Lo L

P

1\

=y

Evidence of functional selection pressure for
alternative splicing events that accelerate
evolution of protein subsequences

Yi Xing and Christopher Lee*

Molecular Biology Institute, Center for Genomics and Proteomics, Department of Chemistry and Biochemistry, University of California,

Los Angeles, CA 90095

Edited by Samuel Karlin, Stanford University, Stanford, CA, and approved July 1, 2005 (received for review February 11, 2005)

Recently, it was proposed that alternative splicing may act as a
mechanism for opening accelerated paths of evolution, by reduc-
ing negative selection pressure, but there has been little evidence
so far that this mechanism could produce adaptive benefit. Here,
we use metrics of very different types of selection pressures [e.g.,
against amino acid mutations (Ka/Ks), against mutations at syn-
onymous sites (Ks), and for protein reading-frame preservation] to
address this question by genomewide analyses of human, chim-
panzee, mouse, and rat. These data show that alternative splicing
relaxes Ka/Ks selection pressure up to 7-fold, but intriguingly this
effect is accompanied by a strong increase in selection pressure
against synonymous mutations, which propagates into the adja-
cent intron, and correlates strongly with the alternative splicing
level observed for each exon. These effects are highly local to the
alternatively spliced exon. Comparisons of these four genomes
consistently show an increase in the density of amino acid muta-
tions (Ka) in alternatively spliced exons and a decrease in the
density of synonymous mutations (Ks). This selection pressure
against synonymous mutations in alternatively spliced exons was
accompanied in all four genomes by a striking increase in selection
pressure for protein reading-frame preservation, and both in-
creased markedly with increasing evolutionary age. Restricting our
analysis to a subset of exons with strong evidence for biologically
functional alternative splicing produced identical results. Thus
alternative splicing apparently can create evolutionary ““hotspots”
within a protein sequence, and these events have evidently been
selected for during mammalian evolution.
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Iternative splicing recently has emerged as a major mech-
anism of functional regulation in the human genome and in
other organisms (1-3), with up to 80% of human genes reported
to be alternatively spliced (4). One area that has attracted much
interest is comparing alternative splicing in different genomes.
Several groups have sought to assess whether alternative splicing
is more abundant in the human genome vs. other genomes (5-7).
Another major focus has been to use sequence conservation
(regions of high-percent identity) to discover motifs that are
important for regulation and alternative splicing (8—11). These
data indicate that such regulatory motifs are clustered near
splice sites, in both exonic sequence and the flanking introns. For
example, measurements of conservation by percent identity
between human and mouse show an ~20% increase in the 30 nt
of intron sequence immediately adjacent to alternatively spliced
exons, relative to that for constitutive exons (8). The sequence
of alternatively spliced exons also appears to have slightly higher
conservation than constitutive exons, perhaps by a few percent-
age points of identity in comparisons of human vs. mouse (11).
It has also been proposed that alternative splicing can greatly
increase the rate of certain types of evolutionary alterations,
such as exon creation, by reducing negative selection pressure
against such events (12-14). Evidence from many groups has
shown associations between alternative splicing and increases in
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different types of evolutionary change, including exon duplica-
tion (15, 16), Alu element-mediated exonization (17), exon
creation/loss (13, 18), and introduction of premature protein
termination codons (19). In all of these cases, alternative splicing
is associated with reduced levels of conservation during genome
evolution. These lines of evidence suggest that alternative splic-
ing has played a significant role during mammalian evolution, by
opening neutral pathways for more rapid evolutionary change.
However, at least superficially, these data would appear to be
inconsistent with reports that alternative splicing is associated
with increased levels of conservation (8, 11).

