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Letter

Differing patterns of selection in alternative

and constitutive splice sites

Kavita Garg' and Phil Green'

Howard Hughes Medical Institute and Department of Genome Sciences, University of Washington,

Seattle, Washington 98195, USA

In addition to allowing identification of putative functional elements as regions having reduced substitution rates,
comparison of genome sequences can also provide insights into these elements at the nucleotide level, by indicating
the pattern of tolerated substitutions. We created data sets of orthologous alternative and constitutive splice sites in
mouse, rat, and human and analyzed the substitutions occurring within them. Our results illuminate differences
between alternative and constitutive sites and, in particular, strongly support the idea that alternative sites are under

selection to be weak.

[Supplemental material is available online at www.genome.org.]

Sequence signals in alternatively spliced genes allow the splicing
to be regulated in a tissue and cell-type specific manner (Smith
and Valcarcel 2000). The “splice site” sequences (those inter-
acting primarily with the spliceosome) and nearby splicing en-
hancers and silencers recognized primarily by other protein fac-
tors are all thought to play important roles in this regulation.
Experimental studies of particular cases have shown that alter-
native splice sites tend to be weak and to depend on exonic and
intronic splicing enhancers for their recognition (Inoue et al.
1992; Lavigueur et al. 1993; Caputi et al. 1994; Dye et al. 1998;
D’Souza and Schellenberg 2002). Computational studies support
the experimental findings on a genome-wide scale: on average,
alternative splice sites are lower-scoring than constitutive sites
(Stamm et al. 1994, 2000; Clark and Thanaraj 2002; Zavolan et al.
2003; Baek and Green 2005; Zheng et al. 2005) and are accom-
panied by higher sequence conservation in the flanking intronic
and exonic sequences, presumably reflecting purifying selection
on regulatory motifs (Sorek and Ast 2003; Sugnet et al. 2004; Baek
and Green 2005; Yeo et al. 2005).

Two plausible hypotheses could explain the lower scores in
alternative sites. One is that the lower scores are a consequence of
selection to keep the sites weaker, perhaps because strong sites
are less easily regulated. It has been shown experimentally in
several cases that optimization of weak alternative splice sites
results in loss of effective regulation by enhancers and silencers
(Dirksen et al. 1995; Muro et al. 1998; Zheng et al. 2000). A
naturally occurring mutation causing frontotemporal dementia
has been linked to strengthening of a weak alternative site (Neu-
mann et al. 2005); the mutation (G — A at donor-site position +3
in the MAPT gene, previously known as tau) increased exon in-
clusion by destabilizing secondary structure and/or by strength-
ening pairing with U1 RNA. However, it is unknown whether the
results in these particular cases are typical of alternatively spliced
genes in general, and a second possible hypothesis is that the
lower scores are simply a passive consequence of the presence of
intronic and exonic splicing enhancers to assist splicing, which
may remove the need for strong sites and allow score-lowering
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mutations to accumulate in a neutral fashion. The first hypoth-
esis predicts that selection should act to eliminate mutations that
increase the strength of the splice site, while the second predicts
that selection on site strength may be relatively weak.

Carmel et al. (2004) introduced a comparative genomics ap-
proach to analyze mammalian splice donor sites; they detected
in particular a compensatory association between exonic and in-
tronic positions in the donor site, confirming the importance of
base pairing between Ul snRNA and exonic positions. Because
they considered only a pair of species, they could not determine
substitution polarity, which is required for more detailed assess-
ment of the mutational changes that have been permitted in
evolution. Here we develop a comparative genomics approach to
investigate, on evolutionary and genome-wide scales, differences
between alternative and constitutive splice sites, exploring in
particular the significance of weak splice sites in alternative splic-
ing. Our analyses of substitution patterns within orthologous
human-mouse-rat splice sites strongly favor the first hypothesis
and provide the first genome-wide support for the idea that regu-
lated alternative splicing requires weak splice sites.

