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Selection between a natural and a cryptic 5’ splice site:
a kinetic study of the effect of upstream exon sequences

Lionel Domenjoud, Liliane Kister, Hélene Gallinaro, and Monique Jacob

Laboratoire de Génétique Moléculaire des Eucaryotes du CNRS, Unité 184 de Biologie Moléculaire et de Génie Génétique
de I'INSERM, Institut de Chimie Biologique, Faculté de Médecine, Strasbourg, France

To study the mechanism of selection of 5’ splice sites, we first analyzed the in vitro time course
of appearance of intermediates and products of splicing at a natural and at a cryptic 5’ splice
site. Our model system was a transcript derived from the early transcription unit 3 of adenovirus-2
harboring a cryptic 5’ splice site Dcrl, 74 nucleotides downstream of the natural site D1. When
studied in isolation, the two sites have different kinetics of splicing, Dcrl being spliced markedly
more slowly than D1. The upstream exon, shown elsewhere to have a positive effect on the selection
of D1, has no influence on these kinetics; thus, it does not affect selection by modifying the kinetics
of splicing. Nevertheless, this exon is of crucial importance for the exclusive selection of D1. We
demonstrate that the cryptic site is recognized in all cases, but that exons harboring a potential
stem-loop structure (HP1) prevent Dcrl usage. The data suggest that the upstream exon sequences
play the role of a cis-acting selector for the natural 5’ splice site. The intrinsically rapid and efficient
kinetics of splicing at the natural site and the selector function of the exon sequence may result
in the exclusive use of the D1 site in the natural context.

One of the major problems in understand-
ing the mechanism of splicing and its reg-
ulation is to know how splice sites are chosen.
There are at least two levels of selection of splice
sites. First, selection is required to discriminate
between “natural” splice sites, whose use will
generate functional mRNA, and “cryptic” splice
sites, which are potentially usable sites but which
generate aberrant messages. Such cryptic sites
are found frequently in RNAs (Jacob and Gal-
linaro, 1989). Second, selection is required when
two natural sites give rise to two different func-
tional mRNAs. In this case of alternative splic-
ing, tissue-specific or stage-specific factors are
necessary for selection, which is not the case
for the silencing of cryptic sites.

Our knowledge of the molecular mechanism
of selection is quite limited. In the case of al-
ternative splicing, the importance of splice site
sequence and of sequence context has been
stressed (see McKeown, 1990, for review; Cote
et al., 1990; Talerico and Berget, 1990; Clouet
d’Orval et al., 1991; Guo et al., 1991; Hedley and
Maniatis, 1991; Ryner and Baker, 1991; Nemeroff
et al., 1992). Similarly, we have shown that the
selection between a natural and a cryptic %
splice site (or donor site) depends upon both
the relative strength of the two sites and the
sequence context (Domenjoud et al., 1991).
The natural upstream exon is an important ele-
ment to be ¢onsidered in our transcript. When
its size is reduced to less than 120 nucleotides,
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the efficiency of splicing at the natural site is
reduced, while the cryptic site is activated.

The effect of various parameters on splicing
has been studied most often by determining
splicing efficiency, which is the final result of
a series of reactions. To obtain a better under-
standing of the underlying molecular mecha-
nisms, we have adopted an approach that was
expected to be more informative —the study
of the kinetics of splicing. The two steps of the
splicing reaction which transform the precur-
sor first into intermediates (exon 1 and IVS-exon
2) and then into products (exon 1-exon 2 and
IVS) are well known (see Green, 1991, for re-
view). These two reactions occur in the spliceo-
some, a dynamic structure that is assembled in
astepwise manner and modified as the reaction
proceeds (see Green, 1991, and Guthrie, 1991,
for review). Thus, multiple reactions occur in-
volving snRNPs and proteins, besides the pre-
cursor RNA. They do not by themselves modify
the RNA molecules but may have repercussions
on the kinetics of splicing.

Here, we report that the natural and the cryp-
tic sites, in the absence of each other, have mark-
edly different kinetics of splicing. The spliceo-
some is assembled more slowly at the cryptic
site than at the natural site, and later changes
in the conformation of the spliceosome are also
impaired. The upstream exon structure does
not alter these kinetics. The situation is dra-
matically different in the natural conditions of
cis-competition, wherein upstream exon se-
quences confer resistance to competition to the
natural site. Thus, the natural site predominates
partly for kinetic reasons and partly because
of the selector effect of the upstream exon.

Materials and methods

Construction of mutants

All DNA fragments to be transcribed were in-
serted in the polylinker of plasmid pSP64 (Mel-
ton et al., 1984). The wild-type fragment was
aPstI-Sacl fragment of 846 bp from the proxi-
mal part of the adenovirus-2 (Ad2) early region
3 transcription unit (E3), as described previously
(Domenjoud et al., 1991). It contains the E3 in-
tron 1 (395 bp) flanked by 259 bp of exon 1
and 192 bp of exon 2.

5 deletion mutants (labeled 5dl) were pre-
pared by the action of the exonuclease Bal 31.
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For NY mutants, a synthetic oligonucleotide har-
boring a Hind III recognition site at the 3’ end
and a Pst I site at the 5’ end was made double-
stranded using a primer hybridizing to the Hind
III site and the Klenow enzyme. After digestion
with Hind III and Pst I, the DNA fragment was
inserted in the residual polylinker of a 5d150
mutant (a 5 deletion mutant which contains
7 nucleotides of the natural exon 1), opened
by the same enzymes.

