen at —70°C. The autoradiographs were scanned
(Vernon recorder, Paris, France) or alternatively, the bands
corresponding to the different molecules were cut out and
their radioactivity was counted. Splicing efficiency was b/(b
+ a), b being the sum of splicing intermediates and products
and a being the residual precursor transcript.

Secondary structure of transcripts in solution. Secondary
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structure determination involved a statistical cleavage of the
RNA (1 cut per molecule) by enzymes specific for double-
stranded (V1) or single-stranded (T1, micrococcal nuclease)
regions, followed by identification of the cleavage products
by primer extension analysis (13).

About 40,000 Cerenkov cpm of RNA was solubilized in 25
l of splicing medium. The medium was supplemented by 1
mM CaCl, (final concentration) in the case of micrococcal
nuclease digestion. The enzymes were then titrated to deter-
mine the concentration allowing statistical cleavage. Rou-
tinely, at least two enzyme concentrations (around the
optimal concentration) were tested. Digestion was for 15 min
at 25°C in the presence of either 1 x 1072to 5 X 1072 U of
T1 RNase, 1 X 107*to 5 X 10~* U of micrococcal nuclease
(Worthington Biochemical Corp.), or 0.225 x 1072 to 0.45 X
1072 U of V1 nuclease (Pharmacia). Digestion was stopped
by the addition of 25 pl of 200 mM Tris-HCI (pH 8.3)-30 mM
EDTA-2% (wt/vol) sodium dodecyl sulfate-5 pg of yeast
tRNA. RNA was phenol-chloroform extracted and ethanol
precipitated. Control samples were not digested by nu-
cleases but were treated identically throughout.

A primer, complementary to the sequence between posi-
tions 390 and 417 of the WT transcript, was 5’ end labeled
with [a-*2P]JATP and T4 polynucleotide kinase. About 50,000
Cerenkov cpm was coprecipitated with each RN A sample to
be analyzed. Hybridization and extension in the presence of
avian myeloblastosis virus reverse transcriptase (Pharmacia)
were performed by the method of Schmitt et al. (46). The
synthesis of cDNA was initiated at 37°C for S min with 4 U
of enzyme per sample and continued for 40 min at 41°C. At
the end of the reaction, the template RNA was hydrolyzed
by incubation in the presence of 50 ul of 0.3 M NaOH at 37°C
for 1 h. After neutralization, the ¢cDNA products were
ethanol precipitated and electrophoresed in 5% polyacryl-
amide-8 M urea sequencing gels. The control sequence was
determined from the double-stranded plasmid sequence. The
same 5'-end-labeled primer described above was used and
extended in the presence of dideoxynucleotides (8).

RESULTS

Description of the system. Figure la is a schematic repre-
sentation of the region of the Ad2 genome that we are
studying. The main landmarks of the overlapping E3 and L4
transcription units are indicated. The E3 IVS1, from D1 to
A2, is excised for the formation of early E3 mRNAs,
whereas the late polyadenylation site, located in the central
part of E3 IVS1, is used for the 5’ end formation of late pVIII
mRNA (53).

For in vitro studies, we constructed a synthetic transcript
(Fig. 1b) containing the natural E3 IVS1 (395 nt), 256 nt of
natural exon 1 (plus 15 plasmidic nucleotides), and 192 nt of
natural exon 2 (plus 1 plasmidic nucleotide). The transcript is
a substrate for splicing or polyadenylation when incubated
under appropriate conditions, showing that the cis-acting
elements necessary for the two processing reactions are
present in the wild type (WT) transcript. Figure 2a shows a
time course of the splicing reaction. After a lag period of
about 20 min, the intermediates (exon 1 and lariat [IVS1-exon
2) and products (mRNA and lariat IVS1) of splicing are
formed. A trimming of the tail of free lariat IVS1 is observed
after 60 min of incubation which is independent of the
nuclear extract preparation used (six different preparations).
All the molecules were characterized by various methods as
required (S1 nuclease mapping, primer extension, and de-
branching; data not shown) and as applied previously for the
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FIG. 1. (a) Structure of the region of the adenovirus genome where the transcription units E3 and L4 overlap. The landmarks (53) are
indicated above the gene for E3 and below for L4. D, donor site; B, branch site; A, acceptor site. The protein encoded by open reading frame
E3A-12.5K was never isolated (55), and the use of this open reading frame at the early or late period remains dubious. (b) Structure of the
synthetic transcript (WT). The exon-intron structure is indicated in the case of D1 or Dcrl usage. The hatched boxes represent plasmid
fragments (15 nt at the 5’ end and 1 nt at the 3’ end). The numbers above the structure indicate the size (in nucleotides) of introns and exons,

plasmidic nucleotides included.

