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Wereviewwhat has been inferred about the changes at the level of the proteome that accompanied the evolution of
the mitochondrion from an alphaproteobacterium. We regard these changes from an alphaproteobacterial per-
spective: which proteins were lost duringmitochondrial evolution? And, of the proteins that were lost, which ones
have been replaced by other, non-orthologous proteins with a similar function? Combining literature-supported
replacements with quantitative analyses of mitochondrial proteomics data we infer that most of the loss and
replacements that separate current day mitochondria in mammals from alphaproteobacteria took place before the
radiation of the eukaryotes. Recent analyses show that also the acquisition of new proteins to the large protein
complexes of theoxidative phosphorylation and themitochondrial ribosomeoccurredmainly before the divergence
of the eukaryotes. These results indicate a significant number of pivotal evolutionary events between the acquisition
of the endosymbiont and the radiationof the eukaryotes and therewith support an early acquisition ofmitochondria
in eukaryotic evolution. Technically, advancements in the reconstruction of the evolutionary trajectories of loss,
replacement and gain of mitochondrial proteins depend on using profile-based homology detection methods for
sequence analysis. We highlight the mitochondrial Holliday junction resolvase endonuclease, for which such
methods have detected new "family members" and in which function differentiation is accompanied by the loss of
catalytic residues for the original enzymatic function and the gain of a protein domain for the new function. This
article is part of a Special Issue entitled: The evolutionary aspects of bioenergetic systems.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Even though the "host's" benefit from the endosymbiosis of an
alphaproteobacterium that gave rise to themitochondrion has been hotly
debated [1–3], the fact that this primary endosymbiosis is one of the
defining events in the origin of the eukaryotes is generally accepted. Here
we review what is known about the change that accompanied this
endosymbiosis at the level of the proteins present in that bacterium and
early organelle. A number of developments have advanced this
knowledge: the elucidation of bacterial and mitochondrial protein func-
tion, the characterization of mitochondrial proteomes from multiple
species as well as those of specific mitochondrial protein complexes,
the sequencing of diverse eukaryotic and alphaproteobacterial genomes
and the employment of advanced sequence analysis tools to establish
homology and orthology. Capitalizing on these developments, the origin
of current day mitochondrial proteins and the fate of proteins of
alphaproteobacterial origin in eukaryotes have been analyzed a number
of times, both in large-scale studies at various levels of phylogenetic
resolution [4–7], in detailed analyses about specific pathways, e.g. about
cytochrome biogenesis [8], and in reviews [9,10]. To offer a fresh
utionary aspects of bioenergetic
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perspective on the proteome evolution of mitochondria in the evolu-
tionary lineage that currently ends in mammals, we analyze it from an
alphaproteobacterial point of view. We ask which proteins were lost in
this evolution, and of the proteins that were lost, which have been
replaced by non-orthologous proteins with a similar function. We show
that most of the losses and a large fraction of the replacements that
separate current mammalian mitochondria from their alphaproteobac-
terial ancestor occurred early in mitochondrial evolution, before the
radiation of the eukaryotes. Such a dramatic change in themitochondrial
proteome of the eukaryotic common ancestor has also been observed in
recent analyses of the gain of proteins in the largemitochondrial protein
complexes of the oxidative phosphorylation [11] and in the mitochon-
drial ribosome [12]. Nevertheless, also more subtle proteome evolution
within individual mitochondrial proteins, is continuously being docu-
mented.We discuss themitochondrial Holliday junction resolvase family
that shows evolution at the level of its domain structure and at the level of
its catalytic residues, illustrating the loss and replacement themes of this
review.

