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When searching the genomes of human, fly and worm for cases of exon duplication, we found that about 10%
of all genes contain tandemly duplicated exons. In the course of the analyses, 2438 unannotated exons were
identified that are not currently included in genome databases and that are likely to be functional. The vast
majority of them are likely to be involved in mutually exclusive alternative splicing events. The common
nature of recent exon duplication indicates that it might have a significant role in the fast evolution of

eukaryotic genes. It also provides a general mechanism for the regulation of protein function.

INTRODUCTION

The evolutionary significance of introns in eukaryotic genes has
been the subject of much debate. Arguments include, for
example, that introns facilitate recombination (1,2) or enable
exon shuffling between different genes (3). Although duplicated
exons have been observed within genes, we here report that this
is an unexpectedly common phenomenon and that tandemly
duplicated exons within genes have frequently retained or
acquired functionality. This mechanism complements gene
duplication as a source of evolutionary novelty (4) (Table 1).
In particular, we show that a substantial amount of exon
duplication events lead to alternative splicing; in the majority of
instances we can predict mutually exclusive alternative splicing.

Table 1. Exon statistics for Homo sapiens, Drosophila melanogaster and
Caenorhabditis elegans

Feature H. sapiens D. melanogaster C. elegans
Annotated genes 29181 13744 19315
Annotated exons
Total 191 656 52043 115385
Duplicated 5544 3078 3669
Novel exons 2064 371 647
Additional 1242 19 317
pseudoexons®

Genes with duplicated
exons

3140 (10.7%) 976 (7.1%) 1418 (7.5%)

Annotation was taken from standard distribution sites for each organism
(Ensembl v3.26 for human, Flybase release 2 for fly and Wormbase WS54 for
worm).

“Exons containing stop codons that are unlikely to be transcribed.

"This includes the novel exons, which increases the number of duplicated exons
by 37.2%, 12% and 17.6% in human, fly and worm respectively.

RESULTS

Detection of duplicated exons

To detect cases of tandemly duplicated exons, we successively
compared each exon of each gene to its neighboring exons in
the same gene, for the Homo sapiens (5), Drosophila
melanogaster (6) and Caenorhabditis elegans (7) genomes
(see Materials and Methods for details of data sources). As
eukaryotic gene predictions are not perfect, and previous
studies have shown that many annotated introns may contain
unannotated exons that are involved in alternative splicing (8),
we also searched each exon against adjacent introns.

The comparison identified 12291 cases of tandem duplica-
tion in the annotated exons of human, fly and worm. In
addition, we detected 4660 exon homologous regions within
introns in all three species. We refer to these latter regions as
‘unannotated’ exons. We also detected 66 cases of duplications
(data not shown), where the DNA sequence was 100%
identical. We attributed this to artifacts of the assembly
procedure and did not include such regions in further analyses.

Of the 4660 unannotated exons, 1578 contained stop codons.
These likely pseudoexons were excluded from further analysis
(Table 1). To confirm the functionality of the remainder of the
unannotated exons, we searched for their presence in expressed
sequence tags (ESTs) and cDNAs. As many as 35.1% of the
unannotated exons were found in ESTs (compared with 41%
for the annotated ones) and 21% were contained in well-
annotated human RefSeq (9) sequences (compared with 63.3%
of the annotated ones). The set of unannotated exons thus
contains both known exons that are not included in current
genome-specific databases, and inferences, based on homology,
of novel exons not included in any database. As there is no
difference in the methodology used to identify these subsets,
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we continue to refer to both categories as ‘unannotated’. The
lower coverage of unannotated exons by cDNA might reflect
the practice of current gene prediction schemes that use cDNAs
as evidence of gene structure without further analysis of the
genomic region involved i.e. the presence of an exon in cDNA
will lead to its inclusion as an annotated exon within genome
databases.

The size distribution of both annotated and unannotated
duplicated exons shows no significant difference to the size
distribution of all exons in any of the analyzed genomes. The
majority of the duplicated exons fall into the 30- to 50-amino-
acids range. We do not see any obvious bias towards certain
functional classes of gene products (data not shown).

