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HYPOTHESIS

Introns and the origin of nucleus-cytosol

compartmentalization

William Martin' & Eugene V. Koonin?

The origin of the eukaryotic nucleus marked a seminal evolutionary transition. We propose that the nuclear envelope's
incipient function was to allow mRNA splicing, which is slow, to go to completion so that translation, which is fast, would
occur only on mRNA with intact reading frames. The rapid, fortuitous spread of introns following the origin of
mitochondria is adduced as the selective pressure that forged nucleus-cytosol compartmentalization.

he discovery of introns had a broad effect on thoughts about

early evolution. Walter Gilbert coined the terms introns and

exons while predicting that their utility in gene evolution

might lie in exon shuffling and alternative splicing'. Ford
Doolittle suggested that the ancestral state of gene structure might be
‘split’ and that eukaryotes might have preserved, in the guise of
exons, relics from the primordial assembly of genes via recombina-
tion in introns®. James Darnell submitted similar ideas at a time when
the issue in early evolution was how to generate long coding
sequences from scratch’. Exonic modules provided an answer, and
the introns-early view was born: the intron-bearing eukaryotic line-
age was seen as an independent primordial line of descent whose
genealogy went straight back to the origin of genes, as evidenced by
their introns, and whose descendants included the host that acquired
the mitochondrion®. Because introns-early proposed a modular
assembly of genes’, it readily accommodated the discovery of
catalytic RNA® and the ‘RNA world’ concept’. But it also predicted
exon boundaries in genes to correlate with domain boundaries in
proteins®, and hence was abandoned when that prediction failed’. Yet
exon shuffling and alternative splicing' remain as paradigms of
eukaryotic gene evolution, and the effect of introns-early on the-
ories about early evolution persists: the notions that eukaryotic
introns might be direct holdovers from the origin of genes and
that prokaryotic genomes were once full of introns, but became
streamlined, still enjoy some currency'*"?.

Throughout all that, the origins of mRNA introns themselves
remained an issue. Cech' proposed that eukaryotic introns and their
cognate spliceosomal small nuclear RNAs (snRNAs) originated from
disarticulate group Il introns. Cavalier-Smith'* extended that idea by
suggesting that they evolved specifically from group II introns that
invaded the ancestrally intron-less eukaryotic genome through the
mitochondrial endosymbiont, thereby generating two predictions.
First, group II introns should be found among free-living a.-proteo-
bacteria, the ancestors of mitochondria. Second, eukaryotic lineages
that were then suspected to primitively lack mitochondria, such as
Giardia intestinalis (syn. G. lamblia), should lack introns.

The first prediction was borne out directly', supporting the idea
that introns could originate from mitochondria'*'®. The mobility of
group Il introns in contemporary eubacteria'’ and their prevalence in
a-proteobacteria'® are still fully consistent with that view. The second
prediction turned out to be wrong, but for an unexpected reason:
Giardia has introns after all"®, but it also has mitochondria®. In fact,
all of the eukaryotes that had been predicted to lack introns and
mitochondria' have both'*. So the suggestion that introns and the

spliceosome arose in the wake of mitochondrial origin could still be
right'.

Here we revisit the possible evolutionary significance of introns in
light of mitochondrial ubiquity. We propose that the spread of group II
introns and their mutational decay into spliceosomal introns created
a strong selective pressure to exclude ribosomes from the vicinity of
the chromosomes—thus breaking the prokaryotic paradigm of co-
transcriptional translation and forcing nucleus—cytosol compart-
mentalization, which allowed translation to occur on properly
matured mRNAs only.