These data raise several questions about the role of alternative
splicing in evolution. First, is the hypothesis that alternative
splicing reduces negative selection pressure a general phenom-
enon? For example, does it hold true even for alternatively
spliced exons that are clearly functional, or is it limited to
alternatively spliced exons that have no biological function?
Several groups have presented evidence for a stringent criterion
that an alternative splicing event is functional, based on inde-
pendent observations of that specific alternative splicing event in
two different organisms (e.g., human and mouse) (20-22). For
this data set, evolutionary processes measured over this period
have genuinely taken place under the influence of alternative
splicing and should reflect its effects. We have therefore per-
formed a genomewide analysis of exons observed to be alter-
natively spliced in both human and mouse transcripts, which we
will refer to as “ancestral alternative exons.”

Second, if alternative splicing does reduce selection pressure
in a general way, is there any evidence that this phenomenon is
adaptive, i.e., that such events have been selected for during
evolution? Questions such as these require a transition from a
single metric of evolutionary change (such as percent identity) to
multiple metrics that can distinguish different types of selection
pressure, e.g., selection pressure against amino acid mutations,
and selection pressure against synonymous nucleotide substitu-
tions that disrupt important nucleotide motifs (e.g., binding sites
for splicing factors), etc. We have therefore analyzed the well
known selection pressure metrics Ka/Ks and Ks, which give
empirical measures of these two selection pressures (23, 24).
Nonsynonymous nucleotide sites experience the background
nucleotide mutation level (whose density is symbolized by ),
nucleotide selection pressure (which we will symbolize as p), and
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amino acid selection pressure (w), whereas synonymous sites
experience only the first two factors. Thus, in the standard
formulation of Ka/Ks, the densities of observed mutations at
nonsynonymous sites (Ka) and synonymous sites (Ks) are

Ka = wpm
[1]
Ks = pm

and Ka/Ks = o, with no dependence on  or p (23). Ka/Ks has
been very widely used, because the normalization by Ks yields a
metric of amino acid selection pressure that is independent of
[which varies enormously according to the total time of evolu-
tionary divergence between a pair of genomes (25)]. A Ka/Ks
ratio of 1 indicates neutral evolution (absence of selection
pressure); by contrast, in most protein-coding regions Ka/Ks is
significantly less than 1, indicating strong negative selection
pressure against amino acid mutations (26).

In this article, we analyze Ka and Ks both for ancestral alternative
exons that have strong evidence of functional alternative splicing
and in genomewide comparisons of four mammalian genomes
(human, chimpanzee, rat, and mouse) to evaluate how alternative
splicing affected selection pressure over different evolutionary time
scales. We use a standard metric for alternative splicing, the exon
inclusion level, defined as the fraction of a gene’s transcripts that
include an exon rather than skipping it (13), and measure its impact
on Ka and Ks selection pressures.

Methods

Alternative Splicing Analysis. We detected alternative splice forms in
human and mouse by mapping mRNA and ESTs onto genomic
sequences as described (27) by using the following data: (i) Uni-
Gene EST data (28) from June 2003 for human and mouse
(ftp://ftp.ncbi.nih.gov/repository/UniGene) and (ii) genomic se-
quence data from June 2003 for human and mouse (ftp://
ftp.ensembl.org). Internal exons were identified as genomic regions
flanked by two splices, and all exon boundaries were confirmed by
checking consensus splice site motifs. We computed the exon
inclusion level for each alternatively spliced exon, defined as the
number of ESTs that included an exon divided by total number of
ESTs that either included or skipped this exon. Based on this ratio,
we grouped alternatively spliced exons into three classes: major
form (inclusion level above 2/3), medium form (inclusion level
between 1/3 and 2/3), and minor form (inclusion level below 1/3).

We identified orthologous human-mouse exons as described
(13), using orthologous gene information from HOMOLOGENE
(29) (ftp://ftp.ncbi.nih.gov/pub/HomoloGene) downloaded in
July 2003, including all orthologous pairs of genes that were
successfully mapped onto genomic sequences during our splicing
calculation. We defined a pair of human-mouse orthologous exons
as ancestral alternative exons if the exon was alternatively spliced in
both human and mouse transcripts. Similarly we defined a pair of
human-mouse orthologous exons as “ancestral constitutive exons”
if the exon was constitutively spliced in both organisms.