Evidence of functional constraint

As probably more than 50% of the genes in animals contain
more than one splice form (5,10), it is likely that, in many
cDNAs, not all exons are present. The similarity of the ratios
above for inclusion of annotated and ‘unannotated’ exons in
expressed sequence are indicative that the bulk of the latter set
can be regarded as functional. In order to provide more support
for this inference, we performed an independent functionality
test based on the ratio of synonymous versus non-synonymous

0.45

mutations per codon. We calculated the K,/K; ratio for both the
annotated and the candidate exons using the method of Yang
and Nielsen (11). The ratios of both annotated and candidate
exons are similar (in contrast to presumed pseudoexons
containing a stop codon) (Fig. 1). We conclude that the
majority are under selective pressure, and thus likely to be
functional. In this way, we identified 2064, 371 and 647
unannotated candidate exons in human, fly and worm
respectively, and have thus increased the number of duplicated
exons in the three organisms by 37.2%, 12% and 17.6%. These
figures are likely to be lower limits due to the restricted
sensitivity of homology search methods for short sequences.

Duplicated exons and alternative splicing

The common nature of duplicated, likely functional exons
suggests that they provide a useful and evolutionarily
accessible way of meeting functional demands. One possible
way in which they might do this is via complex splicing
patterns. Mutually exclusive alternative splicing of these exons
would allow any given part of a protein product corresponding
to a single exon to be replaced with a modified version,
providing a framework for the regulation of differing
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Figure 1. K,/K; ratios in H. sapiens tandem exon pairs. Only duplicates with over 70% amino acid sequence identity have been compared, since otherwise K,/Kj
ratios are unreliable. Maximum-likelihood analysis of the data shows that about 70% of the unannotated exons are functional.



Table 2. Comparison of annotated and unannotated exon duplicates in human
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Annotated

Unannotated

Exon numbers
Total
Subset analyzed”

Evidence for expression of single exons of subset
cDNA (RefSeq) matches
EST matches

Evidence for simultaneous expression of both exons of subset
cDNA (RefSeq) matches
EST matches

Evidence for alternative splicing in subset
Annotated”

Different intron phase

Same intron phase

5544 tandem pairs
1823 tandem pairs (3260 exons)

2065 (63.3%)
1335 (41%)

2064 tandem pairs
963 tandem pairs (963 novel exons)

202 (21%)
338 (35.1%)

618 (33.9%) 4 (0.4%)

342 (18.8%) 6 (0.6%)

849 NA

498 annotated (58.6% of 849) 600 observed (62.3%)
351 annotated (41.4% of 849) NA®

“Derived as follows (see also Materials and Methods). For unannotated exons, initial hits within the introns were expanded to match the original query exon’s
length; 10 nucleotide regions at the beginning and the end of hits were checked for conserved splice site sequences (GT and AG); only the hits with both splice sites
gresent were analyzed. For annotated exons, pairs with £ < 10 ~ > where blast hit covered at least 90% of the exon sequence were analyzed.

Implying mutually exclusive alternative splicing based on Ensembl annotation; note that this number is a lower limit given current estimates that at least 50% of all

human genes are subjected to alternative splicing.

“If exon pairs are in the same intron phase, they could be either coexpressed or alternatively spliced. We found evidence of coexpression in only 5 out of 363 cases
(1.3%); therefore we assume that the majority of all unannotated exons are mutually exclusively spliced.

biochemical and physical properties, within the context of pre-
existing genes.

To test this hypothesis, we extracted a subset of the
duplicated annotated and unannotated exons with high
sequence similarity, so that exon borders can be reliably
predicted. Given that both tandem exons are functional and
provided that the splice sites remain conserved, if the lengths of
tandemly repeated exons are not exact multiples of 3, they are
unlikely to be incorporated into the same transcript in the same
reading frame (doing so would be likely to lead to a
frameshifted product), and so we infer that they are likely to
be mutually exclusively spliced. In human, 3260 annotated and
963 unannotated exons were sufficiently similar to each other
(see Materials and Methods) to be studied in detail (Table 2).
62.3% of the unannotated exons and 58.6% of the annotated
duplicated exons, which are known to be subjected to mutually
exclusive alternative splicing, have lengths that are not exact
multiples of 3. As a further test, we searched the EST and
cDNA databases for evidence of simultaneous expression of
unannotated duplicated exons. Only six such cases were
detected (0.6%), suggesting that for the majority of tandemly
duplicated exons, mutually exclusive alternative splicing can be
predicted (Table 2).

