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ABSTRACT. The calcitonin/fCGRP gene pre-mRNA is alternatively spliced in a tissue-specific manner
resulting in the formation of calcitonin mRNA in thyroid C-cells and CGRP mRNA in neurons. Computer
analysis of the RNA containing thé 8plice acceptor of the calcitonin-specific exon 4 predicts that this
region has the potential to form a thermodynamically stable stem-loop. Data from CD spectroscopy and
solution phase structure probing with single-strand specific and double-strand specific RNases indicates
that RNA in this region is substantially double stranded. In vitro splicing of chimeric hyfvglobin/
calcitonin transcripts in HeLa nuclear extract was inhibited by base changes predicted to destabilize the
stem, while compensatory base changes resulted in splicing at 50% of wild-type levels. Changing the
residue opposite the AG dinucleotide adenosine in the stem from G to U, allowing the formation of an
A—U basepair, abolished usage of this splice accejtoritro. These results indicate that a
thermodynamically stable RNA stem-loop forms in vitro at the8ice acceptor of exon 4 of the calcitonin/
CGRP gene transcript. This RNA secondary structure acts as a novel cis-element involved in proper
splice site selection.

Alternative pre-mRNA splicing is an important form of of the mouse hnRNP Al gene transcript. The structure
genetic regulation necessary to create the genetic diversityappears to be evolutionarily conserved in humans. The 5
found in eukaryotesl( 2). The selection of splice sites in  splice donor of the alternatively spliced exon 7B is seques-
pre-mRNAs is accomplished through the coordination of tered in a duplex which forms in vitro and in vivo. The
several cis- and trans-acting elemer8s (While many of duplex involves nucleotides from exon 7B and intron 8 and
the elements involved with constitutive splicing have been promotes skipping of exon 7B by inhibiting assembly of a
defined, it has been more difficult to elucidate the factors Ul snRNP-dependent complex. Other pre-mRNAs such as
which control the highly specific inclusion or exclusion of the adenovirus type 2 transcrifiS) and the raf3-tropomyo-
exons during developmental, sexual, and tissue-specificsin transcript {0, 16) have been shown to possess RNA
alternative splicing events. secondary structures that influence splice site selection both

There are several examples of sequences other than thosi vivo and in vitro. Although the data supporting local RNA
located in the consensus splice signals that affect splice sitesecondary structure as an influencing factor on splice site
selection 4—7). However, the role of RNA secondary selection is limited, it is apparent that some pre-mRNA splice
structure in splice site selection has been difficult to ascertain. choices are modulated by RNA secondary structure.

It has been proposed that there is a “window” of opportunity ~ The processing of the calcitonin/calcitonin gene-related
of about 100 nucleotides that exists behind the transcribing peptide (CGRB pre-mRNA was one of the first tissue-
polymerase in which the nascent RNA is free to fo8). ( specific alternative processing events described in mammals
This would give ample opportunity for thermodynamically (Figure 1) 7). In thyroid C cells, the first three exons of
stable hairpin loops to form under physiological conditions. the calcitonin/CGRP gene are spliced to the calcitonin-
It has been shown that the presence of RNA structures, eitherspecific exon 4 and a polyadenylation site at the end of this
artificial or natural 4, 9—12) can influence splice site exon is used to generate a mature calcitonin mRNA.
selection and splicing efficiency. Sequestration of a splice Neurons produce the mature CGRP mRNA by splicing the
site in an RNA duplex decreases its utilization both in vitro first three common exons to exons 5 and 6 and utilizing the
and in vivo (L2, 13). Conversely, RNA structures have been polyadenylation site located at the end of exon 6. It is
identified which can enhance splice site recognition by generally acceptedl8—20) that the 3 splice acceptor of
reducing the spacing between splice signdld) (or by exon 4 is a poor match to consensus splice site sequences
facilitating the presentation of splice sited.( and that the intrinsic weakness of the splice acceptor is

Blanchette and Chabotl{) recently reported an RNA  important for calcitonin splice regulation. The nonconserved
secondary structure that modulates the alternative splicing
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Ficure 1: The calcitonin/CGRP gene and minigene constructs. (Panel A) The structure of the rat calcitonin/CGRIhigeiresand
boxesrepresent introns and exons, respectivelgen boxeare noncoding exons (boxes 1 and 6), and stipptedesare the coding regions
common to both calcitonin and CGRP (boxes 2 and 3). The calcitonin-specific exon (box 4) is ledleiezhin and the CGRP-specific
coding region (box 5) is labeledGRP. The mature mRNAs encoding calcitonin or CGRP are shown below. (Panel B) Minigenes constructed
to examine the secondary structure and structure-dependent calcitonin-specific acceptor splice usage in iifd—%his a hybrid
minigene which consists of the humgrglobin first exon, 65 nucleotides of the first intron fused to therd of the calcitonin third intron