Ka/Ks and Ks Sequence Divergence Metrics. We computed the Ks
rate and Ka/Ks ratio between orthologous exon pairs following the
approach of Li and colleagues (30). Briefly, orthologous exon
sequences from human and mouse were translated in all possible
reading frames. Translations containing STOP codons were re-
moved, and the remaining protein sequences were aligned in all
possible combinations. We computed sequence identities in all
resulting alignments by using the global sequence alignment pro-
gram NEEDLE in the EMBOSS software package (31). After excluding
alignments between human and mouse protein sequences that were
translated from different reading frames (indicated by a cut-off of
50% protein sequence identity), we selected the reading-frame pair
with the highest amino acid identity, and then aligned these two
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protein sequences by using CLUSTALW (32) under default param-
eters. This protein alignment was used to realign corresponding
nucleotide sequences, and gaps in the alignment were trimmed. We
estimated Ka and Ks from the codon-based nucleotide sequence
alignment by using the Yang-Nielsen maximum-likelihood
method, implemented in the YNOO program of the PAML package
(33). For each group of exons, we summed up the total numbers of
nonsynonymous and synonymous substitutions/sites over all se-
quences to calculate overall Ka, Ks, and Ka/Ks.

For each pair of orthologous exons, we aligned the entire exons
as well as 250-bp upstream and downstream intronic sequences, by
using the program NEEDLE in the EMBOSS software package (31).
We computed the observed nucleotide substitution density (num-
ber of observed substitutions per site) in the alignment.

Genomewide Analyses of Conserved Constitutive and Alternative
Exons in Human, Chimpanzee, Mouse, and Rat. We calculated Ka, Ks,
and Ka/Ks for constitutive and alternative exons conserved be-
tween the genomic sequences of human and chimpanzee, or mouse
and rat, or human and mouse. The exon inclusion level was
estimated based on human EST data (for human vs. chimpanzee
analysis and human vs. mouse) or based on mouse EST data (mouse
vs. rat). We estimated Ka and Ks for each pair of human-mouse
orthologous exons by using the Yang—Nielsen method as described
above. For human vs. chimpanzee, we searched the entire chim-
panzee genome (ftp://ftp.ensembl.org/pub/chimp-22.1) with each
human exon, by using BLASTN (34), requiring an expectation score
of 10~*or less and a match length within at least 12 nt of the human
exon’s length. Using the best hit from the chimpanzee genome, we
identified the best reading-frame pair as above, requiring 80%
protein sequence identity. For mouse vs. rat, we searched the rat
genome (ftp://ftp.ensembl.org/pub/rat-23.3c) for each mouse
exon and processed hits in the same way. We also performed an
additional mouse vs. human comparison by using the splicing
microarray data by Pan and colleagues (18). Following their pro-
cedures, we calculated the overall inclusion level of each mouse
alternative exon by averaging over 10 tissues and chose exons with
confident overall inclusion levels (top 2,000 confidence ranks
assigned by Pan et al.). This filter left us with 962 mouse alternative
exons conserved in the human genome for further analyses.

Frame Preservation Analysis. We defined an exon as “frame pre-
serving” if the length of the exon was a multiple of 3 nt and as
“frame switching” if not (35). Inclusion or exclusion of a frame-
preserving exon by alternative splicing leaves the downstream
protein reading frame unchanged; for this reason, frame preserva-
tion has been proposed by several groups as evidence that an
alternative splicing event is functional (21, 35-37). We calculated
the frame-preservation ratio for a given set of exons as the number
of frame-preserving exons divided by the number of frame-
switching exons (35).

Results

Ka/Ks Analysis. To understand in detail how alternative splicing
affects selection pressure, we performed a genomewide analysis of
exons observed to be alternatively spliced in both human and mouse
transcripts. Our results showed that ancestral alternative exons had
much higher Ka/Ks values compared with ancestral constitutive
exons. The overall Ka/Ks for 137 ancestral alternative exons was
0.170, significantly higher than that for 10,255 ancestral constitutive
exons (0.071).

