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Figure 1.

Effect of different concentrations of sodium chloride

and sugar solutions on the isolation of pUCI1S. (a) 150 mM
NaCl; (b) 300 mM Nacl; (C) 500 mM NaCl; (d) 1% glucose;
(e) 3% glucose; (F) 5% glucose; {g) 8% sucrose; (h) Control.

with restriction enzymes (data not shown),

The method described here uses re-
agents that are stable at room temperature.
In addition, this method uses lower con-
centration of NaOH and SDS for lysis

than that recommended by Birnboim and
Doly'. Milder conditions of lysis as the
one employed here enable the release of
small molecules including compact su-
percoiled plasmids while trapping larger

molecules such as denatured chromosomal
DNA inside the cell. Moreover, the pre-
cipitation time with 3 M potassium acetate
is also reduced to 15 min as longer
incubations lead to slow leaching of the
chromosomal DNA into the solution. The
method is consistent, reproducible and
gives better yields.
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Paradoxes in the evolution of introns and genes

G. Naresh Kumar

The recent discovery of class II type of
seif-splicing introns in bacteria' has pro-
vided addstional information to probe into
the perplexing role of introns in the evolu-
tion of genes~ . The problem begins with
the origin of introns, Introns can be clas-

336

sified into five different categories—class
I, class 11, class III, spliceosomal mRNA
introns, and the unique small tRNA in-
trons. Classes I and 11 introns both un-
dergo self-splicing én vitro but require

proteins for eftficient splicing in vivo™ ®,

They differ from each other in their secon-
dary structures and in their mechanisms
of splicing. Class I introns are found in
the genes of organelles, bacteria’® and
in eukaryotic nhuclear genes whereas class
11 introns, until their recent discovery in
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bacteria, had been detected only In or-
ganelles. Class III introns are found in
the chloroplasts of Euglena and Astasia
and are relatively small in size'’, Class
II1 introns contain only a subset of class
Il intron domains and thas require addi-
tional domains in frans for splicing. The
fourth category, mRNA introns found in
the protein-coding regions of eukaryoles,
vary considerably in size and sequence
even between closely related genes, and
lack self-splicing ability. A ribonucleo-
protein complex, called spliceosome, cata-
lyses their removal from mRNA. mRNA
introns have not so far been detected in
prokaryotes and in anaerobic eukaryotes.
The small tRNA tntrons are characterized
by yet another mechanism of splicing
involving removal of the intron by an
endonuclease and joining of the exons
by an ATP-dependent ligase”‘m. Two
variations in introns are described as out-
rons and twintrons. Outrons have only
one exon adjacent to them and they par-
ticipate in mmrm:-s.pli+n:ing13 and twintrons
are introns within introns which are com-
posite group II and group Il introns'”,
A sequential splicing of introns is essential
for generating a mature transcript.

Since the discovery of catalytic RNA
(ribozymes), a new hypothetical world,
the RNA world, has emerged in which
organisms contained only RNA'™" fup-
ctioning both as the genetic material and
as a catalytic molecule. Organisms deve-
loped DNA and catalytic proteins only
later. Accordingly, both class I and class
I1 introns, possessing catalytic activity,
may have been derived from ribozymes
and are probably the most primitive class
of introns. Similarities between class I
introns, class Ifl and mRNA introns, there-
fore, have been interpreted as suggesting
that evolution of introns occurred in that
order'0-16-19

Self-splicing class I and class II introns
encode site-specific recombinase and re-
verse transcriptase-like protein-coding re-
gions'®2" 22, Both classes of introns are
also mobile, 1t is therefore imporant to
understand the cvolutionary relationship
between transposons and introns®™ #, Since
the RNA world is believed 10 have pre-
ceded the present-day DNA world, trans-
posons have possibly been derived (rom
scll-splicing introns. The ancestral seif-
splicing introns  probably had no open
reading frames (OR[s). Interestingly cyano-
bactena, which are considered 1o be an-
cient’, are devord of ORFs in their group

I introns”* 5. In the early stages, self-splic-
ing introns containing ORFs facilitating
splicing would have been selected and
then at a later stage, after the transition
of genetic material into DNA, ORFs that
enabled propagation of introns might have
been selected. This view is supported by
the role played by the ORFs of the
self-splicing introns both in splicing and
in their mobility™®. There is relatively
greater consensus on these issues; the
present controversy is about the origin
of mRNA introns. Two different hypo-
theses view the origin of mRNA introns
in hving systems as Early and Late.

