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EVOLVE?

HOW DID ALTERNATIVE SPLICING

Gil Ast

An average human gene is 28,000 nucleotides long and
consists of 8.8 exons of ~120 nucleotides that are sepa-
rated by 7.8 introns. Although the exons are relatively
small and embedded within large intron sequences, the
splicing machinery recognizes the exons with remark-
able precision, removes the introns from the pre-mRNA
molecule and ligates the exons to form a mature
mRNA. The large number of exons per gene enables
the splicing machinery to splice-in different sets of
exons from a single pre-mRNA, generating different
types of mRNA from a single gene. Bioinformatic analy-
sis indicates that 35-65% of human genes are involved
in alternative splicing®?, which contributes significantly
to human proteome complexity and explains the
numerical disparity between the low number of human
protein-coding genes (~26,000) and the number of
human proteins, the latter of which is estimated to be
more than 90,000 (REES 2,4).

Alternative splicing is important and widespread in
some animal groups — but where does it come from?
Our understanding of its origins has been limited until
recently. However, since the decoding of exon—intron
structure of genes in many organisms, and their mode
of alternative splicing, two theories have now been pro-
posed — one sequenced based, the other trans-factor
based. Here, I suggest an evolutionary process for the
appearance of alternative splicing, in which the ancestral

Abstract | Alternative splicing creates transcriptome diversification, possibly leading to
speciation. A large fraction of the protein-coding genes of multicellular organisms are
alternatively spliced, although no regulated splicing has been detected in unicellular eukaryotes
such as yeasts. A comparative analysis of unicellular and multicellular eukaryotic 5” splice sites
has revealed important differences — the plasticity of the 5” splice sites of multicellular
eukaryotes means that these sites can be used in both constitutive and alternative splicing,
and for the regulation of the inclusion/skipping ratio in alternative splicing. So, alternative
splicing might have originated as a result of relaxation of the 5’ splice site recognition in
organisms that originally could support only constitutive splicing.

5" splice site (5ss) signal that only supported constitu-
tive splicing accumulated mutations. The effect of the
mutations was to sub-optimize that site, allowing it to
be used in alternative splicing as well. The 5’ss that only
supports constitutive splicing is found in lower eukary-
otic organisms (mostly unicellular organisms such as
yeast), whereas the one that supports alternative splicing
is found in higher eukaryotic cells (mostly of multicellu-
lar organisms). So, might there be a link between the
higher orders of complexity in higher organisms and
alternative splicing?

An evolutionary overview

The vast majority of introns in eukaryotic gene families
are unlikely to have been derived from the most recent
common ancestral genes, but were gained subsequently,
leading to the formation of multi-intron genes*®. The
appearance of multi-intron genes probably predated
that of alternative splicing, and constitutive splicing
probably predated exon skipping. So, alternative splicing
might have originated from multi-intron genes with no
alternative splicing, through DNA mutations and/or the
evolution of splicing regulatory proteins.

Although there are introns in the genomes of most
eukaryotes, alternative splicing is prevalent only in mul-
ticellular eukaryotes. The yeast Saccharomyces cerevisiae
has introns in only ~3% of its genes (~253 introns), and
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PURIFYING SELECTION
Selection against deleterious
alleles that arise in a population,
preventing their increase in
frequency and assuring their
eventual disappearance from the
gene pool.

SR PROTEINS

A group of highly conserved,
serine- and arginine-rich
splicing regulatory proteins in
metazoans.

hnRNP PROTEINS
A large set of proteins that bind
to pre-mRNA.

BRANCH SITE

A splicing signal located
upstream of the 3" end of the
intron.

only 6 genes have 2 introns’. By contrast, in another
yeast, Schizosaccharomyces pombe, 43% of the genes
contain introns, with many of them containing multiple
introns®. However, no alternative splicing has been
described in this organism’. Unlike the introns in mam-
mals, which are relatively long, the yeast introns are
short: only 40-75- nucleotides long in S. pombe and
270- nucleotides long in S. cerevisiae’.

The recent sequencing of the genomes of many
organisms and their mRNA has facilitated a large-scale
analysis of the intron—exon structure and mode of splic-
ing for many genes in a given organism. Evolutionary
conservation of a certain sequence among different
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Figure 1 | The 5’ splice site of yeasts, humans and mice.
a | An example of a pre-mRNA intron. The consensus
sequences of the 5" splice site (5’ss), 3’ splice site (3ss), branch
site (BS), and polypyrimidine tract (PPT) are shown. Relative
positions upstream and downstream of the 5’ss are indicated
underneath and exons are shown in red. b | Profiles of 253
Saccharomyces cerevisiae, 4,697 Schizosaccharomyces
pombe and 49,778 human 5’ss are compared. There is no
significant difference between the human and mouse 5’ss
profile!!. ¢ | Base paring between the 5’ss and U1, U5 and U6
snRNA. Positions of U1 snRNA are shown underneath. ¥
indicates pseudo-uridine. Upper and lower case indicate
exonic and intronic sequences, respectively.

organisms indicates that the conserved sequences are
under PURIFYING SELECTION pressure and might have
important functions. So, comparative analysis has
recently provided important insights into the ways in
which alternative and constitutive sites vary, giving us
hints about the steps involved in the evolution of
alternative splicing.

