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Natural base-pairing interactions between
5’ splice site and branch site sequences
affect mammalian 5’ splice site selection

JOCELYN COTE and BENOIT CHABOT

Departement de Microbiologie et d'Infectiologie, Faculté de Médecine, Université de Sherbrooke,
Sherbrooke, Québec J1H 5N4, Canada

ABSTRACT

In the murine gene encoding the neuronal cell adhesion molecule (NCAM), the integrity of the 5’ splice site of exon
18 (E18} is essential for regulation of alternative splicing. To further study the contribution of 5’ splice site sequences,
we used a simple NCAM pre-mRNA containing a portion of E18 fused to E19 and separated by a shortened intron. This
RNA is spliced in vitro to produce five sets of lariat intermediates and products, the most abundant set displaying
aberrant migration in acrylamide/urea gels. Base pairing interactions between positions +5 and +8 of the intron and
positions -3 and -6 from the branch point were responsible for the faster migration of this set of lariat molecules. To
test whether the duplex structure forms earlier and contributes to 5’ splice site selection, we used NCAM substrates
carrying the 5' splice sites of E17 and E18 in competition for the 3’ splice site of E19. Mutations upstream of the major
branch site improve E18/E19 splicing in NIH3T3 extracts, whereas compensatory mutations at positions +7 and +8
neutralize the effect of branch site mutations and curtail E18/E19 splicing. Our data suggest that duplex formation
occurs early and interferes with the assembly of complexes initiated on the 5’ splice site of NCAM E18. This novel type
of intron interaction may exist in the introns of other mammalian pre-mRNAs.

Keywords: alternative splicing; NCAM; RNA structure; spliceosome

INTRODUCTION the U2AF® proteins (Wu & Maniatis, 1993; Staknis &
Reed, 1994; Zuo & Maniatis, 1996). The subsequent
entry of the [U4/U6.U5] tri-snRNP particle leads to
major rearrangements in snRINP interactions and al-
lows U6 snRNA to interact with 5' splice site se-
quences (Nilsen, 1994; Sharp, 1994). Following cleavage
at the 5' splice site and concomitant branch formation,
other rearrangements occur and the second step of
splicing then releases the lariat intron and the ligated
exons.

Although the biochemical events that lead to intron
removal are now becoming better understood, the pa-
rameters that dictate recognition and pairing of appro-
priate pairs of splice sites on complex pre-mRNAs are
just beginning to be deciphered (Black, 1995; Reed,
1996). The situation is further complicated when alter-
native splicing is considered, for splicing signals that
are recognized normally and used efficiently in a given
cell-type or tissue can be ignored completely in an-
other cellular environment or developmental stage
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The exquisite precision that characterizes the splicing
of nuclear pre-mRNAs is orchestrated within the splice-
osome, a large multicomponent complex assembled
sequentially on the pre-mRINA. The splicing reaction
requires the coordinated action of small nuclear ribo-
nucleoproteins (snRINPs) and a variety of non-snRNP
splicing factors (Moore et al., 1993). The 5’ splice site
region is recognized initially by the Ul snRNP, whereas
the branch site region is recognized by the U2 snRNP
following binding of U2AF® to the downstream poly-
pyrimidine tract-AG at the 3’ splice junction. Other
spliceosomal factors include the SR proteins (Fu, 1995;
Chabot, 1996; Manley & Tacke, 1996) which, in addi-
tion to their ability to bind to 5’ splice site sequences
directly (Kohtz et al., 1994; Zuo & Manley, 1994), can
promote commitment complex formation through si-
multaneous interaction with the Ul snRNP 70K and

€l

(1 ]


http://www.rnajournal.org

w L1 d o

L

11

L1

o O

O

Downloaded from www.rnajournal.org on February 14, 2006

Duplex formation and splice site selection

signals in alternative splicing units are often subopti-
mal, possibly to accommodate the contribution of other
elements that influence splice site selection. Intron se-
quences near the 3’ splice site are often tailored to
allow the interaction of factors that modulate the bind-
ing of U2AF* and U2 snRNP (Valcarcel et al., 1993;
Lin & Patton, 1995; Kanopka et al., 1996).

Sequences flanking a splice site often influence its
frequency of utilization. Splicing enhancers that im-
prove the use of an upstream 3’ splice site have been
found in many vertebrate alternative and constitutive
exons (reviewed in Black, 1995). In one case, a purine-
rich enhancer activates splicing at an upstream 5’ splice
site (Humphrey et al., 1995). Several of these positive
elements are recognized by the SR family of splicing
factors (reviewed in Fu, 1995; Chabot, 1996; Manley &
Tacke, 1996), which promote a more efficient inter-
action of U2AF® with the 3’ splice site region (Lav-
igueur et al., 1993; Wang et al.,, 1995). Likewise, Ul
snRNP binding to a 5 splice site can facilitate the bind-
ing of U2AF® to an upstream or a downstream 3’
splice site through a network of interactions that re-
quires the participation of SR proteins (Hoffman &
Grabowski, 1992; Staknis & Reed, 1994; Coté et al,,
1995). An alternative array of cross-intron bridging in-
teractions involving SF1 and a new Ul snRNP-asso-
ciated protein was also recently described (Abovich &
Rosbash, 1997). Positively acting sequences have been
uncovered in introns, but the details of the mechanism
of stimulation remain to be understood (Huh & Hynes,
1994; Zhao et al., 1994; Del Gatto & Breathnach, 1995;
Min et al., 1995; Sirand-Pugnet et al., 1995a; Carlo
etal., 1996). A variety of exon and intron elements that
affect the recognition of nearby splice sites negatively
have been reported (Watakabe et al., 1991: Gontarek
et al,, 1993; Amendt et al.,, 1994; Caputi et al., 1994;
Siebel et al., 1994, 1995; Chan & Black, 1995; Staffa &
Cochrane, 1995; Adams et al., 1997). Finally, RNA sec-
ondary structure can also influence splice site selection
either negatively, by sequestering splice sites (Solnick,
1985; Eperon et al., 1986; Solnick & Lee, 1987; Halfter
& Gallwitz, 1988; Helfman et al., 1990; Clouet d'Orval
et al., 1991a, 1991b; Deshler & Rossi, 1991; Libri et al.,
1991; Estes et al., 1992; Goguel et al., 1993; Liu et al.,
1995; Sirand-Pugnet et al., 1995b; Blanchette & Chabot,
1997), or positively, by decreasing the effective dis-
tance between splicing signals (Chebli et al., 1989;
Goguel & Rosbash, 1993; Libri et al., 1995; Charpentier
& Rosbash, 1996), or by facilitating the presentation of
splice sites (Newman, 1987; Kister et al., 1993). Struc-
ture formation in the yeast RPL32 pre-mRNA allows
formation of a stable complex with Ul snRNP and the
L32 protein, preventing the entry of U2 snRNP into the
spliceosome (Vilardell & Warner, 1994).

