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Abstract: Gene relocation from the residual genomes of organelles to the nuclear genome still
continues, although as a scaled down evolutionary phenomenon, limited in occurrence mostly to
protists (sensu lato) and land plants. During this process, the structural integrity of transferred genes is
usually preserved. However, the relocation of mitochondrial genes that code for respiratory chain and
ribosomal proteins is sometimes associated with their fragmentation into two complementary genes.
Herein, this review compiles cases of piecewise gene transfer from the mitochondria to the nucleus,
and discusses hypothesized mechanistic links between the fission and relocation of those genes.
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1. Introduction

Intercompartmental, evolutionary gene transfer from the greatly reduced genomes of
mitochondria (mtDNA), plastids and nucleomorphs to the nuclear genome is, according to the
endosymbiotic theory of organelle origin, a continuation of horizontal (or lateral) relocation of genes
from pre-organellar endosymbionts of evolving eukaryotic cells [1-6]. It has been proposed that during
the early stages of mitochondrial or chloroplast evolution, there was a massive horizontal transfer
of genes from symbiotic a-proteobacteria or cyanobacteria to an archaeon presumably related to the
Lokiarchaeota, followed by lineage-specific integration, differentiation, or loss of relocated genes,
with subsequent transfers being highly discontinuous [7]. A fraction of protein-coding genes that
have been relocated acquired mitochondrion or plastid targeting sequences, allowing their products to
localize back to those organelles.

Although the endosymbiotic hypothesis, particularly the extent of organelle precursor
contribution to eukaryotic genomes and proteomes, continues to be disputed by some [8], gene
flow between cellular compartments, especially from organelles to the nucleus, is a well-documented
phenomenon that has been verified experimentally [5,6,9]. Cases of evolutionarily relatively recent,
functional organelle gene translocations to the nuclear genome have been described in protists
(sensu lato) and land plants but not, for instance, in animals or fungi [1-5]. However, integration
of organelle or endosymbiont DNA fragments to the nuclear genome (or sometimes transfer of the
entire organelle DNA), occurs in almost all eukaryotic organisms, although it usually results in
the generation of nuclear pseudogenes of organellar or endosymbiont genes [2,3,5,10-12]. Such a
DNA transfer may also contribute to the development of novel exonic sequences in existing nuclear
genes [9,13]. Approximately 10% of mitochondrion and plastid-derived nuclear genome insertions
(NUMTs and NUPTs respectively) occurred within protein-coding exons [9], and the functionality of
the resulting mosaic genes has been demonstrated for a subset of those insertions [9,13]. In contrast
to organelle gene transfer to the nucleus, identified cases of gene transfer between mitochondria and
chloroplasts are scarcer, and the significance of nuclear gene relocation to mitochondria or chloroplasts
is still debated [2,5].
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The typically short life span of organellar homologs of genes transferred to the nuclear genome
argues against the neutrality of intercompartmental gene relocations. The localization to the nucleus
of genes for organelle proteins and ribosomal/transfer RNAs (r/tRNAs) may have a selective
advantage because of the deleterious effects of Muller’s ratchet (accumulation of mutations in asexually
propagated organelle DNA) [14-16], especially when the organelle genome has a higher nucleotide
substitution rate compared to the nuclear genome. Likewise, it might be advantageous in situations
when high levels of free radicals are a factor [17], as is the case for increased nucleotide substitution
rate or instability of organelle genome architecture. Gene transfer to the nucleus also allows for size
reduction of the organelle DNA, which is a trend generally followed by endosymbionts, and may
be conditioned by a tendency towards the reduction of energetic costs of DNA maintenance and
expression [18]. Lastly, selection asymmetry may favor the movement of mitochondrial genes to the
nucleus in cases of uniparentally inherited mitochondria [19].

