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The mitochondrion, derived in evolution from an α-proteobacterial progenitor, plays a key metabolic role in
eukaryotes. Mitochondria house the electron transport chain (ETC) that couples oxidation of organic sub-
strates and electron transfer to proton pumping and synthesis of ATP. The ETC comprises several multiprotein
enzyme complexes, all of which have counterparts in bacteria. However, mitochondrial ETC assemblies from
animals, plants and fungi are generally more complex than their bacterial counterparts, with a number of ‘su-
pernumerary’ subunits appearing early in eukaryotic evolution. Little is known, however, about the ETC of
unicellular eukaryotes (protists), which are key to understanding the evolution of mitochondria and the
ETC. We present an analysis of the ETC proteome from Acanthamoeba castellanii, an ecologically, medically
and evolutionarily important member of Amoebozoa (sister to Opisthokonta). Data obtained from tandem
mass spectrometric (MS/MS) analyses of purified mitochondria as well as ETC complexes isolated via blue
native polyacrylamide gel electrophoresis are combined with the results of bioinformatic queries of sequence
databases. Our bioinformatic analyses have identified most of the ETC subunits found in other eukaryotes,
confirming and extending previous observations. The assignment of proteins as ETC subunits by MS/MS pro-
vides important insights into the primary structures of ETC proteins and makes possible, through the use of
sensitive profile-based similarity searches, the identification of novel constituents of the ETC along with the
annotation of highly divergent but phylogenetically conserved ETC subunits.

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

Mitochondria are eukaryotic organelles derived in evolution via an
endosymbiotic association between an α-proteobacterium and a host
cell of still-debated origin [1–3]. Althoughmany diverse and essential cel-
lular functions are associated with mitochondria, including iron–sulfur
(Fe–S) cluster biosynthesis and the metabolism of amino acids and fatty
acids, these organelles are best known for the vital role they play in cellu-
lar energy generation, primarily through coupled oxidative phospho-
rylation [4]. Under aerobic conditions, pyruvate is decarboxylated in
mitochondria via the pyruvate dehydrogenase multienzyme complex
andpassed as acetyl-CoA into the tricarboxylic acid (TCA) cycle. Reducing
equivalents in the form of NADH are generated via the TCA cycle, among
other pathways, and subsequently oxidized by the electron transport
chain (ETC): a series of multiprotein enzyme complexes (CI–CIV) that,
with the exception of CII, couple the energy derived from electron trans-
fer to the translocation of protons from themitochondrialmatrix into the
intermembrane space. The resulting electrochemical gradient is exploited
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by the F1Fo ATP synthase (CV) for the synthesis of adenosine triphosphate
(ATP).

All complexes of themitochondrial ETC aswell as CVwere present in
the eubacterial progenitor of mitochondria; many proteins specified by
mitochondrial DNA (mtDNA) are subunits of the ETC, and at least one
subunit of each complex is encoded by mtDNA in diverse eukaryotes
[5]. In contrast, mitochondrial ETC complexes studied to date are mark-
edly larger and more intricate than their bacterial antecedents, as they
have accrued a number of subunits not present in bacteria [6–8]. Some
subunits, which are present across the domain Eucarya, arose prior to
the diversification of modern eukaryotic supergroups, whereas others
are suggested to be lineage-specific additions [7].

The composition of the ETC has been analyzed comprehensively in
relatively few systems, notably some animals, fungi, plants/green algae
and parasitic trypanosomes [9–17]. However, data concerning the
makeup of the ETC in unicellular eukaryotes (protists) are currently
very limited. Protists account for most of the evolutionary and biochem-
ical diversity within the eukaryotic domain; for this reason, cataloging
the composition of themitochondrial ETC in free-living protists is critical
to our understanding of the function and evolution of the ETC in general.
For instance, characterization of ETC composition in protists will un-
doubtedly facilitate comparison of individual ETC complexes across
eukaryotes and provide clues as to when various subunits arose in
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evolution. Further, identification of homologs of divergent ETC subunits
in protists may allow recognition of previously unappreciated homolo-
gies with ETC subunits in other lineages (animals, fungi and plants), ef-
fectively by bridging the sequence similarity gap [7,18]. Lastly, direct
characterization of protist ETC complexes facilitates the discovery of
novel subunits, providing a functional context for certain hypothetical
proteins identified in genomic or proteomic studies [19].