Regulation of gene expression through alternative
splicing is a recurrent theme in the mammalian ner-
vous system (Burke et al., 1992; Stamm et al., 1994).
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For example, in the mouse c-src gene, the 18 nt-long
N1 exon is included in neurons, but skipped in all
other tissues. In non-neuronal cells, negative elements
located on both sides of the alternate exon promote
exon skipping (Chan & Black, 1995). In neuronal cells,
the block to N1 inclusion is relieved through the pos-
itive control of an intronic element bound by several
proteins, including hnRNP F and a new regulatory
protein, KSRP (Min et al., 1995, 1997). The pre-mRNA
encoding the larger forms of the mouse neuronal cell
adhesion molecule (NCAM) is alternatively spliced to
yield two mRNAs differing by the incorporation of an
801-nt exon (exon 18 or E18) (Barbas et al., 1988). The
5’ splice site of E18 is important in setting the regu-
lated splicing profile because replacing it with a cor-
responding sequence from the a-globin gene promotes
skipping of E18 in neuronal cells (Tacke & Goridis,
1991). In a previous study, we reported that a point
mutation at position +6 of the 5 splice site of E18
promoted more efficient U2AF®® binding to the 3’ splice
site of E19 (Coté et al., 1995). Because this mutation
improves the complementarity with U1l snRNA, stron-
ger UL snRNP binding may drive the assembly of com-
mitment complexes to stabilize U2AF® binding.
However, in the present study, we report that this mu-
tation also promotes a change in the migration of na-
ked lariat molecules in acrylamide gels. We document
the existence of base pairing interactions between the
5" splice site of E18 and sequences upstream of the
major branch site in the lariat intron. Because destabi-
lizing mutations improve the frequency with which
the 5 splice site of E18 is used in vitro, our work
suggests that duplex formation occurs early and con-
tributes to the selection of 5" splice sites in this NCAM
alternative splicing unit. We propose that this novel
type of interaction between 5’ splice site and branch
site regions exists in other mammalian introns.

RESULTS

Aberrant migration of lariat molecules

As part of a study aimed at investigating the effects of
NCAM 5’ splice site sequences on U2 AF% binding, we
had used four model pre-mRNA substrates (Coté
et al., 1995; Fig. 1A). E RNA contains the 3’ portion of
exon 18 (E18) with its donor splice site fused to the 5’
portion of exon 19 (E19) and its acceptor site. M RNA
is identical to E RNA except for a G to U mutation at
position +6 of the intron, converting the 5’ splice site
of E18 into that of exon 17 (E17). W RNA was pro-
duced by converting the 5’ splice site of E18 into that
of the adenovirus major late L1 exon. D RNA contains
the 3' portion of E17 with its respective donor site
fused to the 5 portion of E19 and its acceptor site,
Using these model pre-mRNAs, we showed that
U2AF® bound less readily to E than to the D, M, and
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FIGURE 1. In vitro splicing of simple N-CAM pre-mRNAs. A: Struc-
ture of the RNA substrates. Larger boxes indicate exons. Thinner
boxes and lines indicate intron sequences downstream of E18 and
upstream of E19, respectively. The black area in the intron indicates
a plasmid-derived polylinker region. The length (in nucleotides) of
each exon and intron region is indicated. The 5’ splice site sequence
of each RNA is shown and the mutated nucleotides are underlined.
The 3’ splice site sequence common to all RNAs is shown and the
branch sites used are indicated by a circle above the nucleotide.
B: *P-labeled transcripts were incubated for 2 h in Hela nuclear
extracts under splicing conditions. Splicing products were separated
on a 9% acrylamide/7 M urea gel. Positions of pre-mRNAs (P),
lariat intermediates (L1-L4), and lariat introns (I1-14) are indicated.
Note that the slower migration of W RNA is caused by a cloning
artifact that increased the size of the first exon (data not shown).
C: Splicing products derived from incubations performed as in B
were separated in a 9% acrylamide/8 M urea/30% formamide gel.
To improve resolution of lariat species, gels were run extensively
accounting for the absence of the mRNAs and 5’ exons in the gels
shown in B and C.
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W RNAs (Cété et al., 1995). To address whether the
mutations affected splicing efficiency, we incubated the
RNAs in HeLa nuclear extracts. Splicing products were
isolated and separated on a 9% polyacrylamide/7 M
urea gel. D, E, M, and W RNAs were all spliced with
equivalent efficiencies (Fig. 1B, lanes 1-4), as judged
by the levels of lariat intermediates and products mi-
grating above the pre-mRNAs. This result was not un-
expected because the effect of mutations is not always
reflected in the rate of splicing of simple pre-mRNAs
(Reed & Maniatis, 1986). Inspection of the splicing pro-
files revealed that four distinct sets of lariat intermedi-
ates (L1-L4) and products (I1-14) were generated for
each RNA. In gels run longer, 12 lariat molecules were
resolved into two species (data not shown). The L1:I1,
L2:12, and 14:14 lariat species derived from M and W
RNAs co-migrated exactly with those produced from
E RNA. Notably, the most abundant set of lariat mol-
ecules generated from M and W RNAs (L3™:I3™ and
L3W:13%, respectively) migrated significantly slower
than the corresponding lariat species derived from E
RNA (L3%:13F). Thus, a single G to U mutation at po-
sition +6 of the 5’ splice site of E18 shifted the migra-
tion of the most abundant set of lariat molecules. A
similar difference is noted when the migration of lariat
molecules produced from E and D RNAs is compared.
The size of the D intron is 1 nt shorter than the E
intron; lariat species L3P:13" and L3":13% displayed a
difference in migration that was inconsistent with the
1-nt difference in size (Fig. 1B, compare lane 1 with
lane 2).

