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In vivo selection reveals combinatorial controls that define
a critical exon in the spinal muscular atrophy genes

NATALIA N. SINGH," ELLIOT J. ANDROPHY,"2 and RAVINDRA N. SINGH"2

"Department of Medicine and *Program in Molecular Genetics and Microbiology, University of Massachusetts Medical School,
Worcester, Massachusetts 01605-2324, USA

ABSTRACT

Humans have two near identical copies of the survival of motor neuron (SMN) gene, SMNT and SMN2. In spinal muscular
atrophy (SMA), SMN2 is not able to compensate for the loss of SMNT due to an inhibitory mutation at position 6 (C6U mutation
in transcript) of exon 7. We have recently shown that C6U creates an extended inhibitory context (Exinct) that causes skipping
of exon 7 in SMN2. Previous studies have shown that an exonic splicing enhancer associated with Tra2 (Tra2-ESE) is required
for exon 7 inclusion in both SMN7 and SMN2. Here we describe the method of in vivo selection that determined the
position-specific role of wild-type nucleotides within the entire exon 7. Our results confirmed the existence of Exinct and
revealed the presence of an additional inhibitory tract (3'-Cluster) near the 3'-end of exon 7. We also demonstrate that a single
nucleotide substitution at the last position of exon 7 improves the 5’ splice site (ss) such that the presence of inhibitory elements
(Exinct as well as the 3’-Cluster) and the absence of Tra2-ESE no longer determined exon 7 usage. Our results suggest that the
evolutionary conserved weak 5’ ss may serve as a mechanism to regulate exon 7 splicing under different physiological contexts.
This is the first report in which a functional selection method has been applied to analyze the entire exon. This method offers
unparallel advantage for determining the relative strength of splice sites, as well as for identifying the novel exonic cis-elements.

Keywords: SMN; alternative splicing; in vivo selection; SMA

INTRODUCTION exonic or intronic splicing enhancers (ESEs or ISEs) and
silencers (ESSs or ISSs). Enhancers and silencers promote or
suppress splice-site selection, respectively. The organization
of these regulatory sequences within pre-mRNAs and the
intracellular concentrations of the transacting factors that
bind them modulate alternative splicing (Maniatis and
Tasic 2002). In some cases, creation of nonsense mutations
causes exon skipping, suggesting that pre-mRNA splicing
coordinates with the nuclear translational machinery
(Wang et al. 2002). Further, pre-mRNA splicing has been
shown to communicate with the transcriptional (Proudfoot
et al. 2002) and the transport machineries (Reed and Hurt
2002). Conditions of stress and the extracellular signals
also affect the pattern of alternative splicing (Black 2003;
Rothrock et al. 2003). Despite the complexities in pre-
mRNA splicing including exon definition, two methods,
one based on score matrices (Cartegni et al. 2003) and the
other based on computational algorithms (Fairbrother et al.
2002), have been used to predict ESE elements. Although

Alternative pre-mRNA splicing is an important means of
gene regulation in higher eukaryotes (Black 2003). To serve
the broader purpose of development and tissue-specific
regulation, alternative splicing has co-evolved with the de-
generation of discrete and defining signals: the 5 splice site
(ss), 3" ss, polypyrimidine tract, and branch point. In ad-
dition to the spliceosome, which represents the most com-
plex macromolecular machines known (Nilsen 2003), the
control of exon definition resides with other factors. Serine—
arginine-rich proteins (SR proteins), SR-like proteins, and
heterogeneous nuclear ribonucleoproteins (hnRNPs) are
among many nonspliceosomal factors that mediate exon
definition (Gravely 2000; Hastings and Krainer 2001; Car-
tegni et al. 2002; Dreyfuss et al. 2002; Maniatis and Tasic
2002). These proteins bind to pre-mRNA sequences called
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ticipation of a particular ESE and the modulating role of an
overlapping signal remains largely unpredictable. In some
cases, modulatory activity is affected by RNA secondary
structure that provides accessibility to the splice sites and/or
constitutes binding sites for interacting proteins (Grover et
al. 1999; Tu et al. 2000; Damgaard et al. 2002; Buratti et al.
2004). However, because of the dynamic nature of pre-
mRNA splicing (Staley and Guthrie 1998) and noncanoni-
cal base-pairing (Leontis et al. 2002), the role of RNA struc-
ture is not easily predictable. Thus, functional assays remain
the best means to determine the role of sequence motifs
and/or RNA structure in a specific context.

Spinal muscular atrophy (SMA), the second most com-
mon autosomal recessive disorder, is caused by the absence
of the Survival of Motor Neuron 1 (SMNTI) gene (Lefebvre et
al. 1995), which encodes a ubiquitously expressed 38-kDa
protein that plays an essential role in cellular metabolism
(Meister et al. 2002; Pellizzoni et al. 2002). A nearly iden-
tical copy of the gene, SMN2, fails to compensate for the
loss of SMNT because exon 7 is skipped, producing a trun-
cated protein SMNA7, which is unstable (Lorson et al.
1998). SMNI and SMN2 differ by a critical C-to-T substi-
tution (C6U transition in transcript of SMN2) at position 6
of exon 7. This single nucleotide substitution determines
exon 7 usage (Lorson et al. 1999; Monani et al. 1999). Based
on ESE score matrices, C6U has been implicated in abro-
gation of an ESE (Fig. 1; Cartegni and Krainer 2002). Ac-
cording to this model, disruption of the ESE (motif
“CAGACAA”) associated with SF2/ASF causes exclusion of
exon 7 in SMN2. Supporting this model, UV-cross-linking
showed specific interaction of SF2/ASF with exon 7 of
SMNI1 but not with SMN2. Further, SF2/ASF promoted
exon 7 inclusion in an in vitro splicing reaction (Cartegni

Exinct

C6U transition in SMN2

( hnRNP A1 . Termination codon
! Tra2f1 v
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FIGURE 1. Schematic diagram of SMN construct containing C6U
mutation within exon 7 and the preferred splicing pathways. Capital
letters represent exon 7 sequence. Lowercase letters represent intronic
sequences. Tra2-ESE is located in the middle of exon 7 (Hofmann et
al. 2000), whereas SF2/ASF-ESE is located toward the 3’ ss of exon 7
(Cartegni and Krainer 2002) and overlaps with hnRNP A1-ESS
(Kashima and Manley 2003). Earlier reports suggest that C6U (indi-
cated by a star) abrogates SF2/ASF-ESE and/or creates hnRNP A1-ESS,
producing exon 7-skipped product in SMN2. We have recently shown
that C6U creates an extended inhibitory context (Exinct) that causes
exon 7 skipping (Singh et al. 2004). (ss) Splice site.
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and Krainer 2002). Contradicting the ESE model, a re-
cent report proposed that C6U creates an ESS motif
(“UAGACA”) associated with hnRNP Al, which causes
skipping of exon 7 (Fig. 1; Kashima and Manley 2003). It
was shown that reduction of hnRNP Al in HeLa cells using
RNA interference promoted exon 7 inclusion in SMN2.
Through in vitro UV-cross-linking, hnRNP Al was found
to bind exon 7 of SMN2 but not SMNI.

