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To examine the stability of yeast (Saccharomyces cerevisiae) pre-mRNA structures, we inserted a series of
small sequence elements that generated potential RNA hairpins at the 5' splice site and branch point regions.
We analyzed spliceosome assembly and splicing in vitro as well as splicing and nuclear pre-mRNA retention in
vivo. Surprisingly, the inhibition of in vivo splicing approximately paralleled that of in vitro splicing. Even a
6-nucleotide hairpin could be shown to inhibit splicing, and a 15-nucleotide hairpin gave rise to almost complete
inhibition. The in vitro results indicate that hairpins that sequester the 5' splice site have a major effect on the
early steps of spliceosome assembly, including Ul small nuclear ribonucleoprotein binding. The in vivo
experiments lead to comparable conclusions as the sequestering hairpins apparently result in the transport of
pre-mRNA to the cytoplasm. The observations are compared with previous data from both yeast and
mammalian systems and suggest an important effect of pre-mRNA structure on in vivo splicing.

Pre-mRNA splicing is a ubiquitous feature of gene expres-
sion in eukaryotes. The pre-mRNA cis-acting sequence
elements (i.e., the 5' splice site, branch point, and 3' splice
site regions) are initially recognized by trans-acting factors.
These include small nuclear ribonucleoproteins (snRNPs)
and other protein factors that add to the pre-mRNA in an
ordered pathway to form the spliceosome, within which the
two steps of the splicing reaction take place. Ul, U2, U5,
and U6 small nuclear RNAs are known to interact with the
pre-mRNA directly; it is generally thought that nuclear
pre-mRNA splicing, like group I and group II self-splicing, is
likely to be an RNA-catalyzed process (2, 30, 41).

In higher eukaryotes, splice site sequences are not well
conserved, and they are probably insufficient to define splice
site partner assignment perfectly. In addition, splice site
context (adjacent sequence information) has been shown to
have a major influence on splice site selection in vitro as well
as in vivo (1, 13, 21, 23, 28, 31, 34). Several studies have
shown that long-range context effects also influence splice
site choice (14, 44).

In the yeast Saccharomyces cerevisiae, nuclear introns
are relatively rare (less than 5% of yeast genes have introns)
and short (50 to 500 nucleotides). With one exception (29),
there is only a single intron per gene. Yeast 5' splice site and
branch point consensus sequences (GUAPyGU and UACU
AAC, respectively) are also highly conserved. Despite these
features that might seem adequate for the selection of splice
sites, there is evidence that context effects (i.e., noncon-
served sequences) also influence splicing efficiency and
splice site selection in the yeast system (16, 32, 33).
A significant fraction of context effects may be due to

natural pre-mRNA structures. In S. cerevisiae, as Eng and
Warner have shown, the regulation and inefficient splicing of
the gene encoding ribosomal protein RPL32 depend on the
formation of a stem-loop structure at the 5' splice site (8). A
natural pre-mRNA structure is also required for the proper
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excision of the actin gene's intron in the related budding
yeast Kluyveromyces lactis; formation of an RNA hairpin
sequesters a proximal 3' splice site and is required to
activate the correct, more distal 3' splice site (5). Long-range
context effects influence the splicing efficiency of at least two
yeast genes, CYH2 and RPSJB, and are likely mediated by
intramolecular pairing within the intron (16, 32). In higher
eukaryotic systems, a role of natural pre-mRNA structure in
constitutive splicing is not established, but its importance in
alternative splicing is well documented (e.g., references 3, 4,
6, 27, and 45).