It is often impossible to assess the integrity of organelle genes that were relocated early in
eukaryotic evolution because of advanced divergence of their sequences. During more recent
relocations, most transferred genes appear intact within their new loci. However, several
protein-coding genes were relocated to the nuclear genome either incompletely, as a half or shorter
part of a gene, or completely but in the form of two non-overlapping gene pieces likely in two
independent transfer events (Table 1, Figure 1). There are also known cases of fragmented, yet
apparently functional, mitochondrial rRNA genes [20,21], as well as incomplete tRNA genes [22],
with some of their essential regions absent from mtDNA, suggesting possible transfer to the nuclear
genome and posttranscriptional importation. Genes that become fragmented into derived genes
are expressed as polypeptides or r/tRNAs that are thought to non-covalently reassemble into
heterodimers (or heteromultimers in some cases of rRNAs), exhibiting activities of an intact protein or
RNA [20-23]. In fact, several research tools based on gene/protein complementation assays, including
yeast-two-hybrid, split green fluorescent protein (GFP) [24], luciferase [25], GAL4 [26] or split Cas9
system [27], took advantage of functional gene fission and reassembly of derived gene products, and
independently verify functionality of the genes-in-pieces arrangement in general. In terms of evolution,
gene fragmentation, when followed by combinatorial fusions, is one of the major ways to develop
new molecular structures and activities [28,29]. It also reduces problems associated with folding large
proteins, and creates additional opportunities for regulation of the expression and function of the
corresponding RNA or protein heteromultimeric complexes [30-32].

Here, I review piecewise gene transfers from mitochondria to the nucleus, partial nuclear and
organelle gene conversions, and discuss mechanisms of gene transfer in the context of functional
gene fission.

2. Cases of Piecewise Mitochondrial Gene Relocation to the Nucleus
2.1. The Cox2 Gene

2.1.1. Endosymbiotic Transfer of Cox2 in Chlorophyceae (Chlorophyta) and Alveolata

Cox2 was the first gene reported to be transferred from mtDNA to the nuclear genome in pieces
as complementary cox2a and cox2b genes [33-35]. Cox2 encodes the subunit II of cytochrome c (CytC)
oxidase (COX) that mediates the transfer of electrons from CytC to COX subunit I (COXI) during
oxidative phosphorylation (OXPHOS). COXII is anchored in the inner mitochondrial membrane by two
transmembrane helices. A redox center of COXII, Cu,, is a part of the intermembrane space-exposed
cupredoxin domain comprising most of the C-terminal half of COXIL In all known cases of fragmented
cox2, the split occurred in the same, relatively less conserved position within the gene, between regions
coding for the transmembrane and cupredoxin domains.
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Table 1. Mitochondrial proteins encoded by genes split into complementary genes. The taxonomy
follows revised classification of extant organisms proposed in [36].

Heterodimeric or

Trimeric Protein

Gene

Mitochondrial

Nuclear

Taxonomy Reference

NAD1

nadla, nadlb

NAD2

nad2a, nad2b

RPS3

rps3a, rps3b

Paramecium and other ciliates

(Chromista: Alveolata) [37-39]

CCMF

ccmFy, ccmFeq,
ccmFe)

liverwort Marchantia
(Plantae: Marchantiophyta)

ccmFy
(=ccb577),
ccmF

Triticum and most of the land
plants (Plantae: Tracheophyta: [40-42]
Angiospermae)

ccmFyg, cemFyp,
cemF e (=ccb452)

Brassica, Arabidopsis (Plantae:
Tracheophyta: Angiospermae:
Brassicaceae)

COXII

cox2a, cox2b

Campsomeris (Animalia:

Arthropoda: Insecta) 431

cox2a

cox2b

Scenedesmus and other
Sphaeropleales, Chaetophorales
(Plantae: Chlorophyta:
Chlorophyceae)

cox2a, cox2b

Chlamydomonas and other
Chlamydomonadales (Plantae:
Chlorophyta: Chlorophyceae);

Plasmodium and other
apicomplexan parasites,
Karlodinium and other
dinoflagellates, Perkinsus
(Chromista: Alveolata)

[33-35,44-48]

RPL2

5'rpl2

3’rpl2

tomato, Arabidopsis, cotton
(Plantae: Angiospermae:
Eudicotidae) [1,49]

5'rpl2, 3'rpl2

legumes, lettuce (Plantae:
Angiospermae: Eudicotidae)

COXI

cox1(-)

cox1-c

(=Dictiostelium

coxIV)

Trypanosoma, Euglena
(Protozoa: Euglenozoa);
Malawimonas (Protozoa:
Loucozoa); Acanthamoeba,

Dictiostelium, Physarum

(Protozoa: Amoebozoa);
Phytophtora, Thalassiosira [50]

(Chromista: Stramenopiles);

Plasmodium, Tetrahymena

(Chromista: Alveolata);

Bigielowiella (Chromista:

Rhizaria); Emiliania
(Chromista: Hacrobia)

SDHB

sdhb-n, sdhB-c

Diplonema, Trypanosoma,
Euglena (Protozoa: [51]
Euglenozoa)
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Figure 1. Piecewise mitochondrial gene transfer to the nucleus across phylogeny. Major eukaryotic
groups harbouring taxa featuring one or two fragmented genes that have been at least partially
relocated from mitochondrial DNA (mtDNA) to the nuclear genome are marked in red. The simplified
tree topology and taxonomy are based on [52] and [36], respectively.