Exon 7 spans 54 nt that also harbor the translation ter-
mination codon (positions 49-51; Fig. 1). The last position
of exon 7 is an adenosine residue (A54), which is conserved
between the two SMN genes. The presence of A54 places
exon 7 in the minor group of internal exons that lack a
3’-end G residue (Burge et al. 1999). Exon 7 is known to
have a weak 3’ ss (Lim and Hertel 2001), probably because
of its suboptimal polypyrimidine tract. An improved poly-
pyrimidine tract promoted SMN2 exon 7 inclusion; how-
ever an AG-rich ESE (motif “AAAGAAGGA”) associated
with SR-like protein Tra2 was still required (Fig. 1; Lorson
and Androphy 2000; Hofmann et al. 2000). Elevated ex-
pression of Tra2 and its associated proteins has been shown
to promote exon 7 inclusion in SMN2 (Hofmann et al.
2000; Hofmann and Wirth 2002; Young et al. 2002). So-
dium butyrate, which induces SR proteins, has been shown
to stimulate inclusion of exon 7 in SMN2 (Chang et al.
2001). Treatment of cells with a high concentration of the
phosphatase inhibitor sodium vanadate also promotes in-
clusion of exon 7 in SMN2 (Zhang et al. 2001). Compounds
such as aclarubicin (Andreassi et al. 2001) and valproic acid
(Sumner et al. 2003) have also been shown to promote exon
7 inclusion in SMN2. In addition, cis-elements present in
intron 6 and intron 7 have been shown to modulate exon 7
inclusion (Miyajima et al. 2002; Miyaso et al. 2003). Fur-
ther, bifunctional oligos (Skordis et al. 2003) and modified
oligos (Cartegni and Krainer 2003) that bind to exonic se-
quence at the 3’ ss have been shown to promote exon 7
inclusion in SMN2. These results suggest that regulation of
exon 7 splicing could be controlled by multiple factors that
interact with pre-mRNA. This hypothesis is consistent with
the differential splicing of exon 7 recently reported in dis-
cordant SMA families (Helmken et al. 2003).

Iterative in vivo selection represents a high throughput
screen that allows parallel sampling of a very large popula-
tion of molecules for a desired property (Coulter et al.
1997). Using in vivo selection and a series of mutations, we
have recently shown that C6U creates an extended inhibi-
tory context (named “Exinct”; Fig. 1; Singh et al. 2004). Our
results suggest that several overlapping sequence motifs col-
laborate to regulate the alternative splicing of exon 7. Here,
we report the use of a modified version of iterative in vivo
selection that identified the role of sequences beyond small
motifs. Our method was designed to randomly create point
or clustered point mutations that allowed testing the posi-
tion-specific role of all wild-type nucleotides within the en-
tire exon 7. These mutations were generated through partial
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randomization. The distribution of mutations within en-
riched exon 7 identified the hyper- and hypomutable re-
gions that reflected the negative and the positive nature of
the wild-type nucleotides, respectively. This approach re-
vealed the suboptimal nature of the 5" ss, which was im-
proved by an adenosine-to-guanosine substitution at the
last position of exon. In addition to confirming the presence
of Exinct, it also identified an additional inhibitory element
located near the 3’ end of exon 7. Our results reveal many
novel features of combinatorial control that defines a criti-
cal exon in the spinal muscular atrophy genes.

RESULTS

In vivo selection of entire exon 7

To analyze the position-specific role of nucleotides within
exon 7 on its splicing, we adapted an in vivo approach that
allowed selective amplification of exon 7 sequences that
promoted its own inclusion (Fig. 2). To the best of our
knowledge, in vivo selections of more than 25-nt-long ex-
onic stretches have not been reported. This plan required
partial randomization that preserved the wild-type charac-
ter of the molecule and at the same time determined the
mutability of the wild-type residues. There is no specific
rule for the degree of partial randomization in selection
experiments; overrandomization may create artificial se-
quence motifs, whereas underrandomization can produce
false conserved positions. A consensus 30% randomization
has been traditionally used in most if not all such selection
experiments (Bartel et al. 1991; Baskerville et al. 1995; Sal-
danha et al. 1996; Guo et al. 2000; Singh et al. 2002). In this
case, each position is doped with 70% wild-type and 10%
each of the non-wild-type nucleotides. This approach gen-
erates an initial pool of sequences that harbors a range of
substitutions with the maximum being close to the 30%.
We chose to perform in vivo selection of the entire exon 7
of SMNI because this would determine novel cis-elements
in addition to independently confirming the role of the
earlier described cis-elements. This would also determine
the relative strength of splice sites, as impact of the 5’ ss of
exon 7 on alternative splicing of exon 7 is not known.
Because C6U is the only critical difference between the two
SMN genes (Lorson et al. 1999; Monani et al. 1999), our
approach will identify mutations that compensate for the
inhibitory effects of C6U.

One of the important highlights of our approach was the
selective amplification of the entire exon 7 using spliced
products (exons 6-8) as the template for successive rounds
of in vivo selection (Fig. 2). Our experimental design al-
lowed removal of exon 7 exclusively, followed by its rein-
sertion into the minigene-splicing cassette (pBxT2) without
carrying over additional nucleotides from the flanking ex-
ons 6 and 8. This all became possible because of a second
amplification step (Fig. 2B), during which a few substitu-

tions on both sides of the amplified exon 7 were introduced
to create the recognition motif for a new restriction endo-
nuclease BsaXI that cleaves upstream and downstream of its
recognition site. This strategy removed the flanking exon 6
and exon 8 sequences from the amplified DNA while re-
taining the entire exon 7. In the second amplification step,
we also substituted 2 nt within the last three positions of
exon 6 and 1 nt within the first three positions of exon 8,
restoring the flanking intron 6 and intron 7 sequences, re-
spectively. The exon 7 fragment generated after BsaXI di-
gestion was inserted back into a specially designed cassette
pBxT2 to restore the original minigene splicing cassette
(Fig. 2B).