As a result of recent advances in genome and transcriptome se-
quencing, investigations of protist mitochondrial ETC proteomes have
become more feasible and wide-ranging. The extensive sequence data-
bases permit bioinformatic analyses aimed at mapping subunit pres-
ence and absence across the breadth of eukaryotes. Importantly, the
direct identification of proteins comprising mitochondrial and ETC
proteomes via tandem mass spectrometry (MS/MS) is dependent on
the availability of comprehensive sequence databases. Manymitochon-
drial proteins, including ETC proteins, are not confidently assigned as
such via sequence similarity searches or mitochondrial localization algo-
rithms [20,21], and because the presence of a gene in a genome does not
guarantee its expression, it is imperative to augment bioinformatic anal-
yses with proteomic analysis of whole mitochondria and isolated ETC
complexes to more fully and accurately define ETC composition.

Wehave undertaken an inventory of ETCproteins from the amoeboid
protist Acanthamoeba castellanii (supergroup Amoebozoa), a ubiquitous
and evolutionarily important soil and freshwater amoeba for which mi-
tochondrial genomic and extensive nuclear genomic/transcriptomic
data are publicly available (NC_001637.1; http://www.hgsc.bcm.tmc.
edu/microbial-detail.xsp?project_id=163). We have employed blue na-
tive polyacrylamide gel electrophoresis (BN-PAGE) [22] to isolate ETC
complexes from purified mitochondria and have investigated the com-
position of individual complexes using MS/MS. Where classical ETC pro-
teins were not directly identified from BN-PAGE-isolated complexes via
MS/MS, we interrogated a database generated from an ongoing proteo-
mic inventory ofwhole A. castellaniimitochondria aswell as available se-
quence databases using standard (e.g., BLAST) and profile (e.g., HMMER,
PSI-BLAST) similarity searches.

2. Materials and methods

2.1. Growth of A. castellanii and purification of mitochondria

Cells and mitochondria of A. castellanii (strain Neff, ATCC 30010)
were prepared essentially as in [23] except that: (a) cells were not
washed with phosphate-buffered saline prior to lysis, (b) the crude mi-
tochondrial pelletwaswashed only oncewithmitochondrial wash buff-
er in order to preserve mitochondrial integrity, (c) BSA was omitted
from step-sucrose gradient buffers, and (d) mitochondria used for
whole proteome analysis, but not BN-PAGE, were purified on two suc-
cessive step sucrose gradients.

2.2. BN-PAGE for isolation of ETC complexes

BN-PAGE of whole A. castellaniimitochondria was carried out as de-
scribed previously [24] in either 3.5–12%, 4–12% or 4–15% polyacryl-
amide gels. Molecular weights of ETC complexes were estimated using
the NativeMark unstained protein standard (Invitrogen).

2.3. Linear sucrose gradient centrifugation of mitochondrial protein
complexes

Linear sucrose gradients were performed as in [25], except that
(a) mitochondria were resuspended in BN-PAGE isolation buffer
[22] and solubilized on ice by the addition n-dodecyl-β-D-maltoside
(DDM) dissolved in BN-PAGE isolation buffer (final detergent:pro-
tein ratio of 2:1) and (b) the linear sucrose gradient (10–40% su-
crose, w:v) was made in a buffer containing 75 mM 6-aminocaproic
acid, 50 mM bis–tris (pH 7.0), 1 mM phenylmethanesulfonylfluoride
(PMSF), and 0.1 mg/ml DDM.

2.4. In-gel enzyme activity assays

All in-gel enzyme activity assays were carried out overnight, at
room temperature, immediately after BN-PAGE experiments, essen-
tially according to [26].

2.5. Lysis of whole mitochondria and enrichment for soluble and
membrane fractions for MS/MS

Two milligrams of whole mitochondria were resuspended to a final
volume of 2 ml in a solution containing 50 mM Tris∙HCl, pH 7.6, 1 mM
Na2EDTA and 1 mM PMSF. Mitochondria were passed twice through a
French press at 10,000 psi and the lysate was centrifuged at 33,000 rpm
(RCFavg of ~70,000×g) for 1 h at 4 °C in a Beckman Type 75 Ti rotor.
The resulting pellet (membrane-protein-enriched fraction, MPE) was
washed with buffer, re-sedimented and stored at −70 °C. Proteins con-
tained in the supernatant (dilute soluble-protein-enriched fraction,
SPE) were precipitated with trichloroacetic acid/acetone [27].