Models for the evolution of alternative splicing
There are at least two possible evolution models of alter-
native splicing. The first model emphasizes change as a
result of mutations in DNA sequences, whereas the sec-
ond emphasizes the evolution of splicing regulatory fac-
tors. The first model suggests that the production of
weak splice sites would provide an opportunity for the
splicing machinery to skip an internal exon during sev-
eral splicing events. This gives the cell the potential to
produce a new transcript with, perhaps, a new func-
tion(s), without compromising the original repertoire
of transcripts produced by the gene’. It has been shown
that alternative exons possess weaker splice sites than
constitutively spliced exons'*"?, which allows for sub-
optimal recognition of exons by the splicing machinery
and leads to alternative splicing.

The second model argues that the evolution of
splicing regulatory factors, such as sr PrOTEINS and hnrNp
PROTEINS, applies selective pressure on constitutively
spliced exons to become alternative. For example, the
binding of SR proteins in proximity to a constitutively
spliced exon weakens the selection of that exon, leading
to alternative splicing. This releases the selective pressure
from the splice sites, resulting in mutations that weaken
those splice sites. So, according to this model we should
not look at the linear sequence of the pre-mRNA mole-
cule, but rather at the evolution of RNA and protein
factors that are involved in the splicing-machinery reg-
ulation (this is an adaptation of the Lenny Moss model
on evolution of transcription factors'*).

It is important to realize that the two models do not
necessarily contradict one another. The splicing regula-
tory factor model has not received much experimental
attention and remains a possibility only.

The basics of intron splicing
Only four short sequences define an intron: the
exon—intron junction at the 5" and 3" end of introns (5’ss
and 3’ss); the Branch-siTE sequence located upstream of
the 3’ss; and the polypyrimidine tract located between
the 3’ss and the branch site" (FIG. 1a). All types of pre-
mRNA splicing take place within the spliceosome — a
large complex composed of five small nuclear RNA
(snRNA) molecules (U1, U2, U4, U5 and U6 snRNA)
and as many as 150 proteins'®'®. Each of the five snRNAs
assemble with proteins to form small nuclear ribonu-
clear protein complexes (snRNP). A coordinated binding
of the five snRNPs with the splice signals of the pre-
mRNA results in the removal of each intron and the
ligation of the flanking exons'>'*%.

A growing list of spliceosomal proteins provides the
basis for positive and negative regulation of constitutive
and alternative splicing, which can affect regulation of
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GROUP IT INTRONS
Autocatalytic introns that are
found in lower eukaryotic and
prokaryotic organisms. These
introns posses enzymatic
properties that enable them to
remove themselves from RNA
precursor and ligate the flanking
exons.
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Figure 2 | Exon and intron definition. a | Exon definition: SR proteins (purple) bind to exonic splicing enhancers (ESE; blue),
recruiting U1 to the downstream 5’ss and the splicing factor U2AF (orange) to the upstream polypyrimidine tract and the 3’ss. U2AF
then recruits U2 to the branch site. Therefore, when the SR proteins bind the ESE, they promote formation of a ‘cross-exon’ recognition
complex by placing the basal splicing machinery in the splice sites that flanked the same exon. b | Intron definition: the binding of U1 to

the upstream 5’ splice site (ss) and U2AF and U2 to the downstream polypyrimidine tract and branch site, respectively, of the same
intron. Therefore, intron definition selects pairs of splice sites located on both ends of the same intron, and SR proteins can also

mediate this process®2180,

cell cycle, developmental stage, sex determination or a
response to an external stimulus?~%. In fact, aberrant
regulation of alternative splicing has been implicated in
an increasing number of human diseases, including
CancerZ,ZZ,Z‘t,ZS'

The mRNA splicing mechanism is well conserved
throughout evolution and seems to originate from
autocatalytic Grour i1 iNTRONS*. The five spliceosomal
snRNPs and an unknown number of proteins form
the backbone of this conserved mechanism — the
basal machinery. Exon and intron recognition is
achieved in metazoans by multiple weak degenerate
signals, resulting in a network of interactions across
exons and/or introns — known as exon definition
(ED) and intron definition (ID), respectively”. Both
exons and introns contain short, degenerate binding
sites for splicing regulatory proteins, that is, exonic/
intronic splicing enhancers/silencers (ESE, ESS, ISE
and ISS). When bound to these short sequences, the
SR proteins regulate the binding of the basal machin-
ery to the corresponding splice sites and therefore, are
required for both constitutive and alternative splic-
ing*?»%, For example, binding of a SR protein to an ESE
can influence both the recruitment of U1 snRNP to the
downstream 5’ss and a protein of the basal machinery,
U2AE, to the upstream polypyrimidine tract****. So,
binding of the SR protein to the ESE promotes forma-
tion of a ‘cross-exon’ recognition complex, termed the
ED complex?”***. This complex is found only in meta-
zoans. In unicellular eukaryotes such as yeasts, and for

some introns in metazoans, there is another recogni-
tion mechanism — the ID mechanism — that defines
pairs of splice sites located on both ends of the same
intron?*! (FIG.2).

