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Abstract

The evolution of mitochondria from ancestral bacteria required that new protein transport machinery be established.
Recent controversy over the evolution of these new molecular machines hinges on the degree to which ancestral
bacterial transporters contributed during the establishment of the new protein import pathway. Reclinomonas
americana is a unicellular eukaryote with the most gene-rich mitochondrial genome known, and the large collection of
membrane proteins encoded on the mitochondrial genome of R. americana includes a bacterial-type SecY protein
transporter. Analysis of expressed sequence tags shows R. americana also has components of a mitochondrial protein
translocase or ‘‘translocase in the inner mitochondrial membrane complex.’’ Along with several other membrane
proteins encoded on the mitochondrial genome Cox11, an assembly factor for cytochrome c oxidase retains sequence
features suggesting that it is assembled by the SecY complex in R. americana. Despite this, protein import studies show
that the RaCox11 protein is suited for import into mitochondria and functional complementation if the gene is
transferred into the nucleus of yeast. Reclinomonas americana provides direct evidence that bacterial protein transport
pathways were retained, alongside the evolving mitochondrial protein import machinery, shedding new light on the
process of mitochondrial evolution.
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Introduction
Mitochondria are derived from bacterial symbionts that
were resident in the cytoplasm of what were to become
the first eukaryotic cells (Gray 1992; Lang et al. 1999; Gray
et al. 2004). The evolution of mitochondria involved a pro-
gressive and massive transfer of genetic material from the
ancestral endosymbiont to the host cell nucleus (Fox 1983;
Andersson and Kurland 1999; Lang et al. 1999; Kurland and
Andersson 2000). This dramatic process necessitated evo-
lution of mechanisms to get these ‘‘mitochondrial’’ pro-
teins, made on the host cell ribosomes, back into the
proto-mitochondrion. An elaborate protein import path-
way emerged and is a conserved feature of all eukaryotes
(Dolezal et al. 2006; Lister and Whelan 2006; Burri and Keel-
ing 2007; Neupert and Herrmann 2007; Chacinska et al.
2009; Kutik et al. 2009; Alcock et al. 2010). The protein im-
port machinery enables mitochondrial proteins to be rec-
ognized for translocation across the outer membrane via
a translocase in the outer mitochondrial membrane
(TOM complex) and then sorted to one of the four sub-
mitochondrial compartments by the SAM (sorting and as-
sembly machinery) and TIM (translocase in the inner

mitochondrial membrane) complexes (Rehling et al.
2003; Koehler 2004; Neupert and Herrmann 2007;
Chacinska et al. 2009).

Conflicting models have been proposed to explain the
evolution of the TOM and TIM complexes in mitochondria
(Cavalier-Smith 2006; Gross and Bhattacharya 2009; Alcock
et al. 2010). Although all models agree that the TOM and
TIM complexes were installed into the bacterial endosym-
biont, there is controversy over 1) the order in which the
TOM and TIM complexes were installed, 2) which compo-
nents of the TOM and TIM complexes were the first to be
established, and 3) whether those protein components
were derived from the host or the symbiont genome. Re-
cent work on the TIM complex has gone some way to re-
solving these conflicts. Bioinformatic analysis of extant
a-proteobacteria and experimental work on the model
a-proteobacterium Caulobacter crescentus demonstrated
that four core components of the TIM complex have bac-
terial orthologs, providing evidence that the TIM complex
at least was derived from preexisting proteins coded for by
the endosymbiont (Boorstein et al. 1994; Rassow et al. 1999;
Clements et al. 2009). However, all models for the evolution
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of protein import require a considerable time line through
which the early TIM (and TOM) complexes would have
been inefficient at protein transport (Cavalier-Smith
2006; Dolezal et al. 2006; Clements et al. 2009; Gross
and Bhattacharya 2009; Kutik et al. 2009), leaving open
the question of how protein transport could suffice for mi-
tochondrial biogenesis in the earliest stages of evolution of
the organelle.

Few clues to the early stages of mitochondrial evolution
are to be found in humans and model organisms such as
yeast, given that their remnant mitochondrial genomes are
very small, and thus, the transfer of genetic material from
the ancestral endosymbiont to the host cell nucleus ap-
pears to have reached a virtual end point. However,
large-scale sequencing of mitochondrial genomes has iden-
tified a remarkable set of organisms that have retained
a large collection of genes in their mitochondrial genome
(Lang et al. 1999; Gray et al. 2004). Diverse species have
retained around 40 protein-coding genes, including the
cryptomonad Rhodomonas salina (40 proteins), the green
alga Chara vulgaris (39 proteins), the amoeba Dictyostelium
discoideum (38 proteins), and the stramenopile Dictyota
dichotoma (37 proteins) (Ogawa et al. 2000; Turmel
et al. 2003; Hauth et al. 2005; Oudot-Le Secq et al.
2006). In one group, crucial evidence about protein trans-
port pathways has been retained. The jakobids are a clade
of free-living, heterotrophic flagellates whose mitochon-
drial genomes encode over 60 proteins and the jakobid
R. americana has the most bacterial-like mitochondrial ge-
nome reported to date (Lang et al. 1997, 1999; Edgcomb
et al. 2001; Archibald et al. 2002). Reclinomonas americana
was first discovered in the 1990s, and its mitochondrial ge-
nome was sequenced soon after (Flavin and Nerad 1993;
O’Kelly 1993; Lang et al. 1997). The mitochondrial genome
of R. americana carries 98 genes, 67 of which encode pro-
teins (Lang et al. 1999; Gray et al. 2004). Many of these pro-
tein-coding genes are no longer present in the
mitochondrial genomes of fungi, plants, or animals (Lang
et al. 1999). These include a gene encoding SecY, the core
subunit of the translocon/SecY complex. In all bacteria, the
SecY complex is the major means for transferring proteins
across the inner membrane and assists the assembly of hy-
drophobic proteins into the inner membrane (Rapoport
2007; Driessen and Nouwen 2008; Mandon et al. 2009).
The mitochondrial genome of R. americana also encodes
TatA and TatC, two subunits of the TAT complex which
can export folded proteins across bacterial inner mem-
branes (Palmer et al. 2005; Natale et al. 2008).

