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We present a combined proteomic and bioinformatic investigation of mitochondrial
proteins from the amoeboid protist Acanthamoeba castellanii, the first such comprehensive
investigation in a free-living member of the supergroup Amoebozoa. This protist was
chosen both for its phylogenetic position (as a sister to animals and fungi) and its ecological
ubiquity and physiological flexibility. We report 1033 A. castellanii mitochondrial protein
sequences, 709 supported by mass spectrometry data (676 nucleus-encoded and 33
mitochondrion-encoded), including two previously unannotated mtDNA-encoded proteins,
which we identify as highly divergent mitochondrial ribosomal proteins. Other notable
findings include duplicate proteins for all of the enzymes of the tricarboxylic acid (TCA)
cycle—which, along with the identification of a mitochondrial malate synthase–isocitrate
lyase fusion protein, suggests the interesting possibility that the glyoxylate cycle operates
in A. castellanii mitochondria. Additionally, the A. castellanii genome encodes an unusually
high number (at least 29) of mitochondrion-targeted pentatricopeptide repeat (PPR)
proteins, organellar RNA metabolism factors in other organisms. We discuss several key
mitochondrial pathways, including DNA replication, transcription and translation, protein
degradation, protein import and Fe–S cluster biosynthesis, highlighting similarities and
differences in these pathways in other eukaryotes. In compositional and functional
complexity, the mitochondrial proteome of A. castellanii rivals that of multicellular
eukaryotes.
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Biological significance
Comprehensive proteomic surveys ofmitochondria have been undertaken in a limited number of
predominantly multicellular eukaryotes. This phylogenetically narrow perspective constrains
and biases our insights into mitochondrial function and evolution, as it neglects protists,
which account for most of the evolutionary and functional diversity within eukaryotes. We
report here the first comprehensive investigation of themitochondrial proteome in amember
(A. castellanii) of the eukaryotic supergroup Amoebozoa. Through a combination of tandem
mass spectrometry (MS/MS) and in silico data mining, we have retrieved 1033 candidate
mitochondrial protein sequences, 709 havingMS support. These datawere used to reconstruct
the metabolic pathways and protein complexes of A. castellanii mitochondria, and were
integrated with data from other characterized mitochondrial proteomes to augment our
understanding of mitochondrial proteome evolution. Our results demonstrate the power of
combining direct proteomic and bioinformatic approaches in the discovery of novel mitochon-
drial proteins, both nucleus-encoded and mitochondrion-encoded, and highlight the composi-
tional complexity of theA. castellaniimitochondrial proteome,which rivals that of animals, fungi
and plants.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Mitochondria are organelles involved in a broad array of
eukaryotic cellular processes, including energy generation, iron–
sulfur (Fe–S) cluster biosynthesis, apoptosis and the metabolism
of amino and fatty acids. Althoughmitochondria retain a distinct
genome (mtDNA) that encodes a limited number of proteins
(<70) and has been used to infer the α-proteobacterial origin of
the mitochondrial genome [1,2], 95–99% of mitochondrial
proteins are encoded in the nucleus and imported post-
translationally [3]. As a result, the information encoded in
mtDNA, although invaluable, provides only limited insight into
the overall function and evolution of the organelle, requiring the
systematic identification and characterization of mitochondrial
proteins encoded in nuclear DNA (nuDNA).

Methods that allow direct determination of the mitochon-
drial protein complement (i.e., via the characterization of
purified mitochondria and/or submitochondrial compartments
and complexes) are integral to the elucidation of mitochondrial
function and evolution. In particular, peptide identification via
tandem mass spectrometry (MS/MS) and the subsequent
bioinformatic characterization of the proteins from which the
peptides are derived have been especially valuable and popular
[4,5]. Furthermore, direct proteomic approaches may be
complemented by a number of bioinformatic techniques—
often based on detecting the presence of N-terminal mitochon-
drial targeting signals (MTSs)—that are able to provide valuable
auxiliary information about subcellular localization.

To date, the overwhelming majority of MS/MS-based mito-
chondrial proteomic studies has been carried out onmitochondria
derived from animals [6–8], fungi [9–11], and land plants [12–15].
While these studies have provided important insights into
mitochondrial evolution [16–19], and mitochondria-associated
diseases [20], a more thorough understanding of the proteomes
and the evolutionary histories of individual proteins from
mitochondria of free-living single-celled eukaryotes (protists),
which constitute the bulk of biodiversity within the eukaryotic
lineage (domain Eucarya), is required to understand the evolu-
tionary origin of themitochondrial proteome and how similar it is
among different eukaryotic groups. To this end, proteomic
analyses ofmitochondria from the ciliated protozoon Tetrahymena
thermophila [21] and the green alga Chlamydomonas reinhardtii [22],
along with recent proteomic investigations of mitochondria and
mitochondrion-related organelles (MROs) from parasitic eukary-
otes [23–28], have provided the first glimpses into the evolution of
protist mitochondrial proteomes. These studies have reinforced
an emerging concept of the mitochondrial proteome as an
evolutionarily chimeric entity: a relatively small core set of
proteins (~15%), largely associated with respiration and
translation, is inferred to be α-proteobacterial in origin,
whereas the rest of the proteome is encoded by genes of
unresolved prokaryotic origin, conserved genes ‘invented’ early
in eukaryotic evolution, and novel, lineage-specific additions
[19,29–31]. Nonetheless, proteomic analysis of protist mito-
chondria is still very much in its infancy and much remains to
be learned within a phylogenetically broad context about the
evolution and metabolic capacities of these organelles.

In order to expand our understanding of mitochondrial
proteome evolution among free-living protozoa, we have under-
taken a proteomic investigation of the mitochondria of the
amoeboid protozoon, Acanthamoeba castellanii, a cyst-forming soil
and freshwater amoeba that feeds on fungi, other protists and
bacteria [32]. Recently, species of the genus Acanthamoeba have
received increasing attention because of their biomedical rele-
vance as opportunistic humanpathogens responsible for amoebic
keratitis and granulomatous amoebic encephalitis, and as impor-
tant reservoirs for bacterial pathogens [33]. As a member of the
Amoebozoa supergroup that is sister to Opisthokonta (animals +
fungi), A. castellanii occupies a key evolutionary position [34–36].
Limited analyses of its mitochondria have already uncovered
several evolutionary and biochemical novelties [37–39].

A. castellanii mitochondria are a suitable target for a proteo-
mic investigation as the mtDNA has been sequenced [40], and a
high-coverage expressed sequence tag dataset is available, along
with draft nuclear genome assemblies [41] (GenBank acc. nos.
AEYA01000000 and AHJI01000000). Furthermore, techniques for
isolating mitochondria from axenically-grown A. castellanii
cultures have been described [42]. Here we present an analysis
of the A. castellanii mitochondrial proteome, identifying a large
number of authentic and candidate mitochondrial proteins and
uncovering novel metabolic and evolutionary features of the
organelle.
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2. Materials and methods

2.1. Growth of A. castellanii and purification of mitochondria

A. castellanii (strain Neff; ATCC 30010) cultures were grown
aerobically and mitochondria were prepared as in [43].
Purified mitochondria were divided into 1 mg aliquots,
sedimented and stored as frozen pellets at −70 °C. Enrich-
ment for soluble and membrane fractions, BN-PAGE and
SDS-PAGE experiments were carried out as in [43].

2.2. Mass spectrometry

In-gel protein digestion, in-solution protein digestion, SCX-HPLC
of peptides and MS/MS were performed as described in [43].
Precursor ions with charges of 2+ and 3+ were examined. Peptide
sequenceswere assignedusingMascot (Matrix Science) to search
the EST database using the following search parameters: MS
and MS/MS mass tolerances were set to ±1.2 and ±0.6 Da,
respectively. One missed cleavage was allowed and
carbamidomethylcysteine and oxidized methionine were set as
fixed and variable modifications, respectively. Searches were
basedona significance threshold of p < 0.05.MudPIT scoringwas
used to remove protein hits that had scores based purely on a
large number of low-scoring peptide matches. Ion score cut-off
was set at ≥25 and each protein hit was required to have at least
one bold red (bestmatch indatabase) peptide. False positive rates
were calculated using the decoy option provided by Mascot and
estimated as below 2% [43].