The assembly of an active COXII likely involves interactions in the mitochondrial intermembrane
space of COXIIA and COXIIB termini [35,44] and is apparently assisted by other proteins of the
respiratory Complex IV.

The split-cox2 arrangement was originally identified in three genera of chlorophycean algae,
Polytomella, Chlamydomonas and Scenedesmus [33-35], and in the apicomplexan parasites (Alveolata)
such as Toxoplasma, Plasmodium and Theileria [44,45].

It has been proposed that cox2 underwent fission in a common ancestor of the extant
Chlorophyceae, followed by relocation of the cox2b to the nucleus. Subsequently, cox2a might have
been transferred to the nucleus in Chlamydomonadales (e.g., in Chlamydomonas, Polytomella) but not in
Chaetophorales or Scenedesmus and other Sphaeropleales [46]. Sequential relocation of cox2a and cox2b
to the nucleus is further supported by localization of these two complementary genes on different
chromosomes in, e.g., Chlamydomonas [53,54]. In Alveolata, split cox2 has been later identified also
in dinoflagellates Karlodinium and Oxyrrhis as well as Perkinsus [48]. In contrary to the previously
suggested horizontal transfer of cox2a and cox2b from the nucleus of endosymbiotic chlorophycean
alga to alveolates [34], it now seems more likely that cox2 split and relocated to the nuclear genome
independently in both Alveolata and Chlorophyceae [47,48].

2.1.2. Mitochondrial Cox2 Fission in Wasps Campsomeris (Arthropoda: Insecta)

Cox2 has also been recently shown to be split into two complementary genes in the mtDNA of
scoliid wasps (Hymenoptera: Scoliidae) of the genus Campsomeris (Dielis) [43]. This fission is unique in
the sense that it is the only known case of a fragmented mitochondrial protein-coding gene in animals.
It occurred relatively recently on the evolutionary scale, following separation of the Campsomeris lineage,
and is not found in related hymenopterans, including Scolia (Scoliidae), Myzinum (Tiphiidae), and
others. The fission was likely caused by insertion of a 3 kb non-mitochondrial DNA element bearing
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several genes, thus selecting against the general trend of mitogenome streamlining. The division of
cox2 in Campsomeris does not imply that it is a predecessor of piecewise gene transfer to the nucleus.
However, it may favour eventual cox2 transfer. Interestingly, preliminary comparative analyses of
mitochondprial and total Campsomeris proteomes using antibodies specific for COXIIA and COXIIB
revealed that all, or a portion of cox2b might have been copied to the nuclear genome and expressed
there as a part of a chimeric protein, possibly resulting from fusion with a nuclear exonic sequence.
This scenario is the more likely since, despite certain differences between the standard and invertebrate
mitochondrial genetic codes (e.g., TGA specify Trp in invertebrate mtDNA but a translation stop in the
nucleus), the entire cox2b could be translated on cytosolic ribosomes into the full-length polypeptide
without a need for codon modification through a base substitution or for RNA editing. If the identity
of the putative chimeric COXIIB is confirmed by direct protein sequencing, the fusion protein might
represent either an evolving new protein, or an early stage of the acquisition of regulatory sequences
by partially transferred mitochondrial cox2.

2.2. Transfer to the Nucleus of rpl2 in Eudicots (Tracheophyta: Angiospermae)

The rpI2 gene represents another example of a split mitochondrial gene with intermediate stages
of its transfer to the nucleus preserved in some lineages. RPL2 is a ribosomal protein functioning in
the mitochondrial matrix in land plants and protists Reclinomonas (Excavata: Jacobea). The protein
is relatively hydrophilic with the grand average of hydropathy (GRAVY) score for rice (Oryza) RPL2
equaling —0.43, thus being much lower than those of transmembrane-anchored COXI or COXII
(0.69 and 0.19, respectively). It has been proposed that part of rpl2, located between the intron and
3’ end of the gene, was transferred to the nuclear genome in the ancestor of core eudicots, most likely
preceding the generation of a stop codon TAA that left mitochondrial rpl2 shortened to its 5" section [49].
Following fission, the 5" section of rpl2 was transferred to the nucleus in legumes, lettuce and probably
several other eudicot lineages [1,49]. Although it seems that the 3’ rpI2 has never functioned in plant
mtDNA as a separate gene, mitochondrial 3’ rpl2 pseudogenes have been widely retained in eudicots
for a relatively long time. It is rather unusual for mtDNA-encoded sequences to not be eliminated
following their downgrade to pseudogene status, and suggests acquisition by them or their transcripts
of some regulatory function(s).