In the context of the current debate over mitochondrial
evolution, R. americana provides a means to address two
important questions 1) Has some specific block to gene
transfer occurred in R. americana, perhaps due to the high
hydrophobicity of the proteins encoded on the remnant
genes, which might be linked to a need to maintain the
bacterial protein transport pathways? 2) Does R. americana
have both bacterial (e.g., SecY) and mitochondrial (e.g.,
TIM) protein transport machinery for mitochondrial pro-
tein assembly?

Here, we show that the mitochondrial SecY protein
(RaSecY) has structural features conserved with the re-
cently characterized bacterial SecY structures (Zimmer
et al. 2008) and find that many of the membrane proteins
encoded in the mitochondrial genome of R. americana
have topologies and signal sequences that would make
them substrates of the SecY complex. We used one of these
mitochondrially encoded proteins, RaCox11, to test
whether these proteins are incapable of being ‘‘imported’’
back into mitochondria if the gene is transferred into the
nucleus. We show that RaCox11 can be imported into yeast
mitochondria using the mitochondrial protein import
pathway that depends on TOM and TIM complexes. When
transferred into the nucleus of yeast cells, the gene encod-
ing RaCox11 functionally complements a Dcox11 yeast mu-
tant, demonstrating that there is no impediment to the
transfer of this gene to the nucleus. Furthermore, analysis
of expressed sequence tags (ESTs) from R. americana shows
that the organism has a mitochondrial TIM machinery. This
evidence demonstrates a general evolutionary scenario for
an overlap between the installation of the TIM complex
and the loss of the bacterial protein transport pathways
mediated by the SecY complex. Taken together, these data
further suggest that R. americana stands as an exciting ex-
ample of evolutionary transition in which the ancestral and
derived protein transport pathways coexist and could assist
one another in the assembly of proteins into the mitochon-
drial inner membrane.

Materials and Methods

Reclinomonas americana Culture and Cryo-Electron
Microscopy
Reclinomonas americana (ATCC 50394) was obtained from
the American Type Culture Collection (ATCC; Manassas,
Virginia) and cultured in wheat grass extract medium sup-
plemented with Klebsiella pneumoniae at 25 �C. The bac-
terium was grown on a yeast extract plate with glucose as
a carbohydrate source at 30 �C for 24 h prior to inoculation
into the wheat grass extract medium. Cells were collected
from 20-ml cultures by centrifugation (5,000 � g, 1 min).
Droplets (5 ll) of the cell suspension were sandwiched be-
tween type A brass freezer hats (ProSciTech, Thuringowa,
Qld), and the enclosed cell suspensions were frozen using
a Leica EM High Pressure Freezer (Wien, Austria). Frozen
cell pellets were subjected to freeze substitution in 0.1%
(w/v) uranyl acetate in acetone at �90 �C for 48 h and
the temperature raised to �50 �C at 6 �C/h in a Leica
EM automated freeze-substitution unit. Samples were
washed 3 times with changes of acetone and infiltrated
with a graded series of Lowicryl HM20 low temperature
resin (Polysciences, Warrington, PA) in acetone consisting
of 25% resin (8 h), 50% resin (16 h), 75% (8 h), and 100%
(16 h). The infiltrated samples were placed in a fresh change
of 100% resin in gelatine capsules, polymerized under UV
light for 48 h at �50 �C, and brought to room temperature
at 6 �C/h. The soft sample blocks were then hardened
under UV light for a further 24 h. Embedded cells in blocks
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were sectioned with a diamond knife on a Leica Ultracut R
microtome and ultra-thin sections (90 nm) were collected
onto pioloform-coated 200 mesh hexagonal copper grids.
The grids are viewed in a Phillips CM120 Biotwin transmis-
sion electron microscope at 120 kV. Images were captured
with a Gatan Multiscan 600CW digital camera.

Sequence Analysis
Hydropathy calculations were carried out according to
Claros et al. (1995). The sequence alignment and analysis
were performed using ClustalW (Larkin et al. 2007) and Jal-
View (Waterhouse et al. 2009). The color-coded cartoon
representation of the AaSecY structure was created using
PyMol (DeLano 2002). Hidden Markov model analysis was
carried out as previously described (Likic et al. 2010).

Cloning and Yeast Expression
The open-reading frame of RaCox11 and ScCox11 was am-
plified from genomic DNA prepared from R. americana and
Saccharomyces cerevisiae (strain W303a), respectively. The
DNA fragments were cloned into the yeast expression plas-
mid p425-MET25. Overlap polymerase chain reaction was
used to construct the fusion sequence MTS-RaCox11, corre-
sponding to residues 1–86 of ScCox11. A haploid Dcox11
knockout yeast strain (cox11:KANR, BY4741 background,
MATa, his3D1, leu2D0, met15D0, ura3D0) was purchased
from Open Biosystems. BecauseDcox11 yeast mutants tend
to lose mitochondrial DNA, haploid cells were crossed with
BY4742 (MATa) strain and the resultant, respiratory-compe-
tent, diploid cells were transformed with p425-MET25 plas-
mids to express ScCox11, RaCox11, or MTS-RaCox11. The
transformed diploid cells were sporulated and dissected as
described previously (Johnson 1994). The kanamycin-resis-
tant, haploid Dcox11 transformants were serially diluted
and spotted on solid media containing the fermentable car-
bon source glucose or the nonfermentable carbon source
glycerol and grown on plates incubated at 30 �C.