Results and Discussion

Alternative splice sites are low scoring compared
to constitutive splice sites from the same transcript

We first used genomic alignments of ESTs and cDNAs to identify
alternative and constitutive splicing cases conserved between hu-
man and mouse (Methods and Supplemental Table 1). In pre-
liminary analyses (data not shown), we found that alternatively
and nonalternatively spliced genes tend to differ in such charac-
teristics as average G + C content, expression level, and tissue of
expression. As these characteristics are potentially correlated
with mutation rates and strength of selection, it is important to
control for gene-to-gene variation when comparing sequence
features of alternative and constitutive splice sites. Consequently
we constructed a data set of paired sites, each pair consisting of a
conserved alternative splice site and a (randomly chosen) con-
served constitutive splice site of the same type (donor or accep-
tor) from the same transcript; we obtained 3077 donor-site pairs,
and 4268 acceptor-site pairs. Subsequent analyses are based on
these paired sites.
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Table 1. Comparison of alternative and constitutive
splice-site scores

Constitutive Alternative
No. of Average No. of Average
Type sites score sites score
5 (all) 75,822 8.42 + 0.02 3513 7.60 + 0.08
3’ (all) 81,319 8.14 + 0.02 4701 6.92 + 0.09
5 3077 8.50 = 0.08 3077 7.61 = 0.09
5" (nonexonic) 2684 8.53 + 0.08 2684 7.81 = 0.09
3 4268 8.30 + 0.08 4268 6.92 + 0.09
3’ (nonexonic) 3300 8.33 = 0.08 3300 7.26 = 0.10

Average site scores (=95% confidence interval) are shown for all donor
sites [5” (all)], paired donor sites (5'), and nonexonic donor sites [5’
(nonexonic)]. “Nonexonic” sites are those not found in the interior of an
exon in any spliced variant. Notation for acceptor sites is similar. For all
paired analyses, the constitutive site is randomly picked from the same
transcript as the alternative site. All sites are from the coding region of the
transcript. Scores of alternative and constitutive sites differ significantly in
all cases.

Comparison of log-odds scores (Table 1) shows that alterna-
tive sites are on average lower scoring than constitutive sites from
the same transcript. This confirms previous analyses (Stamm et
al. 1994, 2000; Zavolan et al. 2003; Baek and Green 2005; Zheng
et al. 2005) which did not control for gene-to-gene variation and
shows additionally that the trends hold for evolutionarily con-
served alternative splicing, which is more likely to be function-
ally significant (Resch et al. 2004; Sorek et al. 2004). We use here
splice-site scores based on a method that takes dependencies be-
tween adjacent positions into account (Zhang and Marr 1993) as
an indicator of strength, as suggested by in vitro splicing studies
(Roca et al. 2005).

Higher conservation of alternative splice-site scores

To determine if there is selection to preserve splice-site strength
in alternative sites, we first examined conservation of site
strength by computing the (Pearson) correlation coefficient r
between mouse and human site scores. Alternative sites show
higher correlations: for acceptor sites, constitutive sites have
r=0.52 while alternative sites have r = 0.78; for donor sites, the
constitutive site r = 0.49 and the alternative site r = 0.75. Since
the intronic and exonic regions surrounding alternative sites are
more highly conserved than those surrounding constitutive sites
(Sorek and Ast 2003; Sugnet et al. 2004; Yeo et al. 2005), we
controlled for overall levels of conservation by creating a new set
of site pairs in which each alternative site is paired with a ran-
domly selected constitutive site (not necessarily from the same
gene in this case) having the exact same percent identity in the
flanking intronic region and belonging to the same G + C bin.
This set has 2930 donor and 3532 acceptor pairs. The constitutive
acceptor-site r increased to 0.68 while the alternative acceptor-
site r decreased to 0.75, and the constitutive donor-site r in-
creased to 0.61, while the alternative donor-site r decreased to
0.72. This shows an influence of overall conservation on the
score conservation, but the difference between alternative and
constitutive site correlations remains statistically significant
(P = 0.00001). This suggests that there is selection to maintain
strength of alternative splice sites, independently of other con-
straints on the sequence. Previous studies have discussed the con-
tribution of regulatory elements to the elevated sequence con-
servation around alternative sites; our analysis indicates that part

of the elevated conservation may instead reflect stronger selec-
tion to preserve splice-site strength.