In maize and probably also wheat, the entire mitochondrial #p/2 has been relocated to the nucleus.
Nuclear intact and 3’ rpl2 genes, as well as the nuclear 5" rpl2 of lettuce, but not cotton, tomato
or Arabidopsis, acquired mitochondrion-targeting presequences. It has been suggested that some
nucleus-encoded RPL2s utilize internal mitochondrion-targeting sequences during their transfer to the
mitochondrial matrix. The sole intron that is present in mtDNA-encoded full-length rpl2 is preserved
in mitochondrial 5" rpl2 (nuclear 5" rpi2 is intronless).

2.3. Nuclear Relocation of the 3" End-Fragment of cox1 in the Majority of Protists

Cox1 is the most often split mitochondrial gene in protists. It encodes subunit I of COX. Structurally,
typical COXI is dominated by a 12-helix transmembrane pore-forming domain, always encoded by
mtDNA. The binuclear heme a3-Cug active site, where molecular oxygen is reduced to water, is located
in pore B and accepts electrons from heme a. Short N- and C-terminal regions of COXI are exposed
on the mitochondrial matrix side. The split coxI has been described in many taxa of Protozoa and
Chromista, but has not been found in plants, fungi, or animals [50]. In all identified fragmentation
cases, the small 3’ region of cox1 (cox1-c), encoding an on average 25-amino acid-long C-terminus of
COXI, has been functionally transferred to the nucleus and is no longer recognizable in mtDNA either
as a separate entity or a part of cox1. The COXI domain, encoded by coxI-c, contains a consensus
motif SPPPXH with a conserved His residue that is proposed to be involved in the control of proton
entrance into oxygen reduction pathway. The cox1 split has punctate distribution across several major
eukaryotic groups (Figure 1), suggesting that cox1-c was transferred to the nucleus early in eukaryotic
evolution or was transferred many times independently.
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2.4. Transfer of sdhB in Euglenozoa

In contrast to all other identified fragmented genes of mitochondrial origin, sdhB is the only gene,
with a genes-in-pieces arrangement, known to reside exclusively in the nuclear genome. The gene
encodes an electron transfer-mediating iron-sulfur subunit of tetrameric succinate dehydrogenase
(Complex II of the respiratory chain, localized to the inner mitochondrial membrane from the matrix
side). SDHB is a hydrophilic protein with a GRAVY score for the human subunit equalling —0.41.
In eukaryotes, sdhB is usually present in the nuclear genome, with the exception of red algae and
jakobid flagellates, in which it is encoded by mtDNA. The sdhB gene, split into sdhB-n and sdhB-c, exists
in the nuclear genome of free-living Euglena and the trypanosomatids Trypanosoma and Leishmania [51].
No mtDNA-encoded sdhB gene has been identified in Diplonema, and given the phylogenetic closeness
of diplonemids and trypanosomatids or euglenids, this gene is likely split into derived genes in the
nuclear genome of diplonemids as well. Since no case of a partial nuclear transfer of sdhB is known, it
is unclear whether sdhB fission occurred in mitochondria, during transfer or following transfer of an
intact gene to the nuclear genome. As in the case of cox2, the split of sdhB in euglenozoons occurred
within a relatively less conserved part of the gene that is apparently tolerant of such a disruption,
between regions specifying the Fer2 and Fer4 domains.

3. Fragmented RNA Genes

Fragmented and sometimes rearranged rRNA genes have been found in bacterial, archaeal,
nuclear, mitochondrial and chloroplast genomes. Small subunit (SSU) and/or large subunit
(LSU) rRNA gene fragmentation and/or rearrangement were found in mtDNA of the fungus
Halorophidium [55], ciliates Tetrahymena and Paramecium [37,56], green algae (Chlorophyta) [57-59],
apicomplexans Theleria and Plasmodium, dinoflagellates Oxyrrhus and Alexandrium [60-63],
Placozoa [64,65] and mollusks Crassostrea [66—69]. Interestingly, not all sequences presumed to be
necessary for functional rRNAs have been identified, for example, in the mtDNA of Plasmodium,
suggesting that some of them may be specified by derived genes relocated to the nucleus and
posttranscriptionally imported to mitochondria. Likewise, only a small fragment of SSU rRNA
has been identified in completely sequenced mtDNA of Karlodinium (Dinoflagellata) [70] suggesting
that the remaining part of this rRNA may be encoded in the nuclear genome. A precedent for rRNA
import to mitochondria exists in mammals where 55 rRNA is exclusively encoded in the nucleus and
requires transfer to the mitochondria.