To make our analysis more quantitative, we used a standard
metric for alternative splicing, exon inclusion level (13, 38), defined
as the number of transcripts observed to include the exon, divided
by the total number of transcripts that either include or skip it. We
categorized ancestral alternative exons into three groups based on
this ratio measured from human transcript data. We found a
striking negative correlation between the exon inclusion level 6 and
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Table 1. Analysis of Ka, Ks for ancestral alternatively spliced exons between human and mouse

No. of No. of No. of No. of No. of
Human-mouse exons. (avg. synonymous synonymous nonsynonymous nonsynonymous
ancestral length, nt) substitutions sites Ks substitutions sites Ka Ka/Ks
Constitutive 10,255 (131) 259,908 347,356 0.748 52,524 982,424 0.053 0.071
Major 83 (109) 966 2,401 0.402 342 6,497 0.053 0.131
Medium 28 (86) 114 604 0.189 86 1,568 0.055 0.291
Minor 26 (76) 74 631 0.117 85 1,451 0.059 0.500

mean Ka/Ks ratio (Table 1). Exons with high inclusion levels (6 >
2/3, defined as major-form exons) had a low Ka/Ks ratio (0.131),
whereas exons with low inclusion levels (0 < 1/3, defined as
minor-form exons) had an overall Ka/Ks ratio (0.500) >7-fold
higher than constitutive exons (0.071). Thus, alternative splicing
appears to relax negative selection against amino acid changes, even
when there is strong evidence that these alternative splicing events
are functional (they were observed in both mouse and human
transcripts). Moreover, the degree of relaxation depends quantita-
tively on the amount of alternative splicing in these exons.

Ks Analysis. The Ka /Ks metric divides the observed density of amino
acid substitutions (Ka) against the observed density of synonymous
nucleotide substitutions (Ks). In mammals, it has generally been
assumed that synonymous substitutions are selectively neutral (39),
i.e., that Ks simply reflects the background mutation rate of a gene.
Consistent with this view, genes with relaxed selection pressure
levels typically have been found to be associated with increases in
Ka, without significant changes in Ks (40, 41), reflecting the
ubiquitous importance of protein-level selection pressure.

However, contrary to this expectation, when we measured Ka
and Ks rates separately for ancestral alternatively spliced exons, we
found that increased Ka/Ks levels were associated with a large drop
in the Ks rate in minor-form exons (Table 1). The overall Ks rate
(Yang—Nielsen estimates) for constitutive exons was 0.748, but
dropped to 0.402 for major-form exons and 0.117 for ancestral
minor-form exons, a >6-fold reduction.

Control Tests vs. Neighboring Exons and Introns. To control for
gene-specific effects such as gene expression level, we also repeated
our K analysis for constitutive exons within the same genes as these
minor-form exons. Ancestral alternative exons experience a signif-
icant reduction in the rate of synonymous divergence, even com-
pared with neighboring exons within the same genes (Fig. 1). This
finding suggests that the Ks rate at these exons is no longer
proportional to the background mutation rate. Instead these silent
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Fig.1. Ancestral minor-form exons have a much reduced Ksrate compared with
their surrounding constitutive exons. Ks of alternatively spliced exons versus
neighboring constitutive exons (empty bars) within the same gene. Ks was
measured by using the Yang-Nielsen method. Error bars indicate the 95% con-
fidence interval for the mean Ks computed by nonparametric bootstrapping.

13528 | www.pnas.org/cgi/doi/10.1073/pnas.0501213102

sites appear to be under purifying selection, and the degree of
selection is strongest at ancestral minor-form exons.