The transcribed version of the newly created
exon was self-complementary for NY54:

5'-gaauacaagcuuCGCGCGUACUGACGCGCGeugeaggucGGCUCCG-3!
and linear for NY22:
5'-gaauacaagcuuAAUAAUACUGACGCGCGeugeaggucGGCUCCG-3'

(lower case letters: polylinker; upper case let
ter: from 5’ to 3" synthetic oligonucleotide and
natural sequence; bold characters: nucleotides
involved in base-pairing).

Mutants labeled pm modify the sequence of
the donor site D1 or Dcrl and were originally
prepared from the wild-type transcript by site-
directed mutagenesis, according to Inouye and
Inouye (1987). To introduce these point muta-
tions in 5dl or NY mutants, we used an exchange
method. Restriction fragments harboring either
D1 (Sac II-Apal) or Dcrl (Apa I-EcoR I) were
excised from 5'dl or NY clones and replaced
by the homologous fragments including the mu-
tated sites from other transcripts. The sequence
of the mutants was determined by using the
dideoxynucleotide sequencing procedure (Win-
ship, 1989).

RNA synthesis and in vitro splicing

Methods were as previously described (Domen-
joud et al., 1991). Briefly, the pSP64 plasmids
containing the inserted E3 fragments were lin-
earized by EcoR I and transcribed in the pres-
ence of [a-*?P]JCTP. With 100,000 cpm Cerenkov
of RNA precursor per assay, the specific activity
of the transcripts was sufficient to detect splicing
intermediates clearly.

For in vitro splicing, the conditions were as es-
tablished previously, except that Mg** and poly-
vinyl alcohol concentrations were raised to 2.5
mM (instead of 2 mM) and 3.1% (instead of
2.6%), respectively. Three preparations of HeLa
cell nuclear extract were used in these exper-
iments. Splicing efficiency ot the wild-type tran-
script was 70-75% in all three cases. Splicing
products were analyzed in 5% polyacrylamide
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gels (acrylamide/bisacrylamide, 20/1, wiw) con-
taining 8 M urea. The bands corresponding to
the different molecules were cut out and their
radioactivity counted. The radioactivity of blank
gel fragments at the same level as the molecules
was also counted and subtracted after normal-
ization to the same amount of total radioactiv-
ity in the lane. In our hands, this method was
more reliable than the densitometric analysis
of the autoradiograms. The radioactivity of
intermediates (i: IVS-exon 2 and exon 1), prod-
ucts (p: IVS and exon 1-exon 2), and remaining
precursor (pr) could thus be determined. As
exon 1 is very short in several transcripts and
runs out of the gels, our determinations were
derived from IVS—-ex2 measurements, irrespec-
tive of the transcript. The value of i was then
calculated, taking into account the number of
cytosines in IVS-ex2 and exon 1. The propor-
tion of intermediates, products, and remaining
precursor at each time was (i x 100)/Gi + p +
pr), or (p x 100)/(i + p + pr), or (pr x 100)/(i +
p + pr), respectively. All experimental values
are the average of duplicates. For the kinetic
studies, these proportions were determined after
0, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 150, 180,
and 240 minutes of incubation for the same
transcript. The time course curves were drawn,
and the time lags were estimated as the inter-
section of the maximum slope of the curves with
the axis of abscissae. To optimize comparisons,
transcripts to be compared were labeled using
the same CTP batch; they were used fresh (within
a week) and spliced in parallel with the same
nuclear extract preparation.

Results

Characteristics of the transcripts

As in previous work, we have studied the splic-
ing of the first intron of the early region 3 (E3)
from adenovirus-2. The characteristics of the
wild-type transcript used for our in vitro studies
have already been described (Domenjoud et al.,
1991). Briefly, with the exception of vector poly-
linker sequences, it contains only natural con-
tiguous E3 sequences and all the cis-acting ele-
ments required for an efficient splicing at the
natural donor site D1 and for the silencing of
a cryptic donor site Dcrl located 74 nucleotides
downstream. The hybrids that can be formed
between the 5 extremity of Ul RNA and D1
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or Dcrl are 7 or 6 bp long, respectively; this
rules out the possibility that the site’s strength
is the only parameter of selection of D1. Dcrl
can be induced either by suppression of D1 or
by modifications of the upstream exon sequence.
The same acceptor site is used with both donor
sites.

To establish the kinetics of splicing indepen-
dently at the two sites, D1 or Dcrl were sup-
pressed by mutation of their first intronic G
(Fig. 1B). To test the influence of exon sequences,
5 deletion or 5' deletion-insertion mutants were
constructed so that the upstream exon has differ-
ent primary or secondary structures (Fig. 1A).
The presence of a potential hairpin structure
HP1 in the 120 nucleotide exonic segment,

A T Deri
HP1:113
{‘ ex1 cr-exi
hucleotides
{is} 6 e >WT 274 348
HP1: 113
T e— >5'di41 144 218
HPS9 : 20
@gﬁ" T aa— >5'di59 83 157
OHPSA: 34
e~ >NYS4 46 120

[OTPRIE NSNS ES—
b5 8 72 -»>NY22 45 119

R >5'diod 31 105
B
D1 CCG/GUGAGU + D1  Derl
CcG/aUGAGU - pm ? + +
CAG/GUAgag + pm + -
Dert CAG/aUAgag - pm2 - +

