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Two recent publications illuminate the evolution of
alternative splicing, showing that a SR (serine–
arginine-rich) protein that regulates alternative splicing
in multicellular organisms is also found in a unicellular
organism without alternative splicing, in which it
can assist in the splicing of weak introns. Moreover,
insertion of SR proteins into an organism lacking such
proteins can restore the splicing of weak introns. These
results imply that SR proteins had already facilitated
the splicing of weak introns before the evolution of
alternative splicing.

Introduction
Introns are found in all eukaryotic organisms. However, the
number and size of introns and exons and their modes
of recognition by the splicing machinery are different in
unicellular compared with multicellular organisms, and
also vary within these groups [1]. In the budding yeast
Saccharomyces cerevisiae, only 3% of the genes contain
introns; 99% of these contain only a single intron �270 nt
long. By contrast, in the fission yeast Schizosaccharomyces
pombe, 45% of the genes contain introns, ranging from 40 to
70 nt long; half of these genes contain more than one intron
[2,3].However, inmulticellularorganisms,mostof thegenes
contain several introns (8.4 on average in humans), and
comparative analyses among multicellular organisms have
revealed both a greater number of exons per gene and larger
intronic sequences in primates and other mammals com-
pared with all other organisms [4–6]. This indicates a great
degree of variability in the intron–exon structure of genes
among different eukaryotic organisms.

SR (serine–arginine-rich) proteins are splicing factors
that regulate both alternative and constitutive splicing.
They bind to short RNA sequences and mediate spliceo-
some assembly (Box 1). In metazoans, SR protein genes
constitute nine families, of which six have two or more
members in mammals. However, there are no SR proteins
in S. cerevisiae and only two SR proteins in S. pombe. In
other unicellular eukaryotes, there are one or two SR
protein genes [7]. Thus, the diversity of SR proteins seems
to have emerged with multicellularity.

There are two potential mechanisms for exon and intron
selection by the splicing machinery, called intron and exon
definition. These two models are still unproven, and all the
indications for their existence are circumstantial. How-
ever, intron definition is presumably the ancient one, in
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which the splicing machinery recognizes an intronic unit
and places the basal machinery across introns. Therefore,
the size of the intron is under selection. Indeed in
S. cerevisiae and S. pombe, almost all introns are less than
350 nt long, and all the information for accurate splicing is
within the intron sequences [8,9]. This suggests that intron
definition is the only system that directs the splicing
machinery in these organisms [10]. In the second mechan-
ism, exon definition, the basal splicing machinery is placed
across exons. The length of exonsmust not exceed 300 nt. It
was postulated that during evolution the enlargement of
intronic sequences forced the splicing machinery to shift
from the recognition of short intronic sequences to the
selection of short exonic sequences – from intron to exon
definition. This could explain the selective pressure to
maintain short intronic sequences in yeast genes and short
internal exons in the human genome (and other higher
metazoans; see also Supplementary Data) [11].

To the best of our knowledge, there is no alternative
splicing in S. cerevisiae and S. pombe, whereas alternative
splicing is prevalent in multicellular organisms [2,3].
Therefore, one explanation might be that the ability to
handlemulti-intron genes and alternative splicing was lost
in S. cerevisiae and S. pombe. Recent results that might
support such a scenario imply a massive intron loss during
the evolution of worms and flies, rather than intron gain in
other organisms [12]. However, it is more likely that com-
plex regulatory networks evolved from simple ones [13].
Pursuing this theme, it was estimated that the percentage
of genes that undergo alternative splicing increases in
higher metazoans compared with lower metazoans
[4,14]. So, can we trace the steps leading to the appearance
of alternative splicing (or to the loss of it in those yeasts)?