In both yeast and mammalian systems, several groups
have investigated the effects of artificial stem-loop structures
on pre-mRNA splicing (e.g., references 12, 18, and 46). One
of these mammalian studies suggested that such effects
might not be large in natural pre-mRNA settings (9), and
others indicated that the effects on in vivo splicing can be
substantially weaker than those on in vitro splicing (10, 39,
40), raising the possibility that other processes compete with
the formation and/or stability of these intramolecular RNA
duplexes in vivo (see reference 10 for an elaboration of these
possible competing processes).
Because there is no existing study that systematically

evaluates the effect of intramolecular structure on yeast
splicing, we decided to analyze the role of local pre-mRNA
secondary structure on in vitro as well as in vivo yeast
splicing. The results proved surprisingly easy to interpret
and suggest a strong effect of pre-mRNA structure on
spliceosome assembly, both in vitro and in vivo.

MATERIALS AND METHODS

Plasmid constructions. Plasmids were constructed accord-
ing to standard protocols (35) and propagated in Escherichia
coli TG1. Vectors for in vitro studies are derived from the
vector pTZA2-3, which contains a short version of the
RPSJA intron under the control of the T7 promoter (38).
Vectors for in vivo studies are derived from HZ18 (42) and
pLGAcc/NdeAcc (24), which contain the RPS1A intron and
a short synthetic intron, respectively, inserted with some
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FIG. 1. Description of the different hairpins. Inserted nucleotides are represented in boldface. Boxes show 5' splice sites and branch point
consensus sequences.

flanking exonic sequences into the pLGSD5 lacZ reporter
gene (17).

Insertions into the pTZA2-3, pTZAcc, and pTZNdeAcc 5'
splice site or branch point regions were made by single-
strand oligonucleotide-directed mutagenesis (22). pTZA2-3
hairpin-containing 5' splice sites were subcloned in the HZ18
background. 5' splice site duplications were made by the
insertion of the various 75-bp XhoI-SalI fragments contain-
ing the modified 5' splice sites into HZ18 to create 5'-wtI5'-
6HP, 5'-wt/5'-9HP, 5'-wt/5'-12HP, and 5'-wtIS5'-15HP and
into HZ12 (5'II mutation; GUAUGU---GUAUaU [20]) to
create 5'II/5'-6HP, 5'II/5'-9HP, 5'II/5'-42HP, and 5,1115'-
15HP. pTZAcc and pTZNdeAcc BamHl fragments were
subcloned into pLGSD5 in order to create the Acc and
NdeAcc hairpin-containing series. In vitro and in vivo
constructs were all sequenced by the chain termination
method of Sanger et al. (36) with Sequenase version 2.0
(U.S. Biochemical).

In vitro complex assembly and splicing. Yeast DBY745
(MAToa adel-1OO leu2-112 ura3-52) miniextracts were pre-
pared by the glass bead procedure as described previously
(37). Radioactively labeled pre-mRNA substrates were syn-
thesized as described previously (38), and in vitro reactions
were carried out either under standard conditions (37) to
study RNA products and spliceosome formation or with U2
snRNP-inactivated miniextracts (26) to study commitment
complex formation. Native gel analysis was as described
previously (38), as was the analysis of splicing products (38).

13-Galactosidase assays. DNAs were used to transform
yeast cells by the LiCl method (19). The strain used was the
wild-type strain XL8 (MATa leu2-3 leu2-112 ura3-52 trpl -289
arg4 ade2 snrl9::leu2 pXL8 [25]). After induction of the

reporter gene for 3 h in 2% galactose, the 13-galactosidase
assays were performed as described previously (24). n-Ga-
lactosidase values are reported as a percentage of the
wild-type construct. Because some cis competition con-
structs show a decrease in overall splicing efficiency, P3-ga-
lactosidase values do not always reflect perfectly the relative
use of the two 5' splice sites (e.g., reference 15). Results are
expressed as the average of a minimum of eight values from
four independent experiments.
Primer extension analyses. RNA extraction and primer

extension were carried out according to published proce-
dures (33). The primer used, RB1, was complementary to the
beginning of the second exon of the RP51A gene (42).
Extension products were analyzed on 6% polyacrylamide
denaturing gels. Short extensions were also performed with
0.025 mM ddGTP instead of 0.125 mM dGTP in order to get
a 36-nucleotide fragment with RP51A mRNAs and a 40-
nucleotide fragment with RP51A pre-mRNAs (33). These
products were analyzed on 12% polyacrylamide denaturing
gels.