(39 nucleotides), and exon 4 (148 nucleotides). (Panel C) Predicted RNA stem loop structure contairisglibe &ceptor at the &nd

of the calcitonin-specific exon 4.

splice signals surrounding this splice acceptor include a adenosine residue, and a polypyrimidine tract diluted by the
noncanonical branchpoint, that is, a cytosine instead of anpresence of purine residues. Despite these intrinsically weak
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splice signals, exon 4 is chosen constitutively in most tissuesthe primer 5CCCAGATCTTACCGCTGTGCCAATCT-
(21). Previous studies with the human calcitonin gene have GAGTACCTGCATG-3 was used, with T3 as the second

shown that a deletion of nucleotides-145 within exon 4
caused exclusion of this exon in vitrd2d). Further

primer 3-AATTAACCCTCACTAAAGGG-3'. Following
PCR amplification, the product was digested vitlll and

investigation of the human calcitonin-specific exon by BanHIl and subcloned into pB'SAAcceptor 4 digested with
mutational analysis showed that changing as few as 5the same enzymes. A minigene with both the3d the 5
nucleotides in the first 30 nucleotides of the exon could cause stem changes was made by subcloning Bodl —BanH|

skipping of the exon both in vitro and in viv28). The

fragment from the 3stem mutant into pBS AAcceptor 4

sequences of the rat and human genes are highly conserve(6’ mutant) vector also cut witBglll —BanHl. Minigenes
in this region, suggesting that any cis element located in this containing base changes at position 59 were made by PCR

region may be conserved.

mutagenesis using the primers@CCAGATCTAAGCXGT-

Computer analysis of the 84 nucleotides surrounding the GTGGGAATCTGAGT-3 and 5-ATTAACCCTCACTAAA-

rat calcitonin exon 4 '3splice acceptor indicates that RNA

GGG-3 as the reverse primer.X represents an A, C, or U

in this region is capable of forming a thermodynamically in that particular position. The PCR product was digested
stable stem-loop structure under physiological conditions. with Bglll —BanHI and subcloned into pBSAAcceptor 4

This potential RNA secondary structure is evolutionarily vector cut with the same enzymes.

Plasmid DNA was

conserved. To investigate whether the potential RNA stem prepared and subjected to DNA sequence analgdis All

loop structure is a cis element involved in splice regulation, three mutants were isolated. For in vitro splice analysis, the
we first examined whether the predicted structure exists in EcaRl—BanHI fragments from all of the various mutants
solution by circular dichroism and structure-specific RNase were subcloned into the previously reported pBKBg1l-
cleavage. Once the structure was defined, in vitro splicing cal4, digested witlecoRI—BanHI (19). These new plasmids
assays were used to assess its biological function. Baseare theAf1—4 series; they can be transcribed in vitro by
changes predicted to disrupt the stem were introduced intoT3 RNA polymerase and contain all the elements needed
calcitonin minigenes, and transcripts synthesized in vitro for in vitro analysis of tissue-specific splicing of this exon
from these minigenes were spliced in HeLa nuclear extract (19). For biophysical assays and enzymatic structure de-
to determine the effect of the base changes on splicing. Ourtermination, 100-nucleotid&pH deletions were made in

results indicate that this secondary structure exists in solutionAAcceptor 4 and its derivatives.

This deletion left 39

and that it plays a critical role in the incorporation of exon nucleotides of intron 3 and 45 nucleotides of exon 4
4 into the mature calcitonin mRNA transcript. Our data remaining in the parent pBS This plasmid can be linearized
supports the hypothesis that this stem loop structure is a novelwith Hindlll and transcribed with T7 RNA polymerase.

cis element involved in the splice regulation of the rat

calcitonin/CGRP gene transcript.

MATERIALS AND METHODS
Plasmid Construction. To examine the cis regulatory

Circular Dichroism. Circular dichroic spectra were mea-
sured with a Jasco-600 spectropolarimeter, equipped with a
programmable temperature controller. Spectra were recorded
from 300 to 190 nm and averaged over three scans. Twenty
micrograms of RNA was dissolved in 2Qd_ of buffer

elements of the calcitonin-specific exon, exon 4, a series of consisting of 5 mM NgHPO;,, pH 7.0, 0.1 mM EDTA and
plasmids were constructed for structure-specific sequencing,100 mM NaCl. Cylindrical cuvettes with a path length of 1
biophysical analysis, and splicing assays. Using site-directedcm were used.

mutagenesis utilizing PCR, dacdRlI site was engineered
into intron 3 at position 1637 which is 39 nucleotides
upstream from the start of exon 4. The primé&éCECAG-
GAATTCTGCATGGCACTGCCTCGC-3was used to con-
struct this site.