1.1. Protein loss

In the research on mitochondrial evolution, there has been much
emphasis on systems that are derived from the alphaproteobacterial
ancestor, like oxidative phosphorylation and translation, and on new
systems that were invented or modified using existing proteins, like
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protein import [13]. There are, however, also bacterial systems that have
been lost. A specific example that was noted with the first sequenced
nuclear genome of a eukaryote is the bacterial-type sec machinery that is
missing from Saccharomyces cerevisiae [14], while other lost systems have
been replaced (see below). To obtain a quantitative and comprehensive
overview of the proteins that were lost, we need to know the set of
proteins that were present in the alphaproteobacterial ancestor. Howev-
er, a close relative of the alphaproteobacterium that gave rise to the
mitochondria is not expected to exist anymore, after the (at least) 1.5
billion years of evolution that separates eukaryotes from bacteria [15].
Furthermore, although mitochondria have often been placed close to the
Rickettsiales [16], recent analyses suggest that mitochondria are derived
from an ocean dwelling clade from which no complete genomes are yet
available [17]. To obtain a set of proteins that were likely present in the
free living alphaproteobacterial ancestor of the mitochondria, one can
examine which genes are widely distributed among current alphapro-
teobacteria [18]. We used the COG database as represented in eggNOG
[19] to unify genes from the various species into orthologous groups
(COGs). We included the COGs that are present in 95% of the 117
alphaproteobacterial genomes in eggNOGversion 3.0 as a likelyminimal
ancestral set. With the exception of 11 genes (that were manually
added), this set contains all the protein coding genes encoded in the
Reclinomonas americanamitochondrial genome,which, in turn, contains
all mitochondrial genes of alphaproteobacterial origin [20]. The set of
universal alphaproteobacterial genes (Supplementary Table 1) contains
in total 370 COGs. Although such a set is biased toward genes involved in
information processing and the synthesis of nucleotides and cofactors
[18], it does serve as a starting point to examine the proteins lost in the
evolution of mitochondria.

Similar to the situation with the alphaproteobacteria, we do not
have an ancestral mitochondrial proteome and have to reconstruct it
from current day mitochondria. We collected the set of proteins that
have been observed in large-scale studies on mitochondrial proteins
from mammals [21,22], fungi [23], land plants [24] and ciliates [25],
or that are annotated as such in more detailed experiments [26]. We
assume that proteins that have not been observed in mitochondria in
any of the current mitochondria and that are present in 95% of the
current alphaproteobacteria, have likely been lost from mitochondria
before the radiation of the eukaryotes. Although we cannot exclude
that some of the universal alphaproteobacterial proteins that are absent
from eukaryotes arose in the alphaproteobacteria after the divergence of
the mitochondria, and were therefore never lost from eukaryotes, such a
scenario appears unlikely given that published phylogenies place the
mitochondria within the alphaproteobacteria and not at their root, e.g.
[16,17,27]. Further reconstruction of loss events within the eukaryotes
depends on the branching order of the eukaryotes. This branching order
has not been completely resolved [28] and we therefore assume a star-
like phylogeny in which the alveolates (including ciliates), the archae-
plastidae (including land plants) and opisthokonts (fungi+metazoa)
diverged at the same point in time, and in which fungi and the metazoa
diverged later from each other. This allows us to recognize, in the evo-
lution of the mitochondrial proteome from an ancestral bacterium to its
current state in mammals, four stages: 1) proteins that were present in
the bacterial ancestor (reconstructed from alphaproteobacterial ge-
nomes and the mitochondrial genome of R. americana); 2) proteins
from the ancestor present in the last eukaryotic common ancestor
(LECA); 3) proteins from the ancestor present in the opisthokonts and
4) proteins from the ancestor present in mammals. Orthologous groups
were sorted into functional classes using the COG classification (Fig. 1).