2.6. SDS polyacrylamide gel electrophoresis (SDS-PAGE) and excision of
bands for MS/MS

Approximately 40 μg of protein was separated on an 8×7.3 cm gel
(Bio-Rad Mini-Protean II system) with an ~0.5 cm 4% stacking gel and
a 9–15% linear acrylamide gradient resolving gel at 15 mA constant,
according to [28]. The lanes from the Coomassie Blue R250-stained gel
were excised into approximately equal-sized bands (19 bands from
the SPE fraction, 22 from theMPE fraction and 24 from thewholemito-
chondrial fraction) for MS/MS analysis.

2.7. Mass spectrometry

2.7.1. In-gel protein digest
Excised protein bands (either SDS-PAGE or BN-PAGE)were digested

manually orwith a Genomic Solutions Progest automated system as de-
scribed in [24].

2.7.2. In-solution protein digest of whole mitochondria
A sample containing approximately 500 μg of mitochondrial protein

was diluted to a concentration of 1 mg/ml in 50 mM ammonium bi-
carbonate, pH 8.0 (AB) with protease inhibitor (Set III, Calbiochem
539134). In-solution protein digestion was carried out as in [29], except
that an acid-labile surfactant (Rapigest, Waters 186001861) was added
at a concentration of 0.1% (w/v) to improve solubilization and protein di-
gestion (used according to manufacturer's specifications).

2.7.3. SCX-HPLC of tryptic peptides derived from whole mitochondria
Five hundred micrograms of tryptic peptides were fractionated by

SCX-HPLC into 45 fractions as in [29].

2.7.4. MS/MS and protein identification (all samples)
Reversed-phase LC–MS/MS (RP-HPLC) sample analysis, data acquisi-

tion and Mascot searches were performed as in [24]. Data files were
searched against: (1) a 6-frame translation of a CAP3-clustered EST da-
tabase, consisting of ESTs generated by random 454 sequencing and
through TBestDB [30]; (2) a set of previously predicted A. castellanii
mtDNA-encoded proteins [31]; (3) a 6-frame translation of the com-
plete A. castellaniimitochondrial genome sequence [31]; and (4) an in-
house predicted set of nuclearDNA (nuDNA)-encoded proteins (prelim-
inary gene predictions; PGPs), generated by Augustus [32] from a draft
version of the A. castellanii nuclear genome sequence. For nuDNA-
encoded proteins predicted from either EST or PGP datasets and identi-
fied in the BN-PAGE and whole mitochondria proteome analyses, only
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those containing one or more peptides with ion scores ≥38 (exceeding
the Mascot 95% significance threshold) were considered. Typically, pro-
teins from the PGP datasetwere only considered if theywere poorly rep-
resented in the EST dataset (in order to offset the biases associated with
using an expression-based database alone). In the case of mtDNA-
encoded proteins, certain peptides below this threshold were accepted
aftermanual inspection. In order to assess the false positive rates for pep-
tide identifications in the 6-frame translated EST dataset, we used the
built-in Mascot feature that queries random protein sequences matched
in length and amino acid composition to the entries in the database.

In sum, four different strategieswere used in theMS/MS-based anal-
ysis of A. castellanii mitochondria (aside from MS/MS after BN-PAGE):
(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 SPE fractions and (4) 1D SDS-PAGE/LC–
MS/MS analysis of MPE fractions.

2.8. Methods for inference of homology

Annotation of proteins identified by MS/MS analysis was per-
formed by querying a variety of databases [30,33] using BLAST [34]
(BLASTp, tBLASTn and PSI-BLAST algorithms). Alignments were
inspected manually.

In order to identify certain proteins expected to be found in
A. castellanii but not easily uncovered by standard homology searches,
HMMER 3.0 searches [35] of a 6-frame translation of the A. castellanii
EST dataset or the mitochondrial proteome dataset were performed.
In combination, we considered: (1) the E-value and rank of the putative
homolog when queried with a profile HMM (all putative homologs
ranked among the top 3 when the mitochondrial proteome dataset
was queried with the profile HMM; expect (E-) values were relatively
high, thoughmostwere≤0.05); (2) whether the highest ranking result
was identified viaMS/MS as a component of a protein complex (e.g., if a
putative CI subunit was being searched for, was the top HMMERmatch
an established component of CI?); and (3) the size and physicochemical
properties of the protein in question in relation to authentic homologs.

2.9. Analysis of semitryptic peptides

A Mascot semitryptic peptide search was employed to detect the
mature N-terminus of Cox2, alongwith an internal Atpa peptide, essen-
tially as described in [36].