RNA Secondary Structure DeterminatioRNA transcripts
were made in vitro using T7 RNA polymerase (New England
Biolabs) and eitherASpH or mutant ASpH plasmids
linearized withHindlll. Transcripts were gel-purified and

This position was chosen because it desorbed in 0.5 M ammonium acetate, 1 mM EDTA, and

represents the border of the most minimal part of the intron 0.1% SDS (elution buffer) overnight at 3€. Following
needed for proper regulation of calcitonin splicing as extraction and precipitation with ethanol, transcripts were

determined by deletion analysid8) and our lab. The
reverse primer was the T3 primerAATTAACCCTCAC-
TAAAGGG-3 located at the end of the multiple cloning
site of the parent plasmid pB®\cceptor 4 (9). Following
amplification by PCR, the fragment was cut wifleoR| and
BarHI and ligated into pBS (Stratagene) cut witlEcoRl
andBanHl, the resulting plasmid is pBSAAcceptor 4. PCR

dephosphorylated using calf alkaline phosphatase (CIP).
Mixtures were then incubated at 6% for 15 min to
inactivate the CIP, extracted with phenol/chloroform, pre-
cipitated with ethanol, washed, and resuspended in 1X T4
polynucleotide kinase reaction buffer. Transcripts were then
5 labeled with32P[y]-ATP and T4 polynucleotide kinase.
Radiolabeled transcripts were gel-purified on a 6% sequenc-

mutagenesis was used to make the various base changes img gel and desorbed in elution buffer overnight at°&”

the stem that we have investigated in this paper.

BaseFollowing extraction with phenol/chloroform and ethanol

changes in the'%art of the stem were made using the primer precipitation, transcripts were redissolved in diethylpyrocar-

5'-CTTAGATCTGGGGCTGTCOACCTCCAGC-
CAAAAGACATGCGAGGCAG-3; the altered nucleotides
are underlined and in bold text. The second primer was 5
TAATACGACTCACTATAGGG-3. Following PCR, the
product was cut witiBglll and EcaRl. This fragment was
then isolated and subcloned into pBSAcceptor 4 digested
with the same enzymes. To make thet@m base changes,

bonate-treated ddid at a specific activity of 50 000
Cerenkov countgl.

RNA used for structure determination was heated to 70
°C for one minute and allowed to cool to 3T for twenty
minutes to ensure a similar population of thermodynamically
stable structures. Statistical cleavage of the RNA (less than
1 cut/molecule) was carried out using RNases specific for
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A.

Wildtype
a. UUUUCCCUGCagCUUGGACAGCCCCAGAUCUAAGCGGUGUGGGA

Loop mutations
b. UUUUCCCUGCagCUUGGACAGGGGAGAUCUAAGCGGUGUGGGA

5’ Stem mutations
c. UUUUGGCUGGagGUAGGACACCCCAGAUCUAAGCGGUGUGGGA

3’ Stem mutations
d. UUUUCCCUGCagCUUGGACACCCCAGAUCUUACCGCUGUGCCA

Double mutations
e. UUUUGGCUGGagGUAGGACACCCCAGAUCUUACCGCUGUGCCA

Bulge mutation G->C
f. UUUUCCCUGCagCUUGGACAGCCCCAGAUCUAAGCCGUGUGGGA

Bulge mutation G->A
g. UUUUCCCUGCagCUUGGACAGCCCCAGAUCUAAGCAGUGUGGGA

Bulge mutation G->U
h. UUUUCCCUGCagCUUGGACAGCCCCAGAUCUAAGCQGUGUGGGA
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MOUSE agCTTGGACAGCCCCAGATCTAAGCGG TGTGGGAATCTGAGTACCTGCATGC
RAT agCTTGGACAGCCCCAGATCTAAGCGG TGTGGGAATCTGAGTACCTGCATGC
HUMAN agCCTGGACAGCCCCAGATCTAAGCGG TGTGGTAATCTGAGTACTTGCATGC
CANINE agCCTGGACAGCTCCAGAGCTAAGCGG TGCAGTAATCTGAGTACCTGTGTGC
SHEEP agCCTGGACAGCTCCAGAGCTAAGCGG TGCAGTAATCTGAGTACCTGTIGTGC
Hum ITI agCTAGAGCAGTCCTAGATTTAAGTAGCATATAGTAATCTGAGTACCTGCTTGC
Rat B agCTTGAGCAGTCCTAGATTTAAGTAGCATATAGTAATCTGAGTACCTGCTTGC