Sequencing of a statistically significant number of clones
from the initial pool confirmed partial randomization at
every position of exon 7 (not shown). Some positions were
more random than the others (Fig. 3A). This is typical for
any randomized oligo synthesis in which exact percentage
of bases at any particular position cannot be controlled. The
average randomization per molecule was 33%, close to the
desired value. Consistent with the probability distribution,
the initial pool harbored sequences with a broad range of
substitutions (Fig. 3B). Of note, partial randomization pro-
duces only a fraction of the possible variants. For example,
our experiment began with ~10'"" unique molecules that
represent a fraction of the “saturation of sequence space,”
which is defined as theoretically possible variants (~10°?)
that could be generated upon complete randomization of
54-nt-long exon 7. However, synthesis of all variants is nei-
ther desirable nor possible.

The initial pool was subjected to four successive rounds
of in vivo selection. Because of the partial rather than com-
plete randomization, we did not encounter aberrant splic-
ing owing to the creation of the cryptic splice sites. This was
reflected by discrete bands (exon-included and exon-ex-
cluded) at each cycle (Fig. 4A, lanes 5-9). The final pool
(pool 4) included exon 7 about 200-fold more efficiently
than the initial pool, ~13-fold higher than the correspond-
ing value for SMNI. The sequences of 59 randomly chosen
clones from pool 4 are listed in Figure 5. Consistent with the
initial pool (Fig. 3), the final pool harbored isolates with a
broad range of substitutions. The in vivo splicing patterns
of 11 representative clones are shown in Figure 4B, though
we have determined the splicing pattern of all clones shown
in Figure 5 (not shown). In agreement with the high inclu-
sion efficiency of pool 4, we could not detect the exon
7-excluded product for any of the isolates. These results
suggest that the inclusion of exon 7 was promoted by sub-
stitutions that improved the recognition of both splice sites.

Mutability of exonic nucleotides predicts the
position-specific role

Results of our in vivo selection could be best explained by
the mutability of exonic sequences. A highly mutable posi-
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FIGURE 2. Strategy for the iterative in vivo selection of the entire exon 7. (A) Selection procedure (diagram not to the scale). pCI vector backbone
is shown as a half circle. Exon 6 (E6), Intron 6 (16), partially random exon 7 (E7R), intron 7 (I7), and exon 8 (E8) sequences are marked differently.
(B) Details of the second PCR amplification step and ligation. Primers B1 and B2 anneal to constant sequences in E6 and E8, respectively. B1 and
B2 contain mutations marked in capitalized and underlined letters that create BsaXI site and restore intronic sequences, respectively. Upon
digestion with BsaXI, the intact E7R is released with the 3" overhangs that correspond to the complementary intronic sequences of the 5" overhangs
of BsaXI-digested pBxT2. The insertion of E7R into pBxT2 plasmid restores the minigene splicing cassette.

tion is considered as inhibitory for exon 7 inclusion,
whereas the least mutable position is considered as stimu-
latory (Deminoft et al. 1995; Guo et al. 2000). We calculated
mutability of wild-type residues of exon using an equation
that corrects selection results for the bias of the initial pool
(Fig. 6; Deminoff et al. 1995). Negative and positive bars
indicate the stimulatory and inhibitory nature of the wild-
type nucleotides, respectively. Positions with mutability
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value zero are considered as neutral, although we did not
have many such positions. A small number of neutral po-
sitions could be also obtained because of the lack of the
saturation of sequence space (defined as theoretically pos-
sible variants upon complete randomization). Thus in a
stretch of conserved positions, a neutral position could be
considered as conserved. Likewise, in a stretch of mutable
positions, a neutral position could be considered as mu-
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FIGURE 3. Analysis of the initial pool based on 51 sequences (not
shown). (A) Percentage of randomization at every position of exon 7
has been shown. As evident from the bars, not every position was
equally random. These values were taken into account for mutability
calculations as shown in Figure 6. Average randomization of the initial
pool was found to be 33%. (B) The initial pool will have a variable
population of substitutions. This could be calculated using binomial
distribution (Baskerville et al. 1995) as follows: F={L!/[n!(L —
m)1]}p"(1 — p)& =™, where F is the fraction of the population contain-
ing n mutations, L is the length of the molecule, p is the fraction of
non-wild-type nucleotide/position, and 7 is the actual number of mu-
tations per template. For example, at 33% randomization (p = 0.33) of
54-nt-long exon 7 (L =54), only 11.4% of the total population will
have 18 substitutions (1n = 18). As evident from distribution, the popu-
lation will encompass a bell-shaped distribution of lower and higher
substitutions as well.

table. The highly conserved nature of position 1 is apparent
by its mutability value close to —1, whereas the least con-
served (or the highly mutable) position 54 has the muta-
bility value of +17.6. The cutoff values for the conserved
and the mutable positions have been taken as —0.2 and
+0.2, respectively. Both the positive and the negative cutoff
values are supported by mutations and/or deletions de-
scribed below. Because of the exceptionally high mutability
of position 54, other positive values may have been skewed.
However, this did not affect the overall significance of the
positive and the negative cis-element. In fact, the strength of
in vivo selection with partial randomization lies in the fact
that it tends to simultaneously reveal the inhibitory and the
stimulatory stretches despite the skewed selection at certain
positions.

Based on the mutability plot, more than 70% of the con-
served residues are located in the middle of exon, forming
a conserved tract that covers about ~50% of exon 7 (Fig. 6).

This long conserved tract is more noticeable in isolates with
less than 33% substitutions. Mutable residues (with values
from +1 to +17.6) are located throughout the molecule,
although the majority of them are concentrated toward the
ends of the exon forming an Exinct near the 3’ ss and a
cluster near the 5’ ss. This again is more noticeable in iso-
lates with less than 33% substitutions. Consistent with the
stimulatory and the inhibitory nature of cis-elements, mu-
tations within the conserved and the mutable tracts pro-
moted exon 7 exclusion and inclusion, respectively (dis-
cussed below).