Evidence of selection pressure on silent sites is often attributed
to factors such as codon usage bias (42), which can cause reduced
Ks and an artificial increase in Ka/Ks. Might this explain our
results? Because intronic sequences, by definition, are not trans-
lated and are thus free from selection on codon usage, we sought
to test this hypothesis by measuring the rate of nucleotide diver-
gence at intronic sequences flanking alternative exons. Again we
observed a striking reduction in the observed mutation frequency
specifically for intron sequences flanking minor-form exons (Fig. 2).
For the 50-nt intronic region upstream of constitutive exons, the
density of observed substitutions was 0.414, versus 0.334 for major-
form exons and 0.198 for minor-form exons, a >2-fold increase in
selection pressure. The same trend was observed for the 50-nt
region downstream of each exon. This selection pressure dimin-
ished beyond 150 nt from the exon and beyond 250 nt returned to
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Fig. 2. Intronic nucleotide substitution density as a function of alternative

splicing and distance to intron—exon junctions. Intronic nucleotide substitu-
tion density increases as a function of increasing exon inclusion levels for
alternatively spliced exons and was highest in constitutive exons. The greatest
difference in the intronicnucleotide substitution density between minor-form
and constitutive exons was observed in the 50-nt intronic regions immediately
adjacent to the intron-exon junctions. (A) Upstream introns. x axis, distance
from the upstream intron-exon junction; y axis, intronic nucleotide substitu-
tion density. (B) Downstream introns. x axis, distance from the downstream
exon-intron junction; y axis, intronic nucleotide substitution density.
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Fig. 3. Increased Ka/Ks and decreased Ks is a general phenomenon associ-
ated with alternative splicing during recent mammalian evolution. The ratios
for minor-form exons over major-form exons calculated for Ka (Middle, m), Ks
(Bottom, ®), and Ka/Ks (Top, ®) are shown. Reduced Ks and elevated Ka/Ks is
observed in all three genome comparisons: human vs. chimpanzee, mouse vs.
rat, and human vs. mouse. Ka, Ks, and Ka/Ks were estimated by using the
Yang-Nielsen method.

the background level observed in constitutive exons. This finding is
consistent with previous reports for an increased selection pressure
against mutations in introns flanking alternative exons (8, 36, 43).
Our data further indicate that the strength of such selection
pressure is associated with the efficiency of the splicing reaction,
being strongest for minor-form exons.

Analysis of Ka and Ks in Human, Chimpanzee, Mouse, and Rat Ge-
nomes. The appearance of Ks in the denominator of the term Ka/Ks
might seem to imply that changes in Ks can change the value of
Ka/Ks, but this is not true in the standard formulation of Ka/Ks,
because Ks is also present in the numerator of Ka/Ks (see Eq. 1 and

Introduction). Indeed Ks is included in the denominator of Ka/Ks
solely to cancel its presence from the numerator, to obtain a
measure of protein-level selection pressure separate from the
baseline nucleotide substitution frequency (23).

To test our interpretation completely independent of this as-
sumption, we have analyzed the observed density of amino acid
substitutions (Ka) in several genome comparisons ranging in time
scale from human vs. chimpanzee [5.4 million years (My)], to mouse
vs. rat (41 My), and to human vs. mouse (91 My) (44). For ancestral
alternatively spliced exons (human vs. mouse), we observed a
marginal increase (11%) in Ka for minor-form exons compared
with major-form exons. In our genomewide analyses, we observed
no increase in human vs. mouse, a 41% increase in mouse Vvs. rat,
and a nearly 3-fold increase in human vs. chimpanzee (Fig. 3 and
Table 2). Thus, even the absolute density of amino acid substitu-
tions, without any correction made for the underlying nucleotide
substitution density, shows a reproducible increase in alternatively
spliced exons and correlates with the level of alternative splicing for
each exon (i.e., its exon skipping frequency). We obtained similar
results by comparing exons with similar sizes (data not shown).