Separation of the lariat products in 9% polyacryl-
amide/8 M urea,/30% formamide gels yielded L3":13"
lariat species that now co-migrated with the L3M:I3%
and L3W:I3" molecules (Fig. 1C, lanes 2-4). In such
strongly denaturing conditions, the difference in mi-
gration between L3":I3" and L3%:I3"* was also re-
duced to a level consistent with a 1-nt difference in
intron length (Fig. 1C, lane 1). These results suggest
that the 1.3%:13¥ molecules differed from L3™:I3™ and
L3%W:I3" by harboring a more compact structure, pos-
sibly because of the presence of more stable base-
stacking interactions.

Because the difference in migration was detected with
only one of the five sets of lariat molecules, we set out
to identify the splice junctions and branch sites used
during the formation of I3F and I3™. The equivalent
size of 13" and I3™ was confirmed by performing a
debranching reaction on purified lariat molecules in a
HeLa 5100 extract followed by separation of the prod-
ucts in a denaturing gel (Fig. 2A). Linear 149 nt-long
introns were produced for both I3% and I3™ in condi-
tions that allowed detection of a 1-nt difference in size
(Fig. 2A, lanes 5-7). The I1, 12, and I4 lariat species
derived from either E or M RNA also yielded co-
migrating 149 nt-long products upon debranching (data
not shown).
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FIGURE 2. Characterization of lariat molecules produced from D, E, and M RNA splicing. A: Size determination of the
13Y, I3%, and I3M intron molecules. A debranching reaction in a HeLa S100 extract was performed with each I3 lariat intron
following its purification from a denaturing gel. Debranching reactions were loaded onto an 8% acrylamide/7 M urea gel.
The position of the lariat and linear introns is indicated relative to the position of nt 148 and 149 on a DNA sequencing
ladder (lanes 1-4). B: Branch site mapping was performed with cach purified lariat intermediate species by reverse tran-
scription with an oligonucleotide mapping in exon 19 (lanes 4-6). As controls, primer extension assays were performed with
debranched intermediates (lanes 1-3) and intact E RNA (lane 7). Primer extension products were run in a 9% sequencing
gel. The RNA sequence of the intron and the block to reverse transcriptase obtained with the L3 molecules are shown. The
sequence is complementary to the DNA sequence of pSPE generated with the same oligonucleotide (lanes 8-11). The
presence of a branch makes primer extension products terminate 1 nt before the actual branch point.

Because the difference in migration was also seen
between lariat intermediates L3® and L3™ (Fig. 1B,
lanes 2 and 3), the I3F and I3 species were unlikely to
result from the use of a different 3’ splice site. The
position of the 5" splice junction used to produce lariat
introns was mapped by primer extension using an oli-
gonucleotide complementary to the intron loop. The
result indicated that all lariat species were produced

from the use of the same 5’ splice junction (data not
shown). Finally, the position of branch points on L3F
and L3" lariat intermediates was mapped by primer
extension using an oligonucleotide complementary to
E19. The L1, L2a, L2b, and L4 lariats gave primer ex-
tension products that mapped the branch points at
adenosines located, respectively, at positions —21, —23

2

—24, and —36 from the 3" end of the intron (data not
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shown; Fig. 1A). Primer extension products obtained
from L3F, L3™, and L3P were of identical length and
mapped branch formation at the adenosine located at
position —27 from the 3’ splice junction (Fig. 2B, lanes 4-
6). We conclude that I3F and I3™ are generated from
the use of the same 5 splice site, the same 3’ splice
site, and the same branch site. Thus, the distinct mi-
gration of the I3F and I3 lariat introns is likely due to
a difference in base-stacking interactions associated with
the formation of a branched structure 27-nt upstream
from the 3’ splice junction.

Intron base pairing interactions

The results presented above suggest that the G to U
mutation at position +6 of the E intron has a signifi-
cant destabilizing effect on base-stacking interactions.
Notably, the difference in migration was detected only
when branch formation occurred at position —27 to
generate the [.3:13 lariat molecules. Inspection of the 5’
splice site and branch site sequences revealed possible
base pairing interactions involving positions +5 to +8
from the 5’ splice site and positions —30 to —33 from
the 3’ splice site (Fig. 3A; bottom). In this configura-
tion, the mutation in M RNA at position +6 would
abolish a U-G base pair, which may destabilize the
secondary structure and account for the slower migra-
tion of L3™ and I3™ molecules. If this structure exists,
introducing disruptive mutations at positions +5 to
+8 or —30 to —33 should produce more opened, slower-
migrating L3 and I3 lariat molecules. Moreover, com-
bining mutations that restore complementarity should
regenerate faster-migrating lariat molecules in urea-
containing acrylamide gels, provided that the AG® is
similar. To verify this structural model, random mu-
tations were introduced at positions +7 and +8 of the
intron (E\78NN mutants), and at positions —33 and
—32 from the 3’ splice site (E\L3XX mutants). Splicing
of mutated RNA substrates was analyzed following
incubation in HelLa extracts. All mutations retarded
the migration of L3 and I3 molecules without affecting
the migration of L1:I1 and L2:I2 species (Fig. 4,
lanes 2-7 and 10-13). The E\78GG and E\78GC RNAs
(bold characters indicate mutated nucleotides) pro-
duced L4 and I4 molecules with altered mobility
(Fig. 4, lane 3 on longer exposures, and lane 7, respec-
tively). This shift in mobility may be due to the for-
mation of a similar structure between the mutated 5’
splice site and sequences upstream of the branch site
used to generate the L4:14 species (Fig. 3B). The mu-
tation in EAL3CC was associated with a decrease in the
production of L3:I3 molecules (Fig. 4, lane 12), sug-
gesting that a C at position —32 reduces the use of the
branch site at position —27. Our results indicate that
mutations at positions +7, +8, —33, and —32 destabi-
lized the structure of L3:I3 lariat molecules. Mutations
in the central portion of the intron did not affect the