Split RNA genes are also known to encode fragmented tRNAs in Archaea [71-73]. Parts of a
tRNA molecule can reassemble and function as an intact tRNA. In fact, the genomic tag hypothesis
suggests that the top half of tRNA emerged earlier than the bottom half and that the two halves formed
at some point functional RNA heteroduplex [22]. tRNA genes, coding for very truncated tRNAs
that are missing their 3" halves, have been identified in some arachnid lineages [74]. Those trn genes
may have their complementary 3’ part transferred to the nucleus. An independent support for the
partial tRNA gene relocation hypothesis comes from the fact that tRNA import to mitochondria occurs
frequently throughout phylogeny, and in some cases, all tRNAs functioning in the mitochondria have
to be imported from the nucleus. Nevertheless, other mechanisms, such as RNA editing using the
5" portion of the acceptor stem as a template, may also explain the generation of functional tRNAs
from their truncated genes [74].

4. Mechanisms of Piecewise Intercompartmental Gene Transfer

4.1. General Models

Endosymbiotic relocation of genes in pieces can proceed according to three general models.
In the first, an organelle gene is fragmented, most often into two complementary genes, followed by
relocation to the nucleus of one or both of them (Figure 2a,b). Fission could result from conversion
of an amino acid codon into a translational stop codon for one sequence and a start codon for the
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other, nucleotide substitution or frame-shift caused by an indel (Figure 2a), or gene duplication with
subsequent selective loss of its parts leaving only complementary regions (Figure 2b).
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Figure 2. Schematic representation of different modes of mitochondrial gene fission and relocation to the

nucleus. Letters A and B denote halves of the AB gene (a box). Cross-mark denotes pseudogenization
or deletion of an indicated gene or its part. Green arrows represent intercompartmental gene transfer.
(a,b) The AB gene split in mtDNA before its transfer to the nucleus. (c) Part B of the AB gene is copied
to the nuclear genome without the fission of AB in the mitogenome. Subsequently, mitochondrial
part B of the AB gene becomes pseudogenized and the part A of the gene relocates to the nucleus.
(d,e) The AB gene is transferred to the nucleus as an intact gene and undergoes fission following
integration into the nuclear genome.

The evolutionary process of functional gene fission was most recently demonstrated
experimentally in Escherichia coli by insertional mutagenesis followed by a suppressor screen that
identified composite priA316::cat split/rescue mutation [75]. Generation of this mutation involved an
insertion of the CatR gene that truncated PriA within the winged-helix domain (at the 154th codon),
and an ACG(Thr)-to-ATG(Met) substitution that allowed reinitiation of translation at the 157th codon,
so that priA was expressed in two functional pieces. Gene fission by insertion of a DNA fragment of
unknown origin was the likely cause of the fragmentation of mitochondrial cox2 in Campsomeris [43].
In this case, a putative homing nuclease QNU, encoded by the insert, might have been directly involved
in gene splitting. In addition to Campsomeris cox2, other fragmented protein-coding, mtDNA-localized
genes include nad1, nad2 and rps3 in ciliates (Alveolata) [37-39], and ccmF (ccb) orthologs of bacterial
ccll in land plants (liverwort Marchantia and angiosperms) [40—42]. It has been shown for the split of
cox2 in Campsomeris that both derived genes can be transcribed, processed into polyadenylated mRNAs
and translated in the mitochondria [43]. Nevertheless, those cases of gene fission do not necessary
represent migration-ready intermediates.

In a second model, the intercompartmental transfer is initiated by relocation of a copy of, for
instance, the 3’-terminal region of a gene (Figure 2c). Subsequently, the mitochondrial 5" open reading
frame (ORF) is formed by a point mutation or an indel that creates a translational stop codon within
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the 3’-terminal region. In this model, mitochondrial gene fission is a consequence of partial gene
copying to the nucleus.

In a third model, the gene fission follows transfer of a copy of an intact mitochondrial gene to the
nucleus (Figure 2d,e).