DISCUSSION

Taking all exons together, the above numbers show that as
many as 10.7%, 7.1% and 7.5% of the annotated genes in
H. sapiens, D. melanogaster and C. elegans respectively
contain conserved duplicated exons. Up to 83 copies per gene
can be found, the most dramatic case being the well-known
DSCAM in D. melanogaster, where multiple mutually exclu-
sive exons lead to enormous numbers of splice variants (12). In
such cases, alternative exons have not been annotated within
the genomic databases.

The results indicate that exon duplication, and mutually
exclusive alternative splicing of the duplicated exons, is a
relatively common phenomenon. This suggests that mutually
exclusive alternative splicing has arisen as a means of
producing regulated modular changes of protein functionality,
independent of domain boundaries or other structural con-
straints. How might the control of such splicing have evolved?

Evolutionary scenarios

Cases where tandemly duplicated exons have lengths that are
not exact multiples of 3 will lead to nonsense transcripts if both
exons are incorporated into the product, and so are likely to be
strongly selected against, providing pressure for the evolution
of regulated mutually exclusive splicing. Cases where known
mutually exclusive exons have lengths that are exact multiples
of 3 pose an interesting evolutionary question: When will
duplicated exons be incorporated into the same transcript, and
when will they be subjected to mutually exclusively splicing?
In theory, both duplicated exons could be incorporated into the
same transcript with no loss of reading frame; however, in cases
where the exon does not correspond to a structural domain, it
seems likely that in some instances, the translated polypeptide
will not be able to fold to form a functioning product. This will
again lead to selection for regulation of the splicing of the
duplicated exons, leading to controlled mutually exclusive
splicing. However, in other observed instances of mutually
exclusive splicing, especially when the duplicated exon is
short, or falls in a loop region, it is plausible that both exons
could be incorporated into a folded protein product. For
mutually exclusive splicing to occur in such instances, it is
necessary to invoke some form of regulation, from the moment
of their duplication, to prevent both being incorporated in the
same transcript. One possible explanation is that the duplicated
exons are flanked by introns of different types (i.e. U2-
and Ul2-type introns spliced by the major and minor
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spliceosomes). When duplicated, such exons will not be able to
be spliced together, since the donor site of the 5 exon and
acceptor of the 3’ exon will form a hybrid ‘intron’. It is thought
that neither spliceosome is capable of removing such regions
(13). This appears to be the scenario responsible for mutually
exclusive splicing in human stress-activated protein kinase
(JNK 1) (data not shown). As Ul2-type introns are believed to
be capable of evolving into U2 types (14), this theory may also
explain some instances of mutually exclusive splicing of other
exons where the flanking introns are the same phase and both

U2 type.

Structural and functional implications

Protein structure can provide a direct means by which to assess
the functional significance of the residue changes effected by
alternative splicing. By analyzing the duplicated exon within
the context of the 3D structure of the entire protein domain in
which it resides, we are able to propose functional con-
sequences and adaptive significance for some of the alternative
splicing events. Here we present two such examples.

