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Evolution of the intron—exon structure of eukaryotic genes
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The origin and evolution of intron-exon structures continue to be

controversial topics. Two alternative theories, the ‘exon theory of genes’
and the ‘insertional theory of introns’, debate the presence or absence of
introns in primordial genes. Both sides of the argument have focused on
the positions of introns with respect to protein and gene structures. A new
approach has emerged in the study of the evolution of intron—exon structures:
a population analysis of genes. One example is the statistical analysis of
intron phases-—the position of introns within or between codons. This
analysis detected a significant signal of exon shuffling in the DNA sequence
database containing both ancient and modern exon sequences: intron phase
correlations, that is, the association together within genes of introns of the
same phase. The results of this analysis suggest that exon shuffling played an

important role in the origin of both ancient and modern genes.
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Introduction

Soon after the discovery of introns in eukaryotic genes,
many questions arose about the origin and evolution
of these intervening sequences. In general, there are
two competing theories for the origin of introns. The
introns-early hypothesis [1-3] or exon theory of genes
[4] suggests that introns were present in the progenote.
In contrast, the insertional theory of introns, also called
the introns-late theory, invokes recent events of intron
insertion into eukaryotic genomes [5-9].

The presence or absence of introns in the progenote has
profound consequences for the origin and evolution of
the genes. The existence of introns opens the possibility
that exon shuffling events are the major evolutionary
force in creating new genes. In a scenario of intronless
genomes, new genes are created by gene duplication
with modification in one of the copies. We know
today that different types of introns exist, some of them
with self-splicing activity. This raises another question:
what is the origin of the classical nuclear spliceosomal
introns? On the basis of some structural and functional
similarities, it is believed that they are derived from
group II introns (reviewed recently in [10,11°]). The
insertionists believe that the symbiotic event which
gave rise to the mitochondria and chloroplast provided
the eukaryotic cell with a source of group II introns.
Cavallier-Smith [12] suggested that these group II
introns would invade the nuclear genes of the eukaryotic
cell by retroposition creating, after modification, most of
the introns that we see today. On the other hand, the
exon theory of genes states that these nuclear introns
are descendants of self-splicing introns (ribozymes) that
were present in the progenote. After the divergence of
the three major kingdoms, most of these ancient introns

were lost in the Eubacteria and Archaebacteria. In the
eukaryotes, however, these introns evolved to a more
efficient and complex type of intron, the spliceosomal
ntron.

Historically, three lines of evidence have been used
to support the exon theory of genes. These are the
correlation between protein modules and exons [13—15],
the correspondence of intron positions between plant
and animal genes [16-20], and, finally, the correlation
between intron positions in genes that diverged in
the progenote [21¢%,22-24]. On the other hand, the
phylogenetic distribution of introns [8] and the mobile
activity of some introns [10,11%,25¢] has been taken as
evidence for the insertional theory of genes. Recently,
we have developed a novel approach to the question
of the origin of introns: a population analysis of genes
in the DNA sequence database. By studying the intron
phase distribution and the correlations of intron phases,
we have obtained results which, in our opinion, provide
strong evidence for the exon theory of genes {26°¢]. This
review discusses this work on intron phase distributions
while reviewing recent progress in the field.

Searching for ancient introns

Phylogenetic analysis of eukaryotic genes that exist
in both nuclear and organellar versions revealed that
these genes are products of ancient duplications, which
probably antedate the prokaryote/eukaryote divergence.
If introns are in identical positions in such genes,
they are good candidates for ancient introns. The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene provides a convincing example. Kersanach et al.
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[21**] pointed out that five introns are in identical
positions between nuclear and chloroplast GAPDH,
suggesting that these introns were likely to exist in the
ancestor of eukaryotes and prokaryotes. Other examples
of this phenomenon are the cytosolic and mitochondrial
malate dehydrogenase and aspartate aminotransferase
where two and five introns, respectively, are in identical
positions [22,23]. The insertionists, however, see these
coincidences as non-random insertions {27¢]. In their
view, there is a limited number of sites where introns can
be inserted, and, therefore, the coincidences discussed
above are not statistically significant, that is, they could
have occurred by chance. The existence of such limited
sites for insertions, however, remains questionable.

The major difficulty in tracing ancestral introns is that
what one sees today is the final product of intron
loss, intron drift, and even occasional cases of intron
acquisition. Although the insertionists always claim that
clear examples of intron drift are missing (see [8] and
reply of [28°*]), a clear example of intron sliding has been
found in two paralogous genes in Folvox [29]. In the case
of intron loss, two recent examples reinforce the notion
that this is a common phenomenon [30°,31°].