Is the reduction in Ks observed in ancestral alternatively spliced
exons reproducible across these multiple genome comparisons? In
all cases, Ks showed a clear correlation with the exon inclusion level,
with highest values for constitutive exons and lowest values for
minor-form exons (Table 2). In all cases the difference between
constitutive vs. minor-form exons was statistically significant, with
the smallest difference in human vs. chimpanzee (a 58% difference,
P = 3.7 %X 1073) and the largest difference in human vs. mouse
ancestral alternatively spliced exons (a >5-fold difference, P =
6.6 X 10719),

These multiple genome comparison data also provide some basis
for assessing whether our observed increase in Ka/Ks is real or an
artifact of decreasing Ks. Specifically, are these data consistent with
the standard formulation of Ka/Ks (in which Ka/Ks is independent
of Ks), or do they support an alternative model, in which decreases
in Ks can cause increases in Ka/Ks? To assess this question in our
alternative splicing data set, we calculated the minor-form/major-
form ratio for Ks, Ka, and Ka/Ks in the three different genome
comparisons (Fig. 3). These different data sets display substantial
shifts in Ks (shifts ranging from 37% to ~4-fold), giving some
opportunity to see the impact of changes in Ks on changes in Ka /Ks.
Strikingly, the large shifts in Ks produced no corresponding shift in
Ka/Ks, which remained approximately constant in all three data
sets, because the observed shifts in Ka exactly followed the trend of
shifts in Ks. These results are exactly what is expected under the

Table 2. Analysis of Ka, Ks for conserved alternatively spliced exons in human, chimpanzee, mouse, and rat genomes

No. of No. of No. of No. of No. of
exons (avg. synonymous synonymous nonsynonymous nonsynonymous
Genome length, nt) substitutions sites Ks substitutions sites Ka Ka/Ks
Human-chimpanzee
Constitutive 56,108 (134) 28,743 1,979,260 0.0145 16,256 5,421,368 0.0030 0.206
Major 701 (117) 268 22,030 0.0122 130 58,583 0.0022 0.182
Medium 425 (121) 156 13,846 0.0113 132 36,845 0.0036 0.318
Minor 147 (79) 30 3,379 0.0089 51 8,024 0.0064 0.716
Mouse-rat
Constitutive 16,843 (133) 112,635 594,461 0.189 29,311 1,592,266 0.018 0.097
Major 466 (116) 2,135 14,522 0.147 663 38,395 0.017 0.117
Medium 205 (111) 699 6,155 0.114 328 16,048 0.020 0.180
Minor 50 (92) 59 1,278 0.046 77 3,192 0.024 0.523
Human-mouse
Constitutive 12,886 (135) 341,211 451,438 0.756 80,276 1,270,034 0.063 0.084
Major 757 (121) 14,054 23,287 0.604 3,821 67,270 0.057 0.094
Medium 283 (129) 5,003 9,863 0.507 1,813 26,263 0.069 0.136
Minor 43 (82) 158 997 0.158 137 2,439 0.056 0.354
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Fig. 4. Protein reading-frame preservation as a function of alternative

splicing. The frame-preservation ratio (ratio of frame-preserving exons over
frame-switching exons) was highest in minor-form exons and near the value
expected by random chance (0.5) in constitutive exons.

standard formulation of Ka/Ks and are not consistent with the
hypothesis that decreasing Ks causes increased Ka/Ks in our data.

Finally, to estimate the exon inclusion levels independently of the
EST data, we used the mouse splicing microarray data provided by
Pan and colleagues (18). We analyzed 962 mouse alternative exons
that were conserved in the human genome. Our analysis showed a
3.5-fold increase in Ka/Ks and a 2.5-fold decrease in Ks for
minor-form exons compared with major-form exons (see Table 3,
which is published as supporting information on the PNAS web site,
for details), consistent with the trend observed in other analyses
based on EST data.