Protein Import and Electrophoresis
Isolation of mitochondria was performed according to pub-
lished protocols (Daum et al. 1982). Mitochondria were pu-
rified from S. cerevisiae strains W303a or tom40–97
(Gabriel et al. 2003) strains and incubated with nucle-
ase-free rabbit reticulocyte lysate (Promega) translated
35S-labeled precursors over time-courses at 25 �C in import
buffer (0.6 M sorbitol, 50 mM HEPES pH 7.4, 2 mM potas-
sium phosphate pH 7.4, 25 mM KCl, 10 mM MgCl2, 0.5 mM
ethylenediaminetetraacetic acid, 1 mM dithiothreitol) in
the presence or absence of an energy source (NADH
and ATP) as stated. Import was terminated by dissipation
of membrane potential (using a cocktail of antimycin, va-
linomycin, and oligomycin) and placing the reaction on ice
(Hulett et al. 2008; Bursać and Lithgow 2009). Postimport
samples were treated with trypsin (Sigma–Aldrich) unless
stated, centrifuged at 13,000 � g for ten min and mito-
chondrial extracts analyzed by SDS–PAGE (Chan and Lith-
gow 2008). Osmotically ruptured mitochondria (mitoplasts)

were prepared as previously described (Glick et al. 1992).
Where indicated, blue native polyacrylamide gel electropho-
resis (BN–PAGE) was used as described (Beilharz et al. 1998;
Schägger and Pfeiffer 2000; Chan and Lithgow 2008). The
cytochrome c oxidase complex migrates as a doublet of
bands representing the supercomplexes formed between
the cytochrome c oxidase (complex IV) and cytochrome
bc1 reductase (complex III) as previously described (Schägger
and Pfeiffer 2000). Where necessary, the dried sodium dodec-
yl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
gels were analyzed by phosphorimaging, with signals quan-
tified using ImageQuant software.

Alkaline Extraction of Membrane Proteins
After import assays, the mitochondrial pellet was washed in
import buffer and then resuspended in 100 mM sodium
carbonate solution (pH 10.8) to extract the soluble and pe-
ripheral membrane proteins. The sample was incubated on
ice for 30 min and centrifuged at 100,000 � g in a TLA120.2
rotor (45,000 rpm) for 1 h. The supernatant fraction (con-
taining soluble and peripheral membrane proteins) and
pellet fraction (containing the membranes including the
integral membrane proteins) were separated and analyzed
by SDS–PAGE (Burri et al. 2006).

Results

Mitochondrial Morphology in R. americana
In order to visualize the mitochondrial morphology of R.
americana, we developed a procedure for cryo-fixation
of the organism and sectioned the cells for transmission
electron microscopy. The cells are well preserved by this
method with the cell shape indicative of the living cells
observed by light microscopy (fig. 1A). Well-developed
tubular cristae are evident in the mitochondrial profiles
(fig. 1B,C). Reclinomonas americana lives in aerobic envi-
ronments, and the highly developed cristae is consistent
with a dependence on mitochondria for cellular ATP-
production. Particles of the size of ribosomes, ; 20 nm,
are seen on the surface of the outer mitochondrial mem-
brane (fig. 1D). Ribosomes have previously been identified
on the mitochondrial surface of yeast cells and represent
polysomes translating mitochondrial proteins for import
into the organelle (Kellems et al. 1974, 1975; Lithgow 2000).

Mitochondrial Biogenesis from the Inside Out
Of the 67 proteins encoded in the mitochondrial genome
of R. americana (Lang et al. 1997), 26 have at least one
transmembrane segment predicted by the dense alignment
surface method DAS (Cserzö et al. 1997; supplementary
table 1, Supplementary Material online). SignalP predictions
suggest at least five of these membrane proteins have
a signal peptide that would further enhance their ability
to be recognized by bacterial-type protein translocation
machinery (Bendtsen et al. 2004; supplementary table 1,
Supplementary Material online). The mitochondrial genome
of R. americana encodes a protein with sequence similarity
to bacterial SecY proteins (Lang et al. 1999), and the protist
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sequence (RaSecY) aligns faithfully with bacterial SecY se-
quences, including those from Aquifex aeolicus and Thermo-
toga maritima (fig. 2A) whose crystal structures have
recently been reported (Zimmer et al. 2008). Using the se-
quence alignment in figure 2A, we mapped all residues from
RaSecY having a conservation score of 7.5 or better onto the
AaSecY structure (PDB code 3DL8 chain G). Figure 2B shows
that the sequence conservation is spread across the protein’s
length and includes 1) the hydrophobic characteristics of the
transmembrane segments, 2) the overall predicted confor-
mity to the protein fold, and 3) a dibasic motif in the C-ter-
minal domain. In Escherichia coli, the C-terminus of SecY,
and particularly K434 of the dibasic motif, is important for

translocation coupling with SecA (Mori and Ito 2006;
Karamanou et al. 2008; Zimmer et al. 2008) and the dibasic
motif is the most highly conserved feature in this ‘‘C6’’ do-
main of SecY, in both c-proteobacteria-like E. coli and in
a-proteobacteria from which mitochondria were derived
(Chiba et al. 2002). Attempts to express RaSecY in recombi-
nant form, for structural analysis and with a view to raising
an antiserum for immunogold labeling of the electron mi-
crographs, were unsuccessful. Antiserum recognizing SecY
from E. coli (Boy and Koch 2009) does not cross-react with
extracts made from R. americana, nor from the a-proteobac-
terium C. crescentus (data not shown).