In sum, four different strategies were used in the MS/
MS-based analysis of A. castellanii mitochondria [43]: 1) LC/LC–
MS/MS analysis of whole mitochondria (WM), 2) 1D SDS-PAGE/
LC–MS/MS analysis of whole mitochondria (SWM), 3) 1D
SDS-PAGE/LC–MS/MS analysis of soluble-protein-enriched
fraction (SEF) and 4) 1D SDS-PAGE/LC–MS/MS analysis of
membrane-protein-enriched fractions (MEFs). Data from these
analyses are summarized in Supplemental Table S1.

2.3. Methods for detection of homology

Annotation of proteins identified by MS/MS analysis was
performed by querying a variety of databases using BLAST
(BLASTp, tBLASTn and PSI-BLAST) algorithms [44].

2.4. Analysis of protein targeting information

Putative mitochondrial protein sequences retrieved in this
study and compiled in Supplemental Table S2 are considered
to be complete, as inferred from comparison of genomic and
transcriptomic data and inspection of BLAST alignments.
Likelihood of mitochondrial localization is based on TargetP
1.1 (http://www.cbs.dtu.dk/services/TargetP/) and MitoProt
II-v1.101 (http://ihg.gsf.de/ihg/mitoprot.html) predictions. As
summarized in Supplemental Table S2, these two programs
yielded highly similar results with regard to prediction of
mitochondrial targeting.

Assessment of classical MTS properties used a manually
curated set of 299 high-confidence A. castellanii mitochondrial
proteins considered to bear N-terminal extensions and predicted
by TargetP [45] to be localized to the organelle. WebLogo [46] was
used to create sequence logo depictions on a de-gapped
alignment of the first 30 amino acid residues from theseproteins.
Characterization of the relative amino acid content of classical
MTSs was achieved by comparison of the frequencies of amino
acids in the first 15 and 30 residues with that of the complete
protein sequence.

A Mascot semi-tryptic peptide search was employed to
detect putative mature protein N-termini, essentially as
described [47]. Briefly, semi-tryptic peptides with ion scores
surpassing the Mascot identity threshold and lacking an
N-terminal Arg or Lys tryptic cleavage site were considered.
If a semi-tryptic peptide lacking an N-terminal Arg or Lys was
located in the N-terminal region of the inferred protein
sequence (usually the first 50–60 amino acids) and not located
in a region of the protein conserved in other species, it was
considered to be the putative mature protein N-terminus.
These data (Supplemental Table S3) were used to create a
sequence logo using WebLogo, displaying 10 residues at N-
and C-terminals of the inferred cleavage site. Only proteins
with classical N-terminal MTSs were considered in our
analysis of matrix-processing peptidase recognition sites.

2.5. Bioinformatic identification of putative mitochondrial
proteins

Putative mitochondrial proteins were identified via a combi-
nation of two methods. Firstly, a number of proteins not
identified via MS/MS were distinguished as mitochondrial in
the course of searching for homologs of proteins known to
reside in the mitochondria of other eukaryotes (for instance,
subunits of assemblages such as mitochondrial ribosomes
and protein import complexes). Not all of these proteins are
expected to bear N-terminal MTSs, asmany, such asmetabolite
transporters, are imported via presequence-independent path-
ways in other organisms. Secondly, in order to identify other
proteins possessing classical N-terminal MTSs, transcriptomic
data were translated in six reading frames, and open reading
frames (starting at the first Met) were extracted and queried
with TargetP, employing a conservative probability cutoff of
0.80. Potentialmitochondrial proteins were inspectedmanually
to ensure that N-termini were identified, and that the MTSs
were similar in composition to known MTSs from
high-confidence A. castellanii mitochondrial proteins.

2.6. Identification of contaminating proteins

Qualitative comparisons of total cellular RNA and total
mitochondrial RNA profiles after separation on 6% and 10% 7 M
urea polyacrylamide gels demonstrated that the mitochondrial
fraction was significantly enriched in mitochondrial ribosomes
and depleted in cytosolic ribosomes (data not shown), indicating
a highly purified sample.

In silico subcellular localization prediction and homology
detection algorithms both played important roles in defining
putative contaminating (i.e., non-mitochondrial) proteins iden-
tified by MS/MS analysis. Both TargetP [45] and Predotar [48]
were used to identify likely contaminating proteins bearing
signal peptides targeting the endoplasmic reticulum. Putative
peroxisomal proteins were screened using the Target Signal

http://www.cbs.dtu.dk/services/TargetP/
http://ihg.gsf.de/ihg/mitoprot.html
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Predictor tool (http://www.peroxisomedb.org) capable of
predicting PTS1, PTS2 and Pex19BS binding sites. BLASTp
analyses, along with consideration of protein function, were
used to identify other potential contaminating proteins.

2.7. Phylogeny of MalS–ICL fusion protein

For the malate synthase–isocitrate lyase fusion protein (MalS–
ICL), two separate phylogenetic trees were constructed, corre-
sponding to the malate synthase and isocitrate lyase portions,
respectively. Homologs were collected from various eukaryotes
and bacteria by querying the NCBI nr database using BLASTp.
Alignments were performed using MUSCLE v.3.6 [49] and edited
manually. Maximum likelihood trees were constructed with
RAxML-HPC [50] under the WAG + Γ model (using the
PROTGAMMAWAGF option) with 25 categories of substitution
rate variation. Bootstrap replicates (100) were performed as a
measure of statistical support for inferred nodes.

2.8. Identification of proteins orthologous to A. castellanii
mitochondrial proteins

OrthoMCL [51] was used to identify orthologs/co-orthologs of A.
castellaniiproteins in thepredictedcellular proteomesofArabidopsis
thaliana (35,386 sequences from TAIR 10 protein dataset), Homo
sapiens (20,270 sequences from UniProt), Saccharomyces cerevisiae
(6572 sequences from Saccharomyces Genome Database), and
T. thermophila (27,054 sequences from NCBI nr database), all of
which have been examined intensively at the level of the
mitochondrial proteome. For A. castellanii protein sequences, we
used a six-frame translation of RNA-seq data supplemented with
corrected versions of each mitochondrial protein identified in our
analysis. OrthoMCL was run according to the recommended
parameters, with an E-value threshold of 1e−5.

Orthologous/co-orthologous groups including A. castellanii
nuDNA-encodedproteins identifiedviabothproteomic andstrictly
bioinformatic approaches were analyzed further. In particular, we
interrogated the identified orthologs from each of A. thaliana,
H. sapiens, S. cerevisiae, andT. thermophila in order to determinehow
many and which orthologous proteins had previously been
identified as components of the mitochondrial proteome in those
species. For A. thaliana, the mitochondrial proteome dataset,
corresponding to high confidence mitochondrial proteins identi-
fied by MS/MS and microscopy (728 proteins), was taken from
Supplemental File 1b and c of a recent review [52]; H. sapiens
mitochondrial proteins were derived from MitoCarta (1098
proteins) [7], representing proteins identified by MS/MS, micros-
copy, and literature curation; the S. cerevisiae mitochondrial
protein dataset used here was a combination of two previous
proteomic studies (954 proteins) [9,10]; T. thermophilamitochon-
drial proteins (573 proteins) were identified by MS/MS in [21].
3. Results and discussion

3.1. Mitochondrial proteins encoded by mtDNA

As currently annotated, the A. castellanii mitochondrial
genome specifies 41 proteins [40], all of which are encoded
on the ‘plus’ strand (although there are only 40 predicted open
reading frames (ORFs), the single continuous Cox1/2 ORF
encodes two distinct proteins [53]). Of these 41 proteins, most
have been assigned functions associated with respiration (19)
and translation (16). Conversely, 3 intron-encoded ORFs
(orf142, orf168, orf164) are predicted to specify LAGLI-DADG
homing endonucleases, and 3 ORFs (orf83, orf115, orf349)
appear unique to A. castellanii mtDNA.