RESULTS

Hairpin structure inhibits pre-mRNA splicing in vitro. To
analyze the effects of local secondary structure on in vitro
pre-mRNA splicing, oligonucleotides complementary to ei-
ther 5' splice site or branch point sequences were introduced
into a shortened version of the yeast RPSJ5A intron (W,T-A2
[38]). The putative hairpin structures of these are shown in
Fig. 1. The size of the stems varied from 6 to 15 nucleotides,
and that of the loops varied from 4 to 6 nucleotides (Fig. 1).
The hairpin-containing constructs are designated according
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FIG. 2. In vitro splicing of the hairpin-containing substrates. Radioactively labeled pre-mRNA substrates were incubated under standard

conditions (see Materials and Methods) with wild-type miniextracts (A and B) or after U2 snRNP inactivation with oligonucleotide-directed
RNase H digestion (C). The wild-type A2 pre-mRNA was used as a control. (A) RNA products were analyzed on a 6% denaturing
polyacrylamide gel. Arrows indicate positions of lariat intermediate (Li) and lariat intron (L) species. (B) Spliceosomes were analyzed on a
native gel (see Materials and Methods). Positions of spliceosomes (SP) and the lower band of commitment complex (CC1) are indicated. (C)
Commitment complexes were analyzed on a native gel. Arrows indicate the positions of the commitment complex bands CC1 and CC2.

to the location and stem size of the hairpins. Radioactively
labeled pre-mRNA substrates were synthesized and incu-
bated in yeast extract under standard conditions for in vitro
splicing.

Splicing of the 5'-6HP substrate gave rise to significant
levels of splicing intermediates and products, approximately
half of what was generated by the control wild-type con-
struct (Fig. 2A). The 5'-9HP substrate gave low levels of
intermediates and products (Fig. 2A), indicating that splicing
was strongly affected. The 5'-12HP substrate as well as the
5'-15HP substrate inhibited splicing essentially completely
(Fig. 2A). The construct with a 15-nucleotide insertion at the
branch point region (BP-15HP, Fig. 1) gave results similar to
those obtained with 5'-15HP, i.e., no detectable products
(Fig. 2A). In all cases, substrates with insertions of the
reverse sequences produced the same levels of splicing
intermediates and products as those generated by the wild-
type substrate, indicating that this modest expansion of
intron size was not itself inhibitory (data not shown). We
conclude that secondary structures which sequester yeast
splice sites inhibit in vitro splicing. The longer the size of the
stem is, the stronger the inhibition is.
Assembly of spliceosomes and commitment complex forma-

tion are blocked in hairpin-containing introns. In both S.
cerevisiae and higher eukaryotes, in vitro splicing is pre-
ceded by a required spliceosome assembly process during
which the splicing factors add to the pre-mRNA in an
ordered fashion. The binding of Ul snRNP occurs first and
gives rise to a stable substrate-Ul snRNP complex (commit-
ment complex) that apparently commits the substrate to the
in vitro splicing pathway. Then, U2 snRNP is added and is
followed by the addition of the U4/U5/U6 triple snRNP. To
test whether the observed splicing inhibition could be ac-
counted for by an inhibition of splicing complex formation,
we assayed the ability of the hairpin-containing substrates to
undergo U2 snRNP and Ul snRNP addition.

Similar to its effect on splicing, 5'-6HP gave rise to
approximately half of the spliceosomes generated by the
wild-type substrate (Fig. 2B; for simplicity, all U2 snRNP-
containing complexes are referred to as spliceosomes). The
5'-9HP substrate led to a barely detectable level of spliceo-
some formation whereas the 5'-12HP and the 5'-15HP sub-
strates led to no detectable complex formation (Fig. 2B).