Selection of terminal guanosine residues exceeds the
statistical probability

Terminal exonic positions interact with a number of pro-
tein factors at different steps of splicing. However, because
of the inherent difficulty in precise iterative amplification of
an entire exon, functional selection assays have not been
used to determine their relative significance. Despite the
prevalence of G residues at both terminal exonic positions
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FIGURE 4. Comparison of splicing efficiency of different pools and
selected sequences. (A) Comparative splicing patterns of different
minigene variants and selected pools. Because of the shortened intron
6, precursor mRNA (995 bp) along with splicing intermediates (except
lariats) were detectable. The 778-, 550-, 333-, and 279-bp products
correspond to intron 7-retained, intron 6-retained, fully spliced, and
exon 7-skipped products, respectively. The HPRT gene product was
simultaneously amplified as an internal control (209-bp product). The
percent of exon 7 skipping was calculated from the total value of exon
7-included and -excluded products. Abbreviations E6, E7, and E8
stand for exon 6, exon 7, and exon 8, respectively. (B) The in vivo
splicing pattern of 11 representative clones from pool 4 (boxed in Fig.
5). The spliced intermediates and products are the same as marked in
Figure 4A. No exon 7-skipped product was detected in any isolate.
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FIGURE 5. Sequences from in vivo selection. Fifty-nine clones from pool 4 are shown. The wild-type residues are written in capital letters that
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as SUB). The percentage frequency of selected nucleotides at each position is given at the bottom. All clones showed exon 7 inclusion better than

SMNI1 (not shown).
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FIGURE 6. Mutability of residues based on the results of in vivo
selection. The values of —1 and +17.6 represent the absolutely con-
served and the least conserved residues, respectively. The dotted hori-
zontal lines show the cutoff points with the mutability values of +0.2
and —0.2, corresponding to the mutable and the conserved residues,
respectively. Based on the stretches of the mutable and the conserved
residues, the core of Exinct, the 3'-Cluster, and the long conserved
tract have been highlighted. The inhibitory nature of residues covering
Exinct has been recently described (Singh et al. 2004). Consistent with
the inhibitory nature of the 3'-Cluster, deletions and mutations in this
region promoted exon 7 inclusion in SMN2 (Fig. 7). Multiple muta-
tions in the region of the conserved tract have been shown to cause
exon 7 skipping in SMNI (Hofmann et al. 2000; Lorson and Androphy
2000). Novel mutations supporting the stimulatory role of the long
conserved tract have been shown in Figure 8. The exceptionally high
mutability of position 54 is consistent with the dominant effect of
A54G substitution on exon 7 inclusion as shown in Figure 9.

(Burge et al. 1999), their impact on alternative splicing is
not known. A complete randomization of position 1 with
25% of each of the four nucleotides should select 1G in
~50% of the instances for a constitutive exon (Burge et al.
1999). In this case 1A, 1C, and 1U should represent the
remaining 50% of the molecules. Because our initial pool
contained A, C, and U residues in ~28% of the cases (Fig.
3A), we should have selected these residues in ~14% of the
instances if exon 7 were to fall into the category of a typical
constitutive exon. However, the wild-type G at position 1
was retained in more than 98% of the isolates, suggesting
the inhibitory role of other residues at this position. In
agreement with the stimulatory role of 1G, in vivo selection
of the first 6 nt of exon 7 retained 1G in all the isolates
(Singh et al. 2004).

Similar to 1G, the preference of 2G also exceeded the
statistical prevalence. Generally, the second position of con-
stitutive exons has no preference for any particular nucleo-
tide (Burge et al. 1999). We isolated 2G in ~81% of the
instances, which is ~14% higher than the neutral position.
The second highest preference was for a C residue at this

position. Surprisingly, U had the lowest preference at this
position, although an earlier in vitro selection with U2AF,*
which interacts with the 3’ ss, had shown a strong prefer-
ence for 2U (Wu et al. 1999). This may suggest interaction
of other proteins that are specific to exon 7. The nature of
residues selected at position 2 matched with the in vivo
selection of the first 6 nt of exon 7 (Singh et al. 2004).

Another surprising result was the overwhelming selection
of a non-wild-type G residue at the last position of the exon
(54G). This is in agreement with the prevalence of the 3’
terminal G, which is represented in ~80% of the cases in
humans (Burge et al. 1999). Because our initial pool con-
tained 54G in ~11% of the variants, we should have selected
54G in ~35% of isolates if exon 7 were to behave like a
typical constitutive exon. However, 54G was found in ~82%
of the selected clones, suggesting that the wild-type 54A is
inhibitory, which may be responsible for the weak 5’ ss of
exon 7. This also implies that a weak 5 ss is the limiting
factor for exon 7 exclusion in SMN2.

In vivo selection confirms the presence of Exinct

Consistent with our recent report that revealed the presence
of Exinct (Singh et al. 2004), in vivo selection of the entire
exon 7 showed the longest tract of mutable residues at the
5'-end of exon 7. The core of Exinct covered 13 residues
between positions 3 and 15 (Fig. 6). Eight positions (3, 4, 5,
7, 11, 13, 14, and 15) were highly mutable in this tract.
Within Exinct, position 4 showed the highest mutability of
3.9 that was second to only position 54. In agreement with
these results, mutations in this region have been previously
shown to promote exon 7 inclusion in SMN2 (Singh et al.
2004). Noticeably, a G residue at position 8 was retained in
most of the selected clones, suggesting that wild-type 8G is
not inhibitory. This residue could be important for provid-
ing the secondary contact to protein that interacts with
upstream and/or downstream sequences. Residues at posi-
tions 10 and 12 could also provide similar secondary con-
tacts. Consistent with the earlier results of single mutations
(Lorson and Androphy 2000; Cartegni and Krainer 2002)
and in vivo selection of a stretch of the first 6 nt of exon 7
(Singh et al. 2004), position 6 preferred the non-wild-type
G residue to U or A residues. Guanosine was twice as pre-
ferred at position 4 than at position 6, although U4G mu-
tation has been shown to be not as efficient as U6G (Singh
et al. 2004). This highlights the nature of combinatorial
control, in which other positions may have collaborated
with 4G than could be achieved by single mutations. Our
recent study has shown such collaborations through long-
distance interactions within Exinct (Singh et al. 2004). Thus
we infer that abrogation of Exinct through a combination of
substitutions may be necessary for efficient inclusion of
exon 7. This hypothesis is in agreement with the absence of
selection of any specific ESE motif at the 3’ ss of exon 7.
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Termination codon

LU GGUUUCAGACAAAAUCAAAAAGAAGGAAGGUGCUCACAUUCCUUAAAUUAAGGA

L HGGUUUMAGACAAAAUCAAAAAGAAGGAAGGUGCUCACAUUCCUUAAAUUAAGGA
I T T GGUUUCAGACAARAUDAAAAAGAAGGAARIGUGCUCACAURCEEERAAUUAAGEA
(=L PR TER T GGUUUCATACAAAAMCAAAAAGAAGGAAGGUGCUCACAMUNICERIBAAUUAAGE A
| GGUUUCALIACAARAMCAAAAAGAAGGAAGGUGCUCACAUUCERRAAUUAAGIA
AAUUAAGGA

dating the inhibitory nature of the 3’-
Cluster, other triple deletions (or codon
deletions) as well as many single muta-
tions within this tract restored exon 7
inclusion in SMN2 (Fig. 7B). Interest-