New consensus, new observations

A current consensus on introns would be that prokaryotes do indeed
have group II introns but that they never had spliceosomes'®; hence,
streamlining in the original sense (that is, loss of spliceosomal
introns) never occurred in prokaryotes, although it did occur in
some eukaryotes such as yeast or microsporidia®?®. An expansion of
that consensus would be that spliceosomes and spliceosomal introns
are universal among eukaryotes”, that group II introns originating
from the mitochondrion are indeed the most likely precursors
of eukaryotic mRNA introns and spliceosomal snRNAs'®'*?*, and
that many—conceivably most—eukaryotic introns are as old as
eukaryotes themselves™?. More recent are the insights that there is
virtually no evolutionary grade detectable in the origin of the
spliceosome, which apparently was present in its (almost) fully
fledged state in the common ancestor of eukaryotic lineages studied
so far”’, and that the suspected source of introns—mitochondria,
including their anaerobic forms, hydrogenosomes and mito-
somes®**** _was also present in the common ancestor of contem-
porary eukaryotes (the only ones whose origin or attributes require
explanation).

This suggests that intron origin and spread occurred within a
narrow window of evolutionary time: subsequent to the origin of
the mitochondrion, but before the diversification of the major
eukaryotic lineages. This, in turn, indicates the existence of a
turbulent phase of genome evolution in the wake of mitochondrial
origin, during which group II introns invaded the host’s chromo-
somes, spread as transposable elements into hundreds—perhaps
thousands—of positions that have been conserved to the present,
and fragmented into both mRNA introns and snRNA constituents of
the spliceosome. Why is this noteworthy?

The organisms that have mitochondria have introns, and a causal
link is suspected. But the organisms that have mitochondria and
introns also have a cell nucleus, and there are now reasons to suspect a
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causal link here as well. The evolutionary relationships of proteins
specific to the nuclear envelope and nuclear pore complex reveal that
this sizable protein set is a mix of proteins and domains of archae-
bacterial and eubacterial origins, along with some eukaryotic inno-
vations, suggesting that the nucleus arose in a cell that already
contained a mitochondrial endosymbiont®. Furthermore, gene
duplication patterns suggest that the endoplasmic reticulum arose
before the nucleus®, as it occurs in the modern cell cycle®. Addition-
ally, evolutionary proteomics show that the nucleolus also contains
proteins of both archaebacterial and eubacterial origins, suggesting
that it too arose in a mitochondriate cell’’. None of the foregoing
interpretations needs be correct. However, biologists have tradition-
ally addressed the origin of the nucleus independently of mitochon-
drial origins®, which need not be correct either. Hence, it is prudent
to explore alternative avenues of investigation.
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Figure 1| Origin of nucleus-cytosol compartmentalization in the wake of
mitochondrial origin. Blue arrows indicate symbiont-to-host gene transfer.
The arrows marked with crosses symbolize the ill fate of most progeny that
suffered intron invasion and other endosymbiont-triggered disturbances,
resulting in a population bottleneck among progeny from a singular
endosymbiotic event. Archaebacterial and eubacterial features are indicated
in red and blue, respectively.
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Introns in cytosolic chromosomes

Our salient considerations start with a simple idea proposed by
Cavalier-Smith': “...the slow splicing of spliceosomal introns would
have made it difficult for them to evolve in bacteria (or in mito-
chondria or chloroplasts) because, if splicing is slow, the coexistence
of DNA and functional ribosomes in the same cell compartment
would allow ribosomes to translate unspliced premessengers and
make incorrect proteins with intron sequences or, if the introns had
stop codons, truncated and chimaeric proteins”, as similarly
expressed by Doolittle™. We require two additional premises for
our inference.

As the simplest null hypothesis for the host that acquired the
mitochondrion, we assume that it was a prokaryote—not a eukaryote,
as previous authors have assumed'*’*’*—and, therefore, that it
lacked anything similar to a nucleus. In support of that premise,
there are prokaryotes (albeit eubacterial) known to harbour eubac-
terial endosymbionts®. Thus, in contrast to some current views’’, the
host need neither have been phagotrophic nor nucleate. Biologists
agree that the host was in some way related to archaebacteria,
although the nature of that relationship is still debated*. Either the
host had a nucleus, or it did not. Our premise is that it did not;
therefore, it was a prokaryote related to archaebacteria (thus an
archaebacterium), which is compatible with any model for the origin
of mitochondria that entails a prokaryotic host’>*°. However,
our present proposal is independent of the microbial physiology
underlying that symbiosis. We also assume that mitochondria stem
from a-proteobacteria®>****~. Thus, without specifying a mecha-
nism by which the mitochondrial endosymbiont came to reside
within the cytosol of its prokaryotic host, but noting that such entry
is possible™, our inference starts with an a-proteobacterial ancestor
of mitochondria and hydrogenosomes*>*>*** inside an archaebac-
terial host*° with one (or more) cytosolic chromosome(s) (Fig. 1,
bottom).