Higher sequence conservation of alternative sites relative to
constitutive sites does not in itself distinguish between the two
hypotheses mentioned in the introduction: under either hypoth-
esis, one expects there to be selection against mutations which
weaken the site to a point where it can no longer be spliced, and
because alternative sites are on average weaker than constitutive
sites, relatively more mutations in alternative sites should be elimi-
nated, resulting in higher apparent conservation. To distinguish
between the two hypotheses, it is therefore necessary to look
in more detail at the specific patterns of changes which do occur.

Increased conservation at nonconsensus as well as consensus
nucleotides in alternative sites

We then analyzed position-specific conservation patterns (Fig. 1).
In general, nonconsensus bases (those used in a minority of
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Figure 1. Mouse-human sequence conservation by splice-site position.
cons_N: nucleotide N in human constitutive sites; alt_N: nucleotide N in
human alternative sites, N=A, C, G, and T. Error bars represent 95%
confidence interval. Consensus nucleotides are indicated in parentheses
after each position. G + C content is calculated from the 10-kb region
around human splice sites; 44% is the threshold defining low and high.
Only paired, “nonexonic” sites (those not found in the interior of an exon
in any spliced variant) were used.
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splice sites and which tend to weaken the site) are conserved less
frequently than consensus bases (those used in a majority of
sites) in both constitutive and alternative sites but more fre-
quently in alternative sites than in constitutive sites. In donor
sites, nonconsensus nucleotides all show comparable levels of
conservation. In acceptor sites (which show overall higher con-
servation than donor sites), some nonconsensus nucleotides are
more highly conserved than consensus nucleotides: for example,
at position —3, the rarely used nucleotide G is highly conserved
in alternative sites, and A is at least as highly conserved as the
consensus bases C and T (Fig. 1). G is present in 26 alternative
splice sites, of which 16 are alternative 3’ splicing cases and 10
are exon-skipping cases, and is conserved in all except one case.
In the single exception (an exon-skipping case), there is a C in
mouse and a G in human, dog, and chimp (rat data not avail-
able); the overall percent identity between mouse and human is
relatively low (67%, close to the neutral rate) for this site, sug-
gesting that for this gene the alternative splicing or its regulation
may be under weaker selection in mouse.

Some of the higher conservation of nonconsensus nucleo-
tides within alternative sites may reflect conservation of regula-
tory elements that overlap sites. For example, a recent study
showed an intronic silencer (GGGG) and an exonic silencer
(UAGG) to function together in regulating alternative splicing in
the human glutamate NMDA R1 receptor gene, GRINI (Han et al.
2005). The GGGG motif in this gene overlaps donor-site posi-
tions +5 and +6, and the overlap is functionally important since
moving the motif away from the splice site reduced exon skip-
ping to background levels. Han et al. (2005) proposed that GGGG
might interfere with binding of U1 and U6 snRNAs. They iden-
tified other genes with an overlapping GGGG motif and found
the motif to be conserved in multiple mouse and human ortholo-
gous genes. We found 22 alternative donor sites with GGGG
motifs starting at positions +3 to +6 that are conserved in human,
mouse, and rat. Eliminating these cases does not significantly
affect the estimated conservation rate of G at these positions.

Selection to keep alternative splice sites low scoring

If there is selection to keep alternative sites weak, then we expect
changes from a nonconsensus base to another nonconsensus
base to be relatively more common than changes to a consensus
base, since the latter type of change will tend to make a site
stronger. To investigate this we identified substitutions at alter-
native and constitutive sites in the mouse and rat lineages, using
human as an outgroup to polarize the substitutions (Supplemen-
tal Table 2) and classified each change according to whether the
original and final bases matched the consensus (c) nucleotide or
did not (nonconsensus, nc) as ¢ — n¢, ¢ — ¢, N¢C — Nc, or nc — C.
At nonconsensus bases, alternative sites show a significantly
higher proportion of nc — nc changes than constitutive sites, for
both donor and acceptor sites (Table 2): in alternative donor sites
75% of nonconsensus changes are nc — nc, vs. 64% in constitu-
tive donor sites; in acceptor sites the corresponding values are
65% and 50%.