I. Cété and B. Chabot
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FIGURE 3. Structural model. A: Bottom: Putative base pairing in-
teractions occurring in the L35:13 lariat molecules produced from E
RNA when the branch site at position —27 is used. The G to U
mutation at position +6 in M RNA is indicated. Top: Representation
of early commitment complex interactions on the E RNA substrate.
The interaction between Ul snRNP and U2AF® at this stage may
bring in proximity the 5’ splice site and branch site sequences, thereby
promoting base pairing interactions. B: Potential secondary struc-
ture formed on L4E:14F molecules resulting from the use of the
branch site at position —36. This structure may be stabilized by the
CC to GG mutation at position +7 and +8 in the E\78GG mutant,
and even more so by a single G to C mutation at position +7 in the
E\78GC mutant (see Fig. 4A and text for details). A indicates the
nucleotide used as a branch point.

migration of lariat molecules (data not shown). When
the 5" portion of the E\78GG mutant was combined
with the 3’ portion of the E\L3CC mutant to produce
an RNA substrate in which complementarity was re-
stored, the L3:13 lariat molecules migrated more rap-
idly (Fig. 4, lane 18). Control combinations that should
not reform the secondary structure displayed the ex-
pected slower migration of L3:I3 lariat species (data
not shown).

Duplex formation affects
5’ splice site selection

Our results indicate that lariat molecules produced from
E18/E19 splicing contain a highly stable structure that
accounts for their faster migration in denaturing gels.
If this structure forms only in lariat molecules, it may
not play an important role in splicing. However, given
that the 5’ splice site and branch site sequences are
brought in close proximity at the commitment stage of
spliceosome assembly (Fig. 3A), base pairing inter-
actions may occur before branch formation and could
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splice site of E19
a complementary pair

’

exposure of the gel, the 78GG mutation (lane 3)

above each gel.

improved Ul snRNP binding. To evaluate the contri-
bution of intron secondary structure to 5' splice site
selection, we tested C RNA derivatives carrying mu-
tations at positions +7/+8 or —33/—32 of the E intron
as well as combinations that restored complementarity
between the E18 5 splice site and the branch site re-
gions. Strikingly, all mutations in the branch site re-
gion at positions —32 (C\L3AG and C\L3GC; Fig. 5B,
lanes 12 and 18, respectively) or —33/—32 (C\L3CU
and C\L3CC; lanes 8 and 15, respectively) increased
the frequency of proximal E18 5’ splice site utilization.
The amplitude of the shift obtained with the L3CU,
L3AG, and L3CC mutations was as dramatic as the
effect seen with the 6U mutation. This result indicates
that changes in the sequence bordering a branch site
can affect 5’ splice site selection. The specific increase