4.2. Transfer and Integration of Nucleic Acids

In all models of endosymbiotic gene relocation, genes could be transferred between organelles
and the nucleus through DNA and RNA intermediates. Experimental and bioinformatics studies
in yeast, plants and other eukaryotes indicate that migration of mtDNA sequences to the nucleus
is predominantly DNA mediated [2,5,9]. However, since transferred plant mitochondrial genes
often resemble reverse transcribed mRNAs rather than the original mitochondrial genes containing
introns [76,77], a modified mechanism has also been proposed with an additional step including
generation of complementary DNA (cDNA) within mitochondria, followed either by its subsequent
recombination with mitochondrial gene and transfer to the nucleus, or direct transfer to the
nucleus [78].

Several possible routes for DNA escape from organelles have been identified. Disruptions
of organelle membranes occur during autophagy, organelle fusion and fission, and other stress
conditions; released organelle DNA could become accessible for uptake by the nuclear import
pathways [79-82]. Direct association of the nucleus with mitochondria or chloroplasts and the uptake
of whole mitochondria by nuclei [83-87] might also facilitate DNA exchange. In cases when organelles
are maternally inherited, organelle-to-nucleus DNA transfer is thought to preferentially occur when
DNA is released from degrading sperm mitochondria within the egg [3]. Lastly, viruses have been
suggested as possible vectors in horizontal gene transfer to mitochondria, and they might also mediate
transfer of mitochondrial genes to the nucleus. For instance, the acquisition of mitochondrial putative
DNA repair gene, MutS7, by Octocorallia was proposed to occur through horizontal transfer, either
from a nucleocytoplasmic large DNA virus or e-proteobacterium [88]. Regarding mechanistic aspects
of organellar DNA integration into the nuclear genome, sequencing of the insertion junctions in
yeast, plants and human revealed the presence of 1-7 bp microhomologies that are indicative of DNA
insertion by nonhomologous end-joining mechanism [89-91]. Insertions may also occur without the
presence of microhomology as a result of blunt-end repair. In both cases, inserts often target open
chromatin regions [90,91].

5. The Hydrophobicity-Importability Hypothesis

Depending on the physico-chemical characteristics of a protein encoded by a gene that
is the subject of intercompartmental relocation, mitochondrial gene transfers might invoke the
hydrophobicity hypothesis (or hypotheses) to explain both the feasibility of such transfers and their
evolutionary preservation [1,92-96]. According to this hypothesis, hydrophobic regions, including
transmembrane helices of proteins encoded by several mitochondrial genes, might prohibit those
proteins from being effectively targeted back to mitochondria if they are translated on cytosolic
ribosomes. They might be mistargeted to the endoplasmic reticulum (ER) [92,97], or they might be
incorrectly translocated and assembled in the mitochondrial inner membrane [93,94]. This hypothesis
was originally based on the comparison of the hydrophobicity of mitochondrial proteins encoded
by nuclear and mitochondrial gene homologs showing that nuclear genome-encoded proteins were
less hydrophobic than their mtDNA-encoded counterparts [76,92,98,99]. Further supporting this
observation, the most hydrophobic mitochondrial proteins, apocytochrome b (COB) and COXI
(or COXI(-)), have never been found to be functionally encoded within the nuclear genome. In addition,
12 of the 13 human mitogenome-encoded proteins, allotopically expressed in the cytoplasm of HeLa
cells, even when fused with mitochondrial targeting presequence, were localized to the ER [100].
Only ATPS, which is the shortest of mtDNA-encoded proteins and contains a weakly hydrophobic
transmembrane domain, was targeted to the mitochondria.
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Direct experimental verification of the hydrophobicity hypothesis came from studies of cox2 in
legumes [99] and yeast [101]. Legumes contain both a mitochondrial and nuclear copy of cox2. COXII
polypeptides encoded in these two cellular compartments display similar hydropathicity profiles,
except for a decrease in the hydrophobicity of the first transmembrane helix of nucleus-encoded COXII.
In vitro assays were conducted to determine the significance of this difference for the mitochondrial
import of COXII translated in the cytosol [99]. The import of [¥°S]methionine-labelled mtDNA and
nuclear genome encoded COXII to mitochondria was assessed by the appearance of an additional
protein band in the presence of isolated mitochondria that was protected from added protease, and
depended on the preservation of the mitochondrial inner membrane potential. The intramitochondrial
location of imported proteins was queried by rupturing the outer mitochondrial membrane by osmotic
shock, allowing the externally added protease to gain access to the intermembrane space, but not
the mitochondrial matrix. Those experiments showed that mtDNA-encoded COXII could not be
transported into mitochondria, even when fused with a mitochondrial targeting sequence that supports
import of the nucleus-encoded COXIL. However, removal of the first transmembrane helix from the
mtDNA-specified COXII promoted its import. Moreover, they showed that the first transmembrane
helix is not only inhibitory to the import, but it cannot pass the inner mitochondrial membrane,
thus preventing COXII from reaching the correct topology required for the assembly and function
of the respiratory Complex IV. Importantly, the change by site-directed mutagenesis of the two
hydrophobic Leu residues, that contributed most to the difference in hydrophobicity between the first
transmembrane helix of the mitochondrion and nucleus-encoded COXI], to polar Glu and neutral
Gly also promoted import of mtDNA-encoded COXII. This finding was independently supported by
the suppression of the mitochondrial import of nucleus-encoded COXII following introduction of the
reciprocal amino acid changes (from Glu and Gly to Leu) into its first transmembrane helix. The in vitro
studies using isolated mitochondria of legumes were further supported by in vivo experiments
with yeast COXII [101]. Nuclear-recoded Saccharomyces cerevisiae COXII fused to mitochondrial
targeting sequence failed to complement growth defects of yeast cox2-60 strain containing deletion in
mitochondrial cox2. On the other hand, random mutagenesis-derived replacement of hydrophobic
Trp of the first transmembrane domain of allotopically expressed COXII with positively charged Arg
supported growth of cox2-60 strain on a nonfermentable carbon source, and partially restored activity
of COX in cox2-60. In aggregate, these experiments demonstrated that decreasing the hydrophobicity
of the first transmembrane helix of COXII is essential for the import into the mitochondria of COXII
that has been translated on cytosolic ribosomes.