mRNA splicing seems to be controlled at two inter-
connected levels: the basal and the regulatory levels. The
mechanisms by which RNA polymerase II (the basal
machinery) and different sets of transcription factors (the
regulatory system) control the temporal and spatial acti-
vation of each gene are likely to share certain conceptual
similarities. ID seems to be the ancient mechanism that
allows the recognition of introns embedded in large
exonic sequences, which is the case for most of the
introns in lower eukaryotic cells?”*!. The ED mechanism
can identify relatively short exon sequences (~120
nucleotides) located within large intron sequences, which
is the case for most of the exons in higher eukaryotic
cells"*?!. Indeed, mutations in splice sites that are selected
via the ID system lead to activation of cryptic splice sites
located upstream or downstream of the mutated site.
Mutations in splice sites, which are introduced by the ED
system, cause a complete cessation of splicing of the
exons and lead to exon skipping, which is also the most

prevalent form of alternative splicing?"*"#%%2,

Types of alternative splicing. There are five major
forms of alternative splicing. Exon skipping, also
known as cassette exon, accounts for 38% of the alter-
native splicing events conserved between human and
mouse genomes. Alternative 3’ss and 5’ss account for
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18% and 8% of the conserved events, respectively.
Intron retention is responsible for less than 3% of the
alternative splicing events that are conserved in human
and mouse genomes. Finally, there are more complex
events that account for the remaining 33% of the alter-
native splicing events and include mutually exclusive
events, alternative transcription start sites and multiple
polyadenylation sites® (FIG. 3).

Characteristics of an alternatively spliced exon. Alter-
natively spliced exons possess certain features that dis-
tinguish them from constitutively spliced ones.
Conserved alternatively spliced exons are usually
flanked by intronic sequences that are found in both
human and mouse genomes, a feature only rarely
found in constitutively spliced exons™.

In the case of exon skipping, both intron regions that
flank the exon are conserved, and for alternative 5" and
3’ splicing events, the conservation is greater near the
alternative splice site’*. These conserved intronic
sequences are probably involved in the regulation of alter-
native splicing. Alternative exons that are conserved
between the human and mouse possess other characteris-
tics. For example, they tend to be smaller and their length
(in nucleotides) is divisible by 3, which distinguish them
from constitutively spliced exons®*.

Although alternatively spliced exons possess unique
features, alternatively and constitutively spliced genes
have similar amino-acid usage, indicating that, overall,
alternatively and consitutively spliced genes share a
high degree of similarity®. In fact, in 66% of the alter-
natively spliced genes the longer form is ancestral,
whereas the shorter form is associated mostly with
exon skipping. De novo emergence of exons, rather
than exon duplication, accounts for the other 34% of
alternatively spliced genes*. This indicates that consti-
tutively spliced exons become alternatively spliced
exons (mostly by exon skipping) through evolution.

Defining an intron. The S. pombe introns have a degen-
erate branch-site consensus sequence, CURAY (where R
is purine and Y is pyrimidine), similar to that found in
mammals. However, in S. cerevisiae, the branch-site
sequence is highly conserved (UACUAAC). The poly-
pyrimidine-tract architecture is also different in the two
organisms®. In S. pombe, the distance between the 3’ss
and the branch-point sequence is particularly short,
with an average length of 11 nucleotides. Approximately
75% of the introns in this region contain a polypyrimi-
dine tract***, similar to the polypyrimidine tract found
in many vertebrate genes. Because there is no alternative
splicing in either S. pombe or S. cerevisiae (at least, in a
classical sense), the differences between the branch-site
and polypyrimidine-tract sequences cannot, by them-
selves, explain how alternative splicing evolved. The
degenerate branch site in S. pornbe and metazoans pre-
sumably weakens the binding between this site and the
splicing factor — the snRNA U2. This weakening is
probably linked to a more predominant function of the
polypyrimidine tract in 3’ss selection in metazoans®.
Nonetheless, additional studies are needed to determine

Exon skipping 38%

Alternative 5" splice sites 18%

Alternative 3’ splice sites 8%

Mutually exclusive (% Unknown)

e —— |
Figure 3 | Types of alternative splicing. In all five examples of
alternative splicing, constitutive exons are shown in red and
alternatively spliced regions in green, introns are represented by
solid lines, and dashed lines indicate splicing activities. Relative
abundance of alternative splicing events that are conserved

between human and mouse transcriptomes are shown above
each example (in % of total alternative splicing events™).

how the splicing machinery defines the 3 end of introns
as strong or weak sites.

The splicing factors, the snRNAs and branch-site
consensus sequence of S. pombe are similar to those of
mammals, rather than to S. cerevisiae, which, together
with the presence of SR-like proteins and proteins that
are involved in ED in S. pombe, but not in S. cerevisiae®**,
indicate that S. pombe s ‘on the verge’ of acquiring alter-
native splicing capabilities. So, why does S. pombe stick
with default splicing instead of taking the plunge? It
might be that the extremely short introns that are
spliced only through ID are the missing link*'. ED of
multicellular organisms could provide an opportunity
for the splicing machinery to skip an internal exon on
several splicing events?.