Two elements stand out from this analysis: 1) the loss of alphapro-
teobacterial proteins from the mitochondrion before the radiation of the
eukaryotes has been much more dramatic than subsequent losses along
the evolutionary lineage to the mammalian mitochondria. Of the 370
COGS that likelywerepresent in the bacterial ancestor, 161 have not been
detected in current day mammalian mitochondria. From these 161,
~71% (115 proteins) have not been detected in any mitochondria, and
were thus likely lost from the organelle before the divergence of eu-
karyotes. 2) The loss of proteins is not evenly distributed among the
function classes and displays a rather eclectic conservation of pathways
involved in (energy) metabolism and translation, at the expense of
replication, repair and recombination of DNA, transcription, secretion,
the cell wall, the cell cycle and chromosome segregation. This general
trend of protein loss is similar to what was observed by comparing the
genes in a single alphaproteobacterial genome (Caulobacter crescentus)
to the proteins known to be present inmitochondria ofmammals and of
S. cerevisiae [29]. Some of these observations are, in hindsight, not
unexpected. The inter membrane space of mitochondria, although de-
rived from the periplasm of bacteria, is quite different from it, e.g. by
lacking a cell wall. Indeed the proteins involved in peptidoglycan syn-
thesis, the lipoproteins and the proteins involved in modifications of
those lipoproteins have all been lost (Supplementary Table 1). Even a
rare periplasmic “holdout” like LACTB that is involved in peptidoglycan
metabolism in bacteria, appears to have obtained a different function in
the intermembrane space of mammalian mitochondria [30]. The loss of
genes for cell envelope biogenesis has also been observed in genomes of
endosymbiotic bacteria, see ref [31] for a review. Other parallelswith the
evolution of endosymbiotic bacteria are loss of transcription regulation,
DNA repair and recombination [31]. Not all proteins that were lost from
the mitochondrion were lost from the eukaryotic cell completely. A
number of the enzymes that were lost from the mitochondrion have,
concomitant with the relocation of their genes to the nucleus, actually
been targeted to other parts of the eukaryotic cell. A classic case of
relocalization is the heme biosynthesis pathway that only partly takes
place in mitochondria [32], but also other enzymes like the ones in-
volved in fatty acid elongation are now located in the eukaryotic cell but
outside the mitochondria [7].

1.2. Non-orthologous protein replacement

A number of alphaproteobacterial proteins that have been lost,
have actually been replaced by other proteins, in a variation of the
“non-orthologous gene displacement” that was originally analyzed on
a large scale when comparing bacterial genomes [33]. Well known
examples are the RNA polymerase that has been replaced with a T3/T7-
phage like polymerase [34], the DNA polymerase that has been replaced
with a T3/T7-phage DNA polymerase [35], the DsbA/DsbB disulfide relay
system in the intermembrane space of alphaproteobacteria that has been
replaced with the MIA40/Erv1 system [36], and the recently discovered
replacement of the TAT export systemwith the AAA-ATPase Bcs1 for the
export of the folded Rieske protein [37]. Other instances are more subtle,
like the replacement of the Glycyl-tRNA synthetase subunits of
alphaproteobacterial origin by their homologs of archaeal origin [38].
The exact order of replacement events cannot always confidently be
retraced. An example is the replacement in trypanosomatids of the
mitochondrial protein translocase of the outer membrane – TOM40 –

with a protein of bacterial origin that might actually represent an
ancestral state of the mitochondrion [39]. Proposed horizontal gene
transfer of genes, like the heme lyase [8], complicates the situation even
further. Furthermore, calling a protein replacement in itself is not
unequivocal: how similar do the functions of two proteins have to be, to
be called a replacement? Canwe call the beta subunit of DNA polymerase
gamma that is involved in the polymerase's processivity a replacement
for the sliding clamp subunit of the bacterial DNA polymerase [40]? To
obtain an overview of which bacterial systems were replaced (Table 1)
we combined two approaches. First we compared Enzyme Commission
numbers (EC number) of proteins in the ancestral set and in current day
mitochondria with each other to identify pairs of non-orthologous
proteins with the same EC number. Second we performed literature
searches for proteins from the ancestral set that were lost, but whose
functions can still be found in mitochondria. We then reconstructed
the origin of a mitochondrial protein whose function is equivalent to
that of a protein that was lost by examining its published phylogenetic