Beyond SecY itself, approximately half of the
mitochondrially encoded proteins are subunits of the gene
expression machinery (supplementary table 2, Supplemen-
tary Material online) that would be localized in the matrix,
functioning to produce the membrane proteins encoded
on the mitochondrial genome.

The Hydrophobicity Hypothesis and Mitochondrial
Gene Transfer
The hydrophobicity hypothesis is an explanation of why
some membrane proteins remain trapped on mitochondrial
genomes (von Heijne 1986; Popot and de Wry 1990; Claros
et al. 1995; Daley and Whelan 2005; de Grey 2005). The rel-
ative hydrophobicity of a group of proteins can be deter-
mined by calculating the average regional hydrophobicity
(‘‘mesohydrophobicity’’ ,H.60–80) and the maximal local
hydrophobicity (,H.17). Claros et al. (1995) previously
showed that a scatter plot of these two values for the yeast
mitochondrial genome leaves all proteins in the upper right
quadrant of the graph. Similar studies on plants and a range
of protists report similar findings (Daley et al. 2002; Waller
et al. 2003; Cardol et al. 2006). We calculated ,H.60–80 and
,H.17 for the 67 proteins encoded on the mitochondrial
genome of R. americana (supplementary tables S1 and S2,
Supplementary Material online). We find that more than
half of the proteins encoded on the mitochondrial genome
are relatively hydrophilic (fig. 2C), with 23 shown in the gray-
shaded sector and a further 10 having such hydrophilic val-
ues for ,H.60–80 and ,H.17 that they sit outside the axes
as shown in figure 2C. A group of hydrophobic membrane
proteins have values of ,H.17 greater than 2.0, and many
of these have signal sequences predicting for their interac-
tion with a bacterial translocon (these genes are underlined
in fig. 2C). Hydrophobicity alone does not explain the set of
proteins that remain encoded on the mitochondrial genome
of R. americana.

The Gene Encoding RaCox11 Can Be Transferred to
the Nucleus
Cox11 is an integral membrane protein, anchored by
a transmembrane segment to the mitochondrial inner
membrane, with a copper-binding chaperone domain ex-
posed to the intermembrane space (Carr et al. 2005;
Khalimonchuk et al. 2005). It thereby assists assembly of
cytochrome c oxidase (Cobine et al. 2006). In jakobids like

FIG. 1. Ultrastructure of R. americana. (A) Drawing of Reclinomonas
americana from light micrographs and (B) longitudinal section
through cryopreserved samples of R. americana, visualized by TEM.
(C) Longitudinal section through posterior mitochondrion to show
details of cristae membranes. (D) Higher magnification view of
particles (arrows) closely apposed to patches of the mitochondrial
outer membrane (M, mitochondrial matrix; C, cytosol).
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R. americana, the Cox11 protein (RaCox11) is perhaps
unique, being encoded in the mitochondrial genome, as
genome sequencing projects invariably find the cox11 gene
transferred to the nucleus. In yeast, for example, the gene
encoding Cox11 is found on chromosome XVI in the nu-
cleus and the Cox11 protein from S. cerevisiae (ScCox11) is
imported before assembly into the mitochondrial inner
membrane (Carr et al. 2005; Khalimonchuk et al. 2005).
Multiple sequence alignment of ScCox11 and RaCox11
with Cox11 homologs from various species of bacteria
shows that the yeast protein is made with an N-terminal
extension of 85 residues (supplementary fig. S1, Supple-
mentary Material online) that includes a predicted target-

ing sequence: residues 1–30 of ScCox11 show the
characteristic features of a cleavable mitochondrial target-
ing sequence, as predicted by MitoP (Claros and Vincens
1996). Given this unique situation, RaCox11 was chosen
for further study.

In order to construct a model system to test whether the
RaCox11 gene can retain function if transferred to the nu-
cleus, we transformed yeast lacking their own COX11 gene
(Dcox11 yeast) with plasmids encoding ScCox11, RaCox11,
or MTS-RaCox11 (fig. 3A). MTS-RaCox11 has the 86 residues
extension of ScCox11 fused to the N-terminus of RaCox11.
Mutant Dcox11 yeast grows on fermentable carbon sources
like glucose but fail to grow on nonfermentable carbon