At acceptor-site position — 3, where the nonconsensus base
G is almost always conserved between mouse and human in al-
ternative sites (Fig. 1), we observed 19 cases where G is present in
alternative sites; in all 19 it is conserved in human, mouse, and
rat. Only four changes involve a nonconsensus nucleotide
(which in each case is an nc — c change from A to C or T). It is
known that the nonconsensus nucleotides are not equivalent at

this position, with the order of preference being C~T>A>G
when two closely spaced potential sites are in competition
(Smith et al. 1993); this may explain why we see high conserva-
tion of each nonconsensus base.

The above analysis ignores the fact that the underlying mu-
tation rate is not the same for all nucleotide changes, with, for
example, transitions occurring at a higher rate than transversions
and substitutions from S (G or C) to W (A or T) at a higher rate
than those from W to S (Gojobori et al. 1982; Li et al. 1984).
Mutation rates also depend on G + C content of the surrounding
region (Wolfe et al. 1989). We therefore undertook a more re-
fined analysis that takes specific mutation rates into account.
Constitutive sites were partitioned by G + C content of the sur-
rounding region in the human genome into four G + C bins,
such that bins have equal numbers of sites. For each bin, the
substitution rate was calculated for each type of nucleotide
change at each site position. Each alternative splice site was also
assigned a G + C bin, and observed and expected numbers of
changes (with the latter based on the constitutive site rates for
the same bin) were computed.

At most positions in donor and acceptor sites, nc — ¢
changes have the least obs/exp ratio (Table 3), indicating strong
selection against such changes. However, at position +4 (consen-
sus A) in donor sites, T — G (rather than T — A) is the least-
preferred change from T, and G — T (rather than G — A) is the
least-preferred change from G. It is known that T at this posi-
tion can pair with U6 snRNA (Chen et al. 2001), and G with U1l
snRNA (Roca et al. 2005), so G and T may not be comparable to
nonconsensus bases at other positions.

Finally, we investigated the effect of nucleotide changes on
the log-odds score of splice sites. We first calculated observed and
expected changes (with the latter based on neutrally evolving
control regions) in log-odds scores at each splice-site position (see
Methods). Fewer than expected changes that alter site score in
alternative sites are observed compared to constitutive sites (Fig.
2). A lower obs/exp ratio is observed for negative score changes
than for positive score changes for both alternative and consti-
tutive sites, indicating strong selection against mutations that
decrease the strength of the site. This trend is observed for all
donor- and acceptor-site positions, although the obs/exp ratio
differs somewhat by position, with more highly conserved posi-
tions showing higher obs/exp ratios for positive score changes
and lower obs/exp ratios for negative score changes as compared
to the less conserved positions.

Sites that are under selection to preserve their relative
strength are expected to have fewer mutations that raise or lower
their scores by large amounts. To see if constitutive and alterna-

Table 2. Nonconsensus-to-nonconsensus and
nonconsensus-to-consensus changes in mouse and rat lineages

nc — nc nc—c
Donor sites
Alternative 168 57
Constitutive 7000 3866
Acceptor sites
Alternative 93 49
Constitutive 2548 2504

Substitutions at all positions are combined. For acceptor sites, position
—4 (consensus base = N) is not considered. x? values (1 degree of free-
dom) are 9.7 (P=2 x 10~3) for donor and 11.93 (P=5 x 10~%) for
acceptor sites.
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Table 3. Observed/expected (relative to constitutive sites) substitution-rate ratios in alternative splice sites in mouse and rat lineages