Bos taurus GcauuucnACAAMCAAAAnmnemnseuscuucauuc Ry
5 10 15 il 25 30 35 40

i . % f
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3 33 3 2L LT 20H Db
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% Exon 7 skipped» NA 5 79 75 13 9 7

FIGURE 7. Effect of deletions or substitutions within the 3’-Cluster of exon 7 of SMN2. (A)
A comparison of exon 7 sequences of mammalian SMN. The conserved positions are shaded.
Triple dash (positions 43—45) indicates the deletion or absence of UUA codon in exon 7 of
nonhuman SMN genes. Accession numbers of the above sequences are as follows: human
SMNI, AC044797; human SMN2, AC010237; Mus musculus, AF131205; Canis familiaris,
U50747; Felis catus, AY094503; Bos taurus, AF035323. (B) Mutations validating the inhibitory
nature of the 3'-Cluster. (i) Sequences of SMN2 mutants are shown. Dash indicates deletion.
All mutations are located within the 3'-Cluster. (i) Splicing pattern of mutants as shown in
panel i. Numbers and nucleotides represent the positions and the types of substitution within
exon 7. Spliced intermediates and products are the same as marked in Figure 4A.

The 3’-Cluster represents a novel
inhibitory cis-element

The in vivo selection identified a number of mutable resi-
dues that form a 7-nt-long cluster toward the 3'-end of
exon 7, which we call the “3’-Cluster.” This cluster spans
positions 45 through 51 and includes the translation termi-
nation codon. It also includes the last residue of a leucine
codon (UUA between positions 43 and 45) that is not evo-
lutionary conserved among mammalian exon 7 (Fig. 7A).
Deletion of UUA promoted exon 7 inclusion in SMN2,
whereas deletion of the preceding codon had no effect (Fig.
7B, lanes 4,5). This suggests a specific role of these nucleo-
tides that were gained (or retained) during evolution. Vali-

1298  RNA, Vol. 10, No. 8
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ingly, a single A51C mutation restored
exon 7 inclusion to the level of SMNI.
Because of covariations in which selec-
tion at one position is driven by residues
at other positions, the effect of all single
mutations would not be the same. Con-
sistently, some single mutations were
more effective than the others. Support-
ing the inhibitory nature of the 3'-Clus-
ter, an in vivo selection of a small stretch
of sequence spanning this region pre-
ferred non-wild-type residues (data not
shown).

The Tra2-B1-ESE is located within a
long conserved tract

The double substitution G25U/G26U
abrogates the Tra2-B1-ESE (between
positions 19 and 27; Fig. 1) and has been
shown to promote exon 7 skipping
(Hofmann et al. 2000). In agreement
with the role of Tra2-B1-ESE, none of
the selected variants had G25U/G26U
substitution (Fig. 5). In isolates with less
than 33% substitutions, a purine-rich
sequence in the middle of exon 7 was
(mostly) conserved (Fig. 5). In some in-
stances, pyrimidine residues within the
Tra2-ESE were also selected, suggesting
that pyrimidines are not inhibitory for
Tra2 binding. Consistent with this ob-
servation, a recent report demonstrates
that a Tra2-1 binding site can contain
a substantial number of pyrimidines
(Stoilov et al. 2004). Validating the
stimulatory role of the long conserved tract, many muta-
tions within this tract led to exon 7 exclusion in SMN1 (Fig.
8). Mutations used in our study are different than an earlier
study, which also demonstrated the stimulatory role of se-
quences that overlap the long conserved tract (Lorson and
Androphy 2000). The double mutations showed better ef-
fect than the single mutations, an observation also sup-
ported by Lorson and Androphy (2000). Surprisingly, the
novel double mutation A36U/C37U completely eliminated
exon 7 inclusion in SMN1, indicating the stimulatory role of
the wild-type residues. Because A36/C37 fall outside the
earlier described binding site of Tra2-B1 (Hofmann et al.
2000), another protein or protein complex may interact at
this site. These results also suggest that the long conserved
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tract contains many overlapping stimulatory cis-elements,
some of which could be tissue specific.

Validation of the relative significance of the
terminal positions

To validate the results of in vivo selection, we made sub-
stitution mutations of terminal residues that are generally
ignored in computation programs (Fairbrother et al. 2002).
The functional significance of G at position 1 was con-
firmed by G1H substitutions (H connotes A or C or U),
which decreased exon 7 inclusion (Fig. 9B, lanes 4-6). The
inhibitory effect was most pronounced with 1U, which pro-
duced less than 10% fully spliced products. The presence of
1A or 1C had an inhibitory effect as well, but to a lesser
degree. The dominant effect of 54G was confirmed by its
ability to compensate for the inhibitory effect of substitu-
tions at different positions. For example, it overcame the
negative effects of 1H substitutions. Furthermore, it com-
pensated for the inhibitory effects of the C6U substitu-
tion in SMN2. Surprisingly, 54G compensated for the ab-
rogation of Tra2-ESE in SMNI and SMN2 (Fig. 9B, lanes
12,13). These results demonstrate that

the 54G-mediated strong 5’ ss not only

prevents exon 7 exclusion by promoting A
splicing of the downstream intron 7, but

also ensures exon 7 inclusion by pro-

moting splicing of the upstream intron SHINZ

6. To the best of our knowledge, such an SHN1200
- . SMN1120022C G

overriding effect of one exonic nucleo- SHNIROUZY

tide has not been reported. Although SMN13TU

our results confirmed the dominant ef-
fect of 54G, we also determined its limi-
tations. For example, abrogation of the
Tra2-ESE along with the G1U substitu-
tion in SMN2 led to exon 7 exclusion B
despite the presence of 54G (Fig. 9B,
lane 16). This suggests why none of the
selected clones showed the simultaneous
absence of both 1G and 54G. This also
shows the influence of cooperative in-
teractions between the two splice sites.
Supporting the dispensable nature of