Ficure 2: (Panel A) Sequences of the wild-type and mutant exonsgl&e acceptors. The intron terminal dinucleotidsg @re initalics.
Mutations are underlined and bold type. (Panel B) Graphical representation of base changesutations are irbold. 3 mutations are

in italics, and bulge mutations are underlined. (Panel C) Sequences of the mouse, rat, human, sheep, canine, humarBiC@rdPrat

exon 4 3 splice acceptorNote that the mouse, rat, human, canine, and sheep acceptors are used as splice acceptors while the human II
and the rat beta are not used under any conditiofse intron terminal dinucleotide is italics, and the conserved bulge nucleotide is in

bold. Alignment was made by using the PRETTY program of the Genetics Computer Group (University of Wisconsin Biotechnology
Center).

single strands i T,, and the double-strand-specific €V  units of T;, and 1 unit of . Reactions were stopped by
Cleavage reactions were generally carried out as follows adding 5 uL of urea loading buffer, quickly heating to 70
(25): 1 uL (50000 Cerenkov cts) of'Sabeled RNA was °C for 30 s, then loading onto either a 6% or 10% sequencing
mixed with 2uL of 2XTMK buffer (10 mM Tris-HCI, pH gel. T, Uy and hydroxide ladders were generated using
7.5, 2 mM MgC}, 200 mM KCI). One microliter of the ~ Pharmacia’s RNA sequencing protocol. Gels were dried and
appropriate enzyme was added, and the reaction was alloweaxposed to X-ray film overnight at70 °C.

to incubate on ice for 510 min. The following amounts In Vitro Splicing. HeLa nuclear extract was isolated by
of RNases were added: 5 102 units of CV4, 1 x 1072 the method of Dignam?g). In vitro splicing reactions were
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Ficure 3: Circular dichroism spectra &SpH RNA as a function of temperature. At low temperatures, the CD spectra showed a highly
structured RNA with a large amount of helix. The spectra were collected in 5 MRz, pH 7.0, 100 mM NaCl, and 0.1 mM EDTA
in a 1-cm-path-length cell on a Jasco J-600 spectropolarimeter.

carried out essentially as describe2l’); Reactions were  Comparative analysis of the canine, sheep, rat, human, and
carried out at 30C in a total volume of 2Q:L containing mouse transcripts shows that the potential RNA structure is
60% HelLa nuclear extract in Dignam Buffer D (20 mM evolutionarily conserved (Figure 2C).

HEPES, pH 7.9, 20% (v/v) glycerol, 0.1 M KCI, 0.2 mM Circular Dichroism (CD) Spectroscopic AnalysisThe
EDTA, 0.5 mM PMSF, and 0.5 mM DTT). Splicing  conformation of theASpH RNA was first analyzed by CD
products were analyzed by 6% denaturing polyacrylamide gpectroscopy to confirm that the molecule had a spectrum
gel electrophoresis (PAGE). Putative splice RNAs were characteristic of an A-form RNA double-stranded helix.
identified by excision from gels and elution in 0.5 M characteristic features of A-form helical conformation
ammonium acetate, 10 mM EDTA, and 0.1% SDS overnight jc|yde a positive peak at 262 nm, a small negative signal
at 37_C. The RNAs were then reverse transcribed using 44 approximately 235 nm, and a large negative signal at 209
tf)e primers SCCCGCATGCAATTGGGGTTGGAG-3and nm (28—31). At low temperatures, the CD spectra indicated
S-ATGGTGCACCTGACTCCTGA-3 amplified by PCR,  the presence of a highly ordered RNA conformation with a
and characterized by DNA sequence analy2#).( significant amount of A-form helix (Figure 3). With
increasing temperature, significant changes were observed
at the 262 nm peak and the 209 nm minimum. These

RNA Model SysteniTo examine potential RNA secondary changes reflect the melting of a structured molec_ule. At
structure in the calcitonin exon 4 splice acceptor region, we €mperatures above 8E the CD spectrum was typical of
utilized an RNA termed\SpH that contained the proposed & nonbase-pairing single-stranded RNA.
stem loop region (Figure 1C) for circular dichroism and  To determine if base changes in the proposed stem region
RNase structure probing experimentASpH and mutant (Figure 2A) destabilize the RNA duplex, melting curves were
ASpH RNAs were synthesized in vitro and contained five generated using CD spectroscopy. By measuring the de-
additional nucleotides at the &nd (3-GGGAG-3) and one crease of ellipticity at-260 nm with increasing temperature,
extra A at the 3end derived from cloning. This transcript one can examine the melting of duplex RN2&8). The
maintains the sequence and structural elements necessary tchange in fractional percent helix versus temperature in the
form the proposed helical structure found in the native linear range of the melting curveg§ 29) was plotted for
transcript. All mutations introduced into this system were each RNA (data not shown3?). These data indicated that
based on the proposed structure shown in Figure 2B.RNAs with base changes in thé$&em and 3stem regions