Our proteomic analysis identified peptides from 31 of these
41 proteins (76%), 23 of which (56%) were identified by more
than one significant peptide (Table 1; Supplemental Table S1A,
Supplemental File S1). MS/MS detected 8/10 mtDNA-encoded
subunits of Complex I (but not subunits 2 and 4L); the sole
mtDNA-encoded Complex III subunit (Cob); 3/3 Complex IV
subunits (Cox1, Cox2, Cox3); 5/5 Complex V subunits (Atp1,
Atp6, Atp9, OrfB (=Atp8) and Orf25 (=Atp4)); 5/6 LSU ribosomal
proteins (but not L6) and 9/10 SSU ribosomal proteins (but not
S12). Together, these results indicate high coverage of both
hydrophobic and hydrophilic mtDNA-encoded proteins.
Neither intron ORF-encoded proteins nor proteins correspond-
ing to the three A. castellanii-specific ORFs of putative but
unknown function were confidently identified in this analysis.

Examination of the ion scores for mtDNA-encoded
proteins identified by MS/MS (Table 1) demonstrates the
effectiveness of the suborganellar enrichment strategies: the
soluble-protein-enriched fraction lacked peptides derived
from a number of hydrophobic membrane proteins, including
Cox3, Cob and Nad1, while membrane protein enrichment
yielded the only tryptic peptide data for the hydrophobic Nad6
and Atp6 proteins.

Two directly adjacent, previously unannotated small ORFs
were identified here via MS/MS peptide data by searching
against a 6-frame translation of the mitochondrial genome.
These two ORFs—92 and 99 amino acid residues in length—are
encoded between the atp9 and trnL2 genes, and represent the
only known genes carried on the ‘minus’ strand of A. castellanii
mtDNA. We suggest below that these proteins are homologs of
ribosomal proteins S16 and L19, respectively, in which case the
A. castellanii mitochondrial genome is predicted to encode at
least 43 proteins.

Sequencing of the A. castellanii mitochondrial genome and
subsequent prediction of ORFs indicated that the translation
system in A. castellanii mitochondria does not use the standard
genetic code; in particular, TGA codons appear to specify Trp,
rather than termination [40]. Our MS/MS data directly confirm
this inference: 10 TGA codons from genes for 9 distinct proteins
were indeed found to specify Trp (Supplemental File S1).

3.2. Mitochondrial proteins encoded by nuDNA

Most nuDNA-encoded protein identifications (Supplemental
Table S1B; Supplemental File S2)were basedonMascot searches
of tandem mass spectra against a 6-frame translation of a
clustered A. castellanii EST database, including reads derived
from both 454 pyrosequencing and dideoxy chain termination
technologies (although certain proteins, typically poorly
represented in the EST library, were identified only via Mascot
searches of in-house preliminary gene predictions inferred
from genome sequence data). Importantly, estimates of
false-positive rates using the 6-frame translated EST database

http://www.peroxisomedb.org


Table 1 – A. castellanii mtDNA-encoded proteins identified
by MS/MS (see Supplemental Table S1). Cumulative
peptide ion scores for proteins identified in each analysis
are presented (identified peptides are listed in
Supplemental File S1A). The highest ion score for each
protein among the four conditions (see text for explanation)
is bolded. ‘>1 pep’ indicates whether proteins were
identified via more than 1 unique peptide.

Ion score >1 pep

SWM WM SEF MEF

Proteins
Atp1 2560 11,195 838 3910 +
Cox1/2 1419 2276 124 1096 +
Cox3 775 1364 – 494 +
Nad11 674 1053 1089 474 +
Atp9 589 98 48 1090 +
Nad7 508 1372 138 885 +
Nad9 456 953 307 153 +
Atp8 (OrfB) 423 391 – 248 +
Rpl11 233 426 35 – +
Atp4 (Orf25) 201 953 146 147 +
Cob 161 361 – 206 +
Rpl14 140 91 – – +
Rpl2 97 165 55 – +
Rpl5 85 36 81 – +
Rps2 80 38 78 – +
Rps8 64 132 – 46 +
Rps7 34 42 – – +
Rps11 29 68 – – +
Rpl16 29 135 53 – +
Rps4 – 122 – – +
Nad1 86 51 – 98 −
Rps19 54 36 114 37 −
Rps14 26 – – – −
Rps13 – – 33 71 −
Nad3 – 174 – – −
Nad5 – 82 – – −
Nad4 – 39 – 57 −
Rps3 – 28 – – −
Nad6 – – – 77 −
Atp6 – – – 33 −

Novel proteins
Orf99 (Rpl19) – 31 – 42 −
Orf92 (Rps16) – 47 55 33 +
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are relatively low at the ion score cutoff employed (0.46%, 0.47%,
0.61% and 0.64% for WM, SEF, SWM and MEF, respectively),
suggesting that nearly all identifications are of authentic
proteins, rather than representing spurious matches to trans-
lated ESTs that do not correspond to authentic polypeptides.

3.3. Assessment of mitochondrial purity

In general, MS/MS analyses showed the preparation to be highly
enriched in mitochondria; however, a number of contami-
nating proteins (165) from various subcellular compartments—
most notably the endoplasmic reticulum (ER) (69), cytosol (13),
cytoskeleton (13), cytosolic ribosomes (20) andperoxisomes (31)—
were detected. Identified peptides from putative contaminants
are available in Supplemental Table S1C, while putative contam-
inant sequences are listed in Supplemental File S3. The presence
of certain cytosolic proteins, in particular cytoskeletal elements,
may indicate an association critical for mitochondrial function
andmotility [54] rather than contamination per se. The presence
of cytoribosomal proteins (20 in total, all components of the large
ribosomal subunit)may reflect thepresenceof ribosomes that are
normally associated with the outer mitochondrial membrane
(OMM), as has been reported in yeast [55,56] and mammals [57]
(the small ribosomal subunit would be expected to be dissociated
by routine washing of the mitochondria fraction with
EDTA-containing buffer during isolation). Conversely, contami-
nation by ER proteins leaves open the possibility that the
detection of cytoribosomal proteins simply reflects the contam-
ination ofmitochondrial preparations by rough ER,which is quite
commonly seen. Direct protein associations between the ER and
mitochondrial compartments could partially account for these
results [58]; this would be in good agreement with recent reports
of an ERMES (ER-mitochondria encounter structure) complex—the
protein assemblage responsible for forming such associations in
yeast—in A. castellanii [59]. Finally, it is possible that the unusual
clot-formingbehavior ofA. castellaniimitochondriaonstep sucrose
gradients may have contributed to the spurious trapping of other
cellular components during the purification of mitochondria [42].
Encouragingly, only 10 of the predicted contaminating proteins
with discernible targeting information are ‘hypothetical’ proteins;
in general, contaminating proteins tend to represent typically
abundant cellular proteins, suggesting that many of the novel
proteins identified in our analysis are likely to be authentic
mitochondrial proteins. Putative contaminating proteins (as
inferred by subcellular targeting prediction and consideration of
protein function, described below) were removed from the
putative mitochondrial proteome dataset and are compiled
separately in Supplemental File S3.

3.4. General statistics

After the elimination of likely non-mitochondrial contaminant
sequences, a set of 676 putative nuDNA-encoded mitochondrial
proteins remained in the dataset (identified peptides in
Supplemental Table S1B; sequences in Supplemental File
S2). In combination with mtDNA-encoded proteins (Supple-
mental Table S1A and Supplemental File S1), a total of 709
mitochondrial proteins were confidently identified by MS/MS
in this study. A further 324 putative mitochondrial proteins
(10 mtDNA-encoded) were identified bioinformatically in the
course of characterizing protein complexes and metabolic
pathways (discussed below; sequences in Supplemental File S4).

