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Introns and protein revolution — An analysis of the exon/intron
organisation of actin genes
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Abstract A catalogue of intron positions obtained from a large
number of actin gemes has been compiled with a view to
understanding the possible origin of intervening sequences.
Actins are ubiquitous proteins conserved in evolution and an
analysis of their gene structures from various organisms has
revealed that there may be at least 25 intron positions distributed
at different positions in the coding regions. A comparison of
intron positions from a wide range of organisms from that of
yeast to human actins shows that introns could be more ancestral
in origin. The conservation in the observed intron patterns within
the different tissue types hints at a possible functional
significance of introns in present day actin genes.
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1. Introduction

Since the existence of split genes in eukaryotes much spec-
ulation has centred on the origin and function of intervening
sequences. The debate on the origin of introns has led to
‘introns-early’ and ‘introns-late’ theories [1-4]. Evidence fa-
vouring both theories has been observed for different gene
families [3,5-7]. In the present investigation the possible origin
of intervening sequences has been traced for the actin gene
family, based on comparative analysis of the gene structures.

Actins are highly ubiquitous [8] and are present as multi-
gene families in protists, plants and animals, but as a single
copy gene in yeast and Tetrahymena [9]. The multigene family
members are differentially expressed and earlier reports have
shown a remarkably high sequence conservation for the reg-
ulatory regions upstream for higher organisms [10]. There is
an extensive conservation of coding sequences among the ac-
tin genes in contrast to the diversity observed in their exon/
intron organisation. Therefore, a molecular structural analysis
of the actin gene family could be very useful not only in
understanding the evolutionary process of actin genes but it
may also shed light on the evolution of introns themselves, i.e.
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Abbreviations: aa, amino acids; m, muscle; cyt, cytoplasmic; Hum.o
sm.mus., human o smooth muscle; Hum.y sm.mus., human ¥ smooth
muscle; Hum.o card., human o cardiac; Hum.o sk., human o skeletal;
Hum.p cyt., human B cytoplasmic; Hum.y cyt., human y cytoplasmic;
Rat sk.mus., rat skeletal muscle; Chick o sm.mus., chick o smooth
muscle; Chick o card.mus., chick o cardiac muscle; Chick B cyt., chick
cytoplasmic; D.mel., Drosophila melanogaster; C.eleg., Caenorhabditis
elegans; T.sol.,, Taenia solium; A.thaliana., Arabidopsis thaliana;
V.carteri., Volvox carteri; Therm.lan., Thermomyces lanuginosis;
Asp.nid., Aspergillus nidulans; S.cer., Saccharomyces cerevisae

whether introns are ancestral or have been acquired during
the course of evolution.

Actins are involved in carrying out diversified functions in
cells, including cell motility in animals and cytoplasmic
streaming in plants, and are essential components of contrac-
tile apparatus in muscle cells {11,12]. In vertebrates, six actin
isoforms have been identified: four muscle types (skeletal,
cardiac, aorta-type smooth muscle, and enteric-type smooth
muscle actins) and two non-muscle types (cytoplasmic B and y
actins) [13]. The muscle cytoplasmic variants of actin gene
types are also observed for other higher eukaryotes like chick-
en [14-16] and invertebrates like sea star, sea urchin, etc.
[17,18]. The different isoforms of human [19-21] and chicken
among vertebrates, sea urchin, sea star, Drosophila [22], etc.
from invertebrates and also gene sequences of actins from
plants [23-27] and lower eukaryotes [19,28-30] have been con-
sidered and a hypothetical model demonstrating the lineage of
introns is proposed. The results support the idea that a pre-
sumed ancestral actin gene contained a number of intron po-
sitions and that the present-day actins may have evolved
through loss of some of these introns, while they could have
been retained and conserved in certain actin genes, since they
may be advantageous in the regulatory aspects of gene expres-
sion.

2. Materials and methods

Actin gene sequence data were stored and analysed on a PC AT
386. The majority of DNA sequence data was obtained through Bio-
informatics Centre, IISc., Bangalore, apart from data collected from
recent publications. As many as 20 sequences from organisms repre-
senting the fungal, plant and animal kingdoms were included in the
analysis. A schematic representation showing the distribution of in-
trons was generated using Microsoft Word and Aldus Pagemaker. A
phenogram illustrating the evolutionary lineage of intron positions of
actin genes from fungal, plant, and animal sources was generated.