Figure 1. Schematic representation of the 5 part of the
transcript. A. The various exons. The presence of a
potential hairpin loop structure HP1 in the WT and
5'dl141 exons was demonstrated previously (Domenjoud
etal., 1991). The residual exon of 5'd159 is able to fold in
a smaller hairpin loop structure (HP59), as shown by
an enzymatic study (our unpublished data). The sequence
and potential secondary structure (HP54) of NY54 and
NY22 (dotted lines: inserted artificial sequence) are de-
scribed in Materials and Methods. The size in nucleo-
tides of the plasmidic sequences (boxed) and of the vari-
ous exon or intron segments is indicated. On the right,
the total length of the exon sequence in the case of
splicing at D1 (ex1) or Decrl (cr-exl) is also shown.
B. The donor site sequences. Left: the sequences of the
natural (+) and suppressed (-) D1 and Dcrl (lower case
letters: nucleotides that do not hybridize to Ul RNA).
Right: the combinations of D1 and Dcrl in the pm series
of transcripts. pm0 is the natural combination.
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Figure 2. Time course of appearance of intermediates and products of splicing of transcripts WT-pml, WT-pmO,
and WT-pm2. The autoradiograms of the gels are shown. The three transcripts were analyzed in the same exper-
iment (i.e., labeled with the same CTP batch and spliced with the same nuclear extract). The identity of the various
RNA species (cr: cryptic), as indicated in the right margin, was documented previously (Domenjoud et al., 1991).
The free lariat introns (IVS) always appear as a large heterogenous band due to the trimming of the tail of the
lariat that occurs systematically in our in vitro studies. The figure shows that this trimming is time-dependent. Ex-
amination of the evolution of IVS-ex2 clearly indicates that the intermediate accumulates and is used rapidly in
the WT-pml and WT-pmO transcripts, whereas it forms a plateau in the WT-pm2 transcript, as illustrated in the
graphs of Figure 3. The arrows indicate the lane (the time) at which 1VS-ex2 is already clearly visualized; a faint
band, not clearly visible on the reproduction, is sometimes detected in the preceding lane by the direct examination
of the gels and also by counting the radioactivity at this level. The signal levels at maximum were 315 cpm (at 25
minutes) for WT-pml, 228 cpm (at 30 minutes) for WT-pmO, and 153 cpm (at 40 minutes) for WT-pm2. After 4

hours of incubation, the signals were 34, 45, and 94 cpm, respectively.

shown to be necessary for the exclusive selec-
tion of the natural site, has been demonstrated
previously (Domenjoud et al., 1991). HP1 is con-
served in the 5'dl41 exon that lacks the exonic
upstream sequences. A further truncation of
exon 1ldisrupts HP1, but a small artificial hair-
pin, HP59, can be constructed from the resid-
ual sequence, and an enzymatic study showed
that HP59 exists in the 5'dI59 transcript in so-
lution (H. Gallinaro, unpublished data). The
NY54 and NY22 exons are artificial exons (see
Materials and Methods); NY54 can be folded
in a small hairpin structure, HP54. The tran-
scripts are named first by the exon designation
(Fig. 1A), followed by the DI-Dcrl combina-
tion (Fig. IB).

Splicing at the natural donor site in the
absence of the cryptic site

The pm1 series of transcripts, where the cryp-
tic site was suppressed by a point mutation, was
used to study splicing at the natural site. A typ-
ical time course of appearance of intermedi-
ates and products of transcript WT-pml is shown
in Figure 2. The other data are summarized
graphically in Figure 3A and B. Note that the
scale of ordinates is expanded 10 times for inter-
mediates relative to products.

The curves for the WT-pml, 5'dl41-pml,
5'dlI59-pml, NY54-pml, and NY22-pml tran-
scripts are superimposable, that is, they do not
differ from each other more than do those from
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Figure 3. Time course of appearance of intermediates
and products of splicing. Means and standard errors
are shown. Note the change of the scale of ordinates
between intermediates and products. A. Splicing at
D1 of the WT:pml, 5'di41-pm1, 5d159-pm1, NY54-pml,
and NY22-pml transcripts (8 determinations). B. Splic-
ing at D1 in the 5d194-pm1 transcript (3 determinations).
C. Splicing at Dcrl of the WI-pm2, 5'dl41-pm2, 5'd159-
pm2, and 5d194-pm?2 transcripts (7 determinations). The
light gray curves reproduce the curves of A.

the same transcript in different gels or exper-
iments; therefore, only the composite curves
are presented (Fig. 3A). The intermediates are
detected after a time lag of about 12 minutes
(see also arrow in Fig. 2). Thereafter, a linear
accumulation rising to a maximum at about 30
minutes is observed, followed by an exponen-
tial decrease. After 3-4 hours of incubation,
a plateau is reached with 1-2% of the tran-
scripts remaining in the form of intermediates.
The products of the reaction become detect-
able 5 minutes later than the intermediates.
Thereafter, they accumulate to reach a plateau
representing the amount of fully spliced tran-
scripts, which at 3-4 hours is equivalent to
79-85% of the initial transcript.

The transcript 5d194-pm1 behaves differently
(Fig. 3B). The lag periods are longer (+2 min-
utes), and the peak of intermediates is lower
and appears flattened, while the plateau of inter-
mediates remains unchanged at 1-2%. The
amount of products formed at 3-4 hours is lower
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and reaches only ~70% of the initial transcript.
It is possible that the reactions are not entirely
terminated at 4 hours.

Thus, the shortening of exon 1 from 274 to
45 nucleotides does not affect the rate or effi-
ciency of splicing; a fortiori, there is no influ-
ence of exon structure. In contrast, there is a
dramatic transition between the transcripts har-
boring the 45 nucleotide NY22 exon and the
31 nucleotide 5d194 exon. Since these two exons
differ only by the presence or absence of an
artificial sequence that is not likely to play a
specific role, we infer that a 31 nucleotide exon
is not sufficient to insure an optimal rate of splic-
ing, while a 45 nucleotide exon is sufficient. The
minimum upstream exon length required for
full splicing efficiency of other transcripts has
been proposed to be 30-50 nucleotides (Parent
et al., 1987, Adami et al., 1989; Mayeda and
Oshima, 1990). It seems plausible that a min-
imum exon size is required for the optimal bind-
ing of splicing factors at the donor site, and that
this size is between 31 and 45 nucleotides in
the case of our transcript. Thus, provided that
exon length is sufficient, the data demonstrate
that the previously observed positive influ-
ence of exon 1 on the selection of D1 (Domen-
joud et al., 1991) is not due to an enhancing
effect on the kinetics or efficiency of splicing
at this site.