Fig. 1. Reconstruction of the loss of proteins from the alphaproteobacterial ancestor of
mitochondria to their current representatives in mammals. The vertical axis shows the
minimal number of different orthologous groups of alphaproteobacterial ancestry that
have been estimated to be present in the bacterial ancestor of themitochondria, in the last
eukaryotic common ancestor (LECA), in the ancestor of the metazoa and the fungi
(opisthokonts) and in current mammalian mitochondria. A) Loss of proteins involved in
metabolic processes and the transport of metabolites. B) Loss of proteins involved in
cellular processes. C) Loss of proteins involved in information storage and processing.
Function classes are based on the COG function classification system [95]. See Supplementary
Table 1 for the full list of proteins, their function classification and when they were lost in
evolution.
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distribution, or, when the latter was not available, by performing
phylogenetic analyses ourselves. It should thereby be noted that the
gain of the new (replacing) protein does not always coincidewith the loss
of the old one. Orthologs of the sliding clamp subunit of the bacterial
DNA polymerase have not been observed in mitochondria, but the
“replacing” beta subunit of DNA polymerase gamma is restricted to
metazoa [41], leaving e.g. the fungiwithout a (known)processivity factor.
Such a gap is also visible for the mitochondrial transcription elongation
factor TEFM that originated in metazoa [42], replacing a transcription
elongation factor that was lost since LECA. The result is that, although
eight out of seventeen replacing proteins have originated before LECA
(Table 1), the non-orthologous protein replacements are not as strongly
biased toward early eukaryotic evolution as is the loss of proteins.

1.3. What drives protein replacement?

A number of alternative explanations have been offered for protein
replacement. One explanation is basically an extension of the hydropho-
bicity hypothesis, originally formulated by von Heijne [43], and most
recently advocated by deGrey [44]. The argument is that the replacement
of some systems is caused by, on the one hand the pressure to move
mitochondrial genes to the nucleus, e.g. to escape the high mutation rate
in the mitochondrial genome, and on the other hand, the problematic
transport of their integral membrane proteins back into mitochondria.
The strongest support for that comes actually from cases where the
replacement has not occurred in all eukaryotes, like bacterial cytochrome
system1 that in eukaryotes has partially been replacedwith system III [8].
In those species where it has not been replaced, its transmembrane
proteins are still encoded in themitochondrial genome [8]. Similarly, the
genes formitochondrial transmembrane proteins tatA and tatC of the TAT
system that was replaced by the Bcs1 system in S. cerevisiae [37], are still
encoded in themitochondrial genomes of a wide variety of other species,
including land plants, stramenopiles, the closest single cell relative of the
metazoa Monosiga brevicolis [45] and early branching metazoa like the
sponge Oscarella malakhovi [46], but not in nuclear genomes. A hydro-
phobicity explanation also applies to the DsbA/DsbB disulfide relay, of
which DsbB is an integral membrane protein. Nevertheless, for the
latter system also other explanations have been formulated. These in-
clude that MiA40/Erv1 has to work in a more reducing environment
than the DsbA/DsbB disulfide relay and that it has a simpler function
than DsbA/DsbB [47]. Relative simplicity of the system has also been
advocated as an explanation for the phage-like DNA polymerase, DNA
helicase and RNA polymerase. If those genes are of prophage origin, the
fact that the systems are monomeric might have favored the genes'
translocation from the endosymbiont to the nucleus over that of the
multimeric bacterial systems [48]. Finally, for cases where the mitochon-
dria share functions with the other parts of the cell, just that some func-
tions were already encoded in the nuclear genome, like amino-acyl tRNA
synthetases, or nucleic acid interacting proteins like a DNA ligase or a
ribonuclease may have made the version of the gene that is of organellar
ancestry superfluous, leading to its loss and replacement, e.g. by dual
targeting of the nuclear encoded protein [49] or by gene duplication [50].

1.4. Protein gain in the large complexes

Mostmitochondrial protein complexes of alphaproteobacterial origin
have expanded with so-called supernumerary subunits. As with mito-
chondrial proteomes, we can reconstruct likely ancestral states of mito-
chondrial complexes by comparing current day complexes frommultiple
species with each other. In the absence of proteomics data of the com-
plexes studied they can also be compared withmitochondrial proteomes
and with genomes of eukaryotic species. The main assumption behind
such an analysis is that when a protein is part of a (mitochondrial)
complex in a species, its orthologs are also part of that complex in other
eukaryotic species. There are exceptions to this pattern, like the acyl
carrier protein, a fraction ofwhich, in fungi and vertebrates, is associated
with complex I but that is not part of complex I in plants [51]. Ne-
vertheless, there is ample support for the conservation of complex-
membership between orthologs in large-scale systematic analyses of
complex membership between species in general [52], and in com-
parisons of mitochondrial complexes between species in particular