2.10. Phylogeny of Core1/MPPβ proteins

Maximum likelihood trees were reconstructed from hand-edited
alignments with RAxML-HPC [37] under the WAG+Γ model (using
the PROTGAMMAWAGF option) with 25 categories of substitution
rate variation. One hundred bootstrap replicates were performed as a
measure of statistical support for inferred nodes.

3. Results and discussion

3.1. Complex I (NADH:ubiquinone oxidoreductase; CI)

E. coli CI consists of 14 subunits (Nad1–Nad11 and Nad4L along
with 24-kDa and 51-kDa subunits); however, the corresponding α-
proteobacterial complex has 17 subunits, including three additional
proteins (B17.2, AQDQ and 13-kDa) that were previously believed
to be specific to mitochondrial CI [38]. To simplify comparisons with
other publications, we refer here to the ‘traditional’ 14-subunit bacte-
rial core. In contrast, mitochondrial CI has accrued ‘supernumerary’
subunits [7,8], e.g., 31 in bovine CI [9] and 35 in A. thaliana CI [25],
for a total of 45 and 49 subunits, respectively. At least 19 of the super-
numerary subunits were acquired early in eukaryotic evolution, al-
though others appear to have evolved within particular eukaryotic
lineages [7]. More recent bioinformatic analyses, employing profile-
based queries and a broader phylogenetic sampling, suggest that CI
from the last eukaryotic common ancestor contained at least 40 sub-
units, and that the number of lineage-specific CI additions is in fact
small [18].

3.1.1. Size and higher order structure of A. castellanii CI
Enzymatically active CI was detected by BN-PAGE as an ~940-kDa

complex (Fig. 1), while an inactive ~820-kDa variant was identified by
comparison to the staining profile of active CI following parallel 2D BN/
SDS-PAGE of the two complexes [24]. The estimated size for monomeric
CI is consistent with the size reported for CI from a variety of other eu-
karyotes, including a prior investigation of A. castellanii CI [39]. The active
CI band stained faintly with Coomassie Blue relative to neighboring
bands, such as dimeric CV (discussed below), whereas the 820-kDa vari-
ant co-migrates with other complexes. As a result, comprehensive prote-
omic detection of subunits from isolated CI has proven difficult, although
all prokaryotic and eukaryotic core subunits were identified through a
combination of BN-PAGE and detailed bioinformatic searches of proteins
identified in proteome analysis of whole mitochondria and/or relevant
A. castellanii sequence databases.

3.1.2. Detection of CI subunits via BN-PAGE-MS/MS
Proteomic analyses of the 940- and 820-kDa CI variants revealed a

similar array of subunits, although more proteins were identified in
the 820-kDa complex, likely due to its higher apparent abundance
(see Supplemental File 1A-1). Differences included detection of the
51-kDa subunit in the 940-kDa band but not the 820-kDa one, a finding
in agreement with in-gel enzyme activity assays, as the 51-kDa subunit
forms part of the N module of CI that is responsible for oxidation of
NADH [8]. In addition to subunits of the membrane and peripheral do-
mains, we also detected two homologs of γ-type carbonic anhydrases
in both CI variants, as described elsewhere [24].

Of the 19 putative supernumerary subunits added to CI early in eu-
karyotic evolution [7], we found 17 in one or both of the 940- and 820-
kDa complexes (only AQDQ and the 13-kDa subunit were not detected)
and 8 in both complexes (Table 1). Similarly, we identified bio-
informatically putative homologs of 29 of the 32 eukaryote-specific CI
proteins proposed by Cardol [18]; 27 of these proteins were detected
via MS/MS of whole mitochondria, whereas 25 were identified in one
or both of the CI variants. Interestingly, among these identified subunits
is SDAP (acyl-carrier protein)—an experimentally validated component
of CI in animals and fungi, but a soluble matrix protein in plants [40].
This subunit was also present in a CI-enriched BN-PAGE band from
the ciliated protozoon T. thermophila (RMRG, unpublished results). To-
gether, these results suggest that SDAP is an ancestral component ofmi-
tochondrial CI thatmay have been lost from CI in the plant lineage. Also,
we detected a homolog of the B14.7 subunit, which in turn is homolo-
gous to members of the Tim17/Tim22/Tim23 protein import family.
An unambiguous orthologous relationship of the A. castellanii protein
to B14.7 (vs. Tim17/Tim22/Tim23) could not be established from the se-
quence alone; however, detection of this protein in both CI variants ar-
gues strongly that it is B14.7.