Minor-Form Exons Display Increased Selection Pressure for Frame
Preservation. We previously defined exons whose length is an exact
multiple of 3 nt as frame preserving, because inclusion or skipping
of the exon will not alter the protein reading frame of subsequent
exons (35). It has been previously observed that exons that were
observed to be alternatively spliced in both human and mouse ESTs
show an increased ratio of frame-preserving vs. nonframe-
preserving exons (21, 35), implying selection pressure for frame
preservation. We have therefore measured evidence for such
selection pressure as a function of exon inclusion level, across the
genomewide comparisons between human vs. chimpanzee, mouse
vs. rat, and human vs. mouse (see Fig. 4). These data show a
reproducible increase in frame-preservation ratio specifically in
minor-form alternatively spliced exons, up to a maximum value of
2.6 (vs. an average value of 0.6 in constitutive exons).

Older Alternatively Spliced Exons Show Increased Evidence of RNA
Selection Pressure. Over the wide range of evolutionary time scales
we have analyzed (5 My to 90+ My), the effect of alternative
splicing on Ka/Ks was strikingly consistent. For example, the ratio
of Ka/Ks in minor-form vs. major-form exons was approximately
constant in all of these genome comparisons (see Fig. 3). At least
over this range of time scales, the effect of alternative splicing on
Ka/Ks does not appear to be a sensitive function of time or to have
changed substantially over the last 100 My of mammalian evolution.

By contrast, the effect of alternative splicing on Ks showed a very
clear increasing trend with increasing age of evolutionary conser-
vation (Fig. 3), with the smallest difference between minor-form vs.
major-form Ks observed in human vs. chimpanzee (37%) and the
largest difference in human vs. mouse (3.8-fold). These data suggest
that older alternatively spliced exons, conserved over longer periods
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of evolutionary history, display much stronger evidence of RNA
selection pressure.

It is interesting to note that selection pressure for frame
preservation displayed a similar increasing trend as a function of
increasing age of evolutionary conservation (Fig. 4). The ratio
between minor form vs. constitutive frame preservation was
lowest in the human vs. chimpanzee comparison (1.6), interme-
diate in the mouse vs. rat comparison (3.6), and highest in the
human vs. mouse comparison (4.0).

Discussion

Our Ks data provide specific evidence of extensive “RNA-level”
selection pressure that is distinct from protein-level selection.
Several studies have reported increased percent identity around
alternatively spliced exons (8-10, 45). Our analysis extends this
finding in several ways. Increased conservation in protein coding
regions is ordinarily attributed to amino acid selection pressure.
However, our data indicate amino acid selection pressure cannot
explain the increased conservation in alternatively spliced exons.
First, we observed up to 6-fold reduction in mutation density at
synonymous sites, which do not alter amino acid sequence. This
effect cannot be attributed to codon usage bias, as it extends into
the flanking intronic sequence (where by definition codon usage
bias is impossible), in agreement with previous studies (8, 36, 43).
Second, within these same alternatively spliced exons, amino
acid selection pressure was actually weakened, as indicated by an
up to 7-fold increase in Ka/Ks. Third, the fact that the Ks
reduction correlates strongly with the efficiency of the splicing
reaction for that exon (i.e., its inclusion level) directly indicates
that this reflects selection pressure on the splicing reaction itself.
It is interesting that conserved minor-form alternatively
spliced exons (included only a small fraction of the gene’s
transcripts) show a dramatically higher level of RNA sequence
selection pressure than major-form exons (included in the vast
majority of the gene’s transcripts). This observation may suggest
that minor-form exons require more regulatory signals, and that
their splicing may be more highly regulated, whereas major-form
exons may represent a “default” splicing pattern. Intriguingly,
our data show that this increased RNA selection takes time to
evolve: for exons that are at least 5 My old (conserved in human
vs. chimp), Ks for minor-form exons was only 37% lower than
major-form; by contrast, for exons that are at least 90 My old
(conserved in human vs. mouse), Ks for minor-form exons was
4-fold lower. This result is validated by a completely different
selection pressure metric (frame preservation) that follows an
almost identical trend. Together, these data show the gradual
evolution of strong selection pressure on minor-form exons.
Our hypothesis of RNA selection pressure associated with
alternative splicing is abundantly supported by evidence in the
literature for molecular mechanisms that could give rise to such
RNA-level selection. In a very recent study Pagani et al. (46)
systematically introduced synonymous mutations to exon 12 of
CFTR and investigated their effects on the splicing of the exon
(46). They found that 31% of the synonymous substitutions being
tested severely induced exon skipping and resulted in an inactive
protein. This study unambiguously demonstrates that synony-
mous substitutions can affect splicing and are not neutral in
evolution, providing direct evidence for such “RNA-level selec-
tion pressure.” In fact, in many disease-related genes (e.g., ATM,
NF1, CFTR, SMN2, and others), synonymous mutations are
known to disrupt existing splicing signals or introduce new
splicing signals and significantly alter the splicing patterns of the
gene leading to various human diseases (45). Recent analyses of
splicing regulatory motifs show an enriched density of these
motifs at alternatively spliced exons and their surrounding
introns (47-49), suggesting the requirement of multiple splicing
signals and their cooperation for precise and combinatorial
regulations of alternative splicing [e.g., the brain-specific alter-
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native splicing of GRINI CI cassette exon (49)]. Indeed there is
a known case in BRCAI where alternatively spliced exons with
no codon usage bias were found to have greatly increased Ka /Ks
and reduced Ks where several splicing regulatory elements were
detected (50, 51).