Table 1
Non-orthologous protein replacement between the alphaproteobacterial ancestor and current mammalian mitochondria. The third column describes the function of a universal
alphaproteobacterial protein that has been replaced by a non-orthologous, mitochondrial protein. The rightmost column indicates when the new protein has been inferred to
appear in evolution. The reference is, when possible, to experimental data relevant to the phylogenetic distribution of that new protein and therefore its origin, otherwise to
phylogenetic analyses supporting that origin. In the absence of a reference, the origin was traced using homology searches followed by phylogenetic analyses. For smpB, a member
of the tmRNA system, a candidate replacement has been hypothesized based on 3D modeling but has not yet been experimentally validated [96].

COG Bacterial gene name Function Human gene EC number Origin of the new protein

COG1138 ccmE Cytochrome C biogenesis HCCS – LECA [8]
COG0592 dnaN DNA polymerase processivity factor POLG2 – Metazoa [41]
COG0587 dnaE DNA polymerase POLG 2.7.7.7 Opisthokonts [78]
COG0847 dnaQ 3–5 exonuclease POLG 3.1.13 Opisthokonts [78]
COG1651 dsbA Protein disulfide isomerase CHCHD4 5.3.4.1 LECA [103]
COG0492 trxB Thioredoxin reductase TXNRD2 1.8.1.9 Metazoa
COG0358 dnaG DNA primase POLRMT 2.7.7.- LECA [104]
COG0751
COG0752

glyS
glyQ

Glycyl-tRNA aminoacyltransferase GARS 6.1.1.14 LECA [17]

COG0805
COG1826

tatC
tatA

Protein translocation BCS1L – LECA [105]

COG0272 ligA DNA ligase LIG3 6.5.1.2 Filozoa [106]
COG0202 rpoA RNA polymerase POLRMT 2.7.7.6 LECA [104]
COG0164 rnhB Ribonuclease RNASEH1 3.1.26.4 Metazoa [107]
COG1158 Rho Transcription termination MTERF – LECA [108]
COG0782 greA Transcription elongation TEFM – Metazoa [42]
COG0691 smpB Recycling stalled ribosomes mtRF1? – Vertebrates [96]
COG0625 Gst Glutathione-S-transferase GSTK1 2.5.1.18 Metazoa [109]
COG0305 dnaB Replicative helicase TWINKLE 3.6.1.- LECA [78]

Fig. 2. Expansion of the number of proteins within the large mitochondrial complexes, from
the bacterial ancestor of mitochondria to their current composition in mammals. Data are
based on proteins in the mitochondrial protein complexes, or when unavailable for specific
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[11,53]. One theme that has become increasingly apparent in recent
analyses of the evolution ofmitochondrial complexes, is thatmost of the
addition of new proteins to complexes of alphaproteobacterial origin
that are currently present in mammals has happened very early in
mitochondrial evolution, as these subunits appear to be shared by mul-
tiple eukaryotic crown groups. Specifically, studies of complex V [54], of
complex I [11,55,56] and of the mitochondrial ribosome [12,57], have
“pushed back” the origin of an increasing number of supernumerary
subunits and assembly factors before LECA. Some of the supernumerary
subunits and assembly factors of complex I have an even earlier origin,
as they are encoded in the bacterial genomes [55] and three of the
supernumerary subunits of complex I have been shown to be actually
part of complex I in the alphaproteobacterium Paracoccus denitrificans
[58]. To examine whether the addition of new eukaryotic subunits to
existing complexes before LECA is a more general trend, we comple-
mented the published analyses on complexes I, V and themitochondrial
ribosome with a tracing of the origin of supernumerary subunits from
complex III and complex IV, as well as the assembly factors of complex
IV and complex V, and quantified the combined results (Fig. 2). As such
analyses do not uniquely rely on proteomics data but also on sequenced
genomes, they allow for a higher resolution in reconstructing when in
evolution certain proteins of a complex appeared than the protein loss
reconstructions in Fig. 1. Consistent with the observations from the
literature with respect to mitochondrial protein complex evolution,
most of the supernumerary subunits that have been added to the
currentmammalianmitochondrial protein complexes, have been added
before LECA. Furthermore, also the new, eukaryotic proteins that are
involved in the assembly of the complexeswere already present in LECA.
Note however, that this pattern does not necessarily hold for protein
complexes in evolutionary lineages other than the one leading to mam-
mals. Specifically in trypanosomatids many new proteins with no de-
tectable homology outside of the trypanosomatids, were found attached
to the mitochondrial ribosome [59,60] and to complex V [61], while
the latter complex also appears to have an atypical composition in
Chlamydomonas reinhardtii [54].
taxa, on the presence of orthologs in genomes. The data for the mitochondrial ribosome are
from [12]. Data for complex I are from [11], and for complex I assembly from [56]. Data for
complex IV assembly are from [71]. Data for complex V are based on [54] to which the
assembly factors ATP11, ATP12andTMEM70were added. For complex III and complex IV the
origin of the subunits was established using profile-based homology detection, and where
necessary, phylogenetic analyses to establishwhere a geneduplicationoccurred. See Table S2
for an overview and for exceptions to the published reconstructions.
1.5. Technical aspects of comparative genome analysis