We have identified hydrophilic and hydrophobic proteins
that represent each mitochondrial subcompartment. Proteins
spanning a wide range of molecular mass were uncovered as
well; for example, mRpl33 is predicted to be ~7.1 kDa, whereas
xanthine dehydrogenase is >150 kDa in size. These results
suggest that our methods were not biased against the
detection of any particular class of mitochondrial proteins
and likely provide an accurate representation of the A.
castellanii mitochondrial proteome.

3.5. Functional categories

A. castellanii nuDNA-encoded proteins were categorized man-
ually according to their inferred function (Fig. 1). As observed
in other systems, proteins involved in energy generation,
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metabolism, transport processes and translation constitute
the bulk of the MS-identified mitochondrial proteome. The
proportion of all proteins of unknown function (~23%; ‘Other’
and ‘Unique’ categories) is consistent with observations in the
case of certain other mitochondrial proteomes [7,9], but
substantially lower than is seen in protists with more highly
derived mtDNAs [21]. Most A. castellanii mitochondrial
proteins lacking homologs in non-amoebozoan groups
(‘Unique’) donot have apparent homologs in other amoebozoan
genomes either (i.e., they are A. castellanii-specific rather than
amoebozoan-specific). Below we describe in finer detail what
we consider to be themost novel and interesting aspects of the
proteins and pathways that comprise these functional
categories.

3.6. Pyruvate metabolism

In classical aerobic mitochondria, the pyruvate dehydrogenase
(PDH) multi-enzyme complex effects the NAD+-dependent
oxidative decarboxylation of pyruvate, yielding acetyl-CoA,
NADH and CO2. In A. castellanii, we detected multiple unique
peptides from all of the PDH subunits, including E1 α and β, E2
(2 isoforms) and E3 [Supplemental Table S2A].

The identification of both PDH and PFO [60]—an alternative
pyruvate catabolizing enzyme characteristic of the anaerobic
energy generation pathway of hydrogenosomes and anaerobic
bacteria—in mitochondria from cells grown under aerobic
conditions is somewhat surprising, given the supposed O2

sensitivity of PFO. However, this situation is reminiscent of C.
reinhardtiimitochondria, inwhich PDHand adifferentO2-sensitive
pyruvate-catabolizing enzyme, pyruvate formate-lyase (PFL), are
both present in abundance [22,61]. The fluctuating environmental
conditions with which A. castellanii is confronted (i.e., low and
variable O2 concentrations in soil) might favor a low-level
Membrane
2%

Unique
10%

Other
13%

ROS metabolism
2%

Metab
25

Energy
13%

Translation
11%

DNA,

Fig. 1 – Functional categorization of A. castellaniimitochondrial pr
class [see Supplemental Table S2] of the 1033 nuDNA-andmtDNA
of isolated A. castellanii mitochondria coupled with in silico anal
constitutive expression of enzymes of anaerobic energy genera-
tion pathways under aerobic conditions, such that the transition
to an anaerobic metabolism would be expedited. In such a
situation, it is possible that while PFO/[FeFe]-hydrogenase system
proteins are present under aerobic conditions, they are not
enzymatically active. Previous studies have demonstrated that
A. castellanii is strictly dependent on oxygen for growth [62], a
conclusion reached under laboratory conditions that may not
reflect the true behavior of A. castellanii in nature.

3.7. Tricarboxylic acid (TCA) cycle

Proteomic analysis revealed all subunits associated with the
eight enzymatic activities of the TCA cycle [Supplemental
Table S2A]. All enzymes are of the typical mitochondrial type,
except for fumarase and malate dehydrogenase. Notably, we
detected non-paralogous, mitochondrion-targeted duplicates
for all of the enzymes of the TCA cycle. (Although citrate
synthase form 2 (N684) is predicted by both MitoProt and
TargetP to be targeted tomitochondria and to have a cleavable
N-terminal MTS, it also has a potential PTS2-type N-terminal
targeting signal (RLQrLEaHL; residues 17–25); as well, top
BLASTp hits include peroxisomal-type citrate synthases.
Thus, N684 may be dual-targeted to both mitochondria and
peroxisomes in A. castellanii.)

Two distinct and unrelated forms of fumarase—Class I and
Class II—are known [63]. Class II enzymes have a broad
phylogenetic distribution in archaea, bacteria and eukaryotes
and comprise the class present in the mitochondria of
animals, fungi, land plants and ciliates [7,9,13,21]. Intriguing-
ly, as in the case of the green alga C. reinhardtii [22], only a
Class I fumarase was identified in our MS/MS analysis of
A. castellanii mitochondria. Until recently, Class I fumarase
enzymes were thought to be limited to prokaryotes [63];
olism
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however, our BLAST analyses demonstrate the presence of
Class I fumarase enzymes, often bearing predicted MTSs, in
diverse eukaryotes. The A. castellanii nuclear genome does
encode a Class II fumarase that does bear a putative
N-terminal MTS; however, it was not identified by MS/MS.

BLAST analyses indicate that A. castellanii nuDNA encodes
three distinct malate dehydrogenase (MDH) proteins, two of
which we detected in our proteomic analysis (a fourth MDH-like
protein, B235, identified in silico and predicted to be targeted to
mitochondria, is annotated as a ‘malate/L-lactate dehydrogenase
domain-containing protein’). Neither of the putative mitochon-
drial MDH proteins encoded by A. castellanii is the ‘typical’
mitochondrial type: one (N185) is related to the eukaryotic
cytosolic MDH whereas the other (N005) appears to be closely
related to a bacterial-type MDH (the third, non-mitochondrial
MDH of A. castellanii is a cytosolic-type isozyme as well). Each of
the mitochondrial MDH proteins has an N-terminal extension
relative to the putative non-mitochondrialA. castellaniiMDH and
cytosolic MDH proteins from other eukaryotes, supporting the
conclusion that they both represent authentic mitochondrial
proteins.

3.8. Respiration

An in-depth discussion of the A. castellanii respiratory
apparatus that combines data derived from bioinformatic
and proteomic analyses of mitochondria and individual
respiratory complexes has recently been published [43].
Briefly, our analyses demonstrate the presence of subunits
from all five complexes that comprise the mitochondrial
oxidative phosphorylation system [Supplemental Table S2B],
including an unusually stable dimeric ATP synthase. More-
over, these analyses have enabled the assignment of certain
‘hypothetical’ mitochondrial proteins as subunits of respira-
tory chain complexes.

3.9. Metabolism

Enzymes acting in diverse metabolic pathways constitute
the largest functional category, accounting for 25% of identified
A. castellaniimitochondrial proteins [Supplemental Table S2G].

3.9.1. Glyoxylate cycle
The glyoxylate cycle is an anabolic variant of the TCA cycle that
permits the synthesis of carbohydrates from acetyl-CoA gener-
ated by β-oxidation of fatty acids. In eukaryotes, the cycle
typically takes place in glyoxysomes [64]—specialized peroxi-
somes—although steps also occur in the cytosol in some species
[65].Manyof the reactions comprising theglyoxylate cycle are the
same as those of the TCA cycle, except that glyoxysome-specific
isoforms of TCA-cycle enzymes catalyze the glyoxysomal
reactions; however, the decarboxylating enzymes isocitrate
dehydrogenase and 2-oxoglutarate dehydrogenase, along with
succinyl-CoA synthetase, are absent. The glyoxylate cycle
deviates from the TCA cycle where the glyoxylate cycle-specific
enzyme isocitrate lyase (ICL) cleaves isocitrate into succinate and
glyoxylate. Subsequently, the other glyoxylate cycle-specific
enzyme, malate synthase (MalS), condenses glyoxylate with
acetyl-CoA, yielding malate. Succinate is transported to mito-
chondria for oxidation and oxaloacetate (derived frommalate via
malate dehydrogenase) is converted to phosphoenolpyruvate by
phosphoenolpyruvate carboxykinase in the rate-limiting step of
gluconeogenesis.