Splicing at the cryptic donor site in the absence
of the natural site

The effect of exon 1 on splicing at Dcrl was
studied with transcripts WI-pm2, 5'd141-pm2,
5'd159-pm2, and 5'd194-pm2, in which D1 was
suppressed by a point mutation at G1 (Fig. 1).
The time course of appearance of intermedi-
ates and products was similar, and the compos-
ite curves are shown in Figure 3C. The curve
of pm?2 intermediates is clearly different from
that of pml. The time lag is 16 minutes instead
of 12 (compare also the position of arrows in
Fig. 2). No sharp peak is formed, partly because
the amount of intermediates remaining after
3-4 hours is 2-3 times higher for Dcrl than
for D1. The appearance of products is also re-
tarded, and their final plateau is lower (55-65%
instead of 79-85%). The similarity of the ki-
netics of splicing irrespective of exon 1 struc-
ture indicates that this exon does not favor se-
lection of D1 by inhibiting splicing at Dcrl. It
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is worth noting that, in contrast to the pml
series, there is no significant reduction of splic-
ing efficiency in the 5'd194-pm2 transcript rel-
ative to the other transcripts of the pm2 series.
This may be related to the size of the 5'd194
exons: 105 nucleotides for the cryptic exon
(pm2) against 31 nucleotides for the natural
exon (pml).

A comparison of the D1 and Dcrl data shows
that they are much more dispersed for Dcrl than
for D1 (compare standard errors in Fig. 3A and
C). As conditions were the same and the exper-
iments often performed in parallel, the disper-
sion of the results is likely to be a particular
feature of Dcrl. We assume that Dcrl, which
is not an authentic donor site and has a differ-
ent sequence context than D1, might be more
sensitive to small differences of the in vitro sys-
tem. It is evident, however, that splicing at Dcrl
is less rapid and efficient than splicing at D1.

T Y T
0 30 60 90 120 150 180 210 240

Cis-competition: splicing efficiency at the
natural and cryptic 5’ splice sites

The time course of appearance of intermedi-
ates and products of splicing at D1 and Dcrl
was established for the various transcripts har-
boring the two sites (pm0). In Figure 4, we com-
pare the appearance of fully spliced products
from the various pm0 transcripts to that from
the homologous pm1 transcripts in which Dcrl
was suppressed. With the WT and 5'd141 exons,
splicing efficiency at D1 is reduced when the
cryptic site is present (from 83 to 75% of
the initial transcript, after 3-4 hours of incuba-
tion). A difference is also observed in the ap-
pearance of intermediates (Fig. 5); in particu-
lar, the time lag is lengthened, while the height
of the peak and rate of the reactions are reduced.
As these differences are small, we performed
an experiment in which transcripts WT-pm1 and

% intermediates products % Figure 5. Effect of exon size and
10 100 structure on splicing at D1 in pm0
1 [ transcripts. Curves showing the time

1 = (80 course of appearance of intermedi-
6- o ¥l s,  ates and products are shown. Cir-
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I | 40  WTpmO and 5dl41-pm0; squares
] i with dashed lines: 5'd159-pm0; tri-
2 L 20 angles: mean and standard errors
. L for NY54-pm0 and NY22-pm0. Light
04 - 0 gray curves: splicing in the pml

minutes
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transcripts is shown for comparison.
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Table 1. Some characteristics of the time course curves.

The time lags and slopes of the curves were determined graphically. Lag i: the time required for reactions g, b, and c—i.e., for
spliceosome assembly (see Fig. 6); lag p—i : the time required for reactions 1, d, and e—i.e., for reaction 1 and transition to
reaction 2. Rate: the overall rate of splicing as estimated from the maximum slope of the curve of products. Distribution: the
proportion of fully spliced transcripts (p), of intermediates (i), and of unused precursor were determined at 34 hours, i.e., at
the end of the reaction. The sum of the amounts of fully spliced transcripts (p) and of intermediates (i) relative to the initial
precursor was indicative of the proportion of precursors committed to splicing either at D1 (pr1) or at Dcr1 (pr2). The unspliced
precursor was considered to be in inactive complexes (pr0). When individual values from different transcripts were close and
the number of experiments sufficient (n > 2), the means and standard errors are presented. Column n: number of determina-
tions. nd: non-determined because of a low amount of material.

Splicing at D1 Splicing at Derl
. Rate . Rate
Lag (minutes) (% per il Lag (minutes) (% per i2 Distribution (%)