Technically, the newly discovered homology between supernumerary
subunits from the same complex in multiple species and their therewith
inferred early evolutionary origin depend on: 1) a better sampling of
mitochondrial protein complexes and eukaryotic genomes, allowing the
detection of homologs in distantly related taxa and therewith inference of
their early presence in eukaryotic evolution. An example of this is the
presence of a carbonic anhydrase in complex I of the amoeboid protozoon
Acanthamoeba castellanii that was subsequently found to be encoded in a
wide range of unicellular eukaryotes [62], placing its origin before LECA
rather than in the taxonomic branch leading to land plants and algae [63].
2) The usage of sensitive, profile-to-sequence and profile-to-profile based
tools [64] for finding homology relationships. An example being the
resolution of the homology relationship between the 9.5-kDa protein in
fungi and the B9 subunit in mammals [11], for which the literature had
been equivocal before [55,63,65]. Another example is the discovery of
the ATPase assembly factor TMEM70 in single celled eukaryotes [66]. 3)
The construction of sequence profiles using an increasing number of

image of Fig.�2
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sequences from closely related species to obtain profiles that are more
representative of the sequence family and therefore allow better de-
tection of homology relationships between those profiles and those
from other taxa. The latter has e.g. led to an improvement of the
annotation of mitochondrial genomes of ciliates, which have many
hypothetical open reading frames. Some of these have recently been
annotated as coding for ribosomal proteins [67,68] largely becausemore
ciliate mitochondrial genomes were available to create the sequence
profiles. Nevertheless, even with those advances, not all homology
relationships within the oxidative phosphorylation complexes can
unequivocally be established. A recently determined, mitochondrially
encoded ATPase subunit from Tetrahymena thermophila [69] is, using a
profile–profile homology detection approach [64] not significantly
similar to any ATPase subunit outside of the alveolates (data not
shown). In a similar vein, a recent evaluation of complex I evolution
discussed possible homology relationships between fungal andmetazoan
subunits thatwere not statistically significant [11]. Nevertheless, based on
manual inspection of the alignments and on the fact that both subunits
are member of the same complex, these homology relationships were
deemed likely to be true [11]. In such cases one implicitly uses the
argument that the E-value that is reported is too high (not significant
enough) because it is based on the comparison with a database with e.g.
all human proteins, while it should be based on a database that only
contains proteins from the specific complex compared between the
species. Systematic analyses have shown that such implicit reasoning
does indeed detect “true” homologs when comparing protein complexes
between species and including insignificant E-values [70]. Even when
including only significant E-values, the gain in orthology relations that can
be discovered when using profile-based homology detection tools is
considerable. A recent comparison of mitochondrial proteomes from
fungi and mammals showed that by using profile based methods a 20%
percent increase in the number of orthology relationships could be
obtained relative to only using pairwise sequence comparisons [71].Most
of the “newly discovered” relationships concern short, rapidly evolving
proteins like assembly factors. Out of eleven thus predicted new human
complex IV assembly factors, five could be validated by mitochondrial
localization and copurification with other Cox (assembly) proteins [71].
These results show that the increase in sensitivity of profile-based
homology detection does not come at a price of a decrease in reliability,
specifically when it is combinedwith a best-bidirectional hit criterion as
a proxy for orthology. As a case in point, the recently identified human
complex IV assembly factor C2orf64was shown to be orthologous to the
fungal assembly factor PET191 [72] while the assembly factor C12orf62
[73] was shown to be orthologous to S. cerevisiae Cox14 [71].
1.6. Loss of critical residues and variations in domain composition