The early-intron hypothesis has been
proposed to account for the origin of
diverse and complex proteins’®, The role
of the introns was to generate diversity
and complexity without destroying the
functional integrity of protein (sub) do-
mains encoded by exons. Interestingly,
experimental evidence supporting exon-
shuftling was found in terms of recom-
bination events between self-splicing
introns®” %, Recently, excision of an exon
circle from RNA containing group [*
and group II introns’’ has been de-
monstrated. This process is known as
inverse splicing. This finding supports
early hypothesis since a process exactly
reverse of inverse splicing could mediate
exon shuffling. The occurrence of trans
splicing of pre-mRNA amongst plants,
animals and protists’ may be a relic of
earlier events envisaged in the early intron
hypotheses. Analysis of glyceraldehyde
phosphate dehydrogenase (GAPDH) gene
homologies between bacterial contiguous
genes and discontiguous genes of chloro-
plasts and eukaryotic nuclear genomes,
has indicated that the eukaryotic intron-
exon organization predates the divergence
of eukaryotes and pml-:arymf:s“.

The carly-intron hypothesis predicts that
introns would predominantly be Tound at
the boundaries of (sub) domain-encoding
regions, rather than within regions en-
coding (sub) domains. Although there are
a lew cases that do not conform to this
expectation, intron distribution in a variety
of genes has been found to be in agree-
ment with such a view’™*, Based on
the protein domain siructuse, a new intion
position was pedicted for the trioscphos.
phate isomerase gene’, and such an intron
was detected in the mosquite Culex tar-
salis. The early hypothesis also explains
the Yuct that many substrate/eolactor bind-
ing (sub} domuains have common structur.d
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features even amongst proteins with di-
verse functions™™ ”, as well as the wide-
spread occurrence of conserved sequence
motifs among otherwise unrelated proteins.
Additional surprising evidence came from
the nature of exon-intron junction sequen-
ces, AGgt, which were suggested to have
been derived from terminator codons’®,
In a number of instances, the last codon
of exons was derivable from the amber
stop codon by a single base change. In
some cases the 3° end codon of exons
was found to be the stop codon UAG
and translation of these codons in mRNA
occurs through suppressor tRNAs, thus
supporting the early hypothesis of exons
as independent genetic units” or micro-
genes™.

Since self-splicing requires conserva-
tion of certain sequences and tertiary struc-
tures, the extensive recombination events
in introns envisaged by the early hypo-
thests could be limited by the loss of
self-splicing and catalytic ability*'. All
the undisputed examples of intron-medi-
ated shuffling of exons involve ‘modern’
¢cukaryotic proteins without prokaryotic
counterparts’. A further limitation to the
early intron hypothesis discussed by Pat-
thy*' is that the generation of ‘new’ genes
encoding functional proieins by exon
shuffling, is possible only for a minorty
of intron recombination events. This is
based on the observation that the size of
all exons i1s not 3n, hence the sequence
of the protein encoded by an exon is
dependent on the reading frame of the
exon at its 5 end, This criticism may
be rendered less serious by realizing that
present-day exons need not represent their
ancestral counterparts becouse of changes
caused not only by mutations but also
by the mobility of introns themselves,
The early intron hypothesis envisages an-
ceslral exons as microgenes® which coe-
responded lo independent prolein coding
domains and would therefore have been
of phase 0 class only.

A weakness of the carly-intcon hypo-
thesis is the difficulty in accounting for
the absence of introas in most of the
protein-coding genes of phylogeneucally
distinct organisms, viz, bactend, archaebac-
teria and lower cuhdaiyotes. Same of the
reasous which could have beea respon-
sthle for the Joss ol intons trom these
organismy are: (1) the oeed to decrease
the load of maintdusng ‘unnecessary’ ge-
nonie DNA i oonlor 1o achiese faster
growth riles W compate beuer with other
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organisms; (1) ehmination of errors in
splicing which result in the delction of
some regions of exons leading to mutant
proteins; and (i) the problem of acciden-
tal translation of intron regions. (This is
a sercus problem in the case of pro-
karyotes since transcription and translation
can take place simultaneously and non-
functional proteins could be easily pene-
rated by the transiation of mRNAs before
complete splicing). The introns could have
got eliminated by reverse transcription
of mature mRNA followed by homo-
logous recombination with the chromo-
somal counterparts*?, Such an intron loss
mediated by reverse transcripts has been
demonstrated in  Saccharomyces cere-
visige™.