Two putative CI subunits identified by proteomic analysis in both the
940- and 820-kDa complexes, but with no apparent BLASTp homologs,
were annotated following HMMER profile searches as the eukaryotic
CI subunits MWFE and ASHI: small proteins associated with the mem-
brane arm of CI, each containing a single predicted transmembrane
helix [8]. Notably, theMWFE andASHI subunits in another amoebozoon,
Dictyostelium discoideum, are each more similar to other eukaryotic ho-
mologs than are the corresponding A. castellanii proteins. MWFE and
ASHI are conserved across Eucarya, although ASHI was initially consid-
ered to be limited to animals and fungi [7], and are experimentally ver-
ified components of CI in animals [9], fungi [10] and plants [25].

Our BN-PAGE analyses have uncovered homologs of several CI
subunits (B14.5b, B15 and NUUM [41]) that were recently identified
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Fig. 1. BN-PAGE profiles and in-gel activity assays of A. castellanii ETC complexes. Gel strips from BN-PAGE experiments stained with either Coomassie Blue R250 (left) or enzyme
activity stain (right) for each complex are shown. The relevant ETC complex name in each case is demarcated with a box. No specific CIII activity stain is available, so CIII is indicated
only by an arrow in Coomassie Blue R250-stained gels. Profiles are not identical as not all gels consisted of the same acrylamide gradient.
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bioinformatically in the amoebozoon, D. discoideum, along with puta-
tive homologs of subunits B9 and B14.5a, which were not identified in
D. discoideum [18].

3.1.3. CI subunits detected via proteome analysis of whole mitochondria
and/or bioinformatic searches

Although difficulties in obtaining large quantities of BN-PAGE-
purified CI have precluded an exhaustive, direct proteomic analysis of
the enzyme complex, homology searches of the A. castellaniimitochon-
drial proteome and EST datasets have identified most of the classical CI
subunits. Importantly, 19/19 proposed eukaryotic core CI subunits and
12/14 prokaryotic core CI subunits (Nad2 andNad4Lwere not detected)
were identified by proteomic analysis of whole mitochondria (Table 1,
Supplemental File 1B-1). Among the proteins identified in whole mito-
chondria but not in BN-PAGE‐isolated CI are the 24-kDa subunit
(NADH-oxidizing domain), AQDQ and Nad6.

Bioinformatic analyses revealed two putative CI subunits not detected
by proteomic analysis: AGGG andMLRQ. TheA. castellaniiAGGGhomolog
was readily identifiable using the human homolog as BLAST query,
whereas an MLRQ homolog from the amoebozoon Polysphondylium
pallidumwas used to retrieve an ~10-kDaMLRQ homolog (D. discoideum
and P. pallidumhomologs aremore conserved than theA. castellanii coun-
terpart, so that queries using the animal MLRQ sequences do not retrieve
the putative A. castellaniiMLRQ). Both of these proteins have homologs in
multiple eukaryotic groups. In combination with the results presented
above and other recentfindings [24], these results suggest that the ances-
tral eukaryotic CI may have been even larger than previously believed
(≥39–40 subunits), in good agreementwith another recent analysis [18].

In comparison with amoebozoan relatives (D. discoideum, in partic-
ular), it appears that in general the same subunits of CI are conserved.
Apart from the ESSS, B9 and B14.5a subunits, all CI constituents found
in A. castellanii can be identified bioinformatically in D. discoideum.
Notably, however, A. castellanii and D. discoideum CI orthologs are gen-
erally nomore similar to each other than each is to its non-amoebozoan
CI counterparts.

3.1.4. CI assembly proteins
Our proteomic analysis has revealed a number of characterized CI

assembly factors [42] (Supplemental File 1B-1), including homologs
of Ind1, a P-loop NTPase specifically required for assembly of CI Fe–
S clusters, C8orf38 and C20orf7. Conversely, proteomic analysis failed
to detect Cia30/NDUFAF1, NDUFAF3, FOXRED1, B17.2L and MidA, all
of which are nuDNA-encoded in A. castellanii (Supplemental File 1C-
1). No established CI assembly factors were identified by proteomic
analyses of BN-PAGE-isolated CI.

3.2. Complex II (succinate:ubiquinone oxidoreductase; CII) in A. castellanii

Structurally, CII is the simplest of the ETC complexes, composed of
only 4 subunits in bacteria, animals and fungi, although 8 subunits
have been reported in plants [13] and 12 in trypanosomes, including a
split SdhB [17,43].