The age of the exon. Human—-mouse comparative
analysis revealed that alternative splicing is often
associated with recent exon creation and/or loss***.
So, alternative splicing has the potential to create
species-specific alternatively spliced exons. Two
processes are known to create new exons that are
often alternatively spliced: exon duplication***” and
exonization of intronic sequences*®8-0,

Young, alternatively spliced exons that are at an early
stage in their evolution have the potential to provide the
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RETROTRANSPOSONS

A mobile genetic element; its
DNA is transcribed into RNA,
which is reverse-transcribed into
DNA and then is inserted into a
new location in the genome.

minimal conditions required to regulate their splicing
pattern. More than 5% of the alternatively spliced inter-
nal exons in the human genome are derived from Alu
elements®. Alu elements are short primate-specific
RETROTRANSPOSONS, of which humans have ~1.4 million
copies, more than 500,000 of which are located in
introns'>*®. As far as we know, all alternatively spliced
Alu exons were created exclusively through the exoniza-
tion of intronic elements. An examination of minimal
conditions that lead an intronic element to become an
alternatively spliced exon revealed that, remarkably, the
only selective pressure was creation or maintenance of
weak splice sites that flank the alternatively spliced Alu
eXOH]ZAS,SO.

Comparative approaches

Comparative analyses of splice sites between organ-
isms that only have constitutive splicing and those
that also have alternative splicing provide important
clues regarding the minimal conditions required for
alternative splicing.

Unicellular organisms — S. pombeand S. cerevisiae
— are estimated to have diverged into two separate lin-
eages about 370 million years ago and from metazoa
more than 1,000 million years ago®'. In the case of
humans and mice, 75130 million years has passed since
divergence from the common ancestor®**. Comparative
analysis of S. pombe, S. cerivisiae, human and mouse
splicing factors shows a higher degree of similarity
between S. pormnbe and mammals than between S. pormbe
and S. cerevisiae™. There are, therefore, many significant
differences among S. pombe, S. cerevisiaeand mammals,
with regard to both the number of introns per gene and
the ability to support alternative splicing.

Comparative analysis of 5'ss. The 5ss reveals major dif-
ferences among S. cerevisiae, S. pombe and mammals. In
S. cerevisiae, the first six intronic nucleotides are well
conserved (GTATGT). There are several deviations from
that sequence between S. cerevisiae, S. pombe and mam-
mals (FIG. 1b): the conservation level of the G at position
—1 increases from 37% to 55% to 80% between S. cere-
visiae, S. pombe and humans, respectively (there was no
significant difference between the human and mouse
5’ss profile!’; supplementary S1 (figure and table) shows
the per position conservation of each nucleotide among
the 4 species). There is a gradual change at position 4,
from T in S. cerevisiae,to an A or a T in S. pombe and to
predominantly A in mammals. The conservation level
of A at position —3 decreases from 53% in S. cerevisiae,
to 45% in S. pombe and 34% in mammals. Also, only
~16% and 46% of C at position —3 and A at position -2,
respectively, is conserved in S. cerevisiae and S. pormbe
5’ss, whereas 36% and 64%, respectively, is conserved in
mammals. Finally, the conservation level of A, G,and T
at positions 3, 5 and 6, respectively, decreases from
S. cerevisiaeto S. pombe to mammals.

Although a comparison of additional multicellular
organisms is needed to examine whether this is a bona
fide evolutionary process, the four-species-comparison
shown in FIG. 1b indicates that the level of conservation

of three positions in the intronic portion of the 5ss
(positions 3,4, and 6) decreases in the order of S. pomnbe,
S. cerivisiae, mice and humans, whereas conservation of
the last three positions of the exon (positions —1 and —3)
increases in the order S. cerevisiae, S. pombe, mice and
humans!!#3>,

Conservation of intron removal. A similar molecular
mechanism removes introns from pre-mRNA in all
eukaryotes”. During mRNA splicing, three snRNAs can
base pair with the 5’ss. U1 snRNA forms base pairs
across the intron—exon junction (potentially base pair-
ing at positions —3 to 6). The conservation of the exonic
portion of the 5’ss in vertebrates allows U1 to base pair
with that region'"**. However, in yeasts, this region is
less conserved. Therefore, the base pairing of Ul with
the exonic portion in S. cerevisiae— although demon-
strated experimentally® — is probably not of principal
regulatory importance in U1/5’ss binding.