Pt
e
-
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&
i
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| 7 S0 ol
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‘ FIGURE 4. Validation of the structural model using site-directed mutagenesis. Random mutations were introduced at
1 positions +7 and /or +8 of the intron (E\78NN mutants) and at positions —32 and —33 relative to the 3’
b {E\L3XX mutants). The 78GG mutation
(lane 18). The wild-type E RNA and mutated RNA substrates were incubated in HeLa nuclear extracts for 2 h at 30°C.
Pl Splicing intermediates and products were resolved onto 9% polyacrylamide/7 M urea gels. The position of pre-mRNA (P)
bir lariat intermediates (I.1-L4), and lariat introns (I1-14) is indicated. Note that the 78GC mutation promoted the formation
of aberrantly migrating L4:14 species {lane 7). Although not seen from this
- also yielded L4:14 species migratine faster than wild-type but slower than L4:14 molecules produced from E\78GC RNA.
Y p grating typ P
i A diagram illustrating the position and nature of the mutations is shown
o
& affect spliceosome assembly. To address whether these
| base pairing interactions play a role in 5' splice site
& selection, we tested the effect of various mutations in
the context of C RNA, a substrate that contains the 5’
& splice sites of NCAM E17 and E18 in competition for
the 3" splice site of E19 (Fig. 5A). Following incubation
d in NIH3T3 extracts, we used an RT-PCR assay to mea-
| sure the relative abundance of the NCAM mRNA spe-
e cies produced in vitro. In this assay, C RNA splicing
i‘ occurred preferentially to the distal E17 5/ splice site
Q (Fig. 5B, lanes 3 and 4). In contrast, the G to U muta-
' tion at position +6 of the E18 5’ splice site strongly
I favored E18/E19 splicing (C\6U RNA; Fig. 5B, lane 5).
Because the 6U mutation increases the match of the
. proximal 5 splice site to the consensus, more efficient
E18/E19 splicing may be due, in part or completely, to
=)
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FIGURE 5. Duplex formation affects 5 splice site selection. A: Strue-
ture of the C RNA substrate. C RNA corresponds to E RNA with an
additional upstream portion containing part of exon 17 and flanking
intron sequences (170 nt). Note that the cloning procedure yielded
C\78NN and C\NN:XX substrates 6 nt longer than the C\L3XX
RNAs. The additional nucleotides are located just upstream of the
E18 exon sequences, B: Splicing in NIH3T3 extracts incubated with
“cold” pre-mRNA substrates was analyzed by RT-PCR. The Pposition
of the fragments amplified from the pre-mRNA (P), or from mRNAs
generated from the proximal (E18) or the distal (E17) 5 splice site is
indicated. The left panel represents incubations performed in the
absence of C RNA (lane 1) or with C RNA incubated 0 min (lane 2)
or 150 min (lane 3) in NIH3T3 extracts. A white circle or square
abave the lanes denotes the presence of the wild-type 5’ splice site
(57ss) or branch site (BS) sequence, respectively. 5’ Splice site and
branch site mutations are indicated by a black circle and a black
square above corresponding lanes. Gray circles and squares indicate
compensatory mutations. C: Histogram representing the quantita-
tion of several RT-PCR assays and standard splicing gels for several
mutants. Values express the percentage of proximal E18/E19 splic-
ing relative to total splicing products. For splicing gels, the levels of
proximal and distal lariat molecules were used for quantitation.
Gels were scanned using Adobe Photoshop and the amounts of
proximal and distal spliced products were determined using the
NIH Image program. Standard deviations are indicated when val-
ues represent the average of three independent experiments. Other
values represent the average of two independent experiments.
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in E18/E19 splicing promoted by all branch site mu-
tations is therefore consistent with the notion that du-
plex formation specifically impairs E18/E19 splicing.
This panel of branch site mutations was combined with
mutations at positions +7/+8 to restore complemen-
tarity between the E18 5' splice site and the branch site
regions. In all cases, the +7/+8 mutations antago-
nized the effect of the —33/—32 mutations to reduce
proximal 5" splice site selection (Fig. 5B, lanes 7, 11, 14,
and 17, respectively). The control CA:CU noncomple-
mentary pair did not neutralize the effect of the L.3CU
mutation (Fig. 5B, compare lane 9 with lane 8). We
noted that the effects of the individual +7/+8 muta-
tions varied for the mutations tested; although the 78AG
mutation (Fig. 5B, lane 6) had an effect nearly as dra-
matic as the L3CU or 6U mutation, the 78GC (lane 16)
had an intermediate effect, and the 78CU (lane 10) and
78GG (lane 13) had no effect. The reason for these
differences is unclear. Inspection of the sequence sug-
gests that 78CU, 78GG, and 78GC mutations may al-
low alternative base pairing interactions to occur with
the natural GU-rich branch site region (not shown).
Although these alternative duplex structures may not
be stable enough to resist the denaturing conditions of
a urea gel, their formation may affect selection of the
E18 5" splice site negatively in splicing extracts. The
splicing results presented above were confirmed in
several independent experiments and by direct anal-
ysis of proximal and distal lariat molecules in stan-
dard splicing gels (Fig. 5C and data not shown).
Although total splicing activity varied between differ-
ent RT-PCR experiments and between different sam-
ples (possibly reflecting differences in the quality of
each RNA preparation), the relative distribution of prox-
imal and distal products was reproducible. For these
reasons, we favor the interpretation that mutations did
not affect overall splicing activity, but rather the selec-
tion of competing 5’ splice sites. Thus, branch site
mutations that disrupt base pairing always improved
E18/E19 splicing, whereas including compensatory mu-
tations at positions +7/+8 impaired E18/E19 splic-
ing. Our results suggest that natural base pairing
interactions between the 5’ splice site of NCAM E18
and downstream branch site sequences specifically de-
crease the efficiency of E18/E19 splicing.

Duplex formation reduces the assembly of
complexes on the 5’ splice site of E18

Because mutations that alter lariat migration also af-
fected 5' splice site selection, duplex formation may
occur early to influence splice site recognition or the
assembly of splicing complexes. We used the oligonu-
cleotide-targeted RNase H protection assay (Eperon
et al., 1993; Chabot et al., 1997) to monitor the assem-
bly of complexes at the 5’ splice site of E18. RNase H
and oligonucleotides complementary to the 5’ splice
sites of E17 and E18 were added following various
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periods of incubation (0, 15, 30 min) at 30 °C in a stan-
dard HeLa splicing reaction (Fig. 6). Compared to the
wild-type C RNA (Fig. 6; lanes 1-3), protection at the
5' splice site of E18 was more efficient with the C\6U
RNA (lanes 4-6), consistent with an improved match
of the E18 5’ splice site to the consensus. Notably, the
branch site L3CU mutation, which disrupts structure
formation and improves E18 5 splice site utilization,
also stimulated protection at the E18 5’ splice site
(Fig. 6, lanes 7-9). The protection observed with all
pre-mRNAs was Ul snRNP-dependent, but not ATP-
dependent (data not shown). Our results suggest that
structure formation interferes with the assembly of early
splicing complexes at the 5' splice site of E18.

Duplex formation reduces U2AF®® binding

The 5" splice site protections monitored in the RNase
H assay likely reflect interactions taking place in as-
sembling spliceosomes. The intron base pairing inter-
actions may be occurring as early as the commitment
stage of spliceosome assembly when 5’ splice site and
branch site sequences are in close proximity (Fig. 3A,
top). If base pairing occurs at this stage, the resulting
structure could hinder the stability of commitment com-
plexes or prevent efficient progression into more ad-
vanced stages of spliceosome assembly. We have shown
previously that U2AF® binds inefficiently to E RNA
and that the G to U mutation at position +6 improves
U2AF* binding (Coté et al., 1995). To verify whether
other mutations that disrupt the duplex structure also
improve U2AF® binding, simple RNA substrates were
incubated in standard HeLa splicing reactions and sub-
jected to UV irradiation. Compared to E RNA (Fig. 7,
lanes 1, 4, and 8), U2AF® crosslinking was stimulated
by mutations at positions +7/+8 (Fig. 7, lanes 2 and 5)
as well as by the branch site L3CU mutation (Fig. 7,
lane 9). In contrast, the efficiency of U2AF® crosslink-
ing to an E RNA derivative carrying compensatory
mutations became equivalent to the level observed with
E RNA (Fig. 7, compare lanes 6 and 7 with lane 4).
Similar effects were seen with other 5’ splice site and
branch site mutations (data not shown). Note that the
identity of the band corresponding to U2AF® was ver-
ified by co-migration with purified U2AF crosslinked
to D RNA (lane 3), and by transferring the labeled
proteins on nitrocellulose followed by detection with
an anti-U2AF antibody (data not shown, but see Cété
et al.,, 1995). Thus, the crosslinking results suggest that
base pairing between 5’ splice site sequences and the
branch site region affects an early step of spliceosome
assembly, namely the interaction of U2AF®® with the 3’
splice site of E19.