Our proteomic analysis of A. castellanii mitochondria detect-
ed a predicted ~128-kDa bifunctional MalS–ICL fusion protein
(N218) [Supplemental Table S2G], the entire CDS for which
is encompassed by RNA data. Specifically, multiple high-
confidence peptides matching an ORF with an N-terminal MalS
domain and a C-terminal ICL domain (Fig. 2A) were detected in
the SWM and SEF fractions. The MalS–ICL fusion protein
possesses a strong MTS (probability of 0.9944 with MitoProt [66]
and 0.947 with TargetP [45]) consistent with it being amitochon-
drial protein. We infer that the fusion protein represents mature
MalS and ICL in A. castellanii (as opposed to its being cleaved
post-translationally) on the basis of several observations, aside
from the predicted protein sequence. MalS and ICL are both
usually ~60 kDa in size; however, peptides from both MalS and
ICL were identified from the same excised SDS-PAGE bands that
contained proteins larger than 100 kDa, in agreement with the
proposed molecular mass of the MalS–ICL fusion protein. These
observations robustly support the conclusion that MalS and ICL
are fused in the mature protein.

Our identification of an MalS–ICL fusion protein is not
without precedent. A MalS–ICL fusion protein has been
described in the flagellated protozoon Euglena gracilis [67,68],
the only other established case of mitochondrial glyoxylate
cycle enzymes, and in δ-proteobacteria of the genus
Anaeromyxobacter. Moreover, an ICL–MalS fusion protein
(opposite orientation from the A. castellanii and E. gracilis
proteins) exists in the nematode Caenorhabditis elegans [69,70].
Phylogenetic analyses of E. gracilisMalS–ICL and C. elegans ICL–
MalS indicate that these fused genes/proteins are the result of
independent lateral transfer events from bacteria [70,71]. In
contrast, maximum likelihood (ML) phylogenetic reconstruc-
tions of A. castellanii MalS and ICL suggest that they are likely
eukaryotic rather than bacterial in origin, indicating the
fusion of two genes encoding eukaryotic-type proteins
(Fig. 2B, C). Although statistical support is low, the results
demonstrate that MalS and ICL have probably fused at least
four times independently, calling into the question the
reliability of supposedly rare gene fusion and fission events as
evolutionary markers. MalS and ICL from other amoebozoan
species for which genome sequences are available have
evolutionary histories distinct from the A. castellanii sequences,
precluding insight into the origin of theMalS–ICL fusion. LikeA.
castellanii, Dictyostelium discoideum and Polysphondylium pallidum
have a typical eukaryotic MalS; however, ICL in these lineages
appears to be of a separate, bacterial origin. Additionally, MalS
and ICL are encoded on different chromosomes in each of the
latter two organisms, thereby providing no clues as to how the
genes may have become fused in A. castellanii.

Althoughwe have identified a putatively non-mitochondrial
MalS (C134), we have not been able to identify a
non-mitochondrial ICL homolog by proteomic or bioinformatic
mining of A. castellanii genome and transcriptome data. This
observation, coupled with the presence of the other glyoxylate
cycle enzymes—citrate synthase, aconitate hydratase, and
malate dehydrogenase—in A. castellanii mitochondria, suggests
the interesting possibility that the mitochondrion may be the
site of the glyoxylate cycle in A. castellanii.
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Fig. 2 – A MalS (malate synthase) and ICL (isocitrate lyase) fusion protein is present in A. castellanii mitochondria. (A) MalS and
ICL fusion proteins can be identified in Acanthamoeba, Euglena, Anaeromyxobacter and Caenorhabditis. In Acanthamoeba, Euglena
and Anaeromyxobacter, the MalS portion is N-terminal and the ICL portion C-terminal; this arrangement is reversed in
Caenorhabditis. (B) Maximum likelihood (ML) phylogenetic tree of MalS. (C) ML phylogenetic tree of ICL. In each phylogenetic
reconstruction, the names of lineageswithMalS–ICL (or ICL–MalS) fusion proteins are bolded and slightly enlarged. ML trees do
not support a specific relationship between the various MalS-ICL fusion proteins. Bootstrap values (from 100 replicates) are
presented; values <65 are not shown.
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3.9.2. Amino acid metabolism
Numerous enzymes associated with amino acid metabolism
were identified by proteomic analysis, including those in-
volved in the metabolism of alanine, arginine, aspartate,
branched-chain amino acids, cysteine, glutamate, glutamine,
glycine, lysine, proline, serine, threonine, and tryptophan.
Among the more notable findings is the presence of enzymes
characteristic of the α-aminoadipate pathway of lysine
biosynthesis [Supplemental Table S2G].

In eukaryotes, two distinct pathways, diaminopimelate
and α-aminoadipate, carry out the biosynthesis of lysine [72].
Whereas the diaminopimelate pathway is present in plants
and green algae, the α-aminoadipate pathway has only been
characterized comprehensively in fungi. However, recent
bioinformatic analyses have described homologs of a partic-
ular α-aminoadipate pathway enzyme, α-aminoadipate
reductase (AAR/Lys2), in other opisthokonts, A. castellanii and
the excavates Naegleria gruberi and E. gracilis [73]. Thus, the
α-aminoadipate pathway appears to be limited to unikonts
(opisthokonts + amoebozoons) and excavates.

In fungi, the first half of the α-aminoadipate pathway takes
place in mitochondria and the second half (starting with AAR/
Lys2) occurs in the cytosol [72]. Among the mitochondrial
enzymes are homocitrate synthase (Lys20), homoaconitase
(Lys4), a copper chaperone for superoxide dismutase (Lys7),
homoisocitrate dehydrogenase (Lys12) and α-ketoadipate glu-
tamate aminotransferase (Aro8; may be in both mitochondria
and cytosol). We have identified homologs of Lys20 (N415), Lys4
(N340), Lys12 (N044) and Aro8 (N089), as well as Lys7 (B325), in
A. castellanii mitochondria and all of these sequences have
predicted N-terminal MTSs [Supplemental Table S2G]. In
addition, we have identified both cytosolic and mitochondrial
isoformsof Lys9 (N148) and Lys1 (N616), which catalyze the final
two reactions of the α-aminoadipate pathway; in fungi, these
two enzymes are localized exclusively in the cytosol [72]. Thus,
our results indicate that the α-aminoadipate pathway may be
more complete in A. castellanii mitochondria than in fungal
mitochondria. As reported elsewhere, other amoebozoan spe-
cies (D. discoideum and P. pallidum) apparently do not employ the
α-aminoadipate pathway for lysine biosynthesis; a homolog
of LysA (diaminopimelate pathway) has been identified in
D. discoideum [73]. Notably, the A. castellanii genome encodes
some non-mitochondrial components of the diaminopimelate
pathway (2 DapE, DapF and LysA), suggesting that lysine
biosynthesis may be quite complex in this protist.

3.9.3. Nucleoside/nucleotide metabolism
Proteomic analysis revealed a relatively large number of
enzymes involved in anabolic and catabolic metabolisms of
pyrimidine and purine nucleosides/nucleotides. Of particular
interest is a Type II (adenosylcobalamin-dependent) ribonu-
cleotide reductase (RNR) bearing an N-terminal MTS (N296)
[Supplemental Table S2G]. Typically, eukaryotes possess only
Type I RNR, whereas Type II RNR is found in aerobic and
anaerobic prokaryotes and Type III RNR in anaerobic prokary-
otes. A Type II RNR homolog has been reported in E. gracilis
[74], and BLAST analyses uncover evident homologs in certain
other protists, including slime molds, N. gruberi and some
stramenopiles. Notably, it has been postulated that Type II
RNR, which in contrast to Type I RNR is not sensitive to O2,
facilitates life under anaerobic conditions [74]. A. castellanii
also encodes a Type I RNR, but it is not predicted to be
mitochondrial.