Srp2p in S. pombe supports splicing of weak introns
Recent results from the Wise laboratory suggest that the
SR proteins were already involved in enhancing splicing of
suboptimal introns in organisms that support only intron
definition [15]. These authors found that one of the two SR
proteins in S. pombe, Srp2p, improves the recognition of a
suboptimal 30 splice site (30ss) and thus facilitates the
splicing of the cognate intron. Webb et al. demonstrated
that Srp2p binds to an exonic sequence that is rich in
purines and is located downstream of an intron with a
suboptimal 30ss. The suboptimization of that 30ss was
achieved by insertion of adenosines upstream of the
30ss that increased the distance between the branch
site sequence and the 30ss. Srp2p was shown to interact
d. doi:10.1016/j.tig.2006.10.002
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Box 1. The role of SR proteins in mRNA splicing

Four splice signals are essential for accurate splicing of each intron:

the 50 and 30 splice sites (50ss and 30ss) located at the 50 and 30 ends of

introns; the polypyrimidine tract (PPT) located upstream of the 30ss;

and the branch site sequence located upstream of the PPT. The

mRNA precursor is assembled into a complex, the spliceosome,

composed of basal machinery and regulatory proteins. The basal

machinery is greatly conserved from yeast to human and consists of

proteins and five complexes of small nuclear RNAs assembled with

proteins (U1, U2, U4, U5 and U6 snRNPs). These snRNPs form a

dynamic network of interactions among themselves and with the

conserved splice signals, such as U1–50ss, U2–branch site and U2–

U6 pairing. This network of interactions is required for folding the

intron correctly, splicing out each intron, and ligating the flanking

exons. The regulatory system is divided into two types of proteins

that assist the basal machinery in locating the correct splice

junctions. The first type consists of the heterogeneous nuclear

ribonucleoprotein (hnRNP) proteins, which are found in the nucleus

and cytoplasm and are involved in processes including chromatin

remodeling and transcription, in addition to mRNA splicing,

exporting and translation [21]. The second type comprises the SR

proteins, which also influence mRNA processing, including splicing,

exporting and translation. SR proteins bind to relatively short exonic

and intronic sequences, usually 4–18 nt, which are generally found

up to 150 bases from the regulated splice site [22]. The RS domains

of SR proteins are phosphorylated by several different kinases. The

phosphorylation modulates protein–protein interactions within the

spliceosome, thereby contributing to dynamic structural reorganiza-

tion during splicing [23]. The binding of these proteins by means of

their RNA recognition motif to the exonic and intronic sequences

facilitates the recruitment of the basal splicing machinery to the

splice junctions [17,24].

Figure 1. Cross-intron versus cross-exon complexes. (a) SR proteins function in a

‘cross-intron’ recognition complex by bridging between the interactions of U1

snRNP bound to the upstream 50ss and U2AF65 and 35-kDa subunits bound to the

polypyrimidine tract (PPT) and the AG dinucleotide of the downstream 30ss,

respectively. Then, U2AF65 recruits U2 to the branch site sequence (BS). (b) Upper

panel: SR proteins also facilitate a ‘cross-exon’ recognition complex (see

Supplementary Data). The exons contain exonic splicing enhancers (ESEs) that

are binding sites for SR proteins. When an SR protein binds to an ESE, the SR

protein recruits U1 snRNP to the downstream 50ss, and U2AF65 and 35-kDa

subunits to the PPT and the 30ss-AG dinucleotide, respectively. In turn, U2AF65

recruits U2 snRNP to the BS. Lower panel: in S. pombe, the SR protein, Srp2p,

binds to an ESE and recruits U2AF orthologs (Uaf1p and Uaf2p) to the PPT and

30ss-AG located on the upstream intron. Then, Uaf1p directs U2 binding to the

branch site.
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specifically with the U2 small nuclear ribonucleoprotein
(snRNP) auxiliary factor (Uaf2p), an ortholog of U2AF35
[14]. Inmulticellular organismsU2AF35 interacts with the
30ss-AG and with U2AF65 [16]. The latter binds the poly-
pyrimidine tract (PPT) and directs U2 binding to the
branch site sequence (Figure 1). The U2AF65 protein is
part of the basal splicing machinery, whereas the U2AF35
ortholog is found in S. pombe and not in S. cerevisiae [17].
Webb et al. also demonstrated that the dependency on
Srp2p for suboptimal intron splicing is abolished when
the intron contains a strong 30ss, and the enhancement
effect is detected when the exonic binding site is up to
100 nt downstream of the 30ss [15]. Therefore, the type of
interaction found in S. pombe is consistent with a model in
which the binding of an SR protein to an exonic sequence
recruits U2AF65 and influences the splicing of an
upstream intron. The distance between the SR-binding
site and the PPT-30ss sequences is important for the ability
to maintain the enhancement effect (see Supplementary
Data). Also, these results suggest that before the transition
from intron to exon definition, SR proteins already sup-
ported the basal machinery in the splicing of suboptimal
introns.