We observed nearly identical results when Ul snRNP
addition (commitment complex formation) was assayed sub-
sequent to U2 snRNP inactivation by oligonucleotide-di-
rected RNase H digestion. The wild-type substrate gave rise
to the two characteristic commitment complex bands, CC1
and CC2 (Fig. 2C) (37). In the case of the 5'-6HP substrate,
the intensity of these two bands was approximately half that
from the wild-type construct. The 5'-9HP substrate gener-
ated very little complex (Fig. 2C; visible on the autoradio-
gram but not on the photograph). For the 5'-12HP and
5'-15HP substrates, there was no detectable commitment
complex formation (Fig. 2C). These results parallel the ones
described above for splicing products and spliceosome for-
mation, suggesting that splicing inhibition results from an
effect on stable commitment complex formation.
The BP-15HP construct gave rise to completely different

results, as we observed in both analyses a single high-
intensity band corresponding to CC1 (Fig. 2B and C). This
result is consistent with previous data indicating that a
functional branch point region as well as a functional 5'
splice site region is required for formation of the upper
commitment complex band (CC2) and for U2 snRNP addi-
tion but that only a functional 5' splice site is required for
basal Ul snRNP addition (CC1). We conclude that the
BP-15HP structure prevented branch point recognition, a
step required for CC2 formation and subsequent U2 snRNP
addition. The inhibition of CC2 formation is sufficient to
account for the splicing inhibition observed for the BP-15HP
substrate.

In vivo splicing of hairpin-containing introns. In order to
study the effect of these local RNA structures on in vivo
splicing, we inserted the sequences described above into the
well-studied reporter construct HZ18 (Fig. 1). This gene
contains a wild-type RPSlA intron inserted into the lacZ
gene so that only precise excision of the intron generates
3-galactosidase expression (42). In vivo splicing was assayed

with enzyme activity and with primer extension analyses.
The latter method was used to compare relative mRNA
levels as well as to estimate mRNA/pre-mRNA (M/P) ratios,
which reflect relative splicing efficiency more accurately
than mere comparisons of enzyme activity or mRNA levels
(33). To determine M/P ratios, we also performed short
primer extension with ddGTP to generate only a single
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FIG. 3. In vivo splicing of the 5' hairpin-containing RPSlA

constructs. (A) P-Galactosidase analysis. 1-Galactosidase activities
were assayed in wild-type cells transformed by the different con-
structs and are reported as a percentage of the 3-galactosidase
expression generated by the wild-type RPS1A intron construct. (B)
RNA analysis by primer extension. After extraction, RNAs were
analyzed by primer extension with the oligonucleotide RB1 (see
Materials and Methods) and electrophoresed on a 6% denaturing
polyacrylamide gel. The bracket (M) indicates the positions of
cDNAs corresponding to mRNAs (33). (C) mRNA/pre-mRNA anal-
ysis. Short primer extensions were performed with ddGTP (see
Materials and Methods). Products were analyzed on a 12% denatur-
ing polyacrylamide gel. Arrows indicate the positions for mRNA
(M) and pre-mRNA (P) species.

cDNA species from the mRNAs and a single cDNA species
from the pre-mRNAs; this procedure also minimizes prob-
lems due to pre-mRNA degradation, which complicates
measurement of M/P ratios with standard primer extension.
The 6-nucleotide hairpin-containing construct, 5'-6HP

(Fig. 1), was not detectably different from the control, i.e., it
gave rise to a level of ,3-galactosidase expression similar to
that observed for the wild-type RPSJA construct (Fig. 3A).
This result was confirmed by primer extension analysis: we
observed a set of mRNA-derived bands of intensity similar
to that generated by the control (Fig. 3B). (These bands
correspond to the multiple start sites of the CYCl promoter
[11, 42]). Furthermore, short primer extension analysis
showed an intense band corresponding to mRNA and only a
very faint band corresponding to the pre-mRNA species,
similar to what was observed with the wild-type RNA (Fig.
3C).
The 5'-9HP construct also generated ,B-galactosidase ex-