Splitting mitochondrial genes into derived genes, coding for hydrophobic and hydrophilic parts of
a protein, might increase the probability of functional nuclear transfer at least for the segment of a gene
encoding a more hydrophilic domain. Such a scenario is supported by the exclusive relocation
to the nucleus of cox1-c encoding matrix-exposed hydrophilic C-terminal domain of COXI [50],
or nuclear relocation of cox2b encoding intermembrane space hydrophilic domain of COXII that,
in some cases, was the only part of cox2 transferred to the nucleus [33,34,46], and in other cases likely
preceded relocation of cox2a (there are no known cases of cox1(-) or cox2a encoded in the nucleus with,
respectively, functional cox1-c or cox2b still residing in mtDNA). Moreover, mitochondrial gene fission
coupled with nuclear relocation of a portion of a gene encoding a less hydrophobic protein domain
might allow for a compromise between apparently counteracting processes of organellar genome
streamlining and retention of some organellar genes. Retention of certain genes may have a selective
advantage by allowing redox-regulated expression of respiratory complex proteins directly in the
organelle (the collocalization for redox regulation hypothesis [96,102]), and partial gene transfer to
the nucleus would not abolish organelle control of the activities of protein complexes specified by
those genes.

Importantly, since the introduction of foreign genes into animal mitochondria remains challenging,
the incorporation of fragmented mitochondrial genes into the nuclear genome might be a better
strategy in the development of gene therapies for mitochondrial disorders. It might be easier for the
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products of allotopically expressed fragmented versus intact mitochondrial genes to be targeted to
the mitochondria, resume there their intended activities, and functionally replace inactive or missing
products of mutated mitochondrial genes.

Other conditions would likely also have to occur to promote evolutionary preservation of
long-term nuclear relocation of a mitochondrial gene, including for instance, lower mutation rates in
the nuclear genome compared to that of mtDNA. Nuclear genomes of plants have higher mutation
rates compared to organellar genomes, and there are known cases of cox2 wherein the gene is
not only expressed from both nuclear and mitochondrial genomes, but also has been apparently
lost from the nucleus in some groups following the establishment of its expression there [98].
In addition, interactions between mitochondrial and cytosolic proteins may interfere with the import
of nucleus-encoded mitochondrial proteins [97]. The hydrophobicity hypothesis alone cannot,
for instance, explain why the rps10 gene, encoding a relatively hydrophilic ribosomal protein, has been
functionally transferred to the nuclear genome late in the mitochondrial evolution of angiosperms but
not in other plants, even though it can be imported without mitochondrial targeting presequence [77].