Transcripts n i p-i 10 min) (%) i p-i 10 min) (%) pr1 pr2 pr0
WT-pm1i 2

5'dl41-pm1 1 1.9 4.8 15.5 1.4 83.0 17.0

5'di59-pm1 2 +1.5 +1.0 +2.4 +0.4 +1.8 +1.8
NY54-pm1 1
NY22-pm1 2

WT-pmO 2 15.0 5.5 11.8 1.7 - - - - 75.8 242

5'dl41-pm0 1 14 8 1.3 1.8 nd nd nd 0.3 741 1.6 243

5'd159-pm0O 1 14 7 9.7 1.4 nd nd nd 0.7 65.6 55 289

NY54-pm0 2 15.5 7.0 7.1 1.6 19.2 14.5 1.0 0.9 58.4 12.6 29.0

NY22-pm0 2 16.0 5.0 7.8 1.4 18.5 12.5 1.1 1.0 59.1 12.9 28.0
WT-pm2 3

5dl41-pm2 1 15.9 6.9 8.9 3.7 64.2 35.8

5'd159-pm2 1 +1.3 +3.1 +1.5 +1.3 +9.2 +9.2
5'd194-pm2 2

5'd194-pm0 1 15 8 5.6 1.2 19 8 2.4 1.7 41.3 25.4 333

5'dI94-pm1 3 14.0 53 9.9 1.6 71.9 28.1

+1.7 +1.2 +1.2 +0.4 +09 +0.9

WT-pm0 were studied in parallel and confirmed 5'dl41-pm0 (Fig. 4), and the 3-4 hour splicing

that the decrease was not due solely to experi- efficiency is 66% as opposed to 74-76%. Simul-
mental variations (Fig. 2). This difference be- taneously, the transcripts become more per-
tween the pml and pm0 transcripts was further missive for splicing at Dcrl (5%). A more
confirmed in several other experiments in which marked effect is observed with transcripts NY:
only splicing efficiencies were determined. We splicing efficiencies at D1 and Dcrl are 59%
conclude that the difference is significant, that and 13%, respectively (Table 1). The presence
splicing at D1 is impeded by the presence of or absence of the small stem-loop structure
Dcrl, and therefore that Dcrl is recognized in HP54 does not influence splicing of the NY tran-
our in vitro system. scripts. A decrease in the formation of inter-
With the WT exon, there is no detectable mediates is also observed, more marked for
splicing at Derl, although we estimate that we NY54 and NY22 than for 5d159 (Fig. 5). As the
would have detected its products if 0.5% of the time course of splicing of the pml and pm2
precursor had been spliced at Dcrl. However, transcripts is not modified with the same exon
the 5'd141 exon, which lacks 139 E3 nucleotides 1 changes (Fig. 3), we conclude that the 120 nu-
upstream of HP1, gives rise to a low amount cleotide segment, containing HP1 and located
of splicing at Dcrl (1-2%) relative to the WT at the 3’ extremity of exon 1, influences splic-
exon. Thus, these 139 nucleotides are likely to ing by interfering during cis-competition.
contain an element partially responsible for the The 5'd194 truncated exon is too short to al-
silencing of Dcrl. low optimal splicing efficiency in the pm1 tran-
The differences between the pml and pm0 script (Fig. 3B). The presence of Dcrl in the
transcripts are accentuated when exon 1 is 5'dl94-pm0 transcript promotes a further de-
further truncated. In 5'd159, the rates of the re- crease in splicing at D1 (from 72 to 41%) and

actions are reduced relative to WIpm0 and a marked induction of splicing at Dcrl (25%).



90

Thus, when splicing at D1 is impaired due to
the suboptimal size of exon 1, the transcript
becomes more permissive to splicing at Dcrl.
The effects of suboptimal exon size and of cis-
competition appear additive.

In summary, the data show that upstream
exon sequences, which have no influence on
splicing at D1 in the absence of Dcrl, clearly
affect this splicing in the presence of the cryp-
tic site. Thus, exon 1—in particular, the sequence
harboring the potential stem-loop structure
HP1— confers resistance to competition to the
natural site D1 and therefore acts as a selector
for this site.

Variations in the kinetic curves and their
interpretation

Comparison of the gels (Fig. 2) and kinetic
curves (Figs. 3, 4, and 5) of the various transcripts
reveals marked differences in the appearance
and utilization of splicing intermediates, as well
as in the appearance and yield of fully spliced
products. This repercussion of the structure of
the transcripts on the kinetics of splicing is likely
to derive from its influence on one or the other
of the various steps in the assembly of splicing
complexes. In Figure 6, we present a simplified
scheme of mammalian splicing complex as-
sembly that should be helpful for interpreting
the kinetic study.

The precursor is first coated with proteins
(reaction a). Then, these early complexes are
committed to splicing (Legrain et al., 1988; Mi-
chaud and Reed, 1991; reaction b), giving rise
to commitment complexes (prl and pr2, for D1
and Dcrl, respectively). Thereafter, active type
1 spliceosomes are made from commitment
complexes (reaction ¢) in which splicing reac-
tion 1 proceeds. This period, rich in crucial
events as far as spliceosome assembly is con-
cerned, appears as the time lag of the curve of
intermediates in our kinetic studies. The length
of this time lag differs according to the tran-
scripts, as illustrated for instance in Figure 2.
There is clearly a delay in the appearance of
D1 intermediates in WI-pmO or of Dcrl inter-
mediates in WT-pm2 relative to D1 intermedi-
ates in WI-pml (arrows). The time lags were
estimated for the various transcripts (Table 1).
The data show that the time lag of D1 inter-
mediates is lengthened, relative to the pml
series, by about 2-3 minutes when exon 1 is
truncated (5'd194 exon) or when Dcrl competes
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with D1 (pmO transcripts). The time lag of the
Dcrl intermediates is longer than that of the D1
intermediates by about 4 minutes (pm2 series)
and is further lengthened in the presence of
D1. Thus, spliceosome assembly is slowed down
when exon 1 is too short, or in the conditions
of cis-competition. Furthermore, spliceosomes
may assemble more or less rapidly, according
to the donor site. The individual reactions that
are affected by the various structural changes
of the precursor remain to be determined.