FIG. 2. The mitochondrially-encoded proteome of Reclinomonas americana. (A) Sequence alignment of the mitochondrial RaSecY with SecY
from the bacteria Aquifex aeolicus (AaSecY; 21% identity), Thermotoga maritima (TmSecY; 12% identity), and Escherichia coli (EcSecY; 17%
identity) highlighting those residues having a conservation score of 7.5 or greater (max 11) with the most conserved residues show in darker
colors. The secondary structural elements corresponding to the AaSecY crystal structure (PDB code 3DL8 chain G) are shown with gray lines
indicating loops and turns and zig-zags indicating helices. Two insertions are indicated by horizontal orange and green lines and a deletion of
an interhelix loop indicated by a red line. The conserved bacterial SecY dibasic motif (KK/RR) is indicated by a red star. (B) AaSecY crystal
structure (PDB code 3DL8 chain G; Zimmer et al. 2008) is shown in gold. Highlighted in blue are those conserved residues from RaSecY
(conservation score of 7.5 or better) from the sequence alignment. The locations of the two insertions in RaSecY are shown in orange and
green and the large loop between transmembrane segments 6 and 7, absent in RaSecY, is shown in red. (C) The mitochondrial genome was
conceptually translated and proteome subject to hydropathy analysis as previously described (Chan et al. 2006). An arbitrary line is drawn to
distinguish the more hydrophilic proteins (gray-shaded sector) from the more hydrophobic. The hydrophobicity values are provided in
supplementary table S1 (Supplementary Material online) (membrane proteins) and supplementary table S2 (Supplementary Material online)
(nonmembrane proteins). The individual sequences are color coded according to their predicted location in the inner membrane (black) or
matrix (blue). Underlined are those sequences for which a bacterial-type signal sequence or signal anchor was detected (see supplementary
table S1, Supplementary Material online). Seven ribosomal proteins (rpS12, S13, S14, L14, L18, L32, L34) have 17 scores below 0 and, being so
extremely hydrophilic, are not displayed on this set of axes. Similarly, TatA is not displayed having a mesohydrophobicity score of �4.4 (see
supplementary table S1, Supplementary Material online).
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sources, such as glycerol because the cytochrome c oxidase
complex cannot be assembled in the absence of Cox11
(Banting and Glerum 2006). The growth rate, as judged
by colony size, of Dcox11 yeast on the fermentable carbon
source glucose is unaffected by any of the plasmids (fig. 3B).
The plasmid encoding the yeast ScCox11 complements the
growth of Dcox11 yeast on the nonfermentable carbon
source glycerol. The MTS-RaCox11 construct also comple-
ments growth on glycerol, demonstrating that RaCox11 is
assembled into a form that can deliver copper into the cy-
tochrome c oxidase complex to sustain electron transport.

RaCox11 also complements the defects of Dcox11 yeast
for growth on glycerol (fig. 3B) and is sufficient to restore
assembly of the cytochrome c oxidase complex as judged
by BN–PAGE. Mitochondria were purified from Dcox11 yeast
transformed with the ScCox11, RaCox11, MTS-RaCox11, or
a control plasmid and analyzed by BN–PAGE and immuno-
blotting, confirming that both MTS-RaCox11 and RaCox11
restore the assembly of cytochrome c oxidase (fig. 3C).

The experiments in figure 3 demonstrate that, in the
context of evolution, transfer of the RaCox11-encoding
gene to the nucleus would not necessarily interrupt respi-

ratory function because RaCox11 can be imported into mi-
tochondria even without appendage of a mitochondrial
targeting sequence. This is consistent with previous work
predicting that many bacterial proteins have intrinsic mi-
tochondrial targeting sequence characteristics (Lucattini
et al. 2004). The N-terminus of RaCox11 could form a short
basic, amphipathic helix (with positively charged residues
K3, R5, and K6), and is followed by a helical transmembrane
segment of amphipathic character, which could explain
this ‘‘minimalist importability.’’ But is MTS-RaCox11 deliv-
ered to mitochondria even more efficiently in vivo? To test
this, we monitored the growth of yeast in liquid media with
glycerol as a carbon source in the presence or absence of
disodium bathocuproine disulphonate (BCDS). BCDS de-
creases the availability of copper in the growth medium,
accentuating copper-dependent growth defects. Figure
3D shows that cells expressing MTS-RaCox11 are reproduc-
ibly better (;50% of wild-type growth) able to grow on
glycerol in the presence of BCDS than yeast expressing Ra-
Cox11 (;10% of wild-type growth), suggesting that the ap-
pendage of a mitochondrial targeting sequence improves
the efficiency of RaCox11 import.

FIG. 3. Functional complementation of Dcox11 yeast mutants by RaCox11 expressed on a gene in the nucleus. (A) The domain structure of the
ScCox11, RaCox11, and MTS-RaCox11 constructs borne by yeast expression plasmids. The MTS-RaCox11 fusion is constructed from residues 1
to 85 of ScCox11 and residues 9–182 from RaCox11. Designated with scissors, an MPP cleavage site is predicted after residue 30 ScCox11. TM
denotes the predicted transmembrane segment. The gray oval defines the boundaries of the copper-binding CtaG_Cox11 domain (Pfam
04442) in ScCox11 (residues 105–253) and RaCox11 (residues 25–178). (B) Yeast cells were transformed to express the indicated construct and
their growth tested in serial dilution experiments. Equal cell numbers were serially diluted onto medium containing glucose or glycerol as
a carbon source and incubated at 25 �C. (C) The transformed yeast strains were grown on medium containing glucose and mitochondria
isolated from mid-log phase cultures. Samples of mitochondria (100 lg protein) were analyzed by BN–PAGE, the mitochondrial samples were
probed with antisera recognizing the subunit Cox4p to detect cytochrome c oxidase, which migrates as a doublet of bands at ;1,000 kDa and
;750 kDa, representing the III2:IV2 and III2:IV supercomplexes formed between cytochrome c oxidase (IV) and cytochrome bc1 reductase (III) as
previously described (Schägger and Pfeiffer 2000). Duplicate samples of mitochondria were analyzed by SDS–PAGE and immunoblotting with
an antiserum recognizing the outer membrane protein Por1, as a control for the amount of mitochondrial membrane proteins in each of the
samples. (D) Transformed yeast cells were grown in liquid media until mid-log phase. The cell numbers measured at 20 h of culture are shown
from cultures (white bars) containing glucose as a carbon source, (gray bars) containing glycerol as a carbon source, or (black bars) containing
glycerol as a carbon source and supplemented with 50 lM BCDS. The data are representative of five independent experiments.
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Addition of a Targeting Sequence Promotes
Efficient Import of RaCox11 into Mitochondria
The import of ScCox11 has not previously been analyzed.
Like other mitochondrial inner membrane proteins, we
found ScCox11 is imported into mitochondria isolated
from wild-type yeast in a time-dependent manner, with im-
port dependent on the presence of a membrane potential
(fig. 4). The import of proteins in vitro is often relatively
inefficient, relying on in vitro-transcribed RNA being trans-
lated in vitro into protein, which is then presented post-

translationally to isolated mitochondria resuspended in
buffer. However, like Su9-DHFR and Pic1, the import of
ScCox11 is relatively efficient in these assays—within 8
min, more than 5% of the added precursor protein (T)
was processed to a faster migrating species that represents
the mature form of Cox11.