Secondary structure formation in
another pre-mRNA substrate

To address whether some of the features that charac-
terize NCAM splicing could be observed in other splic-
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FIGURE 6. Duplex formation reduces the assem-
bly of Ul-dependent complexes on the 5° splice site
of E18. Bach RNA substrate was incubated in HeLa
nuclear extract under splicing conditions for the
time indicated (in min) (lanes 1-9). Following in-
cubation, oligonucleotides complementary to each
5" splice site were added and the mixture was in-
cubated for 15 min in the presence of RNase H. The
position and the identity of the cleavage products
are indicated on the left. The combination of oligo-
nucleotides (D, E, or M) used for each substrate is
indicated above the panels. D is directed against
the 5’ splice site of E17, E is complementary to the
wild-type 5' splice site of E18, and M to the 6U
mutated version of the E18 5’ splice site. The po-
sition of the oligos is indicated above the fully pro-
tected pre-mRNA.
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ing units, we tested an a-globin pre-mRNA (G RNA).
In this substrate, sequences at positions +5 to +9 can
potentially base pair with sequences upstream of the
branch site to yield five contiguous G:C base pairs
(Fig. 8BA). A derivative of G RNA (GM RNA) contains
mutations that reduce the match to the consensus 5’
splice site and disrupt the complementarity with branch
site sequences. Strikingly, incubation of G and GM
RNAs in HeLa extracts led to the production of lariat
molecules that did not co-migrate even when formam-
ide and urea were present in the gel (Fig. 8B). Char-
acterization of the lariat molecules indicated that the
introns released from the two substrates were of iden-
tical length and shared a common branch site (Fig. 8C

and data not shown). These results suggest that a highly
stable duplex structure is formed in lariat molecules
derived from G RNA. Because mutations that retarded
lariat migration improved U2AF® binding (Fig. 8D),
duplex formation in the globin intron may also occur
early to reduce the efficiency of U2AF® binding.

DISCUSSION

A simple model pre-mRNA (E RNA) containing part
of NCAM exons E18 and E19 and separated by a short-
ened intron was spliced in vitro through the use of five
distinct branch sites located at positions —21, —23,
—24, —27, and —36 from the 3’ splice junction. The
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FIGURE 7. Structure formation promotes inefficient U2AF® bind-
ing. UV crosslinking to E RNA and various mutated RNAs was
performed following a 4-min incubation at 30 °C in a HeLa nuclear
extract. Crosslinking was also performed with E RNA and a fraction
containing purified U2AF (lane 8). The position of U2AF% and mo-
lecular weight markers (in kDa) is indicated. Note that lanes 1-2,
lanes 3-7, and lanes 8-9 represent three different crosslinking assays.

branch site at position —27 yielded L3 and I3, the most
abundant lariat intermediate and product, respectively.
A single mutation at position +6, converting the 5’
splice site of E18 into that of E17 (M RNA), changed
the migration of the L3 and I3 molecules to slower-
migrating forms in polyacrylamide /urea gels. The mi-
gration of the other four sets of lariat species remained
unaffected by the mutation. The difference in migra-
tion between E and M lariat molecules was not due to
the use of different splicing signals. Instead, base pair-
ing interactions between sequences at intron positions
+5 to +8 and sequences at positions —30 to —33 from
the 3’ splice site were responsible for the faster migra-
tion of the L3 and I3 lariat molecules produced from E
RNA splicing.

The existence of a stable structure in lariat molecules
raised the possibility that the base pairing interactions
occur earlier when 5’ splice site and branch site se-
quences are brought in close proximity during splice-
osome assembly. If so, duplex formation may affect
E18/E19 splicing. When tested in the context of a model
pre-mRNA that contains the 5' splice site of E17 and
E18 in competition for the 3’ splice site of E19, all
branch site mutations that disrupted complementarity
improved the selection of the E18 5’ splice site. Al-
though the branch site region has been shown to in-
fluence 5' splice site choice in yeast (Goguel & Rosbash,
1993), our results indicate that mutations in the branch
site region can also affect mammalian 5' splice site
selection. Combining branch site mutations with 5'
splice site mutations to restore complementarity al-
ways counteracted the effect the individual branch site
mutations and decreased the relative efficiency of E18/
E19 splicing. Whether the mutations similarly affect
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NCAM splicing in vivo is being investigated currently.
Our in vitro results therefore suggest that the base
pairing interactions are most likely established early to
compromise E18/E19 splicing.

The results of the RNase H protection assay suggest
that duplex formation interferes with the assembly of
Ul-dependent complexes on the 5’ splice site of E18.
Mutations at positions +7/+8 or at positions —32/
—33 also improved U2AF® binding. In contrast, com-
bining mutations to restore complementarity reduced
U2AF® binding. Because U2AF binding is normally
destabilized during the transition from the E to the B
complex (Bennett et al., 1992; Staknis & Reed, 1994),
our data suggest that duplex formation occurs early,
possibly as soon as the 5" splice site and branch site
regions are brought in proximity during commitment
complex formation (Fig. 3A, top). Duplex formation
may destabilize Ul snRNP binding through the ap-
propriation of sequences normally paired with U1 RNA.
This in turn would promote the dissociation of U2AF®,
which binds only weakly to the 3’ splice site of E19 in
the absence of Ul snRNP (C6té et al., 1995). Duplex
formation would therefore compromise or delay fur-
ther spliceosome assembly. Because a reduction in
E18/E19 splicing was detected only in the context of
competing 5’ splice sites, duplex formation may favor
kinetically spliceosome assembly with the E17 5’ splice
site, resulting in more efficient E17/E19 splicing.