Before the first catalytic step of splicing, Ul is
replaced by U5 and U6; the invariant loop of U5 snRNA
can potentially base pair with positions —3 to 1, and like-
wise, U6 snRNA can potentially base pair with positions
5and 6 (FIG.1C). An A or C at position —3 can base pair
with U5 or Ul respectively, indicating that the decrease
in the conservation level of A and appearance of a con-
served C at position —3 between S. cerevisiae, S. pombe
and mammals is indicative of the expansion of the
U1/5’ss binding to the exonic portion of the 5’ss'".
Furthermore, the base pairing of the invariant loop of
U5 with the exonic portion of the 5ss, which is essential
for the second catalytic step of splicing in S. cerevisiae, is
dispensable for in vitro splicing in human nuclear
extract®®’. Despite the differences in the 5’ss between
yeasts and mammals, there is no change in the sequence
of the 5" end of U1 snRNA gene (the binding site to the
5’ss) among these organisms®>*.

Differences in U1/5'ss binding. The rigid 5ss sequence
in S. cerevisiae provides six potential sites that can base
pair with U1, all located in the intronic portion of the
5’ss (a U-W pairing of the U in position 4 of the 5’ss with
the ¥ in position 5 of U1l snRNA is considered as one
pairing; where ¥ is pseudo-uridine). In metazoans,
however, the 5’ss provides nine potential positions for
U1 binding, but only seven are involved in base pairing
with a typical 5’ss'!. U1/5’ss pairing in metazoans
includes Watson—Crick base pairings (G-C and A-T), as
well as non-Watson—Crick pairings (G-U and U-U). The
seven nucleotides that are involved in base pairing with
Ul in an average 5’ss are presumably a combination of
nucleotides that maintains the base pairing of U1 above
a certain minimal number; 5-6 nucleotides can provide
the minimal 5ss signal and also the minimal binding site
for U1, but without surpassing a certain maximum that
might lead to a strong U1/5’ss binding that reduces the
efficiency of the splicing reaction (>8 pairings)®.

The extension of the conserved sequence to the
exonic portion of the 5'ss in metazoans is directly linked
to U1 binding to both the exonic and intronic portions
of the 5’ss, as shown both experimentally and by using
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GENE CONVERSION

A non-reciprocal recombination
process that causes one sequence
to be converted into the other.

STEM STRUCTURE
A region of base pairing between
two stands of RNA or DNA.

HEMIASCOMYCETOUS YEASTS

A group of yeast that includes S.
cerevisiae and at least 13 other
yeasts species that have a small
genome size and a low frequency
of introns.

bioinformatics tools. A ‘see-saw’ effect can be observed,
in which a higher number of base pairings of Ul
snRNA with the exonic portion of the 5’ss is linked to a
lower number of base pairings with the intronic por-
tion, and vice versa. Also, a dependency of positions —1
and -2 on 5 indicates that the conservation of the exonic
portion of the 5ss is directly related to U1 binding'®.

Hard- and soft-wired organisms

Alternative splicing might be one of the ways in which
organisms evolve in a more rapid and dynamic fashion;
and hard- and soft-wired organisms are defined as those
without and with this ability, respectively®. Let us exam-
ine this model with respect to the molecular differences
between 5’ss of hard- and soft-wired organisms, such as
yeasts and mammals.

There have been several reports of alternative splicing
in unicellular organisms: for example, in S. cerevisiae*,
S. pombe®, Plasmodium falciparum and Dictyostelium
discoideum®. Most of the above cases are unspliced
mRNA (that is, intron retention) — they involve shut-
tling of an unspliced pre-mRNA from the nucleus to the
cytoplasm. Intron retention is, however, only a minor
form of alternative splicing in multicellular organisms
(less than 3% of the cases). Exon skipping, which is the
prevalent form of alternative splicing in multicellular
organisms, was not reported in unicellular organisms.
The alternative splicing events listed above, therefore,
might represent isolated cases and/or mis-splicing, indi-
cating that alternative splicing is rare or non-existent in
yeasts, whereas a large fraction of the protein-coding
genes of multicellular organisms are alternatively spliced.

The absence (or rarity) of alternative splicing in uni-
cellular organisms does not necessarily mean this is the
primitive state; it could, for example, be a derived state;
in yeast it could reflect streamlining of the genome or
the lifestyle. Alternative splicing is not only an opportu-
nity but also a risk (for example, of mis-splicing, ineffi-
clency and extra genetic burden) and therefore, is perhaps
aluxury that the fast-growing unicellular organisms can-
not afford. S. cerevisiae might have lost a key protein that
is required for dealing with multiple introns. Although
S. pombe would still have this protein and therefore not
be forced to dispense with multiple introns, both yeasts
would have dispensed with the alternatively splicing
machinery. It was proposed that the presence of introns
in a minority of yeast genes, and always either at the 5
or 3’ end of the genes, means that, in the past, all the
genes had introns. However, the efficient recombina-
tion in yeast erased the introns by Gene conversion from
cDNA except where there was not enough homology to
allow for recombination®’, or when the intron retained
its function®. For this reason, I compare yeast and
mammal 5’ss from the point of view of organisms
without and with alternative splicing ability.

Every base pair counts

The 5’ss of yeast provides six rigid, constitutive positions
of base pairing with Ul (all located in the intronic por-
tion of the 5’ss), which presumably mark the location of
the splice site at the 5" end of a stemsrructure with Ul.