Correlations between introns and protein
modules

Is there a correlation between exons and units of protein
structure, such as the relations of exons to modules
as suggested by Go [15]? The historical perspectives
of this assumption are well described in the literature
[4,13,14,32¢]. The most striking successes of this
approach were the predictions of novel intron positions
[13,15] that were later observed [33,34]. Stoltzfus et al.
{35°¢] tried to approach the question of whether exons
correspond to units of protein structure by examining
four ancient genes. They concluded that the “exon
theory of genes is untenable” on the basis of their
failure to show any such correlations. Their argument,
however, is weakened by several factors. Their first
approach was to test a correlation between exons and
secondary structural elements in proteins. However, it is
not surprising that they did not find such a correlation
because one has known since 1979 that introns often
break «-helices [36]. They also tested whether or not
introns are close to a center of mass of the protein
structure. Although such notion of centrality might have
been held in the early 1980s, in 1985 Straus and Gilbert
[37] had already pointed out that centrality was not a
useful feature for triosephosphate isomerase gene (TPI).
Thus, in these two directions, they attacked straw men.
Finally, Stoltzfus et al. [35**] tried to test the correlation
between intron positions and modules as defined by
Go [15]. With the possible exception of TPI, they
again did not find any positive correlation, but this
analysis is again not without problems. The first, and
major, problem is the definition of ancestral introns,

as today’s intron—exon structures are the final products
of intron loss, intron sliding, and possibly intron gain.
Secondly, issues of intron position always involve issues of
protein sequence alignment which may be problematic.
In comparing genes that diverged a very long time ago,
there can be regions that lack enough sequence similarity
to make a reliable alignment. Thus what appears to be
different intron positions in the central regions of the
globins, for example, may only reflect alignment artifacts.

Addition of introns

One view of the addition of introns is that they behave
as transposable elements entering some sequence, a
protosplice set, in a gene [38]. When one examines the
sequences at intron boundaries, one occasionally notices
that the introns are flanked by repeating sequences, an
AG/GT sequence before and after the intron. This has
suggested the possibility the intron entered a pre-existing
AG/GT sequence, the intron carrying within it a
/GT...AG/ sequence. This question has been extensively
examined by Stephens and Schneider [39] who surveyed
1 800 human introns to investigate the structural features
of splice sites. Using an information measure of sequence
conservation, they found that most of the information
is confined within the introns: 82% of information
in the donor (5°) sequences and 97% of information
in the acceptor (3') sequences are on the intron sides
of the junctions. There is low conservation for an
AG/G sequence on the exon sides of the junctions
and essentially none for the AG/GT sequence. In
Caenorhabditis elegans [40] only an AG/R sequence
appears, and in Drosophila melanogaster [41], only AG/RT
(where R is A or G). Although this bias in sequence at
the exon boundary could possibly be the result of drift
away from an original AG/GT sequence, hypothetically
used as a site of insertion, it could also just be the result
of a drift of sequence to enhance pairing with the small
nuclear RNAs of the splicing machinery.

Recently, a demonstration of the addition of spliceoso-
mal introns to nuclear genes and a mechanism for that to
occur has been achieved through the work of Tokio Tani
and Yasumi Ohshima and their collaborators [42—44].
In several yeasts the U6 small nuclear RNA has been
found to have added introns, one in Schizosaccharomyces
pombe and five in different species of Rhodotorula. The U6
small nuclear RNA plays a catalytic role in premessenger
RNA splicing. The distribution suggests strongly that
these introns were added to the U6 gene. The likely
mechanism is reverse splicing: introns spliced out of
a messenger RNA were spliced into the catalytic U6
RNA. That intron containing RNA molecule was then
later, by accident, copied by reverse transcriptase into
c¢DNA and inserted, by recombination, into the nuclear
gene. This is a general mechanism for the movement or
insertion of spliceosomal introns into RNA. However,
if one looks at the sequences into which these introns

775



776

Genomes and evolution

have been inserted in the small nuclear RNAs, there
is no sign of a protosplice site. The six sequences in
U6 RNA are: AA/AU, GA/GA, AG/AU, UU/AG,
GG/AU and CU/GC. Even though inside the intron
the standard GT...AG sequences are used, there is no
sign of any sequence conservation on the exon side.
This supports the concept that no protosplice sequence
was used and that any conservation on the exon side is
the result of drift toward more effective splicing.

Signal of exon shuffling: intron phase
correlations

Intron phase, defined as the position of the intron within
a codon [45], is a conserved evolutionary character, as a
non-deleterious phase change needs a double mutation
of insertion and deletion. To analyze the intron phase
distribution, we first built a database with more than
13000 exon sequences that were extracted from 1925
independent or nearly independent eukaryotic genes.
We then calculated the phases of all introns in these
genes. We found a great excess of phase zero introns (i.e.
those that lie between codons) over the other two phases
and a highly significant correlation of intron phases:
the three types of introns are not arranged randomly
within genes but the phases of adjacent introns prefer
to be associated together, that is, there is an excess of
symmetric exons (exons flanked by two introns of the
same phase) [26*¢]. Furthermore, similar correlations of
the intron phases flanking sets of exons also appear. In
all cases, the greatest excess of symmetric patterns is a
roughly 30% excess of (1,1) patterns over the expectation
(on the basis of the biased intron phase distribution).
What is the explanation of these observations?