3.10. Replication and transcription

3.10.1. DNA metabolism
In animals and fungi, the enzyme responsible for replication
of mtDNA is DNA polymerase γ (Polγ). Importantly, however,
Polγ homologs are not found in other eukaryotic groups,
and little is known about the replicative helicase across
the breadth of Eucarya. In A. castellanii mitochondria, our
proteomic analysis identified a DNA polymerase, related to
α-proteobacterial Pol I, which is predicted to possess an
N-terminal MTS (N544) [Supplemental Table S2C]. Notably,
the A. castellanii DNA polymerase is closely related to a
D. discoideum protein annotated as the mitochondrial DNA
polymerase (gi:66828405), to Pol I homologs dual-targeted
to mitochondria and chloroplasts in A. thaliana [75] and
Cyanidioschyzon merolae [76], and to the mitochondrial DNA
polymerase of T. thermophila [77]. The predicted protein
sequence of A. castellanii Pol I includes domains (from
N-terminus to C-terminus) corresponding to 5′–3′ and 3′–5′
exonuclease activities along with polymerase activity. Pol I
homologs from other amoebozoons (D. discoideum and P.
pallidum) and N. gruberi (predicted MTS) share all of these
domains, whereas Pol I homologs in other eukaryotes lack
the domain corresponding to 5′–3′ exonuclease activity.
Intriguingly, in certain of the latter organisms, including A.
thaliana, Oryza sativa, Phytophthora infestans and Ectocarpus
siliculosus, separate proteins with a 5′–3′ exonuclease domain
exist, and these contain predicted N-terminal MTSs, suggest-
ing possible gene fission events.

Several other proteins involved in DNA binding were
detected by MS/MS analysis, including the mitochondrial
replicative DNA helicase Twinkle (N508), mitochondrial
single-strand DNA-binding protein (N276), a DNA topoisom-
erase III homolog (N346) and DNA-binding protein HU (N079)
[Supplemental Table S2C].

3.10.2. RNA metabolism
Transcription in mitochondria, with the possible exception of
jakobid flagellates [78], is accomplished by a single-subunit
DNA-directed RNA polymerase likely derived from a T3/T7-like
bacteriophage [79]. Our MS/MS analyses uncovered multiple
peptides from the A. castellanii mitochondrial RNA polymer-
ase (N329, predicted to have a strong N-terminal MTS) [Supple-
mental Table S2C], as we did previously in T. thermophila
mitochondria [21], providing further support for its role in
mitochondrial transcription across Eucarya. Conversely, our
MS/MS analysis failed to detect any mitochondrial transcrip-
tion factors, although A. castellanii does encode a homolog of
mitochondrial transcription factor B (B026), as reported
elsewhere [80].

MS/MS revealed a number of other proteins involved in
mitochondrial RNA metabolism, including ribonucleases and
RNA helicases. We also identified 16 putative mitochondrial
rRNA and tRNA modification enzymes (e.g., pseudouridine
synthases and methylases), sequences retrieved exclusively
through in silico analyses.
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3.11. Pentatricopeptide repeat (PPR) domain proteins

PPR domain-containing proteins comprise a family character-
ized by a somewhat degenerate ~35 amino acid motif
repeated up to 30 times [81]. PPR proteins either contain only
PPR motifs (P class) or in addition other C-terminal motifs
designated E and DYW (PLS class). In plants, all PPR proteins
characterized to date play a role in RNA metabolism in
mitochondria and plastids [82]. In particular, each PPR protein
is thought to bind to a specific RNA target site and to
contribute to one (or more) of a range of functions, including
RNA editing, intron splicing, transcript stabilization and
translational control [82].

The abundance of predicted PPR proteins varies considerably
among eukaryotic groups. Whereas a small number (~5–12) of
PPR proteins is encoded by animals, fungi and green algae, the
PPR protein family evidently expanded enormously in the land
plant radiation, with approximately 450 PPR proteins encoded in
the nuDNA of A. thaliana [82]. In A. castellanii mitochondria, we
identified 13 PPR proteins via MS/MS and an additional 17 PPR
proteins in silico, suggesting an unusually large complement of
PPR proteins in this protist [Supplemental Table S2C]. The
number of PPR repeats ranges from 5 to 17 per protein (average
11), and all but one of these PPR proteins have strongMTSs.With
the exception of one PLS class protein (B045) containing a
C-terminal DYW motif, all A. castellanii PPR domain proteins
belong to the P class. These results confirm a recent in silico
estimate of 29 PPR proteins inA. castellanii, including a single PPR
protein bearing a DYW motif [83]. None of the A. castellanii PPR
proteins contains a C-terminal tRNA guaninemethyltransferase,
as recently described in D. discoideum and other eukaryotes
[84,85]. An emerging picture is that the number of PPR proteins
encoded in the nuDNA of several protists appears to be
intermediate between that found in opisthokonts (animals and
fungi) + green algae on the one hand and in land plants on the
other. Specifically, 12 (D. discoideum), 28 (Trypanosoma brucei;
kinetoplastid), 41 (N. gruberi; heterolobosean), 80 (E. siliculosus,
brown alga) and at least 30 (A. castellanii) PPR-proteins have so far
been identified in various protist groups [84,86,87].

3.12. Mitochondrial translation and ribosomes

In a wide-ranging comparative analysis, Desmond et al. [88]
inferred that the mitochondrial ribosome of the last eukary-
otic common ancestor (LECA) contained a total of 72 proteins
(30 SSU, 42 LSU), 19 of which were novel nuDNA-encoded
mitoribosomal proteins assumed to have arisen within
eukaryotes specifically. Our analysis uncovered 62 of these
72 mitoribosomal proteins, 48 with MS/MS support (20 SSU,
28 LSU) [see Supplemental Table S2D]. Of the 10 ‘missing’
mitoribosomal proteins, 7 (mS6,mS21,mL1,mL10, mL18,mL31,
mL35) were also not identified by Desmond et al. [88] in a
related amoebozoon, D. discoideum, suggesting that these
particular proteins may have been absent in an amoebozoan
common ancestor. On the other hand, we did identify 7 other
mitoribosomal proteins (mS11, mS16, mS23, mS25, mL5, mL19
andmL38) that Desmond et al. [88] did not find in D. discoideum.
Finally, our analysis revealed a homolog of mitoribosomal
protein mL40 (N449), which Desmond et al. [88] inferred was
not present in LECA. Our observations emphasize the
importance of acquiring comprehensive mitochondrial
proteome data from additional protists in order to be able
to draw firm conclusions about the evolution of mitochondrial
ribosomes, as well as other mitochondrial complexes and
pathways.

Of particular note, our proteomic analysis uncovered a
homolog of bacterial L25—a protein that binds to loop E of
5S rRNA [89]. A. castellanii mitochondria contain a divergent
5S rRNA, encoded by the mitochondrial genome [90]; moreover,
mtDNA in other amoebozoan species encodes presumptive but
highly unusual 5S rRNA species [91], and homologs of L25 can be
detected in D. discoideum [92] and P. pallidum nuDNA sequences.
Thus, it is possible that the occurrence of an mL25 homolog in a
given nuclear genome is a marker for the presence of a
mitochondrial 5S rRNA. Our BLAST analyses demonstrate that
other organisms known to harbor a mitochondrial 5S rRNA,
including land plants [93], jakobid flagellates [78], some green
algae [94] and red algae [95] also contain a gene encodingmL25.
When used as a PSI-BLAST query, the A. castellanii mL25
sequence retrieved a number of putative homologs, bearing
N-terminal MTSs, in species not known to contain a mitochon-
drial 5S rRNA, including P. infestans, Blastocystis hominis and
Plasmodium falciparum, suggesting that mitochondria of these
species may encode (or import) mitochondrial 5S rRNA
homologs.