RESULTS
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Ficure 4: Example of nuclease mapping of thesplice acceptor of rat calcitonin exon 4 model RNASpH. Autoradiogram of 10%
polyacrylamide gel of cleavage products &fl@eledASpH RNA: lanes L, hydroxyl ladder; lanes 0, control RNA; lanes A, RNase U
hydrolysis ladder; lanes G, RNase fAydrolysis ladder; lanes GYRNase C\ mapping; lanes T RNase T mapping; and lanes;TRNase
T, mapping. Experimental conditions for mapping were as follows: Z0~3 units of CV4, 1 x 1072 units of RNase 7, and 1 unit of .

All reactions were incubated for 10 min on ice.

had melting temperatures of approximately 525 while scribed in vitro was subjected to statistical cleavage (less
transcripts containing both' &and 3 stem changes (double than 1 cut/molecule) under native conditions. RNasg,CV
transcript, Figure 2A) and wild-type transcripts melted at which is specific for double-stranded or stacked nucleotides,
approximately 58.5°C. CD was used, instead of UV  and the single-strand specific RNasgT T, were used to
spectroscopy, to measure melting point, because of concerngrobe the structure, as described in Materials and Methods.
that the mutant RNAs would be in several conformations, The RNase probing results provide strong evidence for
all having different melting transitions. However, as il- the existence of the stem loop structure. A representative
lustrated in the representative CD spectra (Figure 3), two gel is shown in Figure 4, and a summary of the RNase
isoelliptic points were seen at 225 and 275 nm. Isoelliptic probing results is given in Figure 5. Strong CV1 cleavages
points are indicative of a molecule that exists as a single were always observed near the noncanonical branchpoint,
conformation and is undergoing a single transitidg) (We nucleotides 1616. The polypyrimidine tract of the splice
conclude from these experiments that the@ice junction acceptor is interrupted by several purines, making it a poor
of exon 4 was in a double-stranded helical conformation. match to the mammalian consensus seques#e36). Our
Base changes in the stem predicted to destabilize the stenresults indicate that cleavages by the double-strand-specific
lowered the melting temperature of the molecule. Compen- RNase CV were consistently strong within the region that
satory base changes restored the melting temperature to thenakes up the polypyrimidine tract (Figure 4, nucleotides 19
wild-type level, indicating that these compensatory changes30). These results indicate that the polypyrimidine tract
restored the predicted stem. could be recognized inefficiently due to two factoBs,(36).
Ribonuclease Digestion Analysig.o identify more pre- First, this region contains several purines, which have been
cisely the nucleotides involved in the RNA double-stranded shown to reduce the affinity for U2AE an important
helix shown to exist by CD analysiaSpH transcript was component in early spliceosome formatidd6). Second,
probed with structure-specific ribonucleases. RNA tran- our results showed the polypyrimidine tract as part of a stable
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Ficure 5: Composite of cleavages overlaid on predicted secondary structure. (A) Single-strand-specific cleavages from &Nea$e T
(B) Double-strand-specific cleavages from CVhtensities of cuts are proportional to the darkness of the symbol.

RNA duplex which might have a reduced affinity for G32 indicate that this portion of the stem was in an accessible
constitutive splice factors3). However, the magnitude of  tertiary conformation which had more single-stranded than
cleavages suggests that these nucleotides were accessible ttouble-stranded characteristics. Other nucleotides that were
CV1. This implies that constitutive trans-acting splice cleaved by these single-strand specific nucleases were in the
factors, needed for spliceosome complex formation, may predicted loop region. The loop region also had some strong
have reduced affinity for this region but still have access to CV1 cleavages. These cleavages were at the base of the
this region in the native transcript. Therefore, it is possible predicted loop that would be consistent with the formation
that this structure and the presence of purines in this regionof a non-Watson Crick hydrogen base pair (AG) or stable
slow the process of substrate recognition by spliceosomalstacking interactions26).
components. The guanosine (G59) predicted to form a bulge in the stem
The lack of C\f cleavages surrounding the intron terminal region opposite A34 was cleaved weakly with both CV1 and
A34 residue may indicate that this region of the RNA duplex T;. This type of cleavage is indicative of stacked bases or
is “breathing”. T, and T, cleavages at residues A34 and Hoogstein base pairind?$, 37). However, since the A34
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1 2 3 4