pression and mRNA levels similar to those of the control
(Fig. 3A and B). However, we observed a significant accu-
mulation of precursor species (Fig. 3C). As previously
described (33), an increase in pre-mRNA levels with little or
no decrease in mRNA levels is characteristic of a modest
decrement in splicing efficiency.
The 5'-12HP construct gave rise to a modest twofold

decrease in ,B-galactosidase activity relative to that of the
wild-type RPSJA construct (Fig. 3A), and short primer
extension analysis showed a dramatic accumulation of the
pre-mRNA-derived band (Fig. 3C). 5'-12HP behaved simi-

larly to the 5' splice site mutant 5'II, which has been
previously characterized (HZ12 mutation; GUAUGU--
GUAUaU [20]; Fig. 3A and C), as the 12-nucleotide inser-
tion had a substantial effect on splicing efficiency, defined by
M/P ratios, and only a modest effect on 3-galactosidase
expression.
5'-15HP led to very low ,B-galactosidase activity (Fig. 3A),

indicating an almost complete inhibition of splicing. Indeed,
there were few or no mRNA-derived bands by primer
extension analysis (Fig. 3B). The same result was obtained
by short primer extension (Fig. 3C; the faint mRNA band is
probably due to splicing of the endogenous RPSJA gene).
Consistent with the absence of mRNA was the strong
accumulation of pre-mRNA (Fig. 3C). These results indicate
that the 15-nucleotide hairpin at the 5' splice site completely
inhibits in vivo splicing or nearly so.

In summary, the in vivo effects of the different structures
on mRNA levels or enzyme activity were weaker than their
effects on in vitro splicing. For example, the 9-nucleotide
hairpin had a dramatic effect on in vitro splicing but led to
near-wild-type mRNA levels in vivo. However, the more
sensitive M/P ratio assay suggested that the in vivo effects on
splicing efficiency might be more similar to those observed in
vitro.

Splice site duplications. To verify and extend these obser-
vations, we turned to another sensitive assay in which two 5'
splice sites are in cis competition for a single 3' splice site.
To this end, we generated a set of constructs in which the
hairpin-containing 5' splice sites were inserted downstream
of the RPSJA 5' splice site. Only mRNAs derived from use
of the upstream site can give rise to ,-galactosidase expres-
sion. Primer extension analyses were also carried out to
verify splicing at the upstream 5' splice site and to monitor
directly splicing at the downstream 5' splice site. Also, short
primer extension analyses were performed with ddGTP in
order to assess M/P (i.e., both forms of M/P) ratios.
We previously showed that with a wild-type duplication of

the RPSJA 5' splice site (VG18-18 [15], renamed here for
clarity 5'-wt/5'-wt [Fig. 4]), both sites were used to a similar
extent, indicating little or no proximity effect in this con-
struct. A 5' duplication with the mutant site 5'II (GUAUaU
[20]) adjacent to the wild-type site (either VG18-12 or
VG12-18 [15], renamed here for clarity 5'-wt/5'II and 5'II/
5'-wt [Fig. 4]) showed a predominant use of the wild-type
site, regardless of its position (upstream or downstream).
This mutant 5' splice site serves as a benchmark against
which the effects of the hairpin constructs can be compared.
The 5'-wt/5'-6HP duplication gave rise to an increase in