In addition to mitoribosomal proteins, we identified a large
number of putative translation-associated proteins, including
factors involved in initiation, elongation and termination/
recycling of mitochondrial translation and various other
translation-associated factors [Supplemental Table S2D]. We
also identifiedmitochondrial aminoacyl-tRNA synthetases for
19 amino acids, 10 with MS/MS data. We did not find a
separate Gln-tRNA synthetase, but did identify 3 subunits of a
Glu-tRNA (Gln) amidotransferase, the likely source of mito-
chondrial Gln-tRNA in this system.

3.12.1. Putative novel mtDNA-encoded mitoribosomal subunits
A comparison of MS/MS-identified peptides to a 6-frame
translation of A. castellanii mtDNA demonstrated the exis-
tence of two directly adjacent, previously unrecognized ORFs
of 92 and 99 amino acid residues. Unlike all other genes in A.
castellanii mtDNA, these two ORFs—located between atp9 and
trnL2—are encoded on the minus strand, but do not overlap
any other mtDNA-encoded genes. Multiple protein align-
ments strongly suggest that the 99-amino acid protein is an
authentic mtDNA-encoded mL19 subunit (Fig. 3A). Converse-
ly, similarity searches using the 92-amino acid ORF do not
identify any putative homologs; however, other lines of
evidence lead us to conclude that this ORF corresponds to
mS16. Firstly, mtDNA-encoded mL19 (102 amino acids) and
mS16 (84 amino acids) from the related lobose amoeba
Vermamoeba (previously Hartmannella) vermiformis are
adjacent to each other, albeit on the plus strand (Fig. 3B).
Importantly, mS16 from V. vermiformis is much more highly
conserved than is the putative mS16 homolog from
A. castellanii. Apart from V. vermiformis, an S16 homolog
does not appear to be present in the mtDNA of any other
sequenced mitochondrial genomes, including Reclinomonas
americana, so no further mtDNA gene order comparisons
could be carried out. However, in several proteobacterial
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species, S16 and L19 are encoded in close proximity to each
other and often far from other ribosomal proteins (al-
though, in other α-proteobacteria such as Rickettsia, the
genes are not closely linked; Fig. 3C). Typically in these
species, S16 and L19 are separated by 1–3 genes. Lastly,
conserved-domain BLAST searches using A. castellanii Orf92
align to S16, albeit at very high E-values (6.9). Taken
together, these lines of evidence support our conclusion
that A. castellanii Orf92 is an S16 homolog.

3.13. Mitochondrial protein import

A series of multisubunit, modular machines that effi-
ciently recognize and sort proteins bearing N-terminal or
internal targeting sequences are responsible for importing
nuDNA-encoded proteins from the cytosol and directing
them to the appropriate suborganellar compartment (i.e.,
outer membrane, intermembrane space, inner membrane or
matrix) [3,96]. An increasing number of experimental and
bioinformatic analyses of import systems from diverse eukary-
otes has led to an emerging picture of an evolutionarily and
functionally conserved core (i.e., typically proteins involved
directly in import and processing) working together with
accessory proteins (typically receptors) that bear a mostly
lineage-specific distribution [97]. The results of our combined
proteomic and bioinformatic survey of the A. castellanii protein
import system, presented in Supplemental Table S2F and Fig. 4,
largely confirm these findings and demonstrate a relatively
high MS/MS coverage of protein import subunits.

3.13.1. Mitochondrial targeting sequences
Cleavable N-terminal MTSs have several features in
common, including an enrichment of basic and certain
hydrophobic residues, a paucity of acidic amino acids [98]
and the ability to form amphipathic α-helices [99]. In
yeast, estimates of the fraction of mitochondrial proteins
possessing cleavable N-terminal MTSs range from 43% to
~70% [9,11]. Subcellular prediction algorithms such as
TargetP [45] quite accurately, and with relatively high
confidence, predict authentic A. castellanii mitochondrial
proteins harboring canonical N-terminal MTSs, although
we did not specifically address the frequency of false
positives. Of the 676 A. castellanii mitochondrial proteins
identified here by MS/MS, almost 70% are predicted by
either TargetP or MitoProt to contain a strong MTS (>0.80
probability), with almost 55% predicted by both programs to
have a MTS above this threshold. The amino acid composi-
tion of A. castellanii MTSs is also similar to those of other
species, as visualized in a sequence logo depiction of the
first 30 residues of MTSs (Fig. 5A). Conversely, 28% of the
MS/MS-identified proteins are predicted by both TargetP
and MitoProt to lack a MTS; these proteins are often quite
small and/or members of the mitochondrial carrier, protein
import or respiratory chain systems, and hence not expect-
ed to have a canonical MTS. Overall, a high degree of
correspondence is evident between TargetP and MitoProt
with respect to their prediction of mitochondrial targeting
[Supplemental Table S2].

In order to improve our understanding of the MPP
recognition site in A. castellanii mitochondria, we performed
database searches for semi-tryptic peptides that map near
protein N-termini [47]. Since the mature N-termini of most
mitochondrial proteins likely do not start with Arg or Lys
(trypsin cleaves C-terminally to these residues), standard
Mascot searches do not consider these semi-tryptic peptides;
however, allowing for a missing cleavage site—in particular,
the N-terminal recognition site of trypsin—may permit the
identification of mature protein N-termini and, by extension,
the processing site. Our analysis uncovered putative cleavage
sites for 73 proteins with classical N-terminal MTSs. As
with MTS composition, the sequence logo generated for
A. castellanii cleavage sites (Fig. 5B) agrees strongly with
those from other model organisms, such as yeast [11]. In
particular, there is a strong preference for Arg in the −3
position, a hydrophobic residue (Tyr, Leu, Phe) in the −1
position and Ala, Ser or Thr in the +1 position. The average
length of the 73 putative processed classical MTSs is ~42
amino acids, ranging from 17 to 121 (cleaved peptides shorter
than 10 residues were not considered in the analysis of the
MPP recognition site).

Two proteins, Tom7 and mitoribosomal protein L38, were
identified in our analysis by single, semi-tryptic peptides but
not by any full tryptic peptides. Mature A. castellanii Tom7 is
truncated by a single residue at the N-terminus (Met),
whereas L38 bears a classical MTS.

3.14. Mitochondrial protein degradation

Selective degradation of misfolded and excess polypep-
tides is an important means by which mitochondria achieve
quality control. The mitochondrial i-AAA+ ATPase (Yme1) and
m-AAA+ ATPase (Yta10/Afg3, Yta12) are widely distributed
inner membrane proteases whose active sites face the
intermembrane space and matrix, respectively [100]. In
A. castellanii, we detected a homolog of the yeast i-AAA+

ATPase Yme1 (N198) and two highly similar Yta12-like
m-AAA+ ATPase proteins, N245 and N312, via MS/MS [Sup-
plemental Table S2H]. Moreover, we detected homologs of
two prohibitin proteins, Phb1 (N064) and Phb2 (N047), which
regulate proteolytic degradation of IMM proteins by m-AAA+

ATPase in yeast. In yeast, misfolded mitochondrial matrix
proteins are degraded by the highly conserved, heptameric
Pim1 (Lon protease). By MS/MS, we identified two distinct A.
castellanii Pim1 homologs (N081 and N091) [Supplemental
Table S2H].