Once splicing reaction 1 is completed, some
conformational changes are necessary to allow
the onset of the second splicing reaction (re-
actions d and ¢, Fig. 6). This is suggested by the
difference in the time required for the appear-
ance of intermediates and products, which is
about 5 minutes in the WT:pml transcripts
(Table 1,1ag p — i). This time is not significantly
modified upon truncation of exon 1 (5'd194-
pm1l) and slightly increased in the presence of
the cryptic site (pm0 transcripts). For splicing
atDcrl, lag p — iis 2 minuteslonger than at D1
and is further lengthened in the pm0 transcripts.
Though small, these differences were reproduc-
ible and indicate that splicing can be influenced
not only by defective early spliceosome assembly,
but also by some defects in later reactions that
can be detected by the analysis of the time course
curves.

The curves of intermediates never tend to
zero, and a plateau is reached in all cases. This
shows that intermediates persist under a form
different from spliceosomes of type 1 and 2
proper—a form we propose to designate “inter-
mediate complexes.” The plateau of the curve
indicates that equilibrium is reached between
formation and utilization of the intermediates.
The level of the plateau is 2-3 times higher for
Dcrl than for D1 (Table 1, i2 and il), which sug-
gests that utilization of the Dcrl intermediates
is slower relative to formation in the pm2 tran-
scripts than that of D1 in the pm1 transcripts,
in agreement with the lengthening of the time
lag p — i. The level of the plateau does not sig-
nificantly change as long as the formation of
intermediates is active enough (compare il
of the pm1 and pmO transcripts in Table 1) and
is reduced when the rate of formation is low,
as expected (compare i2 of the pm2 and pm0
transcripts). The persistance of intermediate
complexes when no more products are made
may be due to conformational changes of these
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Figure 6. Schematic representation of splicing com-
plexes in the course of splicing. pr: precursor; i: inter-
mediates; p: products. Reactions 1 and 2 are the two
splicing reactions. The different frames correspond to
different complexes. Reactions a to ¢ do not affect the
RNA molecules but do affect the composition or con-
formation of the complexes; they include an undeter-
mined number of individual events. 1 stands for D1
and 2 for Dcrl; 0 indicates inactive complexes. The
differences in lengths of the arrows in the D1 and Dcrl
pathways indicate the reactions that are lengthened for
Dcrl relative to D1 (b2, b0, and e2; not to scale), as de-
termined in the experiments of Figure 2.

complexes or to an inhibition of reaction ¢, what-
ever the cause.

As not all the precursor is engaged in splic-
ing, we postulate that “inactive complexes” (pr0)
can be assembled in addition to the commit-
ment complexes. We observe a correlation be-
tween the increase of the proportion of pr0
and that of the time lag of intermediates
(Table 1). Therefore, we propose that the as-
sembly of pr0 follows kinetic rules of its own
(reaction 40 in Fig. 6), and that competition
for the precursor occurs during early assembly.
It cannot be ruled out that the assembly of pr0
is partially reversible, which may explain the
low increase of the plateau of the curves of prod-
ucts in some transcripts.

Splicing efficiency can be estimated as the
proportion of precursor engaged in splicing,
that is, the sum of intermediates and products
formed at the end of the reaction. These pro-
portions, after 3—4 hours of incubation, are in-
dicated in Table 1 (prl for D1 and pr2 for Dcrl).
They are representative of the proportion of
precursor that was committed to splicing at D1
and Dcrl during early spliceosome assembly
(reaction b). The exact values may be somewhat
different, as when the reactions are not entirely
terminated at 3-4 hours; however, such values
are indicative of earlier events. The maximal
slope of the curve of products (which is ex-
pressed as the percentage of fully spliced tran-
scripts made in 10 minutes) can be considered
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an index of the overall rate of the splicing re-
action and varies, as do prl and pr2. As already
stated, the rate and efficiency of splicing at D1
are dependent on the structure of exon 1 in
the pmO transcripts and independent of it in
the pml transcripts.

Thus, the analysis of the time course curves
allows the specification of the period at which
a given structural feature may modify the use
of a 5’ splice site and may thereby orient further
investigation. It also allows a relatively easy com-
parison of transcripts harboring several splice
sites and various modifications.

The function of the upstream exon

One of the major results of the kinetic study
was to show that two 5 splice sites, whose ca-
pacity to hybridize to Ul RNA is similar, may
have very different kinetics of splicing when
studied in the absence of each other. The differ-
ence is due both to a slower early spliceosome
assembly and to a slower transition from spliceo-
somes carrying out splicing reaction 1 to those
carrying outreaction 2 (Fig. 3 and Table 1). These
characteristics of the time course curves lead
us to predict that, when the two sites are pres-
ent in a same transcript (pm0), D1 will be used
much more rapidly than Dcrl. The 4 minute
difference in the time lag of appearance of inter-
mediates allows the assembly of a relatively large
number of complexes committed to splicing at
D1 (prl) and a concomitant increase in the num-
ber of inactive complexes (pr0) in which the
precursor is sequestered. Thus, the proportion
of precursor available for splicing at Dcrl will
be lowered and, in turn, will lead to the for-
mation of a relatively small number of com-
plexes committed to splicing at Dcrl (pr2). As
the transition between spliceosomes carrying
out reactions 1 and 2 is also longer, the final
splicing efficiency at Dcrl is expected to be low
under conditions of cis-competition between the
sites. Comparison of splicing at D1 in the pm0
and pml transcripts and at Dcrl in the pm0 and
pm2 transcripts indeed indicates that Dcrl is
more affected by competition than D1 (Table 1).