characterization of in vivo transcripts (18, 48, 49). For our
splicing studies, incubation was for 3 h. No apparent degra-
dation of products (except for the trimming of the lariat) and
no further accumulation of products was observed after this
time. The optimum Mg2* concentration was 2 mM. Under
these conditions, splicing efficiency was 65% * 9%.

The replacement of the first IVS nucleotide (G1) by an A
which inactivates D1 activates a single cryptic donor site,
Dcrl (Fig. 1b), located 74 nt downstream (pm2, Fig. 2b).
Thus, Dcrl can function as an authentic donor site and the
factors from a nuclear extract of HeLa cells can use Dcrl but
are restrained from doing so when D1 is present.

The data also suggest that there is a cis competition
between the two sites, the competition being entirely in
favor of D1 in the WT transcript. This is probably because
the cryptic site is not a potent cis-competing element for D1
in its natural context. Indeed, the substitution of the first
cryptic IVS nucleotide (G447) by an A which inactivates
Dcrl does not significantly affect D1 usage (pm1, Fig. 2b); in
a set of 5 experiments, splicing efficiency at D1 was 68% =+
13% for pm1l versus 64 = 7% for the WT transcript.

As the donor site sequence is CcG/GUGAGU for D1 and
CAG/GUAgag for Dcrl (small letters represent nucleotides
which do not pair with UIRNA), the donor site-UIRNA
duplexes have similar stabilities (see Fig. 4a). This argues in
favor of a parameter other than intrinsic strength in the
silencing of Dcrl and in the exclusive selection of D1.

Involvement of an upstream exonic sequence in donor site
selection and splicing efficiency. To search for a cis-acting
element that may prevent Dcrl usage, we constructed Bal 31
5’ deletion mutants (Fig. 3¢) and tested them for splicing in
vitro (Fig. 3a and b). Splicing at D1 occurs in the WT
transcript, as expected, and in mutant transcripts 5'dl 41,
5'dl 59, 5'dl 62, and 5'dl 94. However, additional bands due
to the activation of Dcrl systematically appear in 5'dl 59,
5'dl 62, 5'dl 94, and occasionally 5’'dl 41 (as best shown by
the examination of free lariat IVS and crIVS in Fig. 3a and
b). In the last three transcripts (5'dl 37, 5'dl 36, and 5'dl 67),
D1 has been deleted and Dcrl is the only donor site used.
Together, the results indicate that a cis-acting element
preventing Dcrl usage is lacking in 5'dl 59, 5'dl 62, and 5'dl
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FIG. 2. (a) Time course of splicing in vifro. The WT transcript
(Fig. 1b) was incubated under standard conditions. The time of
incubation is indicated above the lanes. RNA was analyzed as
described in Materials and Methods. The migration of size markers
is indicated on the left (in nucleotide numbers). (b) Activation of
Dcrl. The first natural intronic nucleotide (G373, transcript pm2) or
the first cryptic intronic nucleotide (G447, transcript pml) were
replaced by an A. Incubation and analysis were under standard
conditions. Identification of bands was as described previously (18,
48, 49). IVS, intact lariat intron plus products obtained by the
trimming of the tail (see text); Cr, RNAs formed after cryptic site
usage.
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FIG. 3. Exon length, splicing efficiency, and selection of Dcrl. (a and b) The 5’ deletion mutant transcripts were incubated and the
products of splicing were analyzed under standard conditions. The migration of the products of splicing at D1 and Dcrl is indicated on the
left and right sides of the autoradiogram, respectively. For clarity, 5'dl was omitted in mutant identification. Transcript pm2 (Fig. 2b) is shown
as a control. (b) Overexposure of the corresponding lanes in panel a. (c) Schematic representation of the 5’ part of the deleted transcripts.
(d) Autoradiograms like those shown in panel a were scanned by densitometry, and the average splicing efficiency and standard error were
calculated. Abscissa, length in nucleotides; the position of the first 5’ nucleotide (plasmidic nucleotides excluded) of each transcript is
indicated (5'dl omitted, for clarity). Ordinate: splicing efficiency (percentage of precursor having undergone splicing).