Consensus base P A->C A->G A>T C->A C->G C->T G-H>A G-C G->T T->A T->C T-G
Donor sites
R +3 0 0.31 0 0 0 0.55 0.31 1.55 1.08 0 0.11 0.16
A +4 0.33 0.1 0.17 o 0 0.25 0.36 0.52 0.28 0.22 0.29 0.16
G +5 0.4 0.14 0.22 0.62 V] 0.38 0.19 0 0.28 0.87 0.47 0.08
T +6 0.44 0.57 0.31 0.76 0.45 04 0.59 0.45 0.1 0.09 0.22 0.53
Acceptor sites
Y -7 0.37 0.65 0.18 0 0.41 0.44 0.52 0.22 0.23 0.44 0.61 0.32
Y -6 0.3 0.49 0.33 0.31 0.48 0.36 0.63 0.11 0.32 0.35 0.42 0.87
Y -5 0.31 0.6 0.29 0.15 0.39 0.35 0.53 0.26 0.14 0.59 0.44 0.1

P, Position within the site. Boldface denotes cases where the nc — c change has the lowest value of all the possible changes involving that nucleotide
and the value is statistically significant (P = 0.01). The P-value was computed by simulating changes at alternative splice sites using the rate of change

estimated from constitutive sites.

tive sites differed in this respect, we determined observed and
expected changes (with the latter based on neutrally evolving
control regions). The obs/exp ratio decreases with increasing
magnitude of negative score changes, indicating that most score-
decreasing substitutions that do occur involve small changes in
site scores, for both constitutive and alternative sites (Fig. 3). We
observe a similar trend for positive score changes for alternative
sites but not for constitutive sites. In other words, there appears
to be strong selection against mutations that increase alternative
sites scores by a large amount. This supports our first hypothesis,
i.e., that there is selective pressure for alternative sites to stay
weak.

A potential complication affecting the analysis above is that
the strength of a splice site is expected to influence the score
changes it can tolerate, with low-scoring sites expected to toler-
ate relatively more positive changes, and relatively fewer nega-
tive changes, compared to high-scoring sites. To control for this,
we found a score-matched constitutive site for each alternative
site. In all cases, alternative sites show lower obs/exp score
change ratios than score-matched constitutive sites, again sup-
porting the hypothesis that they are under stronger selection to
preserve their strength (Fig. 4).

In summary, we observed higher
correlations between human and mouse

and cDNAs to the genome (“chrN_intronEsT.txt” and “chrN_
mrna.txt” alignment files, February 2005 for human and May
2006 for mouse), 2,609,041 human ESTs and 1,764,981 mouse
ESTs (corresponding to spliced EST alignments), and 182,754 hu-
man cDNAs and 203,641 mouse cDNAs (corresponding to all
cDNA alignments) from the University of California, Santa Cruz
(UCSC) Genome Bioinformatics Web site (Karolchik et al. 2003).
We removed unspliced alignments (i.e., alignments to a single
contiguous genomic region), ESTs from RAGE libraries, and all
transcripts that had an alignment to a second genomic location
having percent identity within 1% of the best alignment.

We then attempted to adjust alignments to yield “GT-AG,”
“GC-AG,” and “AT-AC"” splice-site boundaries, for each putative
intron of size 20 bp or greater, for both possible orientations of
the transcript. GT-AG splice sites were further classified as U2 or
U12 based on the conserved four intronic bp adjacent to the GT.
Introns not adjustable to any of these cases were ignored. Align-
ments with substitutions, insertions, or deletions within the 5 bp
adjacent to the splice sites, or for which more than one position-
ing of the splice boundaries was possible, were rejected. For tran-
scripts where some but not all introns were adjustable to fit the
above criteria, we identified for each transcript orientation a

Positive Changes

CICONS
alternative site scores as compared to mALT
constitutive site scores and higher con- 2 o8 2 55
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Figure 3. Observed/neutral expectation substitution ratios for score changes of different magnitudes in rodent lineages. CONS, constitutive sites; ALT,

alternative sites.

“maximal scoring segment” of adjusted introns, scoring GT-AG
introns as +4, GC-AG as +2, AT-AC as +1, and unadjustable in-
trons as —. The orientation of the transcript was chosen based
on this score, and the portion of the transcript outside this seg-
ment was ignored.

ESTs and cDNAs with overlapping internal exons and hav-
ing the same orientation were considered to be from the same
gene and were clustered together; transcripts overlapping only

o
by}
)

OCONS
WALT

o
@
L

obs/exp score change ratio
o o o o
n w s (3]
. | L |

o
.