The excess of phase zero introns could itself be taken
as evidence for exon shuffling, as exon shuffling works
more efficiently if the introns are all in the same phase.
The simplest form of an insertional model predicts no
phase bias and equal numbers of introns in all three
phases if the addition of introns is independent of
sequence. However, models in which introns are added
to protosplice sites, such as the AG/GT sequence, will
produce a phase bias.

The correlation of phases and the excess of symmetric
exons, however, is a far stronger argument for exon
shuffling. Exon shuffling requires that the shuffled exon
or sets of exons be symmetric [46,47] because the
addition of a symmetric exon or symmetric exon sets
into an intron of the same phase does not disturb the
reading frame.

Could the correlation of intron phases be caused
by alternative splicing? Alternative splicing that adds
alternative sets of exons to the beginning or end of genes
would not restrict the phases or the phase combinations
of exons. Alternative splicing events that add an
additional internal exon to a previously functioning

structure do require that the added exon be symmetric,
but, of course, also require that added element code for
a peptide that can be added as a complete structure, a
unit of structure or function. Furthermore, alternative
splicing is solely dependent on the biological properties
of individual genes [48,49] rather than the distances
between the introns. Therefore, alternative splicing is
not likely to provide an explanation for the correlations
as we observed. The simplest explanation for the excess
of symmetric exons is that it is a signal of exon shuffling.

Exon shuffling in modern genes

In the controversial area of evolution of intron—exon
structure, one concept is reasonably well accepted
—that of exon shuffling, at least in modern genes.
Since the initial reports of examples of exon shuffling
in the low density lipoprotein receptor [50] and the
regulatory proteases of the blood coagulation [51], many
further examples have been documented (comprehensive
reviews can be found in [47,52-54]). One recent
example of exon shuffling in the sterol regulatory
element binding protein-2 gene (SREBP-2) in hamster
shows an evolution of the intron—exon structure in
the laboratory, where exon shuffling conferred a new
function selected in a new environment [55°]. A recent
report of exon shuffling in another specific gene in
sunflower [56°] discredits the view that exon shuffling
is only limited to one evolutionarily recent lineage of
vertebrates [8,35%,57].

How general is exon shuffling? Our detection of a sign of
exon shuffling in a database of eukaryotic exons makes it
possible to estimate how many exons are involved in that
signal. At least 19% of the exons had to be involved in
order to create the observed excess of symmetric exons
over expectation. (If all of the deviation from the 1/3
expectation of intron phases were due to exon shuffling,
then at least 28% of the database has to be involved.)
This provides only a minimum estimate on how much
shuffling might have occurred, a lower boundary, as
much of the shuffling might not appear as an excess
and factors such as intron drift will weaken the signal of
intron correlations. Thus, quantitatively, exon shuffling
1s very important in evolution.

Exon shuffling in ancient genes

To study the origins of exon shuffling, we identified
in our database those regions of genes which were
homologous to prokaryotic genes. These are ancient
conserved regions (ACR) [58] which represent complete
genes or portions of genes that descended in a
relatively unchanged manner from a common ancestor.
These regions have no introns in the prokaryotes, but
they have introns in the eukaryotic versions. On any
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intron-late model these introns must have been inserted.
For such models they could not participate in exon
shuffling because the ACR regions are colinear with the
ancestral molecules, which according to the introns-late
hypothesis came into existence before there were introns.
We examined these ACR introns for intron phase bias
and for intron phase correlation. We discovered that the
introns within these ACRs show a similar phase bias
to the overall database, about 55% in phase zero, and
show intron phase correlations. There is an excess of
symimetric exons and symmetric sets of exons, significant
at the 1% level, for these introns. We interpret this excess
of symmetric exons again as evidence of exon shuffling.
However, this exon shuffling would have had to have
occurred in the progenote, and hence these introns
would have existed in the progenote. This is a novel
argument for the ancient nature of introns, based on
principles different from those adduced before, which
provides independent support for the concept that the
introns are very old.

Conclusions

Although the debate as to early versus late introns
continues, new experimental findings show more ex-
amples of exon shuffling in organisms. Our data on the
correlation of intron phases suggest that there is an excess
of symmetric exons and hence that a large portion of the
exon database has been involved in exon shuffing, which
further suggests a very important role of exon shuffling
in the evolution of genes. The same signal detects exon
shuffling in ancient conserved regions, which in turn
strongly supports the idea that introns were present in
the progenote.
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