94, which can be spliced at both the natural and the cryptic
donor sites.

Splicing efficiencies at D1 and Dcrl were determined in
several experiments by densitometric scanning of the gels,
and the results are graphically represented in Fig. 3d. The
progressive shortening of E3 exon 1 from 120 nt (5'dl 41) to
11 nt (5'dl 94) gradually reduces splicing efficiency at D1
from 65 to 28%, on average. Taking into account the length
of the plasmid sequence (24 nt in these mutants), we may
conclude that an exon length of 60 nt (5'dl 62) is still
sufficient to reach a splicing efficiency at D1 which is close to
that of the WT transcript (58% * 10% versus 65% * 9%)
while a length of 31 nt (5'dl 94) considerably reduces
efficiency (28% = 13%). If we now examine the exon length
required for Dcrl usage, we observe that the cryptic exon 1
of 5'dl 67 is 31 nt long; i.e., it has the same size as the 5'dl 94
exon 1. However, in this case, splicing efficiency is not
significantly different from that of 5’dl 36 or 5’dl 37 which
have longer exons. Thus, exon length apparently does not
have the same influence on the two donor sites. The influ-
ence of exon length on splicing efficiency was stressed
previously (1, 34, 41), and the minimal exon length required
for full efficiency was proposed to be 30 to S0 nt. The
difference in behavior of D1 and Dcrl strongly suggests that
a feature other than length may be involved.

The progressive shortening of exon 1 also gradually acti-
vates the cryptic site Dcrl. Dcrl splicing products were
never detected with the WT transcript and only infrequently
and as traces with 5'dl 41. The activation starts to be
systematic in 5'dl 59 and 5'dl 62 (0.8 and 2.3%, respectively)
and is always detectable upon overexposure of the gels (Fig.
3b). Finally, in 5'dl 94, efficiency of splicing at Dcrl reached
13% on average in this set of experiments. Thus, the
decrease of splicing efficiency at D1 and the activation of
Dcrl occur upon deletion of the same sequences, suggesting
that the two events might be related.

Further shortening of exon 1 which eliminates the canon-
ical GU of D1 (5'dl 37, 5'dl 36, 5'dl 67) dramatically
increases the splicing efficiency at Dcrl. This in agreement
with a series of observations or experiments showing that
cryptic sites can be revealed upon deletion of the natural site
(see Discussion). Nevertheless, splicing efficiency at Dcrl
(~44%) does not reach that obtained for D1 (~65%). It is
close to that found for the mutant pm2 in which the first
intronic G of D1 was replaced by an A but which conserves
the exonic sequence (Fig. 3d).

In conclusion, the 3’ end of E3 exon 1 harbors a cis-acting
element which prevents the cryptic site Dcrl usage. The
progressiveness of the changes observed (Fig. 3d) and the
differences of the effect of exon length for D1 and Dcrl
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FIG. 4. Effect of the intrinsic strength and of the exonic sequences on the selection of donor sites. (a) Donor site sequence modifications.
The sequences of normal (+), suppressed (—), and modified (arrows) D1 and Dcrl are indicated. Capital letters represent the nucleotides
complementary to Ul RNA. The stability of the donor site-U1 RNA duplexes was calculated as described by Freier et al. (16) except that
the free energy increments for paired terminal nucleotides were not included. The stretch used for this estimation is overlined (thin lines, A:U;
thick lines, G:C; dots, G:U base pairs). (b) List of mutant transcripts and splicing efficiencies. The D1 and Dcrl composition of the transcripts
(symbols from panel a) and the relative strength of the sites (ratio Dcrl/D1 of duplex stabilities) are indicated. Splicing efficiencies were
calculated from data for gels similar to those shown in panels ¢ and d. They represent the averages of two independent experiments, each in
duplicate. ex1* and ex1~ indicate the presence or absence of the sequence from nt 117 to 362, deleted in 5’dl 94 (Fig. 3c). (c and d) In vitro
splicing. The transcripts listed in panel b were spliced in vitro, and the products were analyzed by gel electrophoresis. The bands representing
the intermediates and products of splicing are indicated: on the left, for splicing at D1 of WT transcript or its derivatives (Tr); between the
gels, for splicing at Dcrl of the WT transcript and its derivatives; on the right, for splicing at D1 of 5'dl 94 or its derivatives (ex1~Tr).

suggest that length is not the only exonic parameter involved
in the selection.