SR proteins facilitate splicing of weak introns in
an SR-free organism
How might the evolution of SR proteins facilitate alter-
native splicing? The transition from intron to exon defini-
tion, probably occurring between S. pombe and
multicellular organisms in the course of evolution, was
the major selective pressure leading to the proliferation of
SR genes in multicellular organisms. Proliferation of such
Please cite this article in press as: Ram, O., Ast, G., SR proteins: a foot on the exon before the tr
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genes can give an advantage in assisting the basal splicing
machinery in finding short exons in large intronic
sequences. The transition from intron to exon definition
is also linked to a shift in mechanism – from one that relies
only on four conserved splicing signals to direct the basal
splicing machinery to the correct exon–intron junctions (as
in S. cerevisiae), to a system that includes other sequences
(and proteins that bind to them) located outside of the four
splice signals and providing additional information to help
direct the basal machinery to the splice junctions (as in
higher eukaryotes).

Investigating this further, Shen and Green [18] found
that directing mammalian SR proteins to bind to an exonic
sequence of mRNA precursors, in which the 50ss of that
exon was mutated to a suboptimized site, or a mutated
branch point sequence, rescued splicing. Remarkably,
these findings were obtained in an organism (S. cerevisiae)
ansition from intron to exon definition, Trends Genet. (2006), doi:10.1016/j.tig.2006.10.002
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that lacks SR proteins. Therefore, these results indicate
that SR proteins can support mRNA splicing activity even
in an SR-free organism. Also, this finding explains why the
50ss and the branch site sequence motif are highly con-
served in S. cerevisiae – they cannot afford to accumulate
mutations, because they do not have the backup system
provided by SR proteins.

How do SR proteins relate to the evolution of
alternative splicing?
According to these findings, we can add another layer to the
hypothesis regarding the origin of alternative splicing [3].
The proliferation of SR proteins during the evolution of
multicellular organisms from unicellular organisms
released the burden from the basal machinery of having
to bind efficiently to the four splice signals. Consequently,
natural selection permitted mutations that result in sub-
optimization of certain splice sites (such as U1 base pairing
to the 50ss). This causes the skipping of suboptimal exons
on several splicing events and the ligation of the flanking
exons, which is the prevalent form of alternative splicing.
Thus, SR proteins that bind to exonic sequences were
already in existence before the appearance of alternative
splicing, and the ability of SR proteins to support recogni-
tion of suboptimal introns was, likewise, in existence
before the transition from intron to exon definition. Hence,
SR proteins shifted from assisting the splicing machinery
in the recognition of suboptimal introns to assisting in the
placement of the basal machinery across exons. The pro-
liferation of SR proteins during evolution from unicellular
to multicellular organisms could be related directly to the
abundance of alternative splicing.

A correlation between intron size and exon skipping
The appearance of alternative splicing is presumably
related to the expansion of intronic sequences beyond
the maximal recognition length of introns by the intron
definition system. This could explain the selective pressure
leading to shorter internal exons in higher compared with
lower eukaryotes [10,11].

The Hertel laboratory found a correlation between the
size of the flanking introns and the ability of the internal
exon to undergo alternative splicing [19]. They demon-
strated that in the fruit fly Drosophila melanogaster the
extension of an intron beyond 350 nt abrogates splicing.
Thus, 350 nt is the maximum length for recognition by
intron definition, at least in that organism. The same
authors then demonstrated that most of the introns flank-
ing alternatively spliced exons in D. melanogaster are
larger than 350 nt, whereas constitutively spliced exons
are flanked by short intronic sequences [19]. However, such
a correlation was less significant in human, raising the
possibility that exon definition in human is a mechanism
that depends on additional factors that regulate splicing in
mammals but are absent in lower organisms. There are
also rare occasions of alternative splicing of the exon-
skipping type in Cryptococcus neoformans, Plasmodium
flaciparum and D. discoideum, although these organisms
possess short introns [20]. This raises an intriguing ques-
tion about the similarities and differences of alternative
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splicing regulation in higher eukaryotes compared with
these organisms. Namely, it is unclear whether SR pro-
teins regulate exon skipping in these organisms, and
whether exon definition is involved in the selection of these
exons.

Supplementary data
Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.tig.2006.
10.002.
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