The alternate late-intron hypothesis pos-
tulates that intron evolution was inde-
pendent of the evolution of protein-coding
genes and that the capacity of introns for
self-propagation has been responsible for
their predominance in higher enkaryotes™.
According to this hypothesis, self-splic-
ing introns invaded the genome of the
eukaryotic ancestor by way of endosym-
bionts which subsequently evolved into
mitochondria and chloroplasts containing
class II introns. The mechanism of intron
invasion into eukaryote genomes is pos-
talated to have involved their insertion
into MRNA f{ollowed by reverse transcrip-
tion and recombination with genomic
DNA®. These later evolved into mRNA
introns reguiring complex spliceosomes
for their removal. Similarities between
class K introns, class Il and spliceosomal
RNAs suggest that fragments from class
I introns may have contribuied towards
the emergence of spliceosomes. The late-
intron hypothesis explains the absence of
mRNA introns in bacteria and in primitive
cukaryotes, The recent discovery of class
I! introns in bacteria’ and especially the
finding that they do contain reverse
transcriplase-like ORFs strongly suppornts
this hypothesis. Propagation of these in-
trons could be similar to the in vive
transposition of group II introns which
seemed to be mediated by reverse
transcriptase”™ * %, The mechanism by
which self-splicing introns got converted
into spliceosomally excised mRNA intro-
ns seems to have involved class 11 introns
as intermediates, Splicing catalysed by
spliceosomes would then render the main-
tenance of self-splicing ability unneces-
sary and would also minimize the
formation of different mMRNAs as a con-
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sequence of inverse splicing or trans splic-
ing evenis. A limitation of the late
hypothesis is that it requires an additional
hypothesis to explain the generation of
complex proteins and to account for
similarities amongst proteins of diverse
functions (i.e. the presence of conserved
motifs).

An interesting hypothesis has been sug-
gested as an intermediate between these
two contrasting views’, which is a syn-
thesis of the strong features of both. It
shares with the Early hypothesis the pro-
posal that early gene and protein evolution
occurred by fusion and recombination of
protein domain-encoding regions cofres-
ponding to exons. The later stages pro-
posed in this hypothesis correspond to
those of the late-intron hypothesis. Ac-
cordingly, primitive organisms in the RNA
world contained small RNAs correspond-
ing to exons coding for functional pep-
tides. These organisms contained ribozymes
with ligation and transestenfication pro-
perties, which could combine the exonic
RNAs to generate many novel combina-
tions. This resulted in the formation of
complex proteins. However, these RNAs
did not contain introns. Many changes,
including the transition to DNA as the
genetic material, arg expected to have
taken place in those organisms, which
resulted uitimately in the formation of
genes and genomes similar to prokaryotes
and lower eukaryotes. Later events of
this hypothesis are similar to those in
the late-intron hypothesis, Some of the
ribozymes would have transformed into
introns by gamning the ability to propagate.
After the establishment of endosymbiosis
between ancestors of eukaryotic ¢ells and
organelles, introns could have inserted
into mRNA molecules at the junction
sites of original exonic RNAs and invaded
the genomic DNA by reverse transcription
followed by recombination. Insertion of
introns into mRNASs is envisaged to be
non-random and biased at the relatively
unstructured connecting loops between RNA
domains which would also correspond to
protein (sub)domains.

Although the intermediate hypothesis
accounts for many known facts, a weak-
ness could be that 1t does not explain
why ribozyme/introns did not get incor-
porated into mRNAs and then into the
genes of primitive organisms, especially
since the hypothesis invokes the occur-
rence of such an event after the emergence
of organelles in eukaryotes. However, this

limitaiion may not be very serious, since
it could be argued that the problems
encountered in generating functional pro-
teins from intron-containing genes, which
are described in the early-intron hypo-
thesis, may have been responsible for the
seiection of organisms without Introns.
Another problem with the intermediate
hypothesis is that the explanation offered
for non-random insertion 18 not in agree-
ment with the observation that most of
the present day prokaryotic and evkaryotic
mRNASs do not possess significant secon-
dary structure.

Clearly, the finding of class U type
introns in bacteria is a step ahead mn our
understanding of the puzzling role of
introns during early evolution. This find-
ing obviously supports the late hypothesis
aad has in fact provoked the postulation
of the intermediate hypothesis. However,
cvidence firmly suppotling any of the
above hypotheses should come from ex-
periments designed to mimic the evenis
postulated to have occurred on earth a
few billion years ago. It should also be
realized that the reverse transcriptase en-
coded by class Il introns could have
played a pivotal role in the transition of
the genetic material from RNA to DNA.
None of the above hypotheses seems to
consider the mechanism of the RNA to
DNA transiton and that this transition

‘might have been closely associated with

the evolution of introns. Another impor-
tant aspect of gene evolution, not con-
sidered by any of the hypotheses presented
above, is the de novo generation of novel
genes—with and without mtrons—at later
stages of evolution, which was essential
for the emergence of diversity in pro-
karyotes and the complexity in eukaryotes.
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