The relative strength of the two donor sites also affects
selection. To determine the influence of the intrinsic strength
of the sites in selection, we constructed mutants in which the
strength of D1 or Dcrl or both was modified. The sequence
modifications and the estimated stability of the modified
donor site-UIRNA duplexes are shown in Fig. 4a, and the
list of mutants is presented in Fig. 4b.

The mutants (which have the exact sequence context of
the WT transcripts) were assayed for splicing in vitro (Fig.
4c). As expected, the usage of D1 decreases and that of Dcrl
increases upon increase of the Dcrl1/D1 strength ratio (Fig.
4b). However, the products of splicing at D1 are still
detected when D1 is two to three times weaker than Dcrl
(e.g., in mutants pm4 and pmS). In contrast, the products of
splicing at Dcrl are not detected even when Dcrl has about
the same strength as D1 (WT) and are barely detectable
when Dcrl is 1.4 times stronger than D1 (pm3). This latter
transcript is a special case, since only 39% of the precursor
is used for splicing (D1 plus Dcrl) against 63 to 81% for all
other transcripts, a fact that was observed in three indepen-
dent experiments.

Thus, the relative strength of the sites is an important
parameter of selection of donor sites confirming a cis com-
petition between the two sites. However, D1 is clearly
preferred to Dcrl, possibly in relation to the presence of the
exonic upstream sequence.

The upstream exonic sequence enhances splicing at the
natural site. According to the data of Fig. 3, a likely
candidate for explaining the preference for D1 in the cis
competition for UlsnRNP is the sequence of 120 nt upstream
of the exon 1-IVS1 junction. To test this possibility, we
prepared transcripts derived from the deletion mutant 5'dl 94
(Fig. 3) and harboring the same sets of D1 and Dcrl
sequences as pml, pm2, pm3, and pm4. These transcripts
are designated ex1~ to distinguish them from those (ex1%)
derived from the WT transcript. They lack most of the
exonic 120-nt sequence shown above to be involved in
selection.

The splicing patterns of the ex1™ and the ex1* transcripts
were compared. As shown in Fig. 4d, we observe that the
presence or absence of the exonic sequence has a consider-
able influence on the selection of splice sites (compare free
IVS1 on the gel and splicing efficiencies in Fig. 4b). D1 and
Dcrl are used roughly according to their relative strengths
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(though the relation is not linear) in 5’dl 94, pm3 ex1~, and
pm4 ex1~. This strongly contrasts with the splicing of the
ex1™ transcripts, in which D1 is favored, as already noted.
Moreover, 71% of the transcript pm3 ex1~ is used for
splicing against 39% for pm3 ex1*.

The exonic sequence also influences D1 usage in the
absence of Dcrl, as shown by the comparison of the pml
mutants. Its presence reproducibly enhances splicing at the
natural site D1. In contrast, in the absence of D1, the ex1
sequences do not seem to affect Dcrl usage (pm2).

These data indicate that (i) in the absence of the exl
sequence, there is a cis competition between D1 and Dcrl,
which are used roughly according to their respective
strengths; (ii) the presence of the ex1 sequence enhances D1
usage and provokes a shift of the splicing pattern towards
D1; and (iii) in at least one case (pm3), the presence of the
ex1 sequence perturbs the system in such a way that both
sites become difficult to splice.

The 3’ part of exon 1 can be folded in a stable stem-loop
structure. To investigate more precisely the splicing en-
hancer element, we examined the sequences at the 3’ end of
exon 1 to determine whether they could be folded into a
secondary structure. Indeed, a 113-nt-long stem-loop struc-
ture could be constructed within the 120-nt fragment shown
(Fig. 3d) to be involved in selection. This hairpin is located
6 nt upstream of the exon 1-IVS1 junction (Fig. 5b). Out of
the 37 bp constituting the stem, 28 were C:G or G:C, which
suggests a high stability of the structure. In addition, the top
loop is a tetraloop, also known to confer stability (20).