This bipartite cell would not be an immediate success story: it
would have nothing but problems instead. Rates of cell division for
the host and the symbiont would have to reach comparable levels”.
Only progeny that synchronized these rates would persist as con-
sortia. If a host occasionally lyses, symbionts are set free. However, ifa
symbiont occasionally lyses, a genome’s worth of eubacterial DNA is
left in the host’s cytosol, free to recombine. This situation is similar to
Doolittle’s ratchet® but differs in three salient points: the host here is
a prokaryote, not a eukaryote; transfer occurs from a persistent
resident symbiont, not from undigested meals; and gene transfer
from that symbiont is facilitated by the lack of a nuclear membrane.
As long as there is more than one symbiont per progeny, symbiont
lysis can occur repeatedly, resulting in a constant flow of symbiont
DNA into the chromosome(s) of the host.

Intron invasion causes problems

For the host, spreading group II introns that have hitchhiked into its
chromosomes become an issue. In modern a-proteobacteria, group
I introns occur at up to ~30 copies per genome'®. Prokaryotic group
IT introns require the reverse transcriptase and maturase activities of
their intron-encoded protein for mobility and splicing'”'?, have as
yet unknown molecular control mechanisms, and are probably kept
at bay by purifying selection in large prokaryotic populations®**.
They are usually—but not always—inserted either within intergenic
spacers or within mobile elements, like insertion sequences, where
they are not really introns but just other mobile elements'®**. Given
the antiquity of many eukaryotic intron positions and the observed
endonuclease-dependent mobility of modern group II introns in
prokaryotes'”', the initial invasion of eukaryotic introns is most
simply envisaged in the form of mobile, bona fide group II elements
from the mitochondrion—their transition to spliceosome-depen-
dent introns having occurred subsequently at the newly occupied
sites. Spreading group II introns constitute a genetic burden, but not
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an insurmountable one, because prokaryotes and organelles can
effectively express genes that contain group II introns'®?®.

A problem of a much more severe nature arises, however, with the
mutational decay of group II introns, resulting in inactivation of
the maturase and/or RNA structural elements in at least some of
the disseminated copies. Modern examples from prokaryotes and
organelles suggest that splicing with the help of maturase and RNA
structural elements provided by intact group II introns in trans'®
could have initially rescued gene expression at such loci, although
maturase action in frans is much less effective than in cis'®. Thus, the
decay of the maturase gene in disseminated introns poses a require-
ment for invention of a new splicing machinery. However, as
discussed below, the transition to spliceosome-dependent splicing
will also impose an unforgiving demand for inventions in addition to
the spliceosome.

Spliceosomes contain five snRNAs and about 200 proteins*, and
exist in two distinct forms for removing U2- and Ul2-dependent
introns®®. Evidence for an evolutionary transition of group II
elements into spliceosomal introns comes from their similar splicing
mechanisms'>'**®. Furthermore, the evolutionary conservation of
the spliceosome” and intron positions®*° suggests that this tran-
sition occurred in the eukaryote ancestor, entailing the recruitment
of group II-derived RNAs in trans, the precursors of snRNAs'®**, plus
novel accessory proteins®.