FiGure 6: In vitro splicing of Af1—4 and its mutant derivatives
(5, 3, loop, and double (see Figure 2A,B)). Splicing was carried
out in HeLa nuclear extractl@) using 32P-labeled transcripts
synthesized in vitro. Splice products were separated by PAGE on
10% nondenaturing gels and products visualized by autoradiogra-
phy: lane 1, wild-type acceptor; lane 2, loop mutant; lane'3, 5 S
stem mutant; lane 4, 3tem mutant; and lane 5, double stem mutant.
The band in lane 3 migrating slightly faster than spliced RNA was
not present in all splicing experiments and was not ATP-dependent
and so was not characterized further.

FiIGUrRe 7: In vitro splicing of Af1—4 and the bulge mutant
transcripts (see Figure 2A,B) was carried out as in Figure 5: lane
1, wild-type; lane 2, G— A mutant; lane 3, G> C mutant; and
lane 4, G— U mutant.

was not cut at all by CV1, G59 was most likely forming a
thermodynamically stable coaxial stackir®g) interaction

with the surrounding stem nucleotides instead of forming
hydrogen bonds with A34. Overall, the computer predicted

secondary structure is consistent with our enzymatic struc- not a substrate for in vitro splicing (lane 4). This suggests

ral apalyss. - that a bulge in the RNA stem at this position was necessary

In Vitro Splicing Assays.To test whether the RNA ; ; .

) for splice site recognition.

secondary structure at the exon 4 splice acceptor has an effect
on splice site recognition, the effects of base changes in thep|scussioN
stem (Figure 2B) were examined using in vitro splicing
reactions with HelLa nuclear extracA1—4, a chimeric Alternative splicing often involves the preferential inclu-
minigene containing the first exon of the humgsglobin sion or exclusion of an exon in the final messenger RNA.
gene and calcitonin exon 4, was previously shown to act asExon 4 of the calcitonin/CGRP gene is alternatively spliced
a splice substratel®). AS1—4 minigenes with base changes in a tissue-specific manned§ 19, 21). It was shown
in the exon 4 splice acceptor region were created by replacingpreviously that exon 4 is surrounded by weak splice signals

G59 to A or C, which are incapable of Watse@rick
basepairing with A34, did not affect splicing in vitro.
However, when G59 was changed to U59, allowing the
formation of an A-U basepair, the mutated transcript was

the EcoRI—SpH of AS1—4 minigene with an alterelcaRI— (19, 39). We are interested in understanding how this exon
SpH fragment. For in vitro splicingAB1—4, AB1—4/°op, is constitutively chosen in most tissue$9( 21) while
ABL—4%, AB1—4%, AB1—4buiee RNAs, and AB1—4double remaining weak enough to be effectively switched off in
which contains the base changesAfil—4% and Af1—4° neurons by trans-acting factors9j. Features which make