An enzymatic study was carried out to confirm the struc-
ture of the transcript. The WT transcript was digested by
two enzymes specific for single-stranded RNA (RNase T1
and micrococcal nuclease) and V1 RNase, specific for dou-
ble-stranded or stacked regions. The sites of cleavage were
mapped by reverse transcriptase extension of an oligonucle-
otide complementary to a sequence downstream of the
region to be studied (Fig. 5a). Sequencing of the cDNA in
this region revealed three additional nucleotides relative to
the sequence as determined previously (23). They are
marked by asterisks in Fig. 5b and designated G339a, C339b,
and C339c.

The enzymatic study essentially confirms the existence of
the stem-loop structure. A typical analysis is shown in Fig.
5a, and the results of several experiments are reported in
Fig. 5b. The single-stranded specific nucleases attack only
unpaired nucleotides, whereas V1 nuclease attacks the var-
ious segments of the stem. The most frequent and strongest
V1 hydrolyses occur in the 3’ part of the stem, suggesting
that these regions are the most accessible to the enzyme in
the tertiary RNA configuration.

A few discrepancies were noted. First, V1 RNase hydro-
lyzes the top part of the internal loops between stems III and
IV and between stems VI and VII as well as nucleotides at
the foot of the hairpin. This may be attributed to either the
existence of noncanonical hydrogen bonds (A:G in loop
III-1V, for instance) or stacking in these regions. Second, the
nucleotides around the exon-intron junction do not seem to
be attacked by either single-stranded or double-stranded
nucleases. This is the consequence of a pause of the reverse
transcriptase at the foot of the hairpin which precludes the
detection of cleavage at these sites (3, 15). It may also be
remarked that the stability of the stem of the lateral hairpin
is rather low (one C:G and one G:U base pair). It is
nevertheless shown as a hairpin rather than a loop for two
reasons. First, there is no single-stranded nuclease attack at
the level of the 2 bp; second, the stem is reinforced by an
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additional base pair in the AdS homologous structure (Fig.
6a; see below).

The stem-loop structure was further confirmed by com-
parison with the homologous sequence of region E3 from
AdS. AdS is the only adenovirus with an E3 exon-intron
organization similar to that of Ad2, which has been se-
quenced (9). In the stem-loop structure region shown in Fig.
6a, there are 13 base substitutions and the deletion of the
three additional nucleotides GCC that we found in Ad2
(indicated by dashes in the figure). Substitutions at positions
248, 295, 325, 367, and 383 do not modify the stem-loop
structure. Two pairs of substitutions are compensatory
(positions 263 and 266; positions 332 and 334), that is, they
do not change the number of base pairs (the modified
sections are shown in the insets of Fig. 6a). The substitutions
at positions 294 and 296 and the deletion of GCC suppress 1
bp of stem section IV and add an A:U pair in the lateral
hairpin (inset). Finally, the substitution at position 313
suppresses 1 bp of stem section I and the substitution of
C341 replaces a G:C by a G:U base pair. The comparison of
the Ad2 and AdS structures shows that the main features of
the stem-loop structure are conserved, which supports our
model.

A few characteristics of the stem-loop structure which we
term HP1 should be outlined (Fig. 6b). The sequence of the
top loop is ACUG, the last G of which is very sensitive to T1
RNase attack. The same sequence is found in the loop of the
lateral hairpin, where its last G is also very sensitive to T1
RNase. In addition, the loop of the lateral hairpin harbors
the stop codon UAG of the late L4 protein whereas the
initiation codon AUG of a putative early protein is partially
included in the stem (Fig. 1a). Furthermore, there are two
lateral loops on the 3’ side made only of A and C (AC loops;
dotted lines in Fig. 6b). All these features are conserved in
AdS. Their exact meaning is still obscure but will have to be
taken into consideration in further functional investigations.