The average number of base pairings with U1 in mam-
mals is, on average, one greater than that in yeast.
However, recent findings indicated that there is a com-
plex mechanism by which the sequence of the 5’ss
(especially at positions 3 and 4) and its base pairing with
U1 govern both alternative and constitutive splicing and
the amount of skipping/inclusion at that site'>. Positions
3 and 4 are located between two regions that form
strong base pairing with U1; in almost 80% of the 5’ss
analysed, positions —1 to 2 and position 5 are GGT and
G, respectively. The base pairing of positions —1 to 2 with
U1 probably provide the anchor for U1 binding to the
5’ss, which is then anchored again by base pairing with G
in position 5. This structure ‘traps’ positions 3 and 4 from
both sides with strong Watson—Crick pairings and allows
the positions to form non-Watson—Crick pairings (such
as G-U and U-U). (A non-Watson—Crick pairing can only
form when it is adjacent to a Watson—Crick pairing®.)
The hierarchy of pairing, A-T > G-T > T-T # C-T, regu-
lates the level of usage of this splice site in mRNA
splicing, with A-T pairs encouraging constitutive
usage, G-T and T-T pairs supporting different levels
of skipping/inclusion and C-T pairs leading mostly
to exon skipping!?. The plasticity of a 5’ss, therefore,
lies in the type of pairing with U1 (EIG.4). Indeed, differ-
ent HEMIASCOMYCETOUS YEASTS have deviations from the
canonical GTATGT 5’ss found in S. cerevisiae: GTAAGT,
GTGAGT and GTAGGT (REE 33).

These deviations affect only positions 3 and 4, and
although one Watson—Crick pairing (A-T) is main-
tained, the other becomes a non-Watson—Crick pairing
(G'T or T-T). One exception to this is the GTAAGT 5’ss
for which both positions form a Watson—Crick pairing.
This highlights an interesting point: the importance of
WU pairing in mRNA splicing between position 4 of
the 5’ss of S. cerevisiae and position 5 of U1 was recently
reported’’, which indicates the importance of a non-
Watson—Crick pairing in either position 3 or 4, presum-
ably to trigger unwinding of U1/5’ss binding — an
essential step in mRNA splicing.

Other positions might also contribute to the plastic-
ity of the 5’ss. Positions 6 and —2 are located adjacent to
a prominent site that forms a G-C pairing with U1, and
might, therefore, form a non-Watson—Crick pairing
with U1. Substituting T with C (at position 6 of the 5’ss
of exon 20 of the human IKBKAP gene; inhibitor of
kappa light polypeptide gene enhancer in B-cells, kinase
complex-associated protein) causes exon 20 to shift
from constitutive to alternative splicing. This leads to
familial dysautonomia (FD), an autosomal recessive
congenital neuropathy''. The shift to alternative splic-
ing, owing to mutation at position 6, indicates the
involvement of that position in generating plasticity in
the 5’ss. Although the mutation in this 5ss is deleteri-
ous, it is probably part of the general nature of muta-
tions to induce genomic diversity — a constant quest to
find the best conditions for the organism’s survival in a
given environment.

Based on these findings, we can assume that some of
the mutations that accumulated in constitutively spliced
5’ss lead to inactivation of that site and to exon loss —
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a process that generates species-specific transcripts*.
Others might lead to the sub-optimal recognition of
that site (a weak splice site) causing that exon to become
alternatively spliced. This type of mutation could cause
genetic disorders, presumably by reducing the concen-
tration of the protein in the cell below a crucial level, as
in the case of FD. The newly created alternatively spliced
exon could also present an advantage to the organism.
In this case, the additional transcript acquires a new
function(s) or, at least, it is not deleterious. This is a way
of enriching the transcriptome and enhancing the cod-
ing capacity and regulatory versatility of the genome
with new isoforms, without compromising the integrity
and original repertoire of the transcriptome and its
resulting proteome.

Some of the weak splice sites require regulatory
sequences (exonic/intronic splicing enhancer/suppres-
sor) that are located outside the splice site, to which reg-
ulatory proteins (such as SR and hnRNP proteins) can
bind and determine if that splice site is used in either a
constitutive or alternative manner'*. The idea that
alternatively spliced exons contain splice sites that have
weaker binding than constitutive sites was recently sup-
ported by experimental evidence: the free energy of Ul
binding to constitutively spliced exons is —6.53 kcal mol™
(REE 11), compared to —5.2 kcal mol™ in alternatively
spliced exons'?, indicating that constitutively spliced
mammalian 5’ss bind more tightly to U1 snRNA than
alternatively spliced exons (lower free energy indicates
stronger binding).

An alternatively spliced exon that inserts or removes
an entire sequence from a protein, without compromis-
ing the integrity of the reading frame of the region
located downstream of that exon, is less likely to be dele-
terious. Exons whose length is a multiple of three
nucleotides are therefore candidates for alternative
splicing, because skipping that exon does not change the
reading frame of the downstream sequence. Further-
more, it has recently been reported that alternatively
spliced exons (which are part of the reading frame) display
a bias towards multiples of three nucleotides™®.