L

5'- change 3'- change

0.0 T

5'+ change 3' + change

Figure 4. Observed/neutral expectation score change ratios in rodent
lineages. “+” indicates changes that increase site score relative to the
inferred ancestral site score, and “ —" indicates changes that decrease site
score in 5" (donor) and 3’ (acceptor) sites. Alternative (ALT) sites show
lower obs/exp ratio (higher conservation) than their score-matched con-
stitutive (CONS) sites, for all types of changes. In this analysis, for each
alternative site, a unique constitutive site having as close a score as pos-
sible was selected.

at their terminal exons were not clustered. Singleton ESTs and
cDNAs (those not present in a cluster) were discarded. After
filtering as above, there were 2,338,528 human ESTs and
122,206 human cDNAs in 24,273 clusters and 1,597,228 mouse
ESTs and 124,697 mouse cDNAs in 24,696 clusters that were
used in subsequent analyses. We used RefSeq (Pruitt et al. 2005)
and Acembly Gene Predictions (J. Thierry-Mieg, D. Thierry-Mieg,
M. Potdevin, and M. Sienkiewicz, unpubl.; http://www.ncbi.nih.
gov/IEB/Research/Acembly) to find the genes corresponding to
each cluster.

We used UCSC axtNet alignments (produced using BLASTZ;
Schwartz et al. 2003) of the mouse and human genomes and
UCSC multiple alignments (human, hg17; mouse, mmS§; rat, rn3)
to find orthologous regions. We rejected mouse and human pair-
wise alignments which were not reciprocal best matches or for
which the human-mouse and mouse-human alignments were
inconsistent. We required the three-species alignment to be con-
sistent with the UCSC rat-human, mouse-rat, and human-
mouse pairwise alignments.

Because the axtNet and multiple alignments are sometimes
not complete in the splice-site region and often contain appar-
ently spurious indels, for conservation analyses we used gap-free
alignments of splice sites obtained by aligning bases at corre-
sponding positions within the splice-site sequences of the rel-
evant species, as in a previous study (Abril et al. 2005). There can
be genuine indels within the site which can create false mis-
matches. However, indels within functional sites appear to be
rare, and since we only consider 4 bp in the donor site and 5 bp
in the acceptor site, and (in the three-species analysis) eliminate
sites having more than one substitution in any lineage (see be-
low), the impact of indels should be minimal.
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Identification and classification of alternative splicing

For each gene, we clustered introns which overlap but differ at
one or both ends. Such clusters represent possible alternative
splicing cases. Intron-retention alternative splicing does not clus-
ter by this criterion and is ignored in our analyses because of the
possibility of misclassification due to incomplete splicing.

Alternative 3’ and alternative 5’ splicing

Clusters of introns having common donor sites and distinct ac-
ceptor sites are classified as alternative 3’ splicing if the region
between two acceptor sites is present in at least one transcript.
The acceptor site closest to the donor site is labeled “proximal”
and the other “distal.” Similarly, intron clusters with common
acceptor sites are evaluated for alternative 5’ splicing.

Exon skipping

Intron clusters containing three introns where one intron has a
donor site in common with a second intron and an acceptor site
in common with a third intron are probable cases of exon skip-
ping. Clusters of >3 introns are formed when alternative 5’ and
alternative 3’ splicing is coupled with exon skipping or in case of
multiple exon skipping. We evaluated 3-intron clusters for the
exon-skipping form of alternative splicing, and identified “exon-
inclusion” and “exon-exclusion” isoforms. Exon-inclusion tran-
scripts are required to include at least part of the internal exon.

Classification and filtering of splice sites

Each human or mouse splice site was assigned to one of the
following four categories:

Alternative: Acceptor sites (proximal and distal) in alternative 3’
splicing, donor sites (proximal and distal) in alternative 5’
splicing, and the splice sites of skipped exons are classified as
alternatively spliced.