To determine the effect of exon sequences
on selection, the curves of appearance of inter-
mediates and products of splicing in the pm0
transcripts with the various exons 1 can be
compared (Figs. 4 and 5, and Table 1). We first
observe that, compared to the pml or pm2
transcripts, as appropriate, the time lags are
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lengthened, irrespective of the exon or the site.
Thislengthening is accompanied by an increase
in the proportion of the inactive complexes pr0,
relative to that found in the pml transcripts,
but smaller than that found in the pm2 tran-
scripts. These observations are in agreement
with the proposal that the assembly of pr0 com-
plexes competes with that of prl and pr2, and
that splicing at Dcrl in the pm0 transcripts starts
after a large amount of precursor has already
been committed to splicing at D1 (or to inac-
tivity). The similarity between the time lag
changes, irrespective of the exon, also implies
that their lengthening is not the consequence
of modification of exon structure, but that it
is related to the presence of both sites in a same
transcript.

In contrast to the time lags, the overall rate
of the reactions (i.e., the maximal slope of the
curve of products, used as an index) is affected
by exon 1 in the pmO transcripts, as is the splic-
ing efficiency at each site. The rate of splicing
at D1 is reduced in the pm0 relative to the pml
transcripts and gradually decreases when exon
1 becomes shorter. Conversely, splicing at Dcrl,
which is not detectable in the WTFpm0 tran-
script, is induced when exon 1 is shortened.
However, the effect of exon size on splicing rate
and distribution of the precursor between the
two sites is not linear. For instance, the 139 nu-
cleotide shortening of the WT to the 5d141 exon
has only a small effect, while further truncations
(of 61, then 38 nucleotides) dramatically affect
the distribution of the precursor. Thus, D1 ap-
pears to be “protected” against cis-competition
in the transcripts WT:pm0 and 5'd141-pm0, and
this protection correlates with the presence of
the 120 nucleotide sequence that can be folded
into the stem-loop structure HP1. Transcript
5'd159-pm0, which is permissive for Dcrl (pr2:
~5%), harbors HP59, a hairpin structure shorter
than HP1, which might also have some pro-
tective effect. In contrast, HP54 has no influ-
ence. The two NY transcripts, whose exons are
made of artificial sequences, are more permis-
sive for Dcrl (pr2: ~13%) than 5d159-pm0, and,
conversely, D1 is less protected. It is conceiv-
able that there is no protection of D1 by exon
1 in these transcripts, and that their splicing
pattern is the result of competition alone. If
so, this would indicate that about 4.5 times
less precursor is used for splicing at Dcrl than
for splicing at D1 in the conditions of cis-
competition.
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The data underline the importance of the
structure of exon 1 in the selection of the nat-
ural site D1. As it does not exert its influence
by modifying the kinetics of splicing directly,
we conclude that the observed kinetic changes
are due to its selector effect during cis-competi-
tion between the sites, and that the secondary
structure of the exon is involved in the selection.

Discussion

Our aim is to understand the mechanisms un-
derlying 5' splice site selection. Our model sys-
tem allows the study of one of the simplest and
most widespread cases of 5’ splice site selection,
that is, the selection of a natural 5 splice site
in the presence of a nearby, potentially func-
tional but normally silent cryptic site. We started
our study by a search for cis-acting elements
that could influence selection. Though the
strength of the 5’ splice site is generally an im-
portant element in selection (Domenjoud et al.,
1991; Kuo et al., 1991; Tacke and Goridis, 1991),
for our particular transcript it is not. The two
sites have similar capacities to hybridize to Ul
RNA —that is, they have nearly the same strength
(stability of the donor site-U1 RNA hybrid : —6.9
kcal/mol for D1 and -6.2 kcal/mol for Dcrl).
On the other hand, we have shown that the up-
stream exon is required for the exclusive selec-
tion of the natural site and the silencing of the
cryptic site (Domenjoud et al., 1991).

For a better understanding of the mechanism
of selection, we determined the time course of
appearance of intermediates and products of
splicing. As shown here, it is an experimental
approach more informative than simply deter-
mining splicing efficiency. We studied splicing
at the natural and at the cryptic sites, first in-
dependently and then in the natural conditions
of cis-competition. To determine whether a
given cis-acting element, such as the upstream
exon, influences splicing at one of the sites, we
analyzed transcripts with different upstream
exon structures.

Our results demonstrate first that the rate and
efficiency of splicing are higher for the natural donor
site than for the cryptic site. The analysis of the
time course curves indicates that at least early
spliceosome assembly and transition between
the two forms of mature spliceosomes (type 1
and 2) are impeded in the Dcrl relative to the
D1 transcripts. The cause of this difference in
behavior is unknown. It is too large to be attrib-
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uted solely to the small difference in strength.
Since the differences persist when a large part
of exon 1 is deleted, it seems likely that struc-
tural features of the precursor in regions other
than exon 1 are involved. In fact, the structure
of exon 1 has little influence on splicing at either site.
We may conclude that its positive effect on the
selection of D1 (Domenjoud et al., 1991) is due
neither to an enhancement of splicing at D1,
nor to an inhibition of splicing at Dcrl. Indeed,
a positive effect of the exon on the kinetics of
splicing should have been displayed even in the
absence of the other site.

Based on analysis of the time course curves,
it can be predicted that the natural site will
largely predominate over the cryptic site in
transcripts harboring both sites. This is indeed
the case; in addition, our data show that the cryp-
tic site is a cis-competitor for the natural site. The
presence of the cryptic site lengthens the time
of spliceosome assembly at the natural site, and
it does so even when it is not itself used sig-
nificantly (as in the WT transcript). Thus, the
crypticsite is indeed recognized by trans-acting
factors. If Ul snRNP is the recognition factor,
it would not be surprising that the two sites are
recognized similarly, since they have similar ca-
pacities to hybridize to Ul RNA. Thereafter, a
structural feature of the coated transcript may
displace the Ul snRNP (or another factor) bound
to the cryptic site. This event is time-dependent,
irrespective of the structure of exon 1. The data
also indicate that the cryptic site has a negative
cis-acting effect on the use of the natural site,
atleast in our in vitro system. Whether this effect
also exists in vivo and in other systems remains
to be demonstrated.