Our automated screening identified a duplicated exon in
human glycine receptor a-2 (NCBI RefSeq NP_002054). The
duplicated exon in this gene has been noted previously as a
candidate for alternative splicing (15). It encodes a duplicated
region of 22 amino acids, of which only two are variable,
substituting a VT pair for IA (Fig. 2A). cDNA evidence

GLRA2-a2 j=

(GenBank accession nos AA463244 and AV729257; UCSC
genome browser http://genome.ucsc.edu) confirms that the
duplicated exons are mutually exclusively spliced into the gene
products. By using the recently solved structure of molluscan
acetylcholine-binding protein (AChBP) as a template for the
homologous glycine receptors (16), we were able to establish
the structural location of the duplicated exon within the protein
fold, and find that the two-amino-acid substitution occurs on
the inner face of the internal channel formed by pentamers of
this domain (Fig. 2B, C) (16). Intriguingly, comparison with the
alignment of all family members suggests that the exon
encoding the ‘A’ variant is the only one for which a non-polar
residue is found in the second location (data not shown). It thus
seems likely that the alternative splicing event is used to
regulate the precise properties of the channel, perhaps to create
a constitutively inactive form.

The Drosophila gene CG3487 encodes a putative trypsin-like
serine protease. Analysis of the predicted transcript of this gene
shows that it contains a duplicated final exon (Fig. 3A).
Alignment with trypsin-like proteases of known structure
shows that this region corresponds roughly with the C-terminal
lobe. Although this could be considered a distinct structural
entity, and so arguably both exons could be incorporated into
the final protein product, we consider this unlikely. The active
site of these proteins is a triad of residues (His, Asp, Ser). Of
the three, the His and Asp occur in the N-terminal lobe of the
protease, and the Ser in the C-terminal lobe. As these residues
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Figure 2. Alternative splicing of human glycine receptor -2 (h\GLRA2). (A) The duplicated exons aligned with a region of known structure from molluscan
acetylcholine-binding protein (AChBP). The variable residues are highlighted in black. Other residues are colored using the CHROMA program with default para-
meters and an 80% consensus threshold (21). (B) The structure of the duplicated exon of GLRA2, marked in black, with the variant residues shown as space-filling,
as inferred from the structure of AChBP (see text for details). (C) The structure of the biologically active pentameric form of AChBP, serving to represent how the

alternatively spliced residues of GLRA2 would cluster in space.
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Figure 3. Duplicated exons in the Drosophila trypsin-like serine protease CG3487. (A) Gene structure, and proposed modification to splice site of final intron. The
duplicated exons are shown in black. The blue bar shows the region of the terminal exon that was removed to make phases compatible with mutually exclusive
splicing. (B) Alignment of duplicated exons and sequence of known structure, PDB code 1autC. Residues within 4.0 A of the substrate are marked with an asterisk.
(C) Structure showing location of duplicated exon (black), and location of functionally significant sequence variability between the two alternative exons (see text
for details). The green insert in the black structure represents the most conserved region between the two exons, with the red residue showing the predicted site of

the Gly— His substitution.

need to be in a precise geometric arrangement to achieve
catalytic activity, it seems unlikely that both active-site serine
residues (which are conserved in each of the exons) could be
utilized simultaneously in the same triad. The phases of the
penultimate and ultimate introns of the predicted gene structure
are incompatible with alternative splicing; however, reanalysis
of the gene prediction using CG14227, the closest homologue
of CG3487, employing the genewise program (http://www.
sanger.ac.uk/Software/Wise2/), shows that the boundaries of
the final intron should be adjusted. This modification does
make the gene structure compatible with alternative splicing.
We aligned the repeated exons with the most similar sequence
of known three-dimensional structure (Fig. 3B). Analysis of
conservation and variation within the duplicated exons in light
of the three-dimensional structure suggests that a Gly—His

substitution between the two exons will have profound
consequences for access to the active site substrate-binding
pocket (Fig. 3C).

These examples show that mutually exclusive alternative
splicing is likely to have direct functional consequences,
suggesting that exon duplication and mutually exclusive
splicing of the resulting duplicates provides a parallel route
to gene duplication for subtly modifying protein function and
increasing the range of biochemical control available to the
cell.

Summary

These findings have important technical, functional and
evolutionary implications. (i) Current gene prediction schemes
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for higher eukaryotes should consider the phenomenon
presented here, in particular if a prediction is based on
homology to cDNA or proteins derived from it. (ii) As such a
large number of duplicated exons show patterns of selection
indicative of function, they are likely to be incorporated as
tandem repeats in proteins [many examples are found in
extracellular proteins when an exon corresponds to a domain
(3)] and/or be used for alternative splicing. Indeed, in at least
60% of the cases, mutually exclusive splicing is the most likely
scenario, enabling the modification of protein activity. (iii) The
general phenomenon presented here suggests a mechanism for
the fast evolution of genes and gene regulation via alternative
splicing.