Pass: 1f a site is not classified as alternative and there are n tran-
scripts not spliced at that site, where n is >5 and is more than
twice the number of transcripts spliced at that site, the site is
assigned to the “Pass” category. Since the ends of transcripts
may be poorly aligned, only sites in the internal exons of a
transcript undergo this check.

Undefined: This category comprises splice sites which are in in-
trons that are clustered but which do not fall into any of the
alternative splicing categories defined above. These are likely
to be cases of alternative promoters, alternative polyadenyla-
tion, or other cases where information is incomplete.

Constitutive: Splice sites not in one of the categories above and
which have >5 transcripts confirming the splice are classified as
constitutive. Note that our criteria permit there to be a small
number of transcripts in which the site is not spliced. In genes
with a very large number of supporting ESTs, it is not uncom-
mon for every site to have a few such contradicting transcripts,
likely arising from occasional incomplete splicing or incorrect
transcript alignment to the genome.

Only sites classified as alternative or constitutive by the
above criteria were used in subsequent analyses. We did not con-
sider GC-AG, AT-AC, or Ul2-type GT-AG introns as there was
not enough data for separate analysis.

For an alternative splicing case to be considered conserved
between mouse and human, the orthologous mouse splice sites
for all splice sites in the human overlapping intron cluster were
required to show the same alternative splicing pattern in mouse
transcripts. For a constitutive splicing case to be considered con-

served, it had to meet the above criteria for both species, except
that the >5 transcript criterion was only required for human. We
did not seek evidence for constitutive or alternative splicing di-
rectly for the rat genome, due to the low number of ESTs and
cDNAs available, and instead assumed that splice sites which are
alternatively spliced in both human and mouse are likely to be
alternatively spliced in rat also.

We classified each splice site as “coding” if it lies in the
coding region of any RefSeq or Acembly gene, or as “noncoding”
otherwise. An alternative splicing case is considered coding if all
the splice sites involved are coding. For consistency we exclude
noncoding sites from all analyses. We also usually exclude “ex-
onic sites” (sites lying with the exons of some transcripts, i.e.,
distal alternative 5’ or 3’ sites), since their sequences are likely to
be influenced by coding constraints and may therefore be atypi-
cal in their sequence conservation and nucleotide preferences.

In genes with CpG island promoters, the island typically
has higher G + C content than the rest of the gene and may
extend into (and sometimes across) the first intron (Majewski
and Ott 2002). To remove intragene bias due to G + C differ-
ences, we excluded first intron donor sites and all splice sites
lying within CpG islands. The latter were identified using the
“cpglslandEtxt.txt” file from UCSC, which lists CpG islands in
the human genome.

Splice sites used in the human-mouse-rat analyses were re-
quired to have an invariant GT or AG in all three species and to
have at least one additional position present in all three species
at which human agreed with either mouse or rat (or both). The
15-bp exonic region near the site was required to have no inser-
tions or deletions in the multiple alignment.

To control for gene-to-gene differences in composition, ex-
pression level, mutation rates, and other factors, such as tissue
distribution, we chose pairs of constitutive and alternative splice
sites from the same transcript. For each conserved alternative
splice site, we randomly picked a conserved constitutive site of
the same type (donor or acceptor) from the same gene. A given
alternative site was allowed to be used in only one pair, whereas
a constitutive site could potentially be used in several pairs (for
different alternative sites in the same gene).

Statistical analyses

Sequence conservation was measured in aligned regions of
length 30 (including gaps) as M/30, where M is the number of
matching base pairs in the mouse-human alignment. For puta-
tive neutrally evolving regions, the alignments were required to
start with an aligned pair of bases rather than gaps. For splice
sites, we consider the 30-bp intronic region adjacent to the site
(excluding the invariant GT or AG).

Statistical significance of correlation coefficient differences
was assessed using Fisher’s r-to-Z transformation (Cohen and
Cohen 1983).