DISCUSSION

Unique design allows in vivo selection of an
entire exon

Here we report the successful application of the powerful
method of iterative in vivo selection to identify the critical
role of exonic positions that modulate the alternative splic-
ing of exon 7 in SMN genes. Our work gains special sig-
nificance because this is the first report of iterative in vivo
selection of an entire exon. Our approach provides an un-
paralleled advantage in deciphering the impact of overlap-
ping sequence motifs that interact with many factors during
the dynamic process of pre-mRNA splicing. Following the
rules of multitarget selection (Vant-Hull et al. 1998), the
outcome showed complex properties in that preference for
residues at a particular position was driven by a combina-
tion of events in which relative concentrations of interacting
factors may have played a critical role. Our approach re-
quired not only the meticulous design of amplification and
recycling protocols, but also the use of partial randomiza-
tion that maintained the wild-type character of the molecule.
This work was inspired by an earlier success in which a similar
approach defined the position-specific role of nucleotides
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54G, we selected two clones with non- ._..II -:::—-:
wild-type 54U (P04-19 and P04-05) HPRT_

and one clone with non-wild-type 54C
(P04-13), all of which promoted exon 7
inclusion better than SMN1 (Fig. 4B).
Interestingly, all of these clones had

Lanenumbery» 1 2 3 4 5 6 7 8 9 10
% Exon 7 skipped » NA 4 81

26 34 68 21 97 11 64

multiple mutations within the 3’-Clus-
ter (Fig. 5), supporting the inhibitory
nature of other residues that contrib-
uted to the creation of the weak 5’ ss of
exon 7.

FIGURE 8. Effect of substitutions within the long conserved tract in the middle of exon 7 of
SMNI. (A) Sequences of exon 7 mutants. All mutations were made in SMN1. Substitutions are
restricted to the highlighted area. Based on an earlier study (Hofmann et al. 2000), critical
positions (25G26G) of Tra2-B1 interaction have also been highlighted. (B) Splicing pattern of
mutants as shown in panel A. Numbers and nucleotides represent the positions and the types
of substitution within exon 7 of SMNI. Spliced intermediates and products are the same as
marked in Figure 4A.
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FIGURE 9. Mutations validating the dominant role of terminal positions. (A) Sequences of
SMNI and SMN2 mutants are shown. Substitutions are restricted to the highlighted area. Based
on an earlier study (Hofmann et al. 2000), critical positions (25G26G) of Tra2-B1 interaction
have been highlighted. (B) Splicing pattern of SMNI and SMN2 mutants as shown in panel A.
Numbers and nucleotides represent the positions and the types of substitution within exon 7.

Spliced intermediates and products are the same as marked in Figure 4A.

widely separated on the primary RNA structure (Bartel et al.
1991). As expected from an in vivo experiment, the selected
variants went through several checkpoints that are generally
coupled with pre-mRNA splicing and RNA stability. These
include transcription (Proudfoot et al. 2002), nonsense-altered
splicing (Wang et al. 2002), nonsense-mediated decay (Mani-
atis and Reed 2002), and nuclear transport (Reed and Hurt
2002). Thus, the selected sequences, all of which showed no
detectable amount of exon 7 excluded product (Fig. 5), rep-
resent a valuable archive for extracting the position-specific
information within the entire exon 7.

Context-specific role of terminal exonic positions

In vivo selection of the entire exon 7 provided the first
opportunity to simultaneously test the context-specific role
of terminal exonic positions. The results of selection sup-
ported the conserved nature of the first nucleotide (1G) of
exon 7, and, along with the site-directed mutations (Fig. 9),
confirmed its critical role in the definition of this exon. In
our previous report, we had shown the dominant role of 1G

1300  RNA, Vol. 10, No. 8

8 9 10 11 12 13 14 15 16
% Exon 7 skipped 3»=NA 5 74 93 61 63 98 ND ND ND ND ND 3 &

could not be replaced by any combina-
tion of substitutions within the first six
positions of exon 7 (Singh et al. 2004).
In addition to the interaction with
U2AF® (Wu et al. 1999), functions of
1G may include the interactions with
proteins that participate in the second
transesterification step (Collins and
Guthrie 2000; Moore 2000; Chua and
Reed 2001; Lallena et al. 2002). Control
at the second step of splicing is consis-
tent with the proofreading function of
the spliceosomal machinery. We have
previously shown that insertion of a G
residue at intron 6/exon 7 boundary
obliterates exon 7 inclusion (Singh et al.
2004). This clearly demonstrates that 1G
executes a stimulatory role only in the
context of a 54-nt-long exon 7, not the
55-nt-long exon 7. These results also
highlight the context-specific features of
cis-elements that are intimately tied to
the size of exon 7. This further suggests
that 1G in exon 7 does not merely per-
form a generic role as expected from an
otherwise typical constitutive exon. We
believe that absence of 1G in exon 7 cre-
ates a negative cis-element, and that is
the reason why 1G could not be func-
tionally replaced by mutations within
the first six positions of exon 7 (Singh et
al. 2004). This was also the reason why
stimulatory 54G alone was not enough
to drive selection of isolates containing
GI1H substitutions. Supporting this argument, a G1C isolate
had 10 substitutions within the first 16 positions of exon 7,
in addition to the A54G substitution (Fig. 5).

One of the important findings of in vivo selection was the
role of the noncoding 54A, the last position of exon 7. The
overwhelming selection of A54G substitution suggests the
highly inhibitory nature of wild-type 54A. Despite guano-
sine comprising ~80% of the last position of internal exons
(Burge et al. 1999), the role of this residue is not fully
understood. In addition to its involvement in base-pairing
with Ul snRNA, 54G may have other functions. For ex-
ample, a recent study with the yeast homolog of the U1C
protein showed its preference for a G residue at the last
position of exon (Du and Rosbash 2002). Interaction of
U1C protein precedes and possibly assists in Ul snRNA
base-pairing at the 5’ ss. Further, 54G may break an RNA
secondary structure that is inhibitory for the recruitment of
Ul snRNP at the 5" ss. All of these factors may have con-
tributed to a context-specific dominant role of 54G in exon
7 splicing. The effect of 54G was so pronounced that abro-
gation of the Tra2-ESE in SMN2 was tolerated (Fig. 9B, lane