In order to determine whether ScCox11 is inserted into
the inner mitochondrial membrane by the canonical
‘‘TIM23 pathway,’’ we used yeast strain tom40–97 (Gabriel
et al. 2003). This strain carries a single point mutation in
Tom40 that debilitates the transfer of imported proteins
to the TIM23 complex but has little effect on the transfer
of proteins to other aspects of the protein import machin-
ery such as the carrier pathway (Rehling et al. 2003; Koehler
2004; Neupert and Herrmann 2007; Chacinska et al. 2009).
Figure 4 shows that transfer of the carrier protein Pic1 to
the TIM22 complex in the inner membrane yields more
than 50% the efficiency of wild-type import rates in
tom40–97 mitochondria. However, the transfer of the con-
trol protein Su9-DHFR to the TIM23 complex is reduced by
more than 75%. ScCox11 too is strongly inhibited from im-
port into tom40–97 mitochondria, suggesting that it is as-
sembled in the inner membrane via stop-transfer mediated
by the TIM23 pathway. This is consistent with the sequence
features in the N-terminal targeting domain of ScCox11
(supplementary fig. S1, Supplementary Material online).

Translation of RaCox11 in vitro yields numerous prod-
ucts that appear to represent protein aggregates: they are
resistant to trypsin and migrate as species larger than the
predicted size of RaCox11 (;18 kDa, see fig. 5A). There is

FIG. 4. ScCox11 is imported and assembled via the TIM23 pathway.
Mitochondria were isolated from either wild-type yeast or from the
tom40–97 yeast strain (Gabriel et al. 2003). Mitochondria (50 lg
protein) were incubated with [35S]-labeled Su9-DHFR, PiC, or
ScCox11 for the indicated time and analyzed by SDS–PAGE.
Precursors (p) were processed to intermediate (i) and mature forms
as indicated by arrows. (�DW) refers to reactions pretreated with
0.1 lM valinomycin. A control lane (T) shows 5% of the total [35S]-
labeled precursor proteins.

FIG. 5. MTS-RaCox11 is imported more efficiently than RaCox11. (A) Mitochondria were isolated from wild-type yeast and aliquots (50-lg
mitochondrial protein) were incubated with [35S]-labeled RaCox11, [35S]-labeled MTS-RaCox11, or [35S]-labeled Su9-DHFR. (�DW) refers to
reactions pretreated with 0.1 lM valinomycin. A control lane (T) shows 5% of the total [35S]-labeled proteins. The import reactions were then
treated with trypsin and analyzed by SDS–PAGE and phosphorimage analysis. The mature, processed form of MTS-RaCox11, is indicated by an
asterisk (*). (B) Mitochondria were isolated from either wild-type yeast or from the tom40–97 yeast strain and incubated with [35S]-labeled
MTS-RaCox11 for the indicated time. The precursor (p) and processed forms are indicated with arrows and (�DW) refers to reactions
pretreated with a cocktail of antimycin, valinomycin, and oligomycin. (C) Mitochondria (100-lg mitochondrial protein) were incubated with
[35S]-labeled MTS-RaCox11 for eight min and then reisolated by centrifugation. A sample was prepared for SDS–PAGE (T, total) and a second
sample resuspended in 0.1 M sodium carbonate (as described in Materials and Methods) and the membrane pellet (P) and supernatant (S)
prepared for SDS–PAGE. The SDS–PAGE gels were analyzed by fluorography and by immunoblots analysis using antisera recognizing the
b-subunit of the F1F0-ATP synthase (F1b) or Tim23.
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no evidence in these assays that RaCox11 is imported in
a time- and DWm-dependent manner. However, the addi-
tion of the mitochondrial targeting sequence from
ScCox11, that is, MTS-RaCox11, improves the import effi-
ciency with a fraction of the protein becoming protected
from trypsin over time (fig. 5A) and some of this being
processed to a mature form (fig. 5A, *). MTS-RaCox11 is
imported into mitochondria using the TOM–TIM23 path-
way because the protein’s import is blocked in tom40–97
mutants (fig. 5B). When mitochondria are extracted with
0.1 M sodium carbonate, the majority of the [35S]-labeled
MTS-RaCox11 remains integrated in the membranes, like
the integral membrane protein Tim23, whereas peripher-
ally associated membrane proteins like the b-subunit of
the F1F0-ATPase are extracted into the supernatant
(fig. 5C). Although the heterologous MTS may have assisted
in this import, the minimal conclusion is that the RaCox11
is able to be imported into mitochondria for assembly into
the mitochondrial inner membrane.

Taken together with the complementation data in
figure 3, we conclude that 1) the import of RaCox11 is in-
efficient, but that 2) in vivo the import pathway can handle
RaCox11 sufficiently well to fully complement the assembly
of cytochrome c oxidase and enable Dcox11 yeast to grow
on a nonfermentable carbon source.