Splice-site log-odds scores were computed using weight-
array matrices (Zhang and Marr 1993), which take dinucleotide
frequencies into account. Arrays spanning three exonic bases and
20 intronic bases around the splice-site junction were computed
using 6154 donor and 8536 acceptor sites (both constitutive and
alternative). In the case of donor sites, this window includes U1
and U6 binding sites (which include bases — 3 to +6); in the case
of acceptor sites, it includes the U2AF? recognition site (bases
—2to +1; Wu et al. 1999) and much of the polypyrimidine tract
(recognized by U2AF®®). The set of splice-site pairs was divided
into two equal G + C bins corresponding to >44% and =44%
G + C content (where G + C content of the pair was computed
from a 10-kb region centered on each human splice site), and
these were used to compute bin-specific foreground dinucleotide
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frequencies. Each splice site was scored with an array that used
bin-specific foreground frequencies and site-specific background
dinucleotide frequencies derived from the 10-kb region centered
on the site. Base-2 logarithms were used.

Nucleotides with >50% frequency at a position were defined
as the “consensus” nucleotides. For this purpose, we examined
frequency matrices formed from 6154 human donor and 8536
human acceptor sites (both constitutive and alternative) for the
human-mouse paired analyses and human constitutive site fre-
quencies for the three-species analyses. In all cases, the consensus
matched that from previous studies.

Three-species analyses

Any difference between mouse and rat is assumed to reflect a
nucleotide substitution occurring in the rat lineage if the human
and mouse nucleotides agree, or a substitution in the mouse lin-
eage if human and rat agree. Positions at which human differs
from both mouse and rat and all splice sites with more than one
intronic substitution in a single lineage are not considered.

We observe a higher rate of substitution (on average 14%
higher) in the rat lineage as compared to mouse, particularly in
alternative sites (Supplemental Table 2). A much higher rate of
substitution in rat at positions — 3 (37% higher than mouse) and
+1 (167% higher than mouse) in alternative acceptor sites in-
volves mainly consensus to consensus changes (70/74) at posi-
tion —3 and nc — nc changes (13/24 changes) at position +1.
Data errors are unlikely to explain these trends because consti-
tutive splice sites (which should be similarly affected by data
errors) show only a 5% higher substitution rate in rat; the Rat
Genome Sequencing Project Consortium (Gibbs et al. 2004) also
found that neutrally evolving regions have only a 5%-10%
higher substitution rate in rat. It therefore appears possible that
alternative splicing is under weaker selection in rat than mouse.

Observed vs. expected score changes

Putative neutral substitution rates for each type of change were
determined from regions in the middle of introns (100 bp at both
ends of the intron were excluded). Introns were grouped by
G + C content of the aligned region into 4 bins such that each
bin has the same number of introns. The nucleotide-specific sub-
stitution rate was calculated in each G + C bin as

#X —>Y
#X

where #X is the number of positions in the alignment at which X
is the inferred ancestral nucleotide, and #X — Y is the number of
X-to-Y substitutions. Each site was assigned a G + C bin based on
the 10-kb region surrounding it in the mouse genome. For each
site, we calculate observed and expected score changes at each
position as follows:

The score change for an X — Y change at a position is given by

Expected score change (X - Y)=R(X - Y) X SC(X - Y)
Observed score change=0(X - Y) X SC(X - Y)

where R(X — Y) is the neutral rate, O(X —» Y) (= 0 or 1) indicates
whether an X — Y change is observed in the site at that position,
and SC is the log-odds score change. Observed and expected score
changes are then summed over sites in the bin.

We only consider “Substitutions in Mouse” and “Substitu-
tions in Rat” (Supplemental Table 2) for calculating O (X — Y). In
order to calculate log-odds score change for positions where the
neighboring base falls in “None” category (Supplemental Table
2), we randomly chose the mouse or rat nucleotide to be the

ancestral nucleotide for the neighboring base. We used the 4-bp
intronic region adjacent to the donor site GT and the 5-bp in-
tronic region adjacent to the acceptor-site AG for this analysis.

To calculate the number of observed and expected events for
a particular magnitude score change, we use R(X — Y) for ex-
pected and O(X — Y) for observed events.

Data availability

Mouse-human orthologous site pairs and mouse-rat-human
orthologous site triples are given as Supplemental Tables 3, 4,
and 5. These are also available at http://www.phrap.org/
othersoftware.html.
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