Evolutionary analyses based on the presence/absence of genes of an
orthologous groupmissmore subtle changes in the sequences or domain
compositions of the proteins themselves. Although such changes tend to
be dominated by neutral amino-acid substitutions, they can also be func-
tionally relevant. Examples range from the loss of parts of the α and β
subunits of the Phenylalanine tRNA synthetase and fusing of the re-
maining proteins into a single, monomeric Phenylalanyl-tRNA synthetase
[74] that has lost its editing activity, leading to a stable mischarging of
tRNAPhewith tyrosine [75]; the loss of the DUF59 domain in the evolution
of the FeS complex I assembly factor IND1 from a minD/MRP family
protein ancestor in bacteria [76]; to the loss of three helices of complex I
subunit ND2 [77] and the degeneration of the primase domain in Twinkle
in the metazoa [78]. Loss of a catalytic residue has been shown to be
correlated with the loss of catalytic activity in the protein peptide
deformylase, HsPDF [79]. Based on this observation the protein was
called an evolutionary remnant [79], nevertheless the protein's presence
appears to be required for the accumulation of mitochondrial DNA-
encoded proteins [80].
Themitochondrial Holliday junction resolvase (HJR) endonuclease
family illustrates how the loss of a function on the one hand and the
gain of a new function on the other hand correlate with the loss of a
residue known to be critical for the first function and the gain of a
domain known to be involved in the second function. A mitochondrial
HJR endonuclease subunit was first discovered in S. cerevisiae [81] and
Schizosaccharomyces pombe [82]. The similarity of these proteins with
their bacterial counterpart (RuvC) was too low to detect the homology
by pairwise sequence comparison. Only by profile-based analyses was
this homology relationship established [83], which was subsequently
confirmed by 3D structure comparison [84]. Recently, C17orf42, a
human homolog of the fungal HJRs, was detected using profile-based
sequence comparison methods [42]. Nevertheless, in this protein the
aspartate at position 8 (numbering based on the positions in Escherichia
coli's RuvC) that was shown to be necessary for the catalytic activity of
RuvC, but not for Holliday junction binding [85], has been mutated to a
valine. The situation is similar to MRS1, a paralog of CCE1 that arose by
gene duplication in the fungi. MRS1 was shown to be involved in
splicing and in it the same D8 residue is mutated [86]. Experimental
analysis of C17orf42 failed to detect endonuclease activity, and rather
the protein appeared involved inmitochondrial transcription elongation
[42]. Furthermore, instead of an N-terminal SAP domain that is present
in the fungal Holliday junction resolvases, themetazoanmembers of the
family have an N-terminal Helix–hairpin–Helix motif. Holliday junction
resolvases have an RNase H fold, and the combination of a Helix–
hairpin–Helix motif with an RNaseH fold has also been found in the
transcription elongation factor Spt6 [87], suggesting convergent evolu-
tion of domain composition to obtain a transcription elongation function
in mitochondria. We further analyzed the distribution of this protein
family among eukaryotes and also uncovered homologs in plants and
algae (Fig. 3). Interestingly, the plant proteins contain a mitochondrial
targeting signal, and the algae contain a SAP domain, like their fungal
homologs. Furthermore, also in plants, a gene duplication has been
followed by the loss of one of the catalytic residues. Finally, degeneration
of critical residues in the arthropod sequences has even progressed
further than inmammals,with also the C-terminal D139 andD142having
been mutated.