Thus, at least in the WT transcript in solution, the 3’ end
of exon 1 is folded in a stem-loop structure. The data suggest
that HP1 is the D1 enhancer element: (i) its 113 nt are
entirely contained in the 120-nt stretch shown to be required
for the selection of D1 and silencing of Dcrl (Fig. 3d); (ii)
HP1 is present in both the WT and 5'dl 41 transcripts, which
select D1 and exclude Dcrl; and (iii) HP1 is disrupted in
transcripts 5'dl 59, 5'dl 62, and 5'dl 94 (Fig. 6b), which are
permissive for both D1 and Dcrl.

DISCUSSION

As a consequence of the variability of the donor site
sequence (26), the existence of numerous potential donor
sites in primary transcripts can be predicted. Some of them
are used, constitutively or alternatively, for the formation of
mRNAs. Other sites, normally silent, are revealed upon
mutation of the natural sites and constitute the cryptic sites.
The cryptic donor site sequences are mostly identical to
those of natural sites and are intrinsically functional. There-
fore, there must be some mechanism to prevent their use.
Such a mechanism is expected to be a general one and to
require general trans-acting factors since it ought to occur
for many gene transcripts, independently of tissue or the
stage of life cycle. To study this mechanism, we searched for
cis-acting sequences involved in the prevention of a cryptic
site, Dcrl, located 74 nt downstream of the first natural
donor site D1 of the E3 transcription unit of Ad2.

Three cis-acting elements are involved in splice donor site
selection. Our data show that there are at least three cis-



VoL. 11, 1991

DONOR SITE SELECTION AND EXONIC SECONDARY STRUCTURE

a ss RNAse ds RNAse
f T 1
MNG, TICGTA V1%
15 12
: .
|ulinu - oo
5'ss & =
sequence A\ -l - P
A \“ ~-.-‘ - . -—
i é - ! - .
T\\\ \ - - - @B
—> G "\ T\_[:. ot |l I
Iat_ergl(T: N - e m. Vill v
hairpin ¢ N : i ‘\'j'
: S JecatE
T y e a1
T T - -

Top A G . g P“'
50 ™= TAE e -
P T, € - - - j
& = "

G = dm
D1 Dcr1
7 373 _* 447 _ )

5
!
I
|
i
I
l
[
i
[
I
I
[
|
i
[
[
[
[
I
i
I
i
I
[
i
[
i
i
i
i
i
i

3

4587

b

G-C*320

\

>
a0
o

|
=loNeN"!
o
w
°

\

f %Io

I

ah

w
»
o

©,0,0 O WSO

i

Ofl

\|

oS @
Q
o—
]
*—
a-@
>
%
2
QOOO OO0 0 OPOCOO
[}

?
O

:S)Z:f

Vil

Vil

X

il

UUUAUUCCCAACUUUGA

FIG. 5. Stem-loop structure at the 3’ end of E3 exon 1. The WT transcript was treated by RNases specific for single-stranded (ss) or
double-stranded (ds) RNA. The sites of hydrolysis were determined by extension of a 5’ end-labeled primer 5'-GGCCCTCGATATGCTCT
TCGGGCAATTC-3' complementary to the sequence between positions 417 and 390 (bottom) and comparison with a sequencing ladder (lanes
C, G, T, A in panel a) made by reverse transcription of the corresponding DNA fragment. A representative gel is shown in panel a. Sequences
are those of the coding strand. Other enzyme concentrations and running times were used to extend the various regions. The results are
summarized in panel b. (a) MN, T1, and V1 refer to micrococcal, T1, and V1 nucleases respectively and c, to a control treated under the same
conditions but in the absence of enzymes. 1, standard enzyme concentration (Materials and Methods); 2 and 5, 2x and SX concentrations,
respectively. (b) The arrows indicate the sites of nuclease attack. Their importance varies according to attack intensity. Nucleases: O—,
micrococcal; @, T1; O0—, V1. The different stem fragments are numbered I to IX (see panel a). The donor site is boxed. The asterisks point

to the three additional nucleotides as discussed in the text.

acting elements which participate in the selection of the
natural and cryptic donor sites in this system.