The Sm-domain, a protein structural module involved in the still
poorly characterized RNA-processing reactions in archaebacteria®,
was probably pivotal in that transition. The core complex of today’s
spliceosomes contains ~20 paralogous Sm-domain proteins that are
conserved across eukaryotes®. It seems that the protospliceosome
recruited the Sm-domain, possibly to replace the maturase, while
retaining group II RNA domains (snRNAs) ancestrally germane to
the splicing mechanism'®*®. While the later evolution of the spliceo-
some entailed diversification with the recruitment of additional
proteins®’ —leading to greater efficiency—the simpler, ancestral
protospliceosome could, in principle, rescue expression of genes
containing degenerate group II introns in a maturase-independent
manner, but at the dear cost of speed.

Translation in prokaryotes is fast, of the order of 10 amino acids
per second*', whereas splicing by spliceosomes is slow, in the range of
0.005-0.01 intron per second in globins*. Although translation in
modern eukaryotes is slower, ~1 amino acid per second®, it is still
much faster than modern splicing; because our assumed host is a
prokaryote, its rate is relevant. The initial, as yet unoptimized
protospliceosome—containing the precursors of bona fide snRNAs
and still recruiting Sm-domain proteins®”**—was surely even slower
than the modern one, bringing proper co-transcriptional translation
of spliceosome-dependent genes virtually to a halt. Furthermore, in
intron-bearing transcripts, the protospliceosome would have had
trouble merely gaining access to the ribosome-covered mRNA: a
problem that, in modern group II introns, is overcome by the
maturase sequestering the ribosome-binding site'®. Thus, ribosomes
translating nascent transcripts that bear spliceosomal introns is an
extremely unhealthy situation because few functional proteins will
ensue'*?, and the prospects of any descendants emerging from this
situation are bleak. The only recognizable mechanism operating in
favour of this clumsy chimaera is weakened purifying selection
operating on its exceptionally small initial population®®*’.

Up to this point, the processes that generated introns and the
spliceosome require no special inventions or unusual selective
pressures; they stem solely from the polarity of the symbiosis,
which governs the direction of gene transfer (Fig. 1). Finding a
solution to the new problem of slow spliceosomes in the presence of
fast and abundant ribosomes required an evolutionary novelty.

Solving the intron problem
There are three obvious routes for solving the problem of possessing
spliceosome-dependent introns in co-transcriptionally translated
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mRNA. The first solution would be the spontaneous invention of
an extremely fast and efficient spliceosome capable of outrunning the
ribosomes. This entails a splicing efficiency in the ancestral spliceo-
some exceeding that of the modern one, and requires the preadaptive
evolution of an unselected catalytic function (efficient splicing) in
the first protospliceosome before the origin of its mRNA intron
substrates, and therefore can be dismissed for that reason. The second
is the invention of a mechanism to rapidly and efficiently remove
spliceosomal introns from DNA, which—given eukaryote intron
antiquity—apparently did not occur. The third solution is the
invention of a means to physically separate splicing from translation,
allowing the former (slow) process to occur to completion first,
before the latter (fast) process sets in. Physical separation in cells
usually entails membranes, so the third solution would involve the
invention of a membrane separating splicing from translation, with
pores sufficiently large and selective enough to export matured
ribosomal subunits, mRNA and tRNA. But whence does the nuclear
envelope originate?

In the modern cell cycle, the nuclear envelope is continuous with
the endoplasmic reticulum** (ER), and their evolutionary origins are
probably related®*°. For our present purpose, the existence of a
primitive endomembrane consisting of a single eubacterial lipid
bilayer is sufficient. The endomembrane system can assume any
form, but only sheaths proximal to the host nucleoid will tend to
spatiotemporally separate nascent transcripts from ribosomes.
Any heritable variation promoting the exclusion of ribosomes
from chromosomes until splicing is completed, releasing only
processed transcripts to ribosomes in the cytosol, would enhance
survival. Progeny that failed to physically separate mRNA processing
from translation would not survive, nor would those that failed
to invent pore complexes to allow chromosome—cytosol inter-
action®.