,-galactosidase activity compared with that of the wild-type
RPSJA 5' splice site duplication (Fig. 4A). However, en-
zyme activity was somewhat lower than that observed for
the wild-type/mutant duplication (Fig. 4A; compare 5'-wt/5'-
6HP with 5'-wt/5'II). Primer extension analysis showed the
presence of two sets of bands corresponding to splicing
occurring at both the upstream and the downstream 5' splice
sites (Fig. 4B). Primer extension performed with ddGTP did
not show any significant pre-mRNA accumulation (data not
shown). These results indicate that the 6-nucleotide hairpin-
containing 5' splice site was selected, though not as effi-
ciently as the wild-type site.
The 5'-wt/S'-9HP, 5'-wt/5'-12HP, and 5'-wt/S'-1SHP sub-

strates also gave rise to elevated ,B-galactosidase activities,
similar to that of the 5'-wt/5'II construct (Fig. 4A). Primer
extension analysis confirmed the predominant use of the
wild-type upstream 5' splice site, as we could no longer
detect the downstream set of mRNA-derived bands (Fig.
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4B). No substantial pre-mRNA accumulation was observed
(data not shown).

Llactosidase To improve the assay's sensitivity, we generated a parallel
ctivitv set of duplication constructs in which the reference (up-

stream) 5' splice site carried the weak 5' splice site 5'II.
13%2c Replacement of the wild-type site from 5'II/5'-wt by the

6-nucleotide hairpin-containing 5' splice site (5'II/5'-6HP)
0.3% led to a fourfold increase in 0-galactosidase expression (Fig.
1.2% 4A; compare 5'II/5'-wt with 5'II/5'-6HP), and 5'II/5'-9HP

produced another threefold increase (Fig. 4A). Primer ex-
3.8% tension confirmed inefficient selection of the upstream mu-

tant 5' splice site and preferred selection of the downstream
23 hairpin-containing sites (Fig. 4B). Insertion of the 12-nucle-

otide hairpin-containing 5' splice site downstream of the 5'II
21% site led to a large increase in enzyme expression, similar to

what was generated by the duplication containing two mu-
tant sites, 5'11/5'II (Fig. 4A). The 5'II/5'-15HP duplication
also gave rise to similar levels of p-galactosidase expression
(Fig. 4A). For both 5'II/5'-12HP and 5'II/5'-15HP, primer
extension analysis confirmed the predominant use of the
upstream 5' splice site (Fig. 4B). Short primer extension
analysis showed a monotonic increase in pre-mRNA levels
and indicated that the 5'-12HP is comparable to the 5'II
mutant and that the 5'-15HP is an even worse splice site (Fig.
4C).

Transport of pre-mRNA from the nucleus to the cytoplasm:
effect of hairpin-containing splice sites. To test how the
hairpins inhibit in vivo pre-mRNA splicing, we created
similar hairpins in a pair of in vivo reporter gene constructs,
pLGAcc and pLGNdeAcc (24). They both contain an almost
identical short inefficient intron inserted in the lacZ coding
sequences under the control of the galactose-inducible CYCI
promoter. A 2-nucleotide difference in the two artificial
introns creates a frameshift such that the ,B-galactosidase
coding sequence is in frame with the CYCl AUG for only
spliced mRNA in the case of pLGAcc and for only the
pre-mRNA in the case of pLGNdeAcc (24). We generated
variants of pLGAcc and pLGNdeAcc in which hairpins of
different lengths were introduced at the 5' splice site and
branch point regions (Fig. 1). Analyses of these constructs
allowed us to assay pre-mRNA as well as mRNA translation.
As previously described (24), pLGAcc is a poor splicing

substrate; a fraction of the pre-mRNA from the parallel
construct, pLGNdeAcc, is also translated (Fig. 5; wild type).
This indicates that some pLGNdeAcc pre-mRNA is trans-
ported to the cytoplasm, probably reflecting rather inefficient
nuclear retention of the artificial intron. The hairpin-contain-
ing Acc constructs showed an increase in splicing inhibition
as the size of the hairpin increased (Fig. 5).