SMN211U/B4G
SMN1/1U/25U26U/54G
SMN2M1U/25U26U/54G
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13). Further, the inhibitory effects of G1H substitutions in
combination with an abrogated Tra2-ESE were also com-
pensated by 54G. The available computational programs
cannot predict such a dominant effect of one exonic nucleo-
tide on pre-mRNA splicing. A functional analysis of exons
using a two-exon cassette also failed to detect the weak 5’ ss
of exon 7 (Lim and Hertel 2001). We were able to assess the
effect of 54G because a three-exon cassette, in which exons
6 and 7 competed for the same 3’ ss of intron 7, was used.
The presence of a G residue at the last position of an
internal exon is not an absolute guarantee for its inclusion.
For example, the abrogation of Tra2-ESE in the presence of
inhibitory G1U substitution in SMN2 led to exon 7 exclu-
sion (Fig. 9B, lane 16). In several other instances, such as
exon 11 of NF1 (Fang et al. 2001), exon 9 of human ATP
synthase y-subunit (Hayakawa et al. 2002) and exon 12 of
CFTR (Pagani et al. 2003), the exons are alternatively
spliced despite G at the last position. In addition, the tissue-
specific skipping of exon 6 of Caspase-3 gene has been re-
ported despite the presence of guanosine residues at both
ends of the exon (Huang et al. 2001). Selection of two
clones with 54U and one with 54C further suggests that the
presence of 54G is not an essential requirement for improv-
ing the 5’ ss of exon 7 (Fig. 5). This also demonstrates that
the selected 54H variants were equally good if not better
than the 54G containing isolates. These results clearly show
that selection of 54G accompanied with the retention of the
wild-type stimulatory motifs, as well as elimination of the
wild-type inhibitory motifs. This was necessary to compete
among 10'" variants that were initially used for in vivo selec-
tion. In other words, the strong stimulatory effect of 54G was
exerted in association with other factors that also contributed
to the selection. Our results suggest that the absence of 54G
strengthens the inhibitory effects exerted by the residues of the
3'-Cluster that is strategically located in the vicinity of the 5’ ss.
Supporting this argument, a number of mutations within the
3'-Cluster promoted exon 7 inclusion in SMN2 (Fig. 7B).

Selection preserved the wild-type character of
the molecule

Despite the predominant selection of G residues at the ter-
minal positions, the wild-type nucleotides at many posi-
tions were found to be conserved. This suggests that only
minimal changes were required to improve exon 7 inclusion
by either abrogating the existing ESS elements and/or by
strengthening the weak ESE elements. When we analyzed
the variants with less than 33% substitutions, it was remark-
able to observe a long tract of conserved positions in the
middle of exon 7. This validated the rationale of our ap-
proach using 33% randomization, which was meant to de-
termine the position-specific role of all exonic nucleotides.
Supporting an essential role of Tra2, its associated ESE was
found to be conserved. Consistent with the stimulatory role
of the long conserved tract, mutations outside the boundary

of Tra2-ESE also led to exon 7 exclusion in SMNI (Fig. 8).
These results suggest that multiple proteins may contact the
long conserved tract in the middle of exon 7.

Role of secondary contacts and RNA structure

We found position 8 (8G) relatively conserved within an
otherwise inhibitory context. It is possible that 8G plays an
important role by providing secondary contact to protein(s)
or protein complexes that primarily bind to other sites.
Secondary contacts may help stabilize a bridging protein—
protein interaction critical for exon definition. We hypoth-
esize that Tra2 or its interacting partners SRp30c and
hnRNP G make such contacts to 8G to recruit U2AF™ at
the 3" ss. The role of an RNA secondary structure in rein-
forcing such contacts could not be ruled out. 8G falls within
a loop of a predicted terminal stem-loop structure TSL1 at
the 3’ ss of exon 7 (Singh et al. 2004). The specific orien-
tation of 8G with respect to both the 3’ ss and Tra2-ESE
may be critical for secondary contacts. Our earlier report in
which addition of one base at the intron 6/exon 7 boundary
completely obliterated exon 7 inclusion in SMNI supports
this hypothesis (Singh et al. 2004). The important role of
secondary contacts has been well established for a group II
intron binding protein (Matsuura et al. 2001). Recently, it
has been implicated for SR-proteins that show specificity to
RNA conformations (Buratti et al. 2004). The effect of ad-
ditional contacts has also been observed for U1 snRNP pro-
tein U1C, which produced different binding motifs in it-
erative selection experiment when flanking sequences varied
(Du and Rosbash 2002). The above observations support a
common theme in which distance and distribution of se-
quences that flank critical motifs are equally important.

Evolutionary considerations

One of the advantages of our strategy is the identification of
cis-elements that are gained during evolution of the human
genome. For instance, a comparison of mammalian exon 7
sequences revealed that human exon 7 contains an addi-
tional codon UUA between positions 43 and 45 (Fig. 7A).
Supporting the inhibitory nature of this codon, A45 was
found to be mutated by this selection protocol. Deletion of
this particular codon restored exon 7 inclusion in SMN2 to
the level of SMN1 (Fig. 7B). This is a very interesting ob-
servation, suggesting that the effects of the C6U transition is
not inhibitory in the absence of a codon that was gained/
retained during evolution. From the mechanistic point of
view, this observation clearly demonstrates the interconnec-
tivity of events that ensue at both ends of exon 7. Because
of the critical difference in the sequence, it is most likely
that exon 7 splicing in humans is regulated differently than
in other mammalian counterparts. We believe that specific
requirement in humans may have arisen due to duplication
of SMN genes. Such a requirement may include putting a
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cap on the levels of SMN synthesis. Thus, the roles played
by 54A and the 3’-Cluster may be an essential component
of the fine regulation of SMN gene expression. Also, this
could be one of the most plausible reasons why evolution of
human SMN did not opt for 54G, which would have as-
sured exon 7 inclusion without any consequence to the
protein sequence.

Future implications

Having successfully established the in vivo selection of an
entire exon, our approach has enormous potential for
analysis of other alternatively spliced exons. Our results
demonstrated the “power of partial randomization,” which
revealed the context-specific positive and negative motifs,
even in the presence of skewed selection at a few positions.
With the advancement in oligo synthesis and DNA se-
quencing technology, our approach offers an attractive al-
ternative to the random mutations that provide only limited
information. In the absence of a general method to predict
ESS and the inherent difficulty in performing the iterative in
vivo selection of terminal exonic sequences, our approach
offers a significant advantage. However, like any other
method, all elements may not be discovered in one experi-
ment. Additional experiments will be required to confirm
specific features that could not be predicted by a mutability
plot. These features include but are not limited to covaria-
tions, secondary contacts, and RNA structure. Based on the
results of in vivo selection of the entire exon 7, future ex-
periments that will further define a particular sequence
stretch would be easier to plan.

Beyond helping understand the exon-specific mechanism
of alternative splicing, our approach will have use in pre-
dicting disease severity. As evident from the available ex-
pressed sequence tags (ESTs), there are variations in exon 7
sequences among the human population. Our results sug-
gest that people with SMNI deletions will have little or no
risk of SMA if their SMN2 exon 7 has appropriate muta-
tions that abrogate inhibitory elements such as Exinct and/
or the 3’-Cluster. Similar studies will be helpful in predict-
ing the risk of other diseases that are directly associated with
alternative splicing.