6. Partial Gene Conversion

The coexistence of multicompartmental homologs of a given gene in a single cell following transfer
of an organellar gene to the nucleus, or because of endosymbiosis, may result in gene conversion. This
process is distinct from intercompartmental gene transfer sensu stricto because it involves genes already
present in both involved cellular compartments. During gene conversion, part of a native nuclear or
organellar gene is replaced by the corresponding part of its homolog copied from other organellar
genome or from an endosymbiotic species. Gene conversion might occur through integration of a
fragment of genomic DNA or cDNA, followed by homologous or homeologous recombination between
the two organellar or nuclear paralogs [103]. Alternatively, the converting genomic DNA fragment
or cDNA could recombine directly with their target sequences [104]. In all cases described to date,
converted genes exist in a form of continuous entity. Nevertheless, the process of gene conversion can
also potentially lead to gene truncation or fission if the recombination was imprecise or involves a
pseudogene. Owing to difficulties in its detection, there are very few cases of gene conversion known
to date, but the process might be more common than is currently appreciated. In fact, plastid gene
conversion has been experimentally demonstrated to be an efficient mutation-correcting mechanism
that keeps mutation rates in chloroplast genomes at lower levels than those determined in nuclear
genomes [105].

6.1. Chimeric Mitochondrial Genes

Intermitochondrial interspecies gene conversion has been identified for rps11 and atpl genes in
angiosperms. The 5" half of the rps11 gene of Sanguinaria (Papaveraceae) is of native, basal eudicot
origin, whereas its 3" half is of monocot origin [104]. The horizontal transfer of rps11 from a monocot
to Sanguinaria is evolutionarily young since other analyzed species of Papaveraceae contained only
non-chimeric rps11 genes. The other case of gene conversion is represented by the atpl gene of a
parasitic flowering plant Pilostyles thurberi (Cucurbitales), centrally-located region II of which has
been replaced multiple times and independently by orthologous sequences from the fabalean host
plant, Psorothamnus or Dalea in Arizona and Texas isolates, respectively [106]. Interestingly, the
mitochondprial atp1 gene of several lamiales also underwent short-patch conversion by a homologous
atpA of chloroplast origin (but not vice versa) [107]. Both rps11 and atp1 are represented by a single
gene copy in the mtDNA; hence, their chimeric structures likely result from recombination between
native alleles and transiently present foreign DNA [103,107].

6.2. Mitochondrial-to-Nuclear Gene Conversion

Simultaneous existence of nuclear and mitochondrial gene homologs has been shown for cox2
in some legumes, rpl5 in grasses, and sdh4 in Populus [78,98,108,109]. Specifically, the mitochondrial
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ribosomal protein gene rpl5 has been transferred to the nucleus at least three times in grasses, and in
many of those cases, transcribed copies of rpl5 are present both in mtDNA and the nuclear genome.
One of the consequences of such gene arrangements is rpl5 chimerism found in the nuclear genomes
of Lolium and Gynerium [78], where a 0.1 kb portion of a nuclear rpl5 gene has been replaced by a
corresponding sequence of its mitochondrial counterpart.

7. Concluding Remarks

Both nuclear relocation of organellar genes and their fission into complementary genes may, in
the long term, carry a selective advantage by increasing organismal fitness. However, whether and in
what circumstances the gene fission and intercompartmental transfer might be mechanistically linked
has been a subject of controversy, and apparently depends on the physicochemical properties of a
relocated gene product, the subcellular localization of its activity, and the mechanism of gene split
and relocation. In cases when only a portion of an organellar gene is copied to the nucleus without
prior gene fission or partial duplication, gene fragmentation constitutes an integral part of partial
gene translocation. Otherwise, both gene transfer and fission represent stochastic events that can
be initiated independently of each other. Nevertheless, in the cellular realm, mutual interference of
gene transfer and fission seems unavoidable and may contribute to the evolutionary preservation
of both. Perhaps the best characterized paradigm in this context is a situation wherein a gene split
increases the probability of functional transfer to the nucleus for a part of the gene encoding hydrophilic
domains of an otherwise largely hydrophobic protein. The shorter and hydrophilic fragment would be
easier to import back to the mitochondria than an intact protein and could resume activity there as
a heterodimer with mtDNA-encoded complementary hydrophobic domains. Of importance in this
context, facilitation of the intercompartmental transfer by gene fission may have implications for the
development of therapeutic applications based on the allotopic expression of mitochondrial genes.
On the other hand, intercompartmental relocation of a fragmented gene may also facilitate long-term
preservation of the split-gene arrangement, especially in situations wherein the nuclear genome has a
lower mutation rate than the organellar genome, and the organellar homolog of a nuclear gene has
become a pseudogene or been lost by other means.
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