The Mitochondrial Protein Import Machinery in
Reclinomonas
The Taxonomically Broad (EST) Database (TBestDB;
http://tbestdb.bcm.umontreal.ca/) is a unique resource
of EST sequences from R. americana and many other pro-
tists (O’Brien et al. 2007). Although it does not provide
complete coverage of genes expressed from the nuclear ge-
nome, analysis of the R. americana data in TBestDB (sup-
plementary table S3, Supplementary Material online)
suggests the presence of at least one member of the
Tim23/Tim17/Tim22 family of translocase proteins, at least
two small TIM chaperones, and the processing peptidases
(MPPa, MPPb, Imp2), that is, major components of the
TIM pathways for biogenesis of inner membrane proteins
(fig. 6). In addition, R. americana has the characteristic cy-
tosolic chaperones Hsp70 and Hsp90 (Simpson et al. 2006)
that assist hydrophobic proteins in the initial stages of pro-
tein import (Chacinska et al. 2002; Young et al. 2003; Chan
et al. 2006; Zara et al. 2009). Without a complete genome to
analyze, we cannot make a comprehensive statement on
the further components of the protein import machinery
used by R. americana to handle the import and assembly of
membrane proteins encoded by nuclear genes.

Discussion

Gene Transfer and Mitochondrial Evolution
In R. americana, Cox11 is encoded in the mitochondrial
genome. We showed that this RaCox11 contains intrinsic
sequences for import into mitochondria. Previously, Lucat-
tini et al. (2004) found that 5–10% of proteins encoded in
bacterial genomes have intrinsic targeting information and

predicted this was true in the bacterial ancestor of mito-
chondria, serving as a ‘‘preadaptation’’ (i.e., exaptation)
that would have facilitated gene transfers during mito-
chondrial evolution. The finding that RaCox11 contains in-
trinsic sequences for import into mitochondria provides
experimental evidence in support of this hypothesis; genes
from the ancestral endosymbiont could have been trans-
ferred to the nucleus and supported at least basic cellular
functions even before additional mitochondrial targeting
sequences were constructed by exon-shuffling and other
mechanisms that improve targeting efficiency (Brennicke
et al. 1993; Kadowaki et al. 1996; Kurland and Andersson
2000; Gray et al. 2001).

Comparative sequence analysis of mitochondrial ge-
nomes shows that both ‘‘the tempo and pattern’’ of mito-
chondrial gene loss is episodic (Adams and Palmer 2003),
and extant organisms have from 0 to 67 protein-coding
genes on their mitochondrial genomes. Typically, the re-
tained genes encode highly hydrophobic proteins, often in-
volved in redox reactions such as those employed in

FIG. 6. A model for mitochondrial protein sorting in Reclinomonas
americana. Proteins like RaCox11, encoded on the mitochondrial
genome would be ‘‘exported’’ by the SecY complex; the blue panel
denotes that this ancestral protein export pathway would have
been present in the bacterium that gave rise to mitochondria but
has been lost by most eukaryotes. Genes transferred to the nucleus
result in proteins, translated in the cytosol, which must be imported
via a TOM complex in the outer membrane. For membrane
proteins destined for the inner membrane, insertion and assembly
can be via either the TIM23 complex or TIM22 complex. Each of
these translocase complexes is composed from members of the
Tim23/17/22 family of proteins: in some organisms, there is
a single TIM complex (Gentle et al. 2007; Schneider et al. 2008).
Reclinomonas americana has at least one member of the Tim23/17/
22 protein family (indicated in red, the TBestDB accessions are
RAL00006644, RAL00001769, and RAL00003686). Polytopic mem-
brane proteins are ferried to the TIM complex by small TIM
chaperones, such as Tim9 and Tim10; R. americana has examples of
both proteins (RAL00003758 and RAL00003938, respectively).
Imported proteins can be processed by MPPa/b and/or Imp2
and, R. americana has proteases of each type: RAL00003642,
RAL00006561, RAL00004675, and RAL00001943.
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oxidative phosphorylation (von Heijne 1986; Popot and de
Wry 1990; Claros et al. 1995; Daley et al. 2002; Daley and
Whelan 2005; de Grey 2005). However, hydropathy analysis
of the very many proteins encoded on the mitochondrial
genome of R. americana shows the majority are relatively
hydrophilic and have homologs in yeast and other organisms
whose genes have already been successfully transferred to
the nucleus. We experimentally verified this observation,
showing that RaCox11 can be expressed in the nucleus
and the protein imported into mitochondria sufficiently well
to complement the defects of Dcox11 yeast.

Bacterial Protein Transport Pathways in
Mitochondria
In bacteria, the SecY complex (Rapoport 2007; Driessen and
Nouwen 2008; Mandon et al. 2009) is needed to export in-
tegral membrane proteins with large periplasmic domains,
such as the bacterial homolog of Cox11, and it is reasonable
to predict that in RaSecY assists in the assembly of Ra-
Cox11. But the experiments reported here also demon-
strate that the mitochondrial TOM and TIM machinery
would be capable of importing RaCox11 if the gene had
been transferred to the nucleus and the protein made
in the cytosol. Is there some other biological impediment
preventing the transfer of the gene encoding RaCox11 from
the mitochondrial genome of R. americana? We cannot ex-
clude the possibility that the continued presence of a SecY
complex for the export and assembly of hydrophobic mem-
brane proteins might simply minimize selective pressure
for gene transfer to the nucleus.

Sequencing the complete genome of R. americana is re-
quired for a full understanding of the protein transport path-
ways in its unique mitochondrion. Bacterial translocons are
composed of the ten transmembrane segments donated by
the SecY subunit as well as two very small subunits SecE and
SecG (Rapoport 2007; Driessen and Nouwen 2008; Natale
et al. 2008; Mandon et al. 2009). We find no evidence of small
open-reading frames related to SecE or SecG on the mito-
chondrial genome of R. americana, and we therefore suggest
that these proteins might be encoded in the nuclear genome
and the SecE and SecG proteins imported. Similarly, proteins
are often transferred to the SecY complex via interaction
with the large, soluble chaperone SecA (Chiba et al. 2002;
Mori and Ito 2006; Karamanou et al. 2008; Zimmer et al.
2008). Conservation of the dibasic interaction motif in SecY
is consistent with the continued presence of a SecA homolog
in the mitochondria of R. americana but, if this is the case,
this SecA must be imported from the cytosol. Sequencing of
the nuclear genome of R. americana is required to resolve
this and further aspects of mitochondrial biogenesis in these
fascinating organisms.