Our model NCAM C RNA substrate was spliced
efficiently to the E17 distal 5' splice site in NIH3T3
extracts. In contrast, the proximal 5" splice site of E18
is used almost exclusively in mouse and human neu-
ronal cell extracts (J. Coté & B. Chabot, unpubl. results).
Because this effect is specific to the NCAM pre-mRNA
substrate, neuronal extracts therefore appear to be con-
siderably less sensitive to the inhibitory effect of the
intron structure. The ability of neuronal extracts to
overcome the restriction imposed by the intramolecu-
lar base pairing interactions may be due to the pres-
ence in these extracts of an activity that prevents or
transiently destabilizes duplex formation. Alterna-
tively, neuronal extracts may contain specific factors
that allow efficient and stable splicing complex forma-

tion despite the presence of the secondary structure.

Characterizing the neuronal factors responsible for pro-
moting E18/E19 splicing in spite of an interfering sec-
ondary structure should lead to new insights into the
mechanisms controlling alternative splicing.

A number of studies in vertebrate and yeast systems
have indicated a role for pre-mRNA structures in splice
site selection (see Introduction). Base pairing inter-
actions between yeast intron sequences downstream
from the 5' splice site and sequences upstream from
the branch site have been documented (Goguel & Ros-
bash, 1993), and putative helix-forming sequences are
found at these positions in several yeast introns (New-
man, 1987; Parker & Patterson, 1987). Such intron base
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FIGURE 8. Structure formation in an a-globin pre-mRNA substrate. A: Putative base pairing interactions occurring in lariat molecules
produced from G RNA. The mutations in GM RNA are indicated. B: *P-labeled transcripts were incubated for 2 h in HeLa nuclear extracts
under splicing conditions. Splicing products were separated on a 13% acrylamide/8 M urea/20% formamide gel. Note the distinct mobility 3
of the respective lariat intermediates and products above the pre-mRNA. C: Size determination of the G and GM intron molecules, A
debranching reaction in a Hela S100 extract was performed with each lariat intron following its purification from a denaturing gel.
Debranching reactions were loaded onto a 6% acrylamide/8 M urea gel. The position of the lariat and linear introns is indicated relative to P
a DNA sequencing ladder (lanes 3-6). D: Structure formation is associated with inefficient U2 AR5 crosslinking, UV crosslinking to G and GM
RNA was performed in a HeLa nuclear extract as described Ercviousiy. 4
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pairing interactions promote more efficient splicing by
reducing the effective distance that separates splice
sites (Libri et al., 1995; Charpentier & Rosbash, 1996),
or by improving the presentation of the 5’ splice site
(Newman, 1987). The 5’ splice site/branch site inter-
actions in the NCAM intron represent a unique exam-
ple of negative modulation of 5 splice selection by
duplex formation. Commitment complex formation
may be required to bring the interacting nucleotides in
proximity but, once established, the structure would
affect the assembly of productive spliceosomes.

The 5’ splice site and branch site sequences may
have a general propensity to associate due to their
proximity in splicing complexes before and following
branch formation. Although only duplex structures with
exceptional stability may be detected in the usual de-
naturing conditions of splicing gels, base pairing in-
teractions between 5’ splice site and branch site
sequences may turn out to be a feature of several mam-
malian introns. Interestingly, mutations in the 5’ splice
site region of an a-globin substrate also led to slower-
migrating lariat molecules that had used the same
branch and splice sites. Base pairing interactions be-
tween the 5’ splice site sequences and sequences up-
stream of the branch site can also explain the migration
behavior of a-globin lariat molecules. As seen with the
NCAM intron, mutations that destabilized the globin
structure improved U2AF® binding.

It is notable that positions +7 to +10 in identical
introns of different species are often conserved. Be-
cause sequences at these positions are not conserved
between different introns and are not part of the con-
sensus 5’ splice site (Mount, 1982), it is possible that
the evolutionary pressure that led to their conserva-
tion was driven by their contribution to base pairing
interactions with sequences near branch sites. A pre-
liminary survey of known 5 splice site and branch site
sequences revealed that similar duplex structures may
exist in other alternative splicing units. Future efforts
will be directed at assessing the prevalence of such
structures and their contribution to splice site selec-
tion. Although we have documented the negative ef-
fect that duplex interactions can have, it is possible
that, in some cases, similar interactions in mammalian
pre-mRNAs provide additional stability to splicing
complexes. In either case, the existence of this type of
interaction may contribute toward clarifying the no-
tion of context and hierarchical compatibility between
splice sites (Gallego & Nadal-Ginard, 1990; Lear et al.,
1990).