Similar results were observed for the pLGNdeAcc con-
structs: namely, as the size of the hairpin increased, the
p-galactosidase values increased (Fig. 5), indicating the
presence of more pre-mRNA in the cytoplasm. (Note that
the NdeAcc-6HP construct gave rise to a decrease in en-
zyme activity compared with that of the control; see below.)
The data obtained with the 15-nucleotide hairpin constructs

ions. (A) are similar to those previously obtained with constructs in
5' splice which the 5' splice site or the branch point region was
produce deleted, i.e., a complete inhibition of splicing and a high
(ities are level of pre-mRNA translation were observed, respectively
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as described above (Fig. 3C). Arrows indicate the positions of
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by splicing occurring at either 5' splice site (M).
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FIG. 5. j-Galactosidase analysis of the pLGAcc- and pLGNde-
Acc-derived constructs. The Acc and NdeAcc hairpin-containing
series (Fig. 1) were transformed into strain XL8 as described above.
,B-Galactosidase values were measured as described in Materials and
Methods. Note that the hairpins inhibit expression from the Acc
series, presumably by inhibiting mRNA formation. In contrast, they
increase expression from the NdeAcc series, presumably by de-
creasing stable complex formation which leads to increased pre-
mRNA translation.

(24). The observed effects were not due to the insertions per
se, as constructs with insertions of the reverse sequences
generated the same levels of ,B-galactosidase expression as

the parent constructs (data not shown). We conclude that the
fraction of pre-mRNA transported to the cytoplasm is re-
lated to the extent of hairpin structure (except for the 6HP
construct; see Discussion), suggesting that hairpins inhibit
stable complex formation in vivo, which is in part responsi-
ble for the splicing inhibition observed in the hairpin-con-
taining Acc series.

DISCUSSION

Our experiments indicate that pre-mRNA secondary
structures that sequester important splicing sequences can
have a profound effect on splicing efficiency and splice site
selection. Although similar conclusions have already been
reached for mammalian systems, the experiments presented
in this report are more complete in several respects than
most of those already in the literature. The effects of the
same hairpin structures on splicing were assayed in vitro as
well as in vivo. Stem length was varied in a systematic way;
the extent of inhibition, in the main, varied in monotonic
fashion from modest to complete. Inhibition of spliceosome
assembly was also assayed and found to vary in parallel with
splicing inhibition.

In previous reports from mammalian systems, there are
indications that in vivo splicing is much less sensitive to
pre-mRNA structure than in vitro splicing (39, 40). Our
initial attempts to compare the effects of the sequestering
hairpins in the two assay systems gave rise to similar results,
namely, much bigger effects in vitro than in vivo. For

example, the 12HP substrate inhibited in vitro splicing
almost completely, but it had no more than a twofold effect
on mRNA levels derived from an efficiently spliced in vivo
reporter gene construct. This difference might reflect the
relative insensitivity of in vivo splicing to pre-mRNA struc-
ture, due in turn to the relative inefficiency of the in vitro
splicing system. We suspected, however, that the in vivo
assay might also have underestimated the effect of the
hairpins on splicing. Indeed, several additional in vivo
assays indicated that the effects of the 12HP substrate were
much stronger than they first appeared. For example, splice
site selection in a two-5' splice site cis competition experi-
ment was affected at least 100-fold by the presence of the
12HP substrate. Although the cis competition assay may be
hypersensitive and as a consequence nonphysiological, it
would appear that a measurement of only mRNA levels or
enzyme activity can dramatically underestimate the effects
on splicing (e.g., reference 33). As a consequence, we
suggest that large effects on mammalian splicing efficiency
may have been previously underestimated.
The in vitro experiments indicate that the hairpin-contain-

ing sites have a profound effect on commitment complex
formation, the first identified step in the yeast spliceosome
assembly process. The BP-15HP substrate prevents spliceo-
some formation as well as the formation of CC2, the subspe-
cies of the Ul snRNP-pre-mRNA complexes that is depen-
dent on the presence of a branch point sequence. The 5'
hairpins interfere with both commitment complex forms
(CC1 and CC2). This suggests that intramolecular structures
at the 5' splice site block access to Ul snRNP or to a protein
required for Ul snRNP binding. As commitment complex
formation and in vitro splicing are affected similarly by the
various hairpins, this early block is sufficient to explain the
quantitative effects on in vitro splicing. Although the data do
not exclude some additional effect on a later step in the
splicing pathway, it is possible that these are relatively
minor. Indeed, successful binding of Ul snRNP and other
factors to the 5' splice site may interfere with subsequent
hairpin formation.
Our ability to assess in vivo spliceosome assembly is much