(Figure 2B), were synthesized in vitro with T3 RNA the 3 splice acceptor of exon 4 suboptimal8f are a
polymerase, incubated with HeLa nuclear extract, and thennoncanonical branch point and a short polypyrimidine tract
examined for the formation of splice productds1—4 and interspersed with purines2®). Increasingly, sequences
AB1—4"°°r were spliced accurately in HeLa nuclear extracts located in exons are being shown to play a critical role in
(Figure 6, lanes 1 and 2). Transcripts with base changes inthe selection of alternatively spliced exons. In this work
the 3 or 3 stem regions predicted to destabilize the RNA we have identified a cis element that includes nucleotides
stem loop structure were not substrates for splicing (Figure from the intron and exon surrounding thesplice acceptor
6, lanes 3 and 4). Th&B1—4 transcript containing changes of exon 4.
in both of the 3and 3 stem regions restoring possible base-  Computer-generated folding of the nucleotides surrounding
pairing interactions (double mutant) is utilized as a splice the 3 splice acceptor of calcitonin/CGRP gene exon 4
substrate approximately 50% as well as wild-typgl—4 predicts that a stable RNA stem loop structure can form under
(Figure 6, lane 5). These results indicate that the basephysiological conditions. This potential RNA secondary
changes predicted to destabilize the predicted stem inhibitstructure is conserved in canine, human, rat, mouse, and
splicing, while compensatory changes restore splicing. sheep. Evidence for the possibility that this RNA stem loop
Our model suggests that the terminal A34 residue of the is involved in splice site recognition comes from a second
intron terminal AG dinucleotide is located in a bulge calcitonin/fCGRP gene in mammalian cells (calcitonin/CGRP
conformation opposite residue G59. To determine whether Il). This gene transcript is processed only into CGRP mRNA
such a bulge has a function in the recognition of exon 4 and never calcitonin mRNA in all cell types, although it
during splicing, residue G59 was changed to either an A, C, contains an exon 4-like sequence. The unutilized splice
or U residue (Figure 2B). Of these three changes, only the acceptor region of the cryptic exon 4 in calcitonin/CGRP |l
G to U change was predicted to allow formation of anl4 is 90% identical to the exon 4 splice acceptor in the
basepair with A34. The results of splicing assays, which calcitonin/CGRP gene, but does not have the potential to
test whether this bulge is critical for splicing in vitro, are form a stable stem loop structure. Previously it had been
shown in Figure 7. As can be seen in lanes 2 and 3, changingshown that replacing the first 30 nucleotides of the human
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calcitonin/CGRP | gene with the first 30 nucleotides of exon agreement with earlier in vivo data with the human gene
4 of calcitonin/CGRP Il gene inhibited usage of this exon (23) and suggest that the secondary structure present at the
in vivo. Similarly, when base changes were made in the 3' splice acceptor is necessary for constitutive usage of this
repeat GCGGT, conserved in the rat gene, skipping of this splice acceptor.
exon also occurred2@). The base changes made in these  The computer-predicted RNA secondary structure indicates
previous studies targeted nucleotides involved in the RNA that the adenosine residue of the intron terminal dinucleotide
stem-loop structure, and these changes would be predictedAG (A34) should be involved in a bulge in the helix. This
to significantly destabilize the secondary structus)( was confirmed by cleavage at A34 by single-stranded specific
Taken together, these data indicate that the potential forRNase 3. Both CV; and T, cut G59, the nucleotide
forming a stable RNA stem-loop in the calcitonin/CGRP predicted to be opposite A34 in the stem. Such cleavage
transcript has been evolutionarily conserved and suggest thapatterns usually indicate that the region is in flux between
this RNA secondary structure is involved in splice site single-stranded and stacked or helical ford0)( This
selection. potential bulge is evolutionarily conserved as shown by
The double-stranded helical nature of the exon gplice sequence analysis (Figure 2C). Our in vitro splicing analysis
acceptor RNA in solution was confirmed by CD spectros- showed that changing G59 to either C or A had no effect on
copy. Melting curves generated for the RNAs containing splicing. Changing G5%ta U that would potentially base
base changes predicted to destabilize the helix had lowerpair with A34 and prevent the formation of a bulge abolished
melting temperatures than the RNA with compensatory in vitro splicing, suggesting strongly that a bulge at this
changes or wild-type RNA. This suggests that a double- position is necessary for calcitonin-specific splicing. The
stranded helix exists at thé 8plice acceptor of exon 4, as  A34 residue was not changed because altering the intron
predicted by the computer secondary structure-folding pro- terminal AG dinucleotide would be expected to prevent
gram. Large differences in melting points were not observed splicing to exon 4. Thus we cannot exclude the possibility
because thermodynamically stable structures are predictedhat there may be a bias agdiasU atposition 59; however
for the 8 and 3 stem mutants by computer analysis. this seems highly unlikely. The function of this bulge in
However, none of these structures is predicted to be as stablesplice site recognition has yet to be investigated but it may
as the structures predicted for RNA with wild-type RNA have one of the following effects: First, the addition of this
sequences or RNA with compensatory changes that restorebase pair changes the calculatdd)(stability of the helix
the wild-type stem loop structure. The isoelliptic points at from —26.1 to—30.1 kcal/mol at 30C. This added stability
270 and 220 nm of the wild-type splice acceptor RNA might make the secondary structure less accessible to splice
indicate that the molecule essentially follows a two-state factors needed to form an active spliceosome. It may be
melting transition (Figure 3). These results indicate that a necessary to melt the stem-loop structure during the process
single thermodynamically stable structure does form at the of splice site selection, and making the stem more thermo-
3 splice acceptor of exon 4. dynamically stable may prevent the necessary disruption of
To identify the nucleotides involved in the RNA secondary the stem. Second, it may be important for the intron terminal
structure, enzymatic secondary structural probing was per-dinucleotide AG not to be involved in base pairing during
formed. These data suggest that the computer-predictedhe second step of splicing. Third, bulges represent unique
RNA secondary structure exists in solution and sequencestructures in the overall folding of RNA molecules. Cellular
homology between species indicates that the structure appeargactors involved in the maturation of RNA molecules have
to be evolutionarily conserved (Figure 2C). The branchpoint been found that have a high affinity for bulget2). It is
and the polypyrimidine tract sequences are double-strandedoossible that a bulge in this position is recognized by a
but remain accessible in the overall tertiary structure of the specific trans-factor necessary for splice site recognition.
molecule. This interpretation is consistent with the high  The presence of a stable RNA secondary structure has been
extent of the double-stranded cleavages present under nativebserved at other alternatively used splice junctidits43).
conditions. The exon nucleotides proposed to be involved However most of these structures lead to reduced usage of
in the helix are cleaved with CMbut not as effectively as  the nearby splice site. In our system, the stem appears to
nucleotides found at the branchpoint and polypyrimidine be necessary for the efficient recognition of the weak splice
tract. These results indicate that the molecule is essentiallysignals at this acceptor site. Our data demonstrate that stable
double-stranded, and also that the overall tertiary structureRNA structures can effectively participate in constitutive
may keep the splice signals located in the intron accessible.splicing. A role for RNA secondary structure, involved in
This is important because trans-acting molecules needed forthe tissue-specific splicing of the calcitonin/CGRP gene, was