In summary, our approach established the feasibility of
iterative in vivo selection of an entire exon. Using this ap-
proach we were able to show the relative significance of
many positions within a critical exon that is associated with
a debilitating disease of infants and children. Our results
demonstrated the dominant effect of one exonic position
that creates an extremely weak 5’ ss. It also confirmed the
presence of Exinct and identified a long conserved tract in
the middle of exon. It revealed a novel inhibitory cis-ele-
ment at the 3’-end of exon 7 (3'-Cluster). Understanding
alternative splicing of SMN genes is critical for considering
novel treatment strategies. Most SMA patients carry copies
of SMN2. Thus, improving exon 7 inclusion in SMN2 holds
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the promise for a cure. Our results provide additional av-
enues in which the potential drugs could be designed to
target the 5’ ss, leading to the increased inclusion of exon 7
in SMN2.

MATERIALS AND METHODS

Plasmid construction

Unless otherwise stated, all minigenes used in this study were
constructed in the pCI mammalian expression vector (Promega),
using a strategy described earlier (Singh et al. 2004). Minigene
splicing cassettes pPSMN1AI6 and pSMN2AI6 were constructed by
deleting ~6 kb within intron 6 from pSMNI1 and pSMN2, respec-
tively (Singh et al. 2004), allowing detection of partially spliced
intermediates along with fully spliced products (Fig. 4A). For all
our experiments performed in this report, pSMNIAI6 and
PSMN2AI6 refer to SMNI and SMN?2, respectively. The minigene
splicing cassette pBxT2 was described earlier (Singh et al. 2004).
All mutations were confirmed by sequencing.

Cell culture, transfection, and in vivo splicing analysis

Human cervical carcinoma (C33a) cells were grown in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (GIBCO-BRL), 100 units/mL penicillin, and 100
pg/mL streptomycin (Mediatech). Transfections, reverse tran-
scription, and amplification were performed similarly as described
by Singh et al. (2004). Amplification products representing the in
vivo spliced intermediates were separated on a native 5.8% poly-
acrylamide gel (w/v). Analysis and quantifications were performed
using a FPL-5000 Image Reader and ImageGauge software (Fuji
Photo Film Inc.). Splicing efficiency was calculated after normal-
ization to the internal HPRT control by computing the fraction of
spliced product counts over the sum of spliced and unspliced
counts. The percentages of exon 7-included and exon 7-excluded
products were calculated from an average of three independent
experiments.

Generation of a partially random exon 7

The initial pool with partially random exon 7 was generated using
a 90-mer oligonucleotide (E7Rand; 5'-CCTTTATTTTCCTTACAG
ggtttcagacaaaatcaaaaagaaggaaggtgctcacattccttaaattaaggaGTAAGTCT
GCCAGCATTA-3"). Lowercase letters represent partially random
54-nt-long exon 7; capital letters represent two stretches of flank-
ing intronic sequences (18 nt each). The randomization (doping)
was performed with 70% wild-type and 10% each of the three
non-wild-type nucleotides (Singh et al. 2002). Using high fidelity
PCR with Pfx, E7Rand as an upstream primer, PCI-DN as a down-
stream primer, and pSMN1AI6 as a template, a 1.1-kb DNA frag-
ment was generated. This fragment contained a partially random
exon 7, the entire intron 7, and most of exon 8. Approximately 4
ug (~4 X 10" unique molecules) of the gel-purified fragment were
used as a mega-primer in the second PCR with PCI-UP as a
forward primer and pSMNI1AI6 as a template. The resultant 1.5-
kb-long amplification product (containing the entire exon 6, short
intron 6, a partially random exon 7, the entire intron 7, and most
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of exon 8) was gel purified and digested with NotI and Xhol. The
digestion product was ligated into NotI-XhoI-digested pSMN1AI6.
The ligation mixture served as the initial pool (pool 0), which was
used for in vivo selection experiments. Sequences of the clones
from the initial pool confirmed partial randomization (not
shown).

In vivo selection

The in vivo selection experiment started with transfection of C33a
cells with the initial pool of splicing cassettes (~2 x 10'" unique
molecules per 4 x 10° cells) and continued with the selection and
amplification steps outlined in Figure 2A: (1) amplification of the
in vivo spliced products by RT-PCR; (2) gel isolation of the prod-
uct with included exon 7; (3) amplification of exon 7 in a second
PCR reaction; (4) ligation of amplified exon 7 back into a splicing
cassette; and (5) transfection of C33a cells with the ethanol-pre-
cipitated ligated products. Steps from 1 to 5 comprised one round
of selection. Repeated rounds enriched exon 7 sequences that pro-
moted exon 7 inclusion. At each round, the transfection was done
directly with the ligation mixture to maintain pool diversity (Singh
et al. 2004). Ligation was performed in a 100-pL reaction contain-
ing ~1 pg of BsaXI-digested pBxT2 and ~50 ng of enriched exon
7 fragment. Approximately 1pg of ligated plasmid (~2 x 10'" mol-
ecules) was used to transfect two 60-mm plates of C33a cells
(~2 % 10° cells per plate) using a standard calcium phosphate co-
precipitation procedure. About 20 h posttransfection, cells were
harvested, total RNA was isolated, and the in vivo spliced inter-
mediates amplified by RT-PCR essentially as described earlier ex-
cept that ~3 pg of total RNA were used per 20 uL RTase reaction
and the number of PCR cycles did not exceed 20. The 333-bp DNA
fragment, which corresponded to the exon 7-included product,
was gel purified and used as a template for the second PCR with
primers B1 and B2 (Fig. 2B). The resulting 134-bp DNA fragment
was gel purified, digested with BsaXI and inserted back into the
BsaXI-linearized pBxT2. At each round, a fraction of ligation mix-
ture was transformed into Escherichia coli to isolate the individual
clones. The splicing activity of ~30 unique clones was analyzed at
each round. Four rounds of selection were performed and the
splicing pattern of 59 unique clones from pool 4 was determined.

Analysis of sequences

We analyzed the statistically significant number of clones from the
final round of in vivo selection. To determine the position-specific
significance of nucleotides, sequences were forced aligned from
one end to the other (Bartel et al. 1991; Singh et al. 2002). The
“mutability values” shown in Figure 6 were calculated by compar-
ing the ratios (R) of mutant (mut) to wild-type (wt) nucleotides of
exon 7 in selected (pool-4) and initial pools (pool-0), using the
equation [(R(uywopool-4)/ (Rimutwopool-o)] =1 (Deminoff et al.
1995). Motif analyses were done using MacVector software. Co-
variation analysis was done manually.
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