less precise, but the data are qualitatively compatible with
what was observed in vitro. With one exception, all of the
hairpins lead to pre-mRNA translation. This is likely due to
a failure in nuclear retention, due in turn to inhibition of
spliceosome assembly. The results obtained with the most
stable hairpins (15HP) are comparable to what was previ-
ously observed with deletions of the 5' splice site or branch
point regions (24), suggesting that the strong hairpins func-
tionally inactivate the splice sites and spliceosome assembly.
The exception is the 6HP construct, which gives rise to
much less translation than the wild-type control. Perhaps
this singular construct forms an alternate structure that does
not block and may even enhance initial access to the 5' splice
site. Alternatively, this particular pre-mRNA may form a
structure near its initiating ATG (the 5' splice site directly
follows the ATG) that interferes with translation initiation, a
consideration that generally complicates quantitative com-
parisons with the more directly observed effects on splicing.

It is of considerable interest to compare the hairpins'
effects on splicing as a function of relative helix stability.
The splicing effects can be estimated from the various in
vitro and in vivo assays. The best estimates of the 6HP
inhibitory effect come from (i) the in vitro splicing and
assembly experiments (Fig. 2), in which a twofold decrease
in splicing and spliceosome assembly was observed, and
from (ii) the splice site duplic'ation experiments (Fig. 4A), in
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which a fourfold increase in splice site choice was obtained
(from 0.3 to 1.2%) when the competing wild-type 5' splice
site was replaced with the less potent 6HP site. The 9HP
substrate has a strong effect in vitro and an estimated 10-fold
effect from the splice site duplication experiments (Fig. 4A;
0.3 to 3.8%). An estimate of the 12HP effect also comes from
the splice site duplication experiments (Fig. 4A), in which
the effect was approximately 70-fold (from 0.3% to 23%).
Because this was the maximum value in the series, it may
represent an underestimate of the hairpin's inhibitory effect.
The effect of the 15HP site, assayed more simply in a single
intron reporter gene construct, is 100-fold stronger than that
of the 12HP site (Fig. 4A; 12HP = 52%; 15HP = 0.4%).

In contrast to the effects on splicing, the absolute helix
stabilities are more difficult to evaluate; it is uncertain how
the predicted values will compare with Tm or AG measure-
ments inside nuclei or in splicing extract, in which RNA-
binding proteins and helicases are likely to influence helix
stability. To the best of our knowledge, no general measure-
ment of this nature has been undertaken. Equally interesting
would be a comparison of these helix stabilities with those
previously used in comparable mammalian experime.nts.
Unfortunately, many of the relevant mammalian experi-
ments preceded the general appreciation of the effect of loop
size and sequence on helix stability (e.g., reference 43). As a
consequence, this parameter was often not well controlled,
which makes a comparison with our 6- to 15-helix series
difficult. It is even possible that the relatively small loop size
in this study contributed to the sizeable effects observed in
vivo.
With this variable in mind (the strong effect of loop size on

helix stability), it would be interesting to assay more directly
the various RNA structures, both in vivo within nuclei and in
vitro in splicing extract. As yeast heterogeneous nuclear
RNP proteins appear to be less abundant than or different
from their mammalian counterparts (7), there might even be
significant differences in helix stabilities between yeast and
mammalian cells, i.e., a direct comparison of the same series
of intramolecular helices in S. cerevisiae and mammals (in
both cells and extracts) might be revealing. Taken together
with recent studies that indicate a positive effect of natural
pre-mRNA structures on splicing efficiency (16), a detailed
examination of pre-mRNA structure appears to be war-
ranted.
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