With both a SecY complex and TIM protein translocases,
R. americana provides a snapshot of evolution, reflecting
a transition stage in which ancestral and derived protein
transport machinery coexist in the mitochondrial inner
membrane. A related jakobid protist, Jakoba libera, has pro-
ceeded just a few steps further along the gene transfer path-
way having lost four more genes from its mitochondrial

genome, those encoding the ribosomal proteins S10 and
L18, and the RNA polymerase subunits RpoA and RpoD
(Lang et al. 1999). The jakobids, therefore, can be considered
as a group of ‘‘living fossils’’ in respect to the evolution of
mitochondria (Lang et al. 1997; Gray et al. 2004).

In bacteria, multispanning membrane proteins often re-
quire both the SecY complex and a protein called YidC
(Luirink et al. 2005; Kiefer and Kuhn 2007; Kol et al.
2008; Xie and Dalbey 2008). YidC plays an essential role
in protein assembly into the inner membrane and physi-
cally cooperates with the SecY complex. In mitochondria
that do not have a SecY, a protein called Oxa1 has evolved
from the ancestral YidC, to the point that several signifi-
cant features in sequence and topology now distinguish
the mitochondrial-type Oxa1 proteins from the bacte-
rial-type YidC proteins (Kiefer and Kuhn 2007). In yeast,
the mitochondrial Oxa1 now cooperates with the TIM23
complex to assist the assembly of at least some, difficult,
multispanning inner membrane proteins (Bohnert et al.
2010; Webb and Lithgow 2010). It will be fascinating to
see whether the equivalent protein encoded in the nucleus
of R. americana is more akin to a mitochondrial-type Oxa1,
or a bacterial-type YidC, given the continued presence of
SecY in this exceptional organelle.

Supplementary Material
Supplementary figure S1 and table S1–S3 are available at
Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).

Acknowledgments
We thank Hans-Georg Koch who generously provided an-
tiserum to the SecY from E. coli. We also thank Felicity Al-
cock, Victoria Hewitt, Georg Ramm, Ross Waller, and
Chaille Webb for comments on the manuscript. J.T. is sup-
ported by a Monash International Postgraduate Scholar-
ship, P.D. is supported by a Marie Curie Outgoing
International Fellowship, T.L. is an Australian Research
Council Federation Fellow. S.K.B. is supported by the Intra-
mural Research Program of the National Institute of Health,
National Institute of Diabetes and Digestive and Kidney
Diseases. The project was supported by a grant from the
Australian Research Council (to T.L.).

References
Adams KL, Palmer JD. 2003. Evolution of mitochondrial gene

content: gene loss and transfer to the nucleus. Mol Phylogenet
Evol. 29:380–395.

Alcock F, Clements A, Webb C, Lithgow T. 2010. Tinkering inside the
organelle. Science 327:649–650.

Andersson SG, Kurland CG. 1999. Origins of mitochondria and
hydrogenosomes. Curr Opin Microbiol. 2:535–544.

Archibald JM, O’Kelly CJ, Doolittle WF. 2002. The chaperonin genes
of jakobid and jakobid-like flagellates: implications for eukaryotic
evolution. Mol Biol Evol. 19:422–431.

Banting GS, Glerum DM. 2006. Mutational analysis of the
Saccharomyces cerevisiae cytochrome c oxidase assembly pro-
tein Cox11p. Eukaryot Cell. 5:568–578.

A Mitochondrion in Transition · doi:10.1093/molbev/msq305 MBE

1589

http://www.mbe.oxfordjournals.org/
http://www.mbe.oxfordjournals.org/


Beilharz T, Suzuki CK, Lithgow T. 1998. A toxic fusion protein
accumulating between the mitochondrial membranes inhibits
protein assembly in vivo. J Biol Chem. 273:35268–35272.

Bendtsen JD, Nielsen H, von Heijne G, Brunak S. 2004. Improved
prediction of signal peptides: SignalP 3.0. J Mol Biol. 340:
783–795.

Bohnert M, Rehling P, Guiard B, Herrmann JM, Pfanner N, van der
Laan M. 2010. Cooperation of stop-transfer and conservative
sorting mechanisms in biogenesis of mitochondrial ABC trans-
porter. Curr Biol. 20:1227–1232.

Boorstein WR, Ziegelhoffer T, Craig EA. 1994. Molecular evolution of
the HSP70 multigene family. J Mol Evol. 38:1–17.

Boy D, Koch HG. 2009. Visualization of distinct entities of the
SecYEG translocon during translocation and integration of
bacterial proteins. Mol Biol Cell. 20:1804–1815.

Brennicke A, Grohmann L, Heisel R, Knoop V, Schuster W. 1993. The
mitochondrial genome on its way to the nucleus: different
stages of gene transfer in higher plants. FEBS Lett. 325:140–145.

Burri L, Keeling PJ. 2007. Protein targeting in parasites with cryptic
mitochondria. Int J Parasitol. 37:265–272.

Burri L, Vascotto K, Gentle IE, Chan NC, Beilharz T, Stapleton DI,
Ramage L, Lithgow T. 2006. Integral membrane proteins in the
mitochondrial outer membrane of Saccharomyces cerevisiae.
FEBS J. 273:1507–1515.
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