Proteomic analyses also uncovered homologs of the
bacterial proteins HslU (N160) and HslV (N223). HslU is an
AAA+ ATPase whereas HslV is a catalytic peptidase that is
homologous to the β subunit of the 26S eukaryotic protea-
some [101]. HslUV proteins are encoded by a wide variety of
eukaryotes, are most closely related to α-proteobacterial
homologs, and are presumably mitochondrial in these
systems [102]. In T. brucei mitochondria, the HslUV complex
is associated with the kinetoplast (mitochondrial) DNA,
where it plays a role in the replication and segregation of
this complex organellar genome [103]. However, neither
component of the HslUV complex is encoded by animals,
fungi or plants, so in a phylogenetically broad sense
an understanding of its precise molecular function is
lacking.
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In addition to general degradative proteases of the matrix
and IMM, we identified homologs of Mop112 (N178), Prd1
(N548) and DegP (2 homologs, 40% identical in amino acid
sequence; N613, N402), all peptidases of the intermembrane
space, as well as 3 distinct aminopeptidases (N227, N303,
N500), including a homolog of yeast ICP55 [11].
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3.15. Iron–sulfur (Fe–S) cluster biosynthesis

The synthesis (and export) of Fe–S clusters is a critical
function of mitochondria as Fe–S clusters are central compo-
nents of a variety of mitochondrial and non-mitochondrial
proteins/protein complexes [104]. The biosynthesis of Fe–S
clusters appears to be a ubiquitous function of mitochondria
and MROs, occurring in hydrogenosomes [105] and highly
reduced mitosomes [106] as well as mitochondria.
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We also identified components of the Fe–S cluster export
system. Specifically, homologs of Atm1 (an ABC transporter)
and the sulfhydryl oxidase Erv1 (also involved in mitochon-
drial protein import) were identified by MS/MS analysis. As
well, in silico analysis uncovered a homolog of mitoferrin
(B118), a mitochondrial carrier protein that participates in the
import of Fe2+ into mitochondria.

3.16. Mitochondrial proteins of unidentified function

About 10–15% of themitochondrial protein sequences compiled
here contain putative conserved domains and/or display
evident sequence similarity with proteins in other organisms,
but otherwise their function is not clearly defined [Supplemen-
tal Table S2J]. Among noteworthy members of this class for
which we obtained MS/MS data are 7 universal stress proteins
(all lacking a MTS and so likely to be membrane proteins) and 4
tetratricopeptide repeat (TPR) domain-containing proteins (an-
other 6 TPR protein sequences, all displaying a strongMTS with
both TargetP andMitoProt, were recovered by in silico analysis).

Finally, 10% of the mitochondrial protein sequences we
recovered in this study are unique, in that they have no
evident homologs in other organisms, including other
amoebozoons. About 60% of the proteins in this category
were identified via MS/MS, the rest through in silico analysis.
Of theMS/MS-identified proteins, 60% are predicted to contain
a strong MTS (>0.80 probability) with MitoProt and/or TargetP.

3.17. Identification of proteins orthologous to A. castellanii
mitochondrial proteins

We employed OrthoMCL [51] in order to elucidate the number
and distribution of orthologs of A. castellanii mitochon-
drial proteins in H. sapiens, A. thaliana, S. cerevisiae, and
T. thermophila—a diverse set of eukaryotes for which consid-
erable mitochondrial proteomic data are available. Our
analysis reveals that at an E-value threshold of 1e−5, of the
944 nuDNA-encoded groups that make up the A. castellanii
mitochondrial proteome dataset, 524 have a putative
ortholog in at least one other species (of which 179 have
putative orthologs in each of the four reference eukaryotes)
while 420 lack an ortholog altogether (see Supplemental
Table S4). However, the latter value is likely an over-estimate
because 1) this number would certainly decrease upon
comparison of A. castellanii mitochondrial proteins to addi-
tional species that are closer evolutionary relatives and/or
more similar metabolically, and 2) this approach, although
employing a relatively liberal E-value threshold, misses out
on many of the small and divergent but phylogenetically
conserved proteins that are common in mitochondria. For
instance, of the 45 nuDNA-encoded mitoribosomal proteins
identified here by careful manual inspection, OrthoMCL
failed to identify orthologs for 16 (36%) of them.

In addition, we sought to determine the number of conserved
mitochondrial proteins in A. castellanii by comparing our data to
mitochondrial proteins identified by proteomic and microscopic
approaches in the reference eukaryotes. Of the 524 A. castellanii
mitochondrial protein groups that have aputative ortholog in the
reference eukaryotes, 423 have an ortholog (or, in some cases,
several co-orthologs) that have been identified as components of
the mitochondrial proteome in at least one of those species,
indicating that the A. castellanii mitochondrial proteome has
retained a relatively large core of conserved mitochondrial
proteins. Conversely, 101 groups of A. castellanii mitochondrial
proteins (including a roughly equal number of proteins identified
by proteomics and bioinformatics) do not have orthologs in the
reference mitochondrial proteomes. Certain of these results
reflect the incompleteness of mitochondrial proteomic datasets
(for instance, Atp23 is a characterized assembly factor of
Complex V in animals and fungi, but the comprehensive mass
spectrometry-based proteome studies have evidently missed it),
while other negative results point to either additional contam-
inating proteins, or proteins that have a different subcellular
localization than their counterparts in other eukaryotes. Several
candidates for re-targeted enzymes are evident in our data,
including hydroxymethylglutaryl-CoA reductase (N117), xan-
thine dehydrogenase (N112), and inosine-5′-monophosphate
dehydrogenase (N111), which participate in sterol/isoprenoid
metabolism, oxidative metabolism of purines, and purine
biosynthesis, respectively.
4. Conclusions

Our comprehensive analysis of mitochondria from the
amoebozoon, A. castellanii, is the first such investigation of a
free-living member of the Amoebozoa supergroup. Proteomic
analysis identified a relatively large number of both nuDNA-
encoded (676) and mtDNA-encoded (33) mitochondrial pro-
teins, and, in the course of characterizing mitochondrial
protein pathways and complexes, an additional 324 putative
mitochondrial proteins were identified in silico [Supplemen-
tal Table S2], yielding a total of 1033 proteins. This number is
at the upper end of the range of identified mitochondrial
proteins in other studies [6–15], and on that basis we conclude
that themitochondrial proteome in this single-celled eukaryote
approximates in structural and functional complexity the
mitochondrial proteomes of animals, fungi and plants.

As was the case during analysis of the T. thermophila
mitochondrial proteome [21], interrogations of the 6-fold-
translated mtDNA sequence using MS/MS spectra have been
valuable in the further annotation ofmtDNA-encoded proteins.
In the A. castellanii mitochondrial genome, we identified two
novel ORFs encoded on the strand opposite that specifying all
other 41 mtDNA-encoded proteins. We infer that these newly
identified genes likely code for components of themitoribosome
in A. castellanii (Fig. 3A–C).

The phylogenetic distribution of A. castellanii mitochondri-
al proteins is similar to that found in certain other eukaryotes
in that a significant proportion of proteins (~25%) lack either
sequence homologs or homologs of established function in
other organisms, and over 40% are limited to the eukaryotic
domain, as inferred by BLAST analysis [16,22]. Interestingly,
although A. castellanii belongs to the Amoebozoa supergroup,
a sister to the Opisthokonta supergroup that includes
animals + fungi, the A. castellanii mitochondrial proteome
does not specifically resemble opisthokont mitochondrial
proteomes. In someways, it is similar to fungal mitochondria
(e.g., lysine biosynthesis via the α-aminoadipate pathway),
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but in other characteristics it more closely resembles
mitochondria from green algae and other protists (e.g., a
modest number of PPR-domain proteins, PolI-like DNA
polymerase, HslUV-type protease, γ-type carbonic anhydrases
as components of CI [37]) or distantly related organisms (e.g.,
Mal–ICL fusion, anaerobic energy generation enzymes), likely via
convergent mechanisms.

In sum, our results reinforce and extend previous analyses
that portray themitochondrial proteome as a diversemetabolic
and evolutionary entity built around a limited core set of
highly conserved components, mostly inherited from the
α-proteobacterial ancestor of mitochondria. Further investiga-
tion ofmitochondria from protists occupying diverse ecological
niches and evolutionary positions is certain to provide novel
and more complete insight into the function and evolution of
mitochondria.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2014.07.005.
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