The result of our inference is a cell bearing a mitochondrion,
chimaeric chromosomes contained within a membrane-bounded
splicing compartment (the nucleus), and archaebacterial ribosomes
in the cytosol that translate mature mRNAs from intron-containing
and intronless genes of both host and symbiont origin (Fig. 1, top).
The invention of the nucleus was mandatory to allow the expression
of intron-containing genes in a cell whose ribosomes were faster
than its spliceosomes. With the original intron-encoded protein'®
no longer essential, its genome-wide mutational demise would
have ended the initial intron invasion and left the ancestral intron
set in place, the later emergence of introns in new positions
notwithstanding®>*.

A dedicated translation compartment

This view implicates a chromosome-free cytosol, not a nucleus, as the
genuinely novel eukaryotic cell compartment: a dedicated translation
compartment that is free of transcriptionally active chromosomes.
The nucleoplasm is hardly novel in comparison to prokaryotes,
because it has retained the job of chromosome maintenance and
all basic gene expression functions other than translation. The
evolutionary separation of translation from splicing required that
mRNA, ribosomal subunits and tRNA mature in the nucleus,
culminated by their export—as it occurs in modern eukaryotes,
where mRNA export is coupled to splicing, with specific spliceosome
components serving as mRNA export factors*>*®. This is consistent
with our proposal, as is the evidence that the eukaryotic Ntf2
(nuclear transport factor 2; also known as Nutf2) family, to which
key proteins of mRNA export—Mex67/TAP/Nxfl and Mtr2/Nxtl—
belong, has homologues in a-proteobacteria®.

In addition to splicing, eukaryotes possess elaborate mRNA
surveillance mechanisms, in particular nonsense-mediated decay
(NMD), to assure that only correctly processed mature mRNAs are
translated, while aberrant mRNAs and those with premature ter-
mination codons are degraded®®*”*). The initial intron invasion
would have precipitated a requirement for mechanisms to identify
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exon junctions and to discriminate exons (with frame) from introns
(without frame), as well as properly from improperly spliced
transcripts. Thus, NMD might be a direct evolutionary consequence
of newly arisen genes-in-pieces. Consistent with that view, the
eukaryotic NMD machinery is composed of components derived
from both the archaebacterial translation system and the eubacterial
post-segregational cell-killing systems®. Thus, even if eukaryotes
are found that have no introns left at all, they should possess
mRNA surveillance mechanisms**** as a remnant of their intron-
laden past.

Reports that translation occurs to a substantial extent in the
mammalian nucleus®, the evidence for which remains controver-
sial**®°2 are difficult to reconcile with our proposal. While many
nuclear factors are involved in NMD*”*, the participation, if any, of
active nuclear protein synthesis in NMD remains uncertain**. The
need to separate translation from mRNA maturation by the nuclear
membrane would seem compelling for all intron-rich eukaryotes,
both modern and ancestral.

Conclusion

Our suggestion for the origin of the nucleus differs from previous
views on the topic, which either posit that the nuclear membrane was
beneficial to (not mandatory for) its inventor by protecting chromo-
somes from shearing at division®, or offer no plausible selective
mechanism at all. The initial eukaryote we infer requires a nucleus
only during phases of the cell cycle where genes are expressed, and
thus is compatible with either an ancestral or a derived state for
closed mitosis™. The archaebacterial nature of eukaryotic informa-
tional genes® involved in nucleocytoplasmic information storage
and expression is readily accommodated by our proposal, as is the
a-proteobacterial link with eukaryotic operational (biosynthetic)
genes™ of various cytosolic pathways®. While contributions from
additional symbionts or other gene donors at the origin of the
nucleus need not be excluded, our inference requires no more
than two partners, each possessing a naturally diverse collection of
genes, in order to account for available observations. Neither
primitively amitochondriate eukaryotes nor eukaryotic-type spliceo-
somes in prokaryotes could be accommodated by the premises
stated here. As with the spliceosome, we suggest that genes® and
protein folds® specific to the eukaryotic lineage arose after the
acquisition of mitochondria and before the divergence of the
major eukaryotic lineages®. An important role for spreading introns
in that phase of gene invention, involving rampant exon shuffling'
mediated by intron sequences that were ancestrally homologous, is
implicated.
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