L T

z

1\

BN AS PN AN D

' COMMENTARY

CrossMark
& click for updates

The trouble with (group II) introns
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Qu et al. provide new grist for the introns
origin mill (1), adding one more chapter to
what has become a very long narrative. Back
in the day when spliceosomal introns in the
protein-coding genes of eukaryotes were
still very new to science (1977-1978), some
of us argued that—in an evolutionary sense—
they were actually very old (2, 3). According
to our soon quite popular “introns-early”
theory, pre-mRNA introns were actually
the relics of ancient precellular gene as-
sembly processes. We conjectured that these
intervening sequences had been lost by
“streamlining” in prokaryotes but retained
in eukaryotes, where they might continue
to play an evolutionary role in “exon shuf-
fling” (4, 5). Despite the heroic efforts of
Wally Gilbert to prove this notion right,
it has largely fallen out of favor. Antici-
pated correlations between intron positions
and protein module boundaries were never
convincingly demonstrated, and the topol-
ogy of the universal Tree of Life [espe-
cially now, with eukaryotes emerging from
within archaea (6)] makes introns early
unparsimonious.

A MANY SELFISH GROUP Il
INTRONS INVADE
CHROMOSOMES OF
EUKARYOTIC HOST

What has taken its place is an “introns-
late” view first articulated in 1987 by
Tom Cavalier-Smith (7). According to this,
spliceosomal introns are the descendants of
group II introns introduced into eukaryotes
via the genome of the a-proteobacterium that
was to become the mitochondrion—a sort of
cellular Trojan horse (Fig. 1). Phil Sharp’s
aptly titled “Five easy pieces” (8) showed
how one or more of the group II introns de-
posited in nuclear genomes might have over
time degenerated into the five snRNAs that
now, assisted by many proteins, are the
agents of removal of what is left of all of
the rest of the invaders. Everything that has
happened in the quarter century since then
serves to strengthen the belief that structural
and functional similarities between group II
introns and spliceosomal snRNAs are in-
deed true homologies. Almost certainly,
the latter evolved from the former, by some
sort of coming apart in the eukaryotic
nuclear lineage.

The devil is in the details, of which early
intron theorists—in their eagerness to explain
why eukaryotic genes are now so beset with
introns—were blissfully ignorant. If group II
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Fig. 1. Three schemes for the evolution of spliccosomal introns. (A) In a relatively advanced eukaryotic cell, selfish
group Il introns from newly established mitochondria invade the nuclear genome and proliferate there, then de-
generate into spliceosomal introns (7). (B) Selfish group Il introns from an endosymbiotic bacterium invade the genome
of a host archaean and harmfully proliferate there, forcing the evolutionary separation of nucleus and cytoplasm and
the evolution of spliceosomes, and giving rise to eukaryotic cells (13). (C) In a relatively advanced eukaryotic cell, group
Il introns embedded in a relatively few numts that carry genes whose transfer to the nuclear genome confers selective
advantage are established, degenerate into spliccosomal introns and spread through neutral processes.
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introns were fully self-splicing ribozymes (re-
quiring no proteinaceous partners), then
eukaryotic nuclear genomes would be an es-
pecially congenial place for them to prolifer-
ate wildly, as apparently they did, at the very
beginning of eukaryote evolution (9). The
spatial and temporal separation of eukaryotic
transcription and translation would have ob-
viated the awkward problem of ribosomes
prematurely entering introns, before they
are spliced. That “premature entry” is an is-
sue for prokaryotes, in which transcription
and translation are coupled, is indicated by
the relative rarity of group II introns (com-
pared with their presumed nuclear descend-
ants) and their localization almost exclusively
in mobile genetic elements or noncoding
regions of bacterial genomes (10, 11).
However, unfortunately for advocates of
this appealing scenario, group II introns are
not fully self-splicing ribozymes. With a sin-
gle, very recently discovered, apparent excep-
tion (12), all bacterial group II introns require
the services of a protein [usually an intron-
encoded protein (IEP)] to be spliced or to
transpose. Eukaryote-type cytosolic ribo-
somes would not likely recognize the IEP
coding sequence if it were presented to them,
either in the unspliced pre-mRNA or excised
intron, and the IEP produced would not
likely find its way back to the nucleus. There
would be no proliferation in the nucleus.
These barriers are not absolute, and evo-
lution, ever the opportunist, might have
worked around them. However, there is a
radically different work-around, proposed
in 2006 by Bill Martin and Eugene Koonin.
They turned the Cavalier-Smith scenario on
its head (13). Instead of group II introns in-
vading a cell in which nucleus and cytoplasm
were already separated, they ventured that
the separation evolved later, as a way of
accommodating the descendants of the
invaders. In this schema, there was “a turbu-
lent phase of genome evolution in the wake
of mitochondrial origin, during which group
II introns invaded the host’s chromosomes,
spread as transposable elements to hundreds—
perhaps thousands—of positions that have
been conserved to the present, and fragmented
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into both mRNA introns and snRNA con-
stituents of the spliceosome.” Subsequent
fragmentation and increasing dependence
on snRNAs and proteins acting in trans—for
whatever reason they occurred—inevitably
slowed splicing and exacerbated the prema-
ture ribosome entry problem. Elaboration of
a nuclear envelope from the existing endo-
membrane system of the archaean-like cell
that—according to Martin and Koonin—
was the mitochondrion’s host was essential
to save the day. Transcription (and splicing)
became uncoupled from translation. Sub-
sequent targeting of increasingly many
proteinaceous spliceosome components to
the nucleus, the elaboration of nonsense-
mediated decay (NMD) and other surveil-
lance systems (14, 15), and the development
of alternative splicing and other intron-
dependent regulatory devices ultimately
made a good (or at least a necessary) thing
out of a bad.