Extension of 5'ss conservation

Why is the exonic portion of the 5'ss well conserved in
metazoans but less so in yeasts? One can argue for an
evolutionary model based on conservation that has
been shaped by the splicing machinery requirements.

b Mostly alternative ¢ Exon skipping
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Figure 4 | Base paring between different types of 5'ss and U1 snRNA. Positions 3 and 4 of
the 5’ss are different between the panels; stacking energy is illustrated by distances between
nucleotides that base pair with U1 snRNA. Solid and dashed lines indicate Watson—Crick and

non-Watson—Crick pairing, respectively. ‘N’ indicates unspecified nucleotides, ¥ indicates
pseudo-uridine. a | Mostly constitutive. b | Mostly alternative. ¢ | Exon skipping.

The 5’ss of the ancestral introns closely resembles those
that we find in hard-wired unicellular organisms, such
as yeasts. The first six positions of the intron are well
conserved and provide a strong splice-site signal to the
splicing machinery. This strong signal can support only
constitutive splicing. But as mutations accumulate in
that 5’ss during evolution, the pairing between certain
positions and U1 change from Watson—Crick to non-
Watson—Crick. For these mutations to give an advantage
to the organism, they must not be deleterious, they must
be located no more than one position away from a
Watson—Crick base pairing with Ul and — if they
weaken the strength with which the 5’ss binds U1 to
below a certain minimal value — they must be compen-
sated for by other mutations that strengthen U1 bind-
ing. The compensatory mutations could be in positions
7 and 8 or —1 to —3, which are the only two regions that
have the potential to form additional base pairing with
the 5" end of U1 snRNA. In S. cerevisiae, positions 7 and
8 can compensate for the loss of a base pair, which is
probably only the case in mammals for a minor subset of
introns'"”!. However, substitutions have mainly occurred
at positions —1 to —3 — presumably to enhance marking
the location of the intron—exon junction from the edge
of a region that base pairs with Ul in yeasts — to
between two nucleotides that base pair tightly with U1.

So, the exonic portion of the 5ss is under two evo-
lutionary constraints — conservation of protein cod-
ing and also of splice-site signal. Therefore, we can
assume that in almost 80% of the 5’ss in mammals,
selective pressure has led to a mutated G at position —1.
In 64% and 35% of 5’ss an A and a C at positions —2
and -3 was substituted, respectively'"**. We can also
assume that the mutations were not detrimental to the
organism’s survival.

There might be an alternative explanation for the
conservation of the exonic portion of the 5’ss. According
to the ‘proto-splice’ site model, introns can be inserted
into a target sequence of (C/A)AGG, so that (C/A)AG
and G become the flanking 5" and 3’ exonic sequences’.
It is tempting to assume that the conservation of the
exonic portion of the 5ss is related to the invasive nature
of introns and not to the splicing mechanism.
Presumably introns can invade multiple exonic sites,
but will finally ‘settle down’ in sites that best support
their splicing mode — those containing a (C/A)AG in the
exonic portion of the 5’ss”>. However, the most com-
pelling evidence for the importance of the exonic portion
of the 5ss in mRNA splicing came from the exonization
of Aluelements. In most Alu exons, the selected 5’ss con-
tain CAG in the exonic portion, except in 4% when it is
TAG (REE 12). Because Alu exons originated from
exonization of intronic sequences and are not related to
the insertion of introns into a target sequence, the con-
servation of the exonic portion of the 5’ss of exonized
Alu elements therefore, is directly related to the splicing
machinery, probably to U1 binding.

The substitution to G at position —1 is probably the
most prominent because it provides three constitutive
positions that can base pair with U1 (-1 to 2). The free
energy that is obtained from binding of U1 to these
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STACKING ENERGY
Energy contributions from base
pair stacking.

WOBBLE SITE

Pairing between the codon and
anticodons of tRNA at the last
codon position. Wobble enables
the anticodon base to form
hydrogen bonds with bases
other than those in standard
base pairs.

three nucleotides is lower (indicating stronger binding)
than the sum of each base pair alone (STACKING ENERGY).
Mutations in the last nucleotide of the exon are least
deleterious when the intron is located between codons
(phase 0), so that position —1 is the wosste site. This
allows substitution to G without affecting the type of
amino-acid synthesis from that codon in a large portion
of cases. 64% of alternatively spliced exons end in phase
0 (REFS 37,74,75). Selection for A and C at positions —2 and
—3 was observed only when the next nucleotide could
also base pair with U1, indicating the need for a mini-
mum of at least two adjacent positions that base pair
with U1 (REF. 11). The fact that, in humans and mice,
mutation at position 5 reduces the likelihood for other
mutations at positions —1 and -2, and vice versa, indi-
cates that the conservation reflects the binding of one
splicing factor across the 5’ss motif — which can only
be Ul snRNA. This is not the case in S. cerevisiae, in
which conservation of AAG in the last three exonic
nucleotides is low! >,