3. Results and discussion

To analyse precisely the intron relationships among the
various actin genes, we prepared a schematic representation
of intron positions for actin genes coding from lower eukar-
yotes to higher eukaryotes (Fig. 1). The human actin genes
studied included all the six isoforms ~ o and y smooth muscle,
« cardiac and o skeletal muscle and P and 7y cytoplasmic
actins [19-21]. Interestingly the comparison reveals a strict
conservation of introns at positions 43, 270, and 330 amino
acids (aa). However, there are other intron locations that are
unique to particular muscle types. For instance, the intron at
position 86 aa was restricted to the smooth muscle-type actin.
An intron at position 123 has been found in all the muscle
types except for cardiac and skeletal actins. Similarly, the
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Fig. 1. The distribution of introns within the actin gene family. The
presence of an intron is shown by a black bar. The intron locations
are described by codon positions.

Putative ancestral actin gene
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introns at position 152 and 206 aa are found in all the muscle
types other than B and y cytoplasmic actins. The intron pat-
terns observed for chicken [14-16] and rat [31] actin genes are
identical to those of human genes.

The invertebrates included organisms as diverse as hydra
[32], C. elegans [33], Drosophila [22], sea star (m) [34] and
sea urchin (m and cyt) actins [18,35]. It was observed that
the introns at positions 43, 121, 152, and 327 could also be
correlated to those positions already known for higher eukar-
yotes. For instance, the single intron of hydra at 86 aa coin-
cides with the intron location found only in smooth muscle-
type actins. It could be speculated that this feature may con-
tribute to the function that may be common to hydra and the
smooth muscle actins. Further investigation showed that the
introns at 152, 206, and 267 aa are shared with higher organ-
isms. Such a conservation of intron locations between verte-
brates and invertebrates may suggest that they could have
evolved from a common ancestral gene, with the intron posi-
tions maintained for the above mentioned sites.

All plant actin genes sequenced to date contain introns at
three positions [23-27]. Of these, one is shared with verte-
brates, one with C. elegans and one is plant specific, i.e. at
356 aa. The remarkable coincidence in intron positions for all
the plant actins (described in Fig. 1) supports strongly that the
plant actin genes are derived from a common ancestor. The
coincidence of an intron at 20 aa with the nematodes, the
presence of an intron within the 5 RNA leader in soybean
and also an intron at 152 with the higher organisms suggest
that these introns should have been present in the precursor
gene prior to the divergence of plants and lower eukaryotes.
An interesting situation is found in the case of V. carteri
(alga) actin [36]. This gene is interrupted at nine positions, a
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Fig. 2. A phenogram for the hypothetical evolutionary lineage of intron sites of actins. Intron positions are given as 25 different sites for the

varying species. Triangles indicate deletions of intron sites.
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number higher even than the muscle prototypes, of which
three are shared with one or the other species of actin genes.
These are the introns at 20 with higher plants and nematodes,
123 with sea star and other higher eukaryotes, and at 309 aa
with Drosophila. That the intron positions are conserved for
varying species such as algae, plants, invertebrates and higher
eukaryotes suggests the possibility of an ancestral split gene
organisation that could have been retained by the different
species.

The lower eukaryotes considered for the analysis were slime
molds [30] and fungi [9,28,29]. The two fungal genes (Thermo-
myces lanuginoses and Aspergillus nidulans) both shared one
intron position at 41 aa with higher eukaryotes, while main-
taining an intron at codon 2/3 among themselves and yeast.
Similarly, the slime molds share two of their intron positions
with fungal and animal kingdoms for interruptions at codons
27 (near identical to 31) and 322 (near identical to 327) re-
spectively. Curiously, the number of introns in lower eukar-
yotes are high compared to higher organism and if one pre-
sumes these organisms to represent more of an ancestral form
of the gene, then introns present in them could be considered
more ancient in origin.

Based on these ideas, a model can be proposed to demon-
strate the lineage of introns in evolution (Fig. 2). Accordingly,
a putative ancestral actin gene, for example, had at least 25
introns that were then differentially lost to produce the ob-
served distribution of introns found in modern actin genes.
This becomes clear when one analyses Fig. 2, judged by the
intron distribution within gene families. The fact that most
actin intron positions can be clearly attributed to descent
from intron loss explains that introns are very ancient.
Thus, the findings support the ‘intron-early’ hypothesis, where
introns have always been an integral part of the gene struc-
ture.
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