MATERIALS AND METHODS

Plasmids, mutagenesis, and RNA substrates

PSPM, pSPW, and pSPD were described previously (Coté
et al., 1995). pSPE contains a Pst I-Tag I fragment containing
the 5' splice site region of E18 followed by a Sac [-EcoR [
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fragment containing part of E19 and the upstream intron.
pSPC and pSPC\6U were generated by inserting a Pst I frag-
ment containing 65 nt of E17 and its 5" splice site in pSPE
and pSPM, respectively. Site-directed mutagenesis was
achieved by overlap extension using PCR (Ho et al., 1989).
The overlapping mutagenic oligonucleotides used for creat-
ing the E\78NN and E\L3XX mutants were (5’ to 3') E78Na,
ACCGAGTACGGNNTCTCTTTGT; L3Na, AGTNNTCTTAG
CAACACTG; and the corresponding complements (E78Nb
and L3NDb). The flanking oligonucleotides were SP6, TTGTC
GTTAGAACGCGGCTA; and Nfl, TTGCTTGGTACCCATC
ATGC. The mutagenized E\78NN and E\L3XX fragments
were substituted into pSPE at the Pst I site. The compen-
satory mutants were obtained by substituting Pst 1 frag-
ments harboring E\L3XX mutations into the complementary
E\78NN mutants. Hind III fragments containing E\78NN
mutations and Sac I-EcoR I fragments containing E\L3XX
mutations were substituted into pSPC to generate C RNA
derivatives. The E\L3XX fragments were also substituted
into C\78NN mutants to generate compensatory C deriva-
tives. G and GM substrates were kindly provided by Roland
Tacke. The identity of all mutated recombinant molecules
was confirmed by DNA sequencing. All plasmids were lin-
earized at the Ava II site prior to in vitro transcription, except
G and GM, for which EcoR I was used.

In vitro transcription and splicing reactions

Splicing substrates were synthesized using the SP6 RNA poly-
merase from corresponding linear templates, in the presence
of CAP analogue and [a-**P] UTP (Chabot, 1994). Full-length
transcripts were gel-purified before use. HeLa and NIH3T3
cell nuclear extracts were prepared as described (Dignam
et al., 1992). Splicing reactions were set up and processed as
described previously (Lavigueur et al., 1993), except that
NIH3T3 extracts were complemented with 1 U of creatine
kinase. Labeled RNA molecules were either separated on
polyacrylamide /urea gels (acrylamide:bis-acrylamide, 38:2)
directly or submitted to RT-PCR amplification. RT-PCR was
done using a one-tube procedure. The lower layer contained
15 pmol of each primer (Nd2: 5'-CCAAACCATGATG
GGGGGAA-3'; Nf2: 5-ACTTCAGTTGGCGCTGGCTT-3'),
1.38 mM MgCl,, 2.9 pug BSA (RNase/DNase free; Pharma-
cia), 1X GeneAmp® PCR buffer IT (10 mM Tris-HCI, pH 8.3,
50 mM KCl), 3 uCi [a-**P]dCTP (Amersham), and 5 U of
Tag DNA polymerase (Pharmacia) completed to 80 pL with
H;O. The upper layer contained 4 mM DTT, 2 mM MgCl,,
1.25 mM dNTPs, 1 X GeneAmp® PCR buffer II, 8 U of RNA-
guard (Pharmacia), 15 pmol of Nf2 primer, 200 U of Mo-
MuLV Reverse Transcriptase (Promega), and spliced RNA
completed to 20 uL with H,O. Layers were separated using
AmpliWax™ PCR Gem 100 (Perkin Elmer). The reverse tran-
scriptase step was done at 42 °C for 45 min, then, following
a 3-min incubation at 95 °C, a 2-step PCR amplification (94 °C
for 30 s and 65 °C for 1 min) was performed for 30 cycles.

Debranching and primer extension assays

Gel-purified lariat intron (0.5 pwL) was incubated in 25 uL of
buffer D (20 mM Hepes-KOH, pH 8.0, 20% glycerol, 100 mM
KCI, 0.5 mM DTT) containing 40% (v/v) HeLa 5100 extract
and 8 mM Na,EDTA. Incubation was at 30°C for 90 min
(Ruskin & Green, 1990).
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To map the sites of branch formation, lariat intermediates
were gel-purified and subjected to primer extension analysis.
The Nf2 oligonucleotide complementary to E19 was 5'-end
labeled with [y-*?P]-ATP and purified on a 15% polyacryl-
amide /8 M urea gel. Annealing of ~1 X 10° cpm (Cerenkov)
of primer and ~600 cpm (=15 pmol) of lariat intermediate
was performed at 50°C for 3 min followed by 30°C for
30 min in 8 uL total of buffer H containing 300 mM NaCl,
40 mM Tris-HCl, pH 8.0, and 0.1 mM Na,EDTA. Reactions
were then initiated by adding an equal volume of buffer to
give final concentrations of 100 mM Tris-HCI, pH 8.0, 12 mM
MgCl,, 10 mM DTT, 0.75 mM of each dNTP, 15 units of
RNase inhibitor (Pharmacia), and 7.5 units of avian myelo-
blastosis virus reverse transcriptase (Promega). After 45 min
ut 42 °C, the reactions were stopped by adding 0.7 volume of
12 mM Na,EDTA /5 M ammonium acetate prior to ethanol
precipitation. The RNA was hydrolyzed by redissolving the
pellet in 0.5 M NaOH/0.1 mM Na,EDTA and incubation at
65 °C for 10 min, followed by neutralization with 0.7 volume
of 5 M ammonium acetate. Extension products were then
precipitated with ethanol, redissolved, and loaded on an 8%
polyacrylamide/8 M urea gel.

RNase H protection

The RNA substrates (1 fmol) were incubated for the time
indicated in 10 pL HeLa splicing reactions supplemented
with 0.44 U of RNase H (Pharmacia). Oligonucleotides (100
pmol) complementary to the 5’ splice sites of E17 and E18
(D, 5'-CCACGTACTCGGGT-3' and E, 5'-GGCCGTACTCG
GTC-3, respectively, and M, 5'-GGACGTACTCGGTC-3' for
the C\6U RNA) were then added and the incubation con-
tinued at 30°C for 15 min. Labeled RNA fragments were
resolved on 8% polyacrylamide/8 M urea gels.

U2AF® crosslinking

For UV crosslinking assays, RINA substrates were synthe-
sized in the presence of 5-BrUdr (Boehringer-Mannheim) and
incubated in a standard splicing reaction without RNase in-
hibitors, but in the presence of 2.5 mM EDTA. A 5-uL aliquot
was removed from each reaction and irradiated 20 min with
UV and digested with RNase A as described (Coté et al.,
1995). Crosslinking products were analyzed by electropho-
resis on 9% SDS-polyacrylamide gels.
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