Our data also suggest that alternative splicing can relax amino
acid selection pressure in a strongly local fashion, without
affecting neighboring constitutive exons in the same gene. Thus
alternative splicing can create evolutionary hotspots in which
one part of a protein sequence is allowed to accumulate amino
acid mutations at a much higher rate than the rest of the protein.
Multiple analyses of the human, chimpanzee, mouse, and rat
genomes showed that alternative splicing was associated with an
increase not only in the normalized ratio of amino acid mutations
(Ka/Ks), but also in the absolute density of amino acid mutations
(Ka), computed without even taking into consideration the
underlying density of nucleotide substitution (Ks). The increase
in Ka/Ks associated with alternative splicing was observed to be
constant over time scales ranging from 5 My (human vs. chimp)
to 90 My (human vs. mouse). Thus, this effect cannot be
attributed to newly created, nonfunctional exons. For example,
this effect was also observed in the human vs. mouse ancestral
alternative splicing data set, which has not only been conserved
for >90 My of evolution, but its pattern of alternative splicing
has been conserved as well (i.e., these exons were indepen-
dently observed to be both included and skipped in human
transcripts and mouse transcripts); this criterion has been
widely used, indicating that an alternative splicing event is
functional (20-22).

Such localized effects on protein evolution require careful
interpretation. It is customary to view poor protein sequence
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conservation (i.e., neutral or near-neutral Ka/Ks values) as
evidence of reduced functional importance. However, although
it is natural to interpret a high Ka/Ks value for an entire gene
sequence as evidence that it is not functional (e.g., a pseudogene),
this assumption seems much less safe when the zone of high Ka/Ks
is confined to a short segment of a protein. Recalling the definition
of Ka /Ks, it should be emphasized that high values of Ka/Ks simply
mean rapid change, not necessarily lack of function. For example,
specific regions with high Ka/Ks have often been shown to be
functionally very important [e.g., the antigen presentation cleft of
MHC proteins (52) and drug resistance mutations in HIV (53)]. In
many such cases the regions with highest Ka/Ks are the most
important functional sites in the protein (such as the antigen
binding site in MHC or drug resistance mutations in HI'V protease).
Subsegments of elevated Ka/Ks, often corresponding to individual
exons that are alternatively spliced, appear to have been important
in both the evolution and function of many proteins, such as
BRCAL (50) and CD45 (54). Our Ks data and frame-preservation
results provide systematic evidence that such rapid evolution of a
protein subsequence is not necessarily indicative of loss of function.
This finding suggests that such alternative splicing-accelerated
evolution has produced adaptive functions that have been selected
for during recent evolution.
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