There are other possibilities of course.
One, which has the advantage of not
requiring a “turbulent phase” during which
introns put survival of the nascent eukaryotic
lineage at risk, would recognize the inevita-
bility and potential value of numts (nuclear
mitochondrial sequences) (16). These pieces
of mitochondrial DNA, released by organel-
lar lysis and deposited at random in nuclear
chromosomes of many species, will some-
times carry group II introns. It will some-
times happen that having a nuclear copy
of the gene in which such an intron is em-
bedded confers some advantage. Because
removal of the intron is necessary for ex-
pression, then both gene and intron will
be spread (or maintained) within populations
by positive (or purifying) selection—even
as the intron’s splicing is taken over with
increasing effectiveness by trans-acting
snRNAs (derived from other numts) and
proteins. There need have been very few such
positively selected cases initially. Subsequent
increases in intron number could have then
been achieved early in eukaryote evolution by
whatever mechanisms or processes currently
create new introns (9). The existence of an
effective system of splicing in trans makes at
least one such process, “intronization” of
parts of exons, selectively neutral and virtu-
ally inevitable (17). Also, there is good evi-
dence for transposition in some systems.
Although the preponderant mechanisms re-
main unclear, that intron gain occurs is
an unavoidable inference of comparative
genomics.

There may never be a principled way to
verify any of the scenarios shown in
Fig. 1. However, many observations are
pertinent, and Qu et al. (1) go some way
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toward answering one of the questions
that is relevant to any scheme. Namely,
if the eukaryotic nucleus once housed
group II introns (many, or even just
a few essential ones), why are there none
reported in any of the nearly 1,000 se-
quenced eukaryotic nuclear genomes? It
is surely questionable whether group II
introns (especially with nonfunctional or
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aberrant IEPs) would be easy to find in the
noncoding “junk” DNA of many eukaryotes,
where there would be much more room for
them to locate and much less trouble for
them to cause. However, the fact that none
have been recorded seems significant.

In earlier work, this group (Marlene
Belfort’s) showed that when the L1.LtrB
group 1II intron of Lactococcus lactis is in-
serted into genes of Saccharomyces cerevisiae,
it can (with the aid of its IEP encoded on
another plasmid) be accurately excised, al-
though mostly only after export to the cyto-
plasm (18). Before splicing, the pre-mRNA is
subject to NMD, and after splicing, to some
sort of translational repression. Therefore,
they suggested that “a group II intron can
splice from a nuclear transcript, but RNA
instability and translational defects would
have favored intron loss or evolution into
protein-dependent spliceosomal introns, con-
sistent with the bacterial group II intron
ancestry hypothesis.”

In the current work, Qu et al. run the
mechanism of repression to ground. It all
turns out to be remarkably complex. First,
because unspliced pre-mRNA, introns, and

spliced mRNA are together at once in the
cytoplasm, they can interact. Because of
a complementarity characteristic of group II
introns, base pairing occurs between exon-
binding sequences in the intron and intron-
binding sequences in the mRNA’s exons. Re-
pression is due at least in part to this inter-
action, because in mutants with reduced
complementarity, gene expression levels
increase. Furthermore, immunoprecipita-
tion showed that both spliced mRNA and
unspliced pre-mRNA localize preferentially
to cytoplasmic ribonucleoprotein particles:
processing bodies and stress granules. If
unspliced pre-mRNA is held up in the nu-
cleus (by engineering an interaction between
intron and small nucleolar RNAs), the gene
silencing effect is somewhat ameliorated.
They conclude that such results “provide
a molecular basis for understanding why
group II introns are absent from nuclear
genomes, and they support the hypothesis
that cytoplasm-nucleus partitioning con-
tributed to the emergence of spliceosomal
introns with the expulsion of group II
introns from nuclear genomes,” consistent
with Martin and Koonin’s conjecture (13).
Certainly, exclusion of group II introns
from protein-coding genes is an important
part of the story. However, reducing gene
expression levels is not always selected
against; indeed, it is sometimes selected for.
More importantly, group II introns in non-
coding regions would not have been subject
to expulsion for the reasons invoked by Qu
et al. (1). There are surely many more evolu-
tionary forces at play in a story as complex as
that of intron origins. The nucleus would still
seem to be a great place for group II introns
to spread and disport themselves, if their IEPs
and spliced-out introns could relocalize there.
So, maybe that’s the real problem. Maybe in
some eukaryote yet to be sequenced, such an
innovation has occurred. Stay tuned!
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