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Differences in synonymous substitutions (dS)

Background:
Using a large set of protein coding exons conserved between
human and mouse, we have performed an analysis of the
evolution of alternative and constitutive exons in the context of
the conservation pattern of the transcript exonic structure. We
have also defined a measure of the variation of the
arrangement of exonic splicing enhancers (ESEs). We have
used this measure to correlate the regulation of splicing with
the divergence of exon and intron sequences.

Results:
We find evidence for a relation between the lack of
conservation of the exonic structure an the weakening
of the sequence evolutionary constraints in alternative
and constitutive exons. At high EST-inclusion levels
alternative exons with non-conserved exonic structure
have a dS like constitutive exons, whereas alternative
exons with conserved exonic structure keep a dS lower
than average. Moreover, we find that constitutive exons
have a conservation of the arrangement of ESEs higher
than alternative exons.

Alternative exons have lower dS than constitutive exons (CES and non-CES). Alternative CES
exons are the most constraint in dS, whereas constitutive non-CES exons are the least constraint.

Non-CES exons have higher dN than their CES counterparts. Alternative non-CES are the least
constraint in dN, whereas constitutive CES exons are the most constraint.
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Constitutive (CES and non-CES) exons have approximately the same donor and acceptor (100bp)
sequence conservation at all values of ESE-conservation score. The donor and acceptor sequence
conservation for alternative exons increase significantly (p-value = 0.05 and 0.0017, respectively) at
high ESE-conservation score values. This indicates a stronger intronic regulation at high ESE-
conservation for alternative exons.

Conclusions:
We conclude that most of the differences in non-synonymous
substitutions rate observed between alternative and
constitutive exons can be explained by the pattern of
conservation of the exonic structure. Moreover, the purifying
selective pressure against silent mutations is specific for
alternative exons with conserved exonic structure at all EST-
inclusion levels. Additionally, constitutive exons are
characterized  by a higher  conservation of the arrangement
of enhancers, whereas alternative exons with a conservation
of enhancers similar to that of constitutive exons are
characterized by a higher sequence conservation at the
flanking introns, indicating a stronger intronic regulation.

We localize predicted Exon Splicing Enhancers (ESEs) in our exon-sets:

238 human predicted ESEs (Fairbrother et al. Science 2002)
380 mouse predicted ESEs (Yeo et al. PNAS 2004)

Predicted ESEs: hexamers overrepresented in exons with respect to introns and in
exons with weak splice sites with respect to exons with strong splice sites

Evolution of Exonic Splicing Regulatory Signals

Constitutive exons have higher ESE
conservation score than alternative exons.
CES exons have slightly higher conservation
score than non-CES exons. The picture shows
the distribution over a cumulative minimum
percentage identity.

Differences in non-synonymous substitutions (dN)

ESEs have on average greater conservation
score than random hexamers in alternative and
constitutive exons. Random hexamers were
extracted from the CDS of human-mouse
orthologous single-exon genes. The hexamers
used have the same level of conservation
between human and mouse as the ESEs.

According to dS, alternative non-CES exons
cannot be distinguished from constitutive exons
at high EST-inclusion values. Alternative CES
exons keep a significantly lower dS at all EST-
inclusion values (p-value = 1.9e-5). Constitutive
values are superimposed.

According to dN, alternative exons cannot be
distinguished from constitutive exons (same CES
or non-CES type) at high EST-inclusion values.
CES and non-CES exons can be separated at
high EST-conclusion values (p-value = 1.7e-10).
Constitutive values are superimposed.

NON-CONSERVED
STRUCTURE (non-CES)

4100 constitutive non-CES exons

1156 alternative non-CES exons

CONSERVED EXONIC
STRUCTURE (CES)

4688 constitutive CES exons

977 alternative CES exons
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Motif Conservation Score:

We define a (ESE) motif conservation score as the fraction of the total region
covered by motifs in the alignment  that is part of a motif in both human and mouse:

       HHHHHH                             HHHHHH               HHHHHH      HHHHHHHHHHHHHHHH
GTGGCCAAATGGACAGGGGACTTTTTCAATAAGGGCATTTATGATATCCACGTGT...GCTTCTGGAATGGGAGACAGAGGTGGAAATGGAC
|||||||| ||||| || ||||| ||||| ||||||||||||||  ||||  |||   ||||||||| ||||||||||||||||||||||||
GTGGCCAAGTGGACTGGAGACTTGTTCAACAAGGGCATTTATGACGTCCATATGT...TCTTCTGGAGTGGGAGACAGACGTGGAAATGGAC
      MMMMMMMMMMMMMMMM    MMMMMM                                       MMMMMMMMMMMMMMMMMMMM

 = Number of aligned nucleotides labeled
as motif in both human AND mouse (H and M).

 = Number of aligned nucleotides labelled
as motif in either human OR mouse (H or M).
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Differentiated Evolutionary Rates

Pattern of conservation of the exonic-structure

We separated constitutive and alternative exons into four groups
according to whether they are part of a transcript with an exonic
structure that is conserved (CES) or not (non-CES) in mouse.

The sequence identity distributions are significantly different.
Alternative exons are overrepresented in the high and low
conservation ranges with respect to constitutive exons.

Dependence with the EST-inclusion level

Conservation of the flanking introns versus ESE conservation score