The first two are the two donor site sequences themselves.
When the first intronic G of the natural site D1 is mutated
(pm2), when the D1 sequence is deleted (5'dl 37, 5'dl 36, 5'dl
67), or when other mutations weaken D1 relative to Dcrl
(pm4), then the cryptic site is activated. This is in general
agreement with the data obtained in studies of other genes
after spontaneous mutations at G1, G(—1), or G5 (24, 29, 37,

44, 56, 58) or after site-directed mutagenesis (2, 61). Changes
in the Dcrl sequences which increase its strength (pm3) also
allow Dcrl usage. In fact, it is the relative strength of the two
sites which should be considered. It has as a consequence a
cis competition between the sites which is primarily if not
exclusively dependent on their relative strength, when the
third element is deleted (transcripts derived from 5’dl 94).
The third element is located in the 120-nt stretch at the 3’
extremity of exon 1 and was revealed by mutants 5’'dl 59,
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that these sequences are all conserved in AdS. The start of deletion mutant transcripts is also indicated.

5'dl 62, and 5'dl 94. Its presence modifies the results of the
cis competition between the two sites (Fig. 4d). This exonic
upstream element enhances splicing at D1 (pml) in such a
way that Dcrl has to become much stronger than D1 in order
to be used (pm3, pmd). Thus, the actual strength of a site
may be higher than its intrinsic strength (i.e., its capacity to
bind UIRNA), owing to the presence of an exonic enhancer
element, and this may finally lead to the silencing of the
competing site.

Thus, for the silencing of a cryptic site, the sequence
context is as important as it is for alternative splicing (10, 11,
17, 21, 27, 31, 33, 38, 43, 45, 47, 52, 54, 57). In our system,
the balance due to the simple cis-competition between the
sites is modified by the presence of an exonic fragment
which has an enhancing activity on the proximal donor site.
This mechanism might be a general one, though the nature of
the sequence context could vary according to the system.

Characteristics of the upstream exonic element. The 120-nt
segment which has an enhancing effect on splicing at D1 can
be folded in a 113-nt-long hairpin (HP1) punctuated by

bulges and internal loops and by a lateral weak hairpin. The
hairpin structure was confirmed by a phylogenetic compar-
ison and by an experimental enzymatic study of the tran-
script in solution. Its stability is primarily due to a large
number of G:C or C:G base pairs and to a top tetraloop.
Although this has not yet been proven experimentally, the
stability of HP1 strongly suggests that it may be conserved
upon addition of the nuclear factors which will ultimately
give rise to active spliceosomes, as is the case for other
RNAs (small nuclear RNA, rRNA) upon formation of their
respective ribonucleoproteins.

The large size of HP1, intermediate between that of US
and U6 small nuclear RNAs, is compatible with the binding
of several trans-acting factors and with multiple functions.
In addition to the enhancing effect of its sequence on splicing
at the proximal donor site, HP1 may also be involved in the
regulation of protein synthesis, as suggested by the pres-
ence, in its lateral hairpin, of the stop codon for the late
protein pVIII and of the initiation codon for the putative
early 12.5K protein (Fig. 6b).
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Secondary structure or conformation of the pre-mRNA
has often been invoked as a possible element for splicing
regulation, and data in favor of this proposition are starting
to accumulate. Artificial hairpins inserted in a premRNA
may induce alternative splicing under determined conditions
(15, 51). The formation of a small natural hairpin in the E1A
transcript of Ad2 is able to bring otherwise distant branch
sites to an operational distance of the acceptor site and thus
allow the excision of an optional intron (7). The sequestra-
tion of the 3’ splice site of the C4-M1 intron from the
immunoglobin p heavy-chain pre-mRNA in a stem-loop
structure inhibits the splicing reaction and thus participates
in the selection between the membrane-bound and secreted
forms of the immunoglobin (59). A complex stem-loop
structure was built in the region of the optional mutually
exclusive exons 6A and 6B of the B tropomyosin gene
transcript; mutational studies showed that this structure is
involved in the particular characteristics of splicing of the
two exons (31). Though the function of the rev protein from
immunodeficiency virus in splicing regulation is still contro-
versial (6, 32, 42), it may also be stressed that its cis-acting
response element resides in a stem-loop structure (22, 32,
40). In the case of the Ad2 E3 transcript, it is again a region
with a potential stem-loop structure (HP1) which is involved
in the selection of splice sites.
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