The relative usage of D1 and of Dcrl is de-
pendent on the upstream exon sequences. In
the transcripts harboring the short NY exons
that consist mainly of artificial sequences, the
cryptic site is used about 4.5 times less actively
than the natural site. Although there is no di-
rect evidence that the splicing pattern of the
NY transcripts is solely due to cis-competition
between two sites with different splicing kinet-
ics, these transcripts may nevertheless serve as
a reference for the study of the exon sequence
effect. Relative to the NY exons, the WT, 5/d141,
and to a lesser extent 5d159 exons “protect” the
natural site against competition by the cryptic
site. Therefore, we conclude that the upstream
exon acts as a selector in splicing without directly
interfering with the kinetics of splicing. The
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data allow us to define partially the elements
involved in the selection. The potential stem-loop
structure HPI appears as a key element, since it is
only in its presence that the natural site is effi-
ciently spliced and the cryptic site almost en-
tirely silenced. The other potential hairpin struc-
ture, HP59, has a less marked effect. Finally, the
139 nucleotide sequence upstream of HP1 has
a modest function in the silencing of the cryp-
tic site, possibly a consequence of the tertiary
structure of the precursor RNA (our unpub-
lished data). These elements, as well as analo-
gous elements in other gene transcripts, might
be targets for the trans-acting factors that have
been shown to have a function in the selection
of 5’ splice sites (Harper and Manley, 1991; May-
eda and Krainer, 1992).

The exclusive selection of D1 and the silenc-
ing of Dcrl in the natural context of the tran-
script may be explained by a combination of
the kinetic characteristics of the two sites and
by the selector effect of the exon sequences,
both of which favor the natural site. The molecu-
lar basis of the selector effect remains to be
established.

Acknowledgments

We thank Dr. G. Richards for critical reading of the
manuscript. We are also grateful to the cell culture
group for providing HeLa cells, to A. Staub for oli-
gonucleotide synthesis, and to the secretarial staff
for help in preparing the manuscript.

This work was supported by grants from the Centre
National de la Recherche Scientifique, the Institut
National de la Santé et de la Recherche Médicale,
the Centre Hospitalier Universitaire Régional, the
Fondation pour la Recherche Médicale, and the As-
sociation pour la Recherche contre le Cancer.

The costs of publishing this article were defrayed in part
by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with
18 USC Section 1734 solely to indicate this fact.

Lionel Domenjoud is currently at the Laboratoire d'Enzy-
mologie et de Génie Génétique, Boulevard des Aiguillettes,
54200 Vandoeuvre les Nancy, France.

References

G. R. Adami, C. W. Marlor, N. L. Barrett, and G. G.
Carmichael (1989), J Virol 63, 85-93.

B. Clouet d'Orval, Y. dAubenton-Carafa, J. Marie, and
E. Brody (1991), ] Mol Biol 221, 837-856.

G.]. Cote, I. N. Nguyen, S. M. Berget, and R. F. Gagel
(1990), Mol Endocrinol 4, 1744-1749.

L. Domenjoud, H. Gallinaro, L. Kister, S. Meyer, and
M. Jacob (1991), Mol Cell Biol 11, 4581-4590.



94

M. R. Green (1991), Annu Rev Cell Biol 7, 559-599.

W. Guo, G. J. Mulligan, S. Wormsley, and D. M. Helf-
man (1991), Genes Dev 5, 2096-2107.

C. Guthrie (1991), Science 253, 157-163.

J. E. Harper and J. L. Manley (1991), Mol Cell Biol
11, 5945-5953.

M. L. Hedley and T. Maniatis (1991), Cell 65, 579-586.

S.Inouye and M. Inouye (1987), in Synthesis and Ap-
plications of DNA and RNA (S. A. Narang, ed.),
Academic Press, Inc., Orlando, FL, pp. 181-206.

M. Jacob and H. Gallinaro (1989), Nucleic Acids Res
17, 2159-2180.

H. C. Kuo, F. U. H. Nasim, and P. J. Grabowski (1991),
Science 251, 1045-1050.

P. Legrain, B. Seraphin, and M. Rosbash (1988), Mol
Cell Biol 8, 3755-3760.

A. Mayeda and Y. Oshima (1990), Nucleic Acids Res
18, 4671-4676.

Domenjoud et al.

A.Mayeda and A. R. Krainer (1992), Cell 68, 365-375.

M. McKeown (1990), Genet Eng 12, 139-18l.

D. A. Melton, P. A. Krieg, M. R. Rebagliati, T. Man-
iatis, K. Zinn, and M. R. Green (1984), Nucleic
Acids Res 12, 7035-7056.

S. Michaud and R. Reed (1991), Genes Dev 5,
2534-2546.

M.E. Nemeroff, U. Utans, A. Kramer, and R. M. Krug
(1992), Mol Cell Biol 12, 962-970.

A. Parent, S. Zeitlin, and A. Efstratiadis (1987), ] Biol
Chem 262, 11284-11291.

L. C. Ryner and B. S. Baker (1991), Genes Dev 5,
2071-2085.

R. Tacke and C. Goridis (1991), Genes Dev 5,
1416-1429.

M. Talerico and S. M. Berget (1990), Mol Cell Biol
10, 6299-6305.

P. R. Winship (1989), Nucleic Acids Res 17, 1266.