During the preparation of this paper, a complementary
analysis of known cases of alternative splicing annotated in the
SWISS-PROT database (17) concluded that mutually exclusive
splicing caused by exon duplication contributes about 10% of
the total of alternative splicing. We have shown that the vast
majority of duplicated exons are subjected to alternative
splicing. If one takes the current lower limit estimate that
about 50% of all human genes are alternatively spliced (5) and
considers that about 10% of all human genes contain
duplicated exons, as much as 20% of alternative splicing
might be due to exon duplications.

MATERIALS AND METHODS

Data generation and homology searches

The annotations of the genomes of H. sapiens, D. melanogaster
and C. elegans were taken from standard distribution sites for
each organism (Ensembl v3.26 for human, Flybase release 2
for fly and Wormbase WS54 for worm). Using various perl
scripts, exons were extracted and similarity searches were
carried out to identify homology to neighboring exons or
within DNA adjacent to exons (Table 1). In both cases,
significance was set at E-values of 0.001, using the bl2seq
implementations of TBLASTN or BLASTP (18).

Analysis of exon functionality

A subset of the human set above was created for detailed
analysis. For the annotated set, only those pairs that had a blast
hit covering at least 90% of both exons with E-value lower than
10 ~ ° were further considered. For the unannotated set (cases
where annotated exons had a hit in the neighboring introns),
blast hits within introns were first extended to match the length
of the query exon. The regions of 10 nucleotides around the
start and the end of the expanded hits were checked for
presence of both standard splice-site sequences (GT—AG), thus
allowing reliable identification of exon boundaries. In order to
match the homology-based set with experimental data, ESTs
and cDNA sequences were compared with our dataset using a
restrictive threshold of 99% nucleotide identity over at least 30
nucleotides. Human ESTs were extracted from GenBank
dbEST (19), and the human RefSeq database (9) was used a
source of cDNAs. As matches to ESTs and cDNA could only
partially support functionality of the predicted exons, an
analysis of the nucleotide substitution rates was done.

Amino acid sequences of the tandemly duplicated exons were
first aligned using ClustalW (20). Amino acid sequence
alignments were used to reconstruct the DNA alignment by
substituting amino acids with the corresponding codons from
the genomic DNA. The alignments were analyzed using Yang
and Nielsen’s method (11) and K,/K; ratios were determined for
three separate subsets: duplicates with both annotated exons,
duplicates with unannotated exons and duplicates where
unannotated exons contained a stop codon (‘pseudoexons’).
As K, /K ratio reliability rapidly falls with sequence diver-
gence, only pairs with over 70% amino acid sequence identity
have been compared. On the other hand, for exons with lower
similarity, one would expect an accumulation of stop codons if
there were no functional constraints.

If the pool of unannotated exons is regarded as a mixture of
true functional exons and ‘pseudoexons’, then the K,/Kj
distribution for unannotated exons can be viewed as a mixed
distribution. Under this assumption and given histogram
estimates for K,/K; distributions for functional exons and
pseudoexons separately (Fig. 1), the fraction of coding exons in
the set of unannotated exons was estimated using the
maximum-likelihood method.

Analysis of mutually exclusive alternative splicing

All exons whose length was not an exact multiple of 3 (i.e. that
had flanking introns of different phases) were considered as
mutually exclusive alternative splicings because their fusion in
one transcript would result in a frameshift. The phases of the
introns flanking unannotated exons were determined by
comparing the reading frame of the BLAST hit with the splice
sites. All pairs that were considered to be alternatively spliced
were checked against EST and cDNA databases for evidence of
coexpression of both exons. Pairs were considered as
coexpressed if they had an EST or cDNA match with 99%
identity over at least 30 nucleotides on both sides of the splice
site (Table 2).
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