The invariant loop of U5 snRNA can base pair with
the last nucleotides of the exonic portion of the 5”ss
during mRNA splicing. In S. cerevisiae, the invariant
loop is essential for the second step of splicing,
although in humans it is dispensable for the entire reac-
tion>”®. This indicates that the extension of U1 into the
exonic portion of the 5’ss in humans and mice (and
presumably in all metazoans) relinquishes the need for
U5 snRNA base pairing with this region in 5’ss selec-
tion. We can therefore argue for gradual molecular evo-
lutionary changes that turn an intronic 5’ss into an
exonic—intronic site. Such an extension can provide
both a signal that is sufficient for the recognition of that
site by the splicing machinery and the plasticity that is
needed for regulated splicing. Therefore, the plasticity
is, in part, the sum of the binding affinity of U1 snRNA,
and probably of other splicing factors to that site, which
determines whether it is a strong or weak site.
Furthermore, increased flexibility owing to mispairing
at the base of the domain that forms RNA-RNA inter-
actions downstream of the 3’ss (IBS3-EBS3) was
recently reported as the reason for alternative 3’ss in
autocatalytic group IT introns’. This lends further sup-
port to the hypothesis that alternative splicing evolved
by increasing the flexibility of RNA based interactions
— such as U1/5ss binding.

Weakening strong splice sites

The only selective pressure that was found in the
exonization of Alu elements was in creating or main-
taining weak splice sites, which supports the hypothesis
that alternative splicing evolved by turning strong splice
sites into weak sites.

Alternative splicing of the transposable element
Restless is the only known case of exon skipping in fungi.
The regulation of this alternative splicing is similar to that
of most of the Alu exons, namely, through weak 5" and 3
splice sites that regulate the inclusion/skipping ratio'>”.
The Restless cassette exon and some Alu exons (such as
exon 8 of the ADARB?2 gene see Online links) contain
similar splicing regulatory sequences — for example, a

3’ss motif of GAGACAG led to the selection of the distal
AG (underlined). In this motif, there is a delicate interplay
between the two AGs. The G at position -7 (bold) sup-
presses the selection of the proximal AG. However, the
proximal AG is essential for the weakening of the selec-
tion of the distal AG, and so maintains alternative
splicing®.

The other splicing regulatory sequence is the 5ss. It is
a weak site because the intron begins with GC and alter-
native splicing is maintained owing to the unpairing of
U1 with the C at position 2 of the 5’ss'2. It is important to
note that more than 98% of human introns begin with
GT, whereas only ~0.7% begin with GC. The latter were
shown to be frequently involved in alternative splicing
and probably evolved as a result of a T to C mutation of
position 2 of a canonical GT 5’ss"12787,

The regulation of the Restless cassette exon seems to
be the most ancient form of controlling the exon inclu-
sion/skipping ratio in alternative splicing. Remarkably, it
is almost identical to the way by which new alternatively
spliced exons are regulated in the human genome — it
depends almost solely on the sequence composition of
the 3" and 5’ss. This similarity further supports the
hypothesis that alternative splicing might have originated
by relaxation of the splice site recognition.

Conclusions

Based on what is known so far, we can predict that the
appearance of multi-intron genes predated the appear-
ance of alternative splicing. Alternative splicing probably
evolved following a combination of mutations in splice
sites that generated sub-optimal recognition of the sites
by the basal splicing machinery (such as U1 binding to
the 5ss), evolution of protein splicing factors that can
identify short exons in the multi-intron genes and the
placement of the basal splicing machinery in the flanking
splice sites across the same exon (ED). Sub-optimal
recognition of the exon subsequently generated exon
skipping, which is the prevalent form of alternative splic-
ing. Other types of alternative splicing, such as alternative
5 and 3’ss — although not necessarily intron retention
and mutually exclusive events — are probably a specific
adaptation of that mechanism. Such conclusions are based
on the observations that, in exon skipping, both intron
regions that flank the exon are conserved, and for alterna-
tive 5" and 3’ splicing events, the conservation is limited to
the alternative splice site?>*. These observations suggest
that alternative 5" and 3’ss are a subgroup of the prevalent
form of alternative splicing— exon skipping.

What is required for a constitutively spliced exon
to become alternatively spliced and to be conserved as
an alternatively spliced exon among different organ-
isms? There are certain features that characterize alter-
natively spliced conserved exons: conservation of both
intron regions flanking the exon, a smaller size and
divisibility by three. The conservation of the flanking
intronic sequences suggests that part of the splicing
regulatory sequences for that exon needs to reside
outside the exon sequence. The smaller size of the
exon is probably part of the sub-optimal recognition
of that exon by the ED system, which presumably
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works best for internal exons of ~120 nucleotides.
Finally, the divisibility by three ensures that the
removal of the exon will not change the reading frame
for the rest of the protein.
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DATABASES

The following terms in this article are linked online to:
Entrez: http://www.ncbi.nih.gov/Entrez/

IKBKAP | ADARB2

FURTHER INFORMATION

Saccharomyces Genome Database: http://genome-
www.stanford.edu/Saccharomyces/
Schizosaccharomyces pombe Gene Database:
http://www.genedb.org/genedb/pombe/index.jsp

SUPPLEMENTARY INFORMATION
See online article: S1 (figure and table)
Access to this links box is available online.
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