2. Concluding remarks

Most of the loss of proteins of bacterial ancestry, a large fraction of
the replacement of alphaproteobacterial systems with proteins of a
different ancestry, and most of the increase of complexity of mitochon-
drial protein complexes of bacterial ancestry appear to have occurred
early in eukaryotic evolution, before the eukaryotic radiation and con-
comitantly to the translocation of mitochondrial genes to the nucleus.
Why there has been such an increase in the complexity of some of the
mitochondrial protein machineries has been widely debated ever
since their discovery, e.g. [88] and recently again for complex I [89].
Supernumerary subunits have been proposed to have roles in regulation,
protection against ROS, assembly and stability. While the reasons vary
fromcomplex to complex and fromprotein to protein, for complex I there
are specific data pertaining to a role of the supernumerary subunits in
increasing the stability of the complex [90]. Such an increase of the
complexity to increase stability would not be incompatible with a con-
structive neutral evolution explanation [91]. In that scenario, the addition
of new, nuclear encoded subunits would compensate the accumulation
of mutations in the older, mitochondrial encoded, subunits. It would
explain why complex II, the only completely nuclear encoded oxidative
phosphorylation complex, is the only complex without supernumerary
subunits. The argument is analogous to the increase of the number of
nuclear encoded proteins in the mitochondrial ribosome to compensate
for the loss of mitochondrial encoded rRNA [92], although there is little
support for the latter argument [93]. Nevertheless, in such a scenario one
might expect a gradual increase in the number of subunits per complex,
specifically in taxa with small effective population sizes like themetazoa.



Fig. 3. The evolution of the Holliday junction resolvase endonuclease illustrates the variation in the domain composition and presence of catalytic residues in a single mitochondrial
protein family. An original bacterial Holliday junction resolvase is still functional in fungal mitochondria and in eukaryotic viruses like the poxviridae [97]. In those taxa it has retained all
the residues known to be critical for its catalytic activity,while in fungi it has gained theDNA/RNAbinding SAP domain. Other eukaryotic variants have lost critical residues, have gained or
lost domains and have acquired new functions:MRS1 is involved inmitochondrial splicing in S. cerevisiae, and it has lost both a catalytic aspartate (D8) and the SAP domain. Transcription
elongation factor of mitochondria (TEFM) has also lost this aspartate, has acquired a Helix–hairpin–Helix motif and is involved in transcription elongation. The insects present an even
more derived RuvC domain, having lost three of the four catalytic residues. Representatives of the family in plants and algae have also lost one ormore catalytic residues and, in one case,
have also acquired a SAP domain. Holliday junction resolvase homologous sequences were retrieved using E. coli's RuvC protein sequence (GI: 15802276) as query seed for a PSI-BLAST
[98]. The results were manually curated in order to remove redundant sequences and guarantee a broad phylogenetic coverage among the eukaryotes. The dataset was aligned with
ClustalW [99] andvisually inspectedwith Jalview [100] to assure the correct alignment of all functionally relevant domains and residues. AMaximumLikelihoodphylogenywas computed
for the final alignment containing 82 sequences with 970 aligned positions, using RAxML [101]. The evolutionary model, chosen according to the Akaike Information Criterion (AIC) as
implemented in ProtTest [102], was an LG plus the empirical frequency of amino acids and a 4 discrete rate categories Gamma distribution (LG+F+4G). In order to obtain the domain
composition of each main phylogenetic branch, a Pfam A domain search was conducted for each sequence using HHPred [64].
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Instead, the large majority of additions appear to have occurred early in
eukaryotic evolution, suggesting that their addition is not the result of
constructive neutrality.

Our quantitative analyses and recapitulations of existing literature
support, at least at the level of the proteins present in the mito-
chondria, an already very advanced last ancestor of the eukaryotes. This
pattern is not unique to mitochondria. Also the eukaryotic endomem-
brane system, of which the evolution can be reconstructed via dupli-
cations in key proteins in membrane trafficking, appears to have been in
place by the time of the eukaryotic radiation [94]. One may expect that
the pre-LECA evolution of the mitochondrial proteome would require a
significant amount of time, specifically for the gain and replacement of
proteins. This provides quantitative support for the thesis that mitochon-
dria have been added early in eukaryotic evolution and therefore likely to
have played a crucial role in its origin rather than being added to an
existing eukaryotic cell.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.08.001.
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