spliceosome formation, such as UZABEI2AF®, polypyri- first proposed by Leff et al.39). They suggested that an
midine binding protein36), and U2 snRNP, would still have ~ RNA secondary structure is promoted by a neuronal regula-
access to their sites of interaction with the pre-mRNA. tory factor at the exon 4'3splice acceptor to promote

To determine whether the RNA secondary structure we skipping of this exon in neurons. Our data amend this model
have identified is important in splice site selection of exon to suggest that the stable structure exists in the native
4, we used RNAs with base changes predicted to destabilizetranscript and functions as a cis-acting element necessary
the putative stem as potential splice substrates for in vitro for calcitonin-specific splicing. Our results are consistent
splicing reactions. RNAs containing base changes thatwith a model whereby sequences proximal to the8ice
disrupt the RNA stem were not spliced in HeLa nuclear junction of exon 4 are involved in a secondary structure that
extract. However, an RNA containing compensatory base contributes to the regulation of this exon. We propose that
changes which restore the helical stem structure was splicedhis structure has two functions. First, the intron portion of
effectively under the same conditions. These results are inthe helix may act as a molecular scaffold to ensure proper
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orientation of the suboptimal splice signals surrounding this M. (1983) Nature 304 129-135.

exon for recognition by constitutive splicing machinery. Its  18. Emeson, R. B., Hedjran, F., Yeakley, J. M., Guise, J. W., and
second function may be similar to that of the secondary o RRcc)Jséesr;f:rldl]MlieLi(i%ti?:a\D/Jvztuéf %iga?_%ﬁ S. E. (1083)
structures found in some large yeast introns. These structures ™ gi " chem. 23‘98366_8373 S T

reduce the distance between splice signals to ensure properyg | ou, H., Gagel, R. F., and Berget, S. M. (19@3nes De.
splicing. Van Oers et al4d) have identified two elements 20, 208-219.

in exon 4 needed for constitutive splicing of this exon in  21. Crenshaw, E. B, Russo, A. F., Swanson, L. W., and Rosenfeld,
the human calcitonin/CGRP gene. One of these elements M. G. (1987)Cell 49, 389-398.

resembles a purine-rich exonic splice enhandé).( These 22. (igtged (|\3/| il.,ENguye_n, ||'1’;IA',’4|—3$%,%L S. M., and Gagel, R. F.
elem'ents. are C'on'served in mpst mammals a”O_' appear to 23.(Cote,)G.c\)J.', S?olgS\:,mE?. .T., Peleg, S Berget, S. M., and Gagel,
function in a similar manner in the rat transcript. This R. F. (1992)Nucleic Acids Res. 2®361-2366.

structure could act to reduce the distance between the splice 24. Sanger, F., Nicklen, A., and Coulson, A. R. (19”®c. Natl.
enhancer elements located in the exon and the suboptimal  Acad. Sci. U.S.A. 746463-5467.

splice signals located in the intron. Disrupting the helix 25 Feldon, B, Florentz, C., Geige, R., and Westhof, E. (1994)

L S . . . Mol. Biol. 235 508-531.
inhibits in vitro splicing in a fashion similar to deleting the 26. Dignam, D., Lebovitz, R. M., and Roeder, R. G. (1988Fleic

exon splice enhancers (ESE). Acids Res. 115), 1475-1481.
27. Krainer, A. R., Conway, G. C., and Kozak, D. (1998nes
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