We found enzymatically active A. castellanii CII to be ~130 kDa
(Fig. 1), consistent with the size of CII in other eukaryotes. Proteomic
analyses of BN-PAGE-isolated CII detected the 4 classical subunits of CII
(SdhA–D), all ofwhich are nuDNA-encoded inA. castellanii (Table 2, Sup-
plemental File 1A-2). NoA. castellanii-specific CII proteinswere identified
in this analysis; however, a large number of high abundance, non-CII mi-
tochondrial proteins were detected in this sample (Supplemental File
1A-2). This result is likely attributable to the physical size of CII, as small-
er protein complexes are more prone to contamination in such experi-
ments by co-migrating protein multimers. As a result, it is possible that
novel CII-specific proteins might be obscured in these proteomic analy-
ses by other abundant, non-CII mitochondrial proteins. Nonetheless,
the small size of A. castellanii CII suggests that few if any proteins were
missed, as the combined estimated molecular weights of SdhA–D are
in agreement with molecular weight estimates of the complex as a
whole.

While sdhA, sdhC and sdhD appear to be single-copy genes in
A. castellanii, two sdhB loci encode distinct isoforms of SdhB. Only one
SdhB variant was detected in BN-PAGE-enriched CII or in whole mito-
chondria (Supplemental File 1C-2). EST coverage of the undetected iso-
form is not extensive; hence, it is not clear whether this variant is a
constitutively expressed but minor isoform present at all times, or
whether it is required only under certain conditions.

3.3. Complex III (ubiquinol:cytochrome c oxidoreductase; CIII)

In bacteria, CIII comprises 3 subunits—cytochrome b (Cob), the
Rieske Fe–S protein (Isp) and cytochrome c1 (CytC1). Mitochondrial



Table 1
A. castellanii CI subunits and CI assembly proteins.

Proteins identified via a combination of BN-PAGE proteomic analysis of the 940- (“940”)
and 820-kDa (“820”) CI isoforms, as well as proteomic analyses of whole mitochondria
(“WM”) are reported. The sequences of all listed proteins can be retrieved throughbioinfor-
matic searches of A. castellanii sequence databases. Whether the protein in question is pre-
sent in other eukaryotes (“Euk.”), bacteria (“Bact.”) and/or other amoebozoons (“Amoeb.”)
is also indicated (+signandgray shading). Thegenome inwhich a givenprotein is encoded
is noted (N; nuclear,M;mitochondrial). Protein sequences for all entries, including delinea-
tion of identified peptides, are available in Supplemental File 1.
aThese proteins have bacterial homologs but are not known to be components of CI in
bacteria.
bThese proteins have bacterial homologs and are known to be CI components in α-
proteobacteria [38].
cOther amoebozoan species likely have B14.7 homologs (member of Tim17/Tim22/Tim23
family) but definitive orthologs could not be established on the basis of similarity searches
alone.
dThese subunits were annotated via HMMER 3.0 profile searches.

Table 2
A. castellanii CII subunits.

See Table 1 for details. Protein sequences for all entries, including delineation of
identified peptides, are available in Supplemental File 1. BN, proteomic analysis of
complex isolated by BN-PAGE.
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CIII is more complex, typically containing awell-conserved set of 6–7 su-
pernumerary subunits that are not directly involved in electron transfer
[44], including the large ‘core’ proteins, Core1 and Core2, which project
into the mitochondrial matrix, and a collection of smaller, eukaryote-
specific proteins (Qcr6–Qcr10). In all CIII-containing eukaryotes studied
to date, Cob ismtDNA-encoded, whereas the other subunits are encoded
in the nucleus.

3.3.1. Size and higher order structure of A. castellanii CIII
A. castellanii CIII migrated in BN-PAGE as an ~550 kDa complex

(Fig. 1), the typical size of eukaryotic CIII. Thus, CIII likely exists as a
stable homodimer in A. castellanii, as it does in other eukaryotes and
prokaryotes [45].

3.3.2. Composition of CIII
Initial bioinformatic searches retrieved all expected proteins except

Qcr10, the least well-conserved of the Qcr proteins. Proteomic analysis
of BN-PAGE-isolated CIII detected all of the subunits identified bio-
informatically (Supplemental File 1A-3), and additionally revealed a
predicted 10.7-kDa protein that retrieves the human homolog of Qcr10
in BLASTp. Although the A. castellanii Qcr10 candidate is slightly larger
than Qcr10 homologs from other eukaryotes (8.6 kDa and 6.5 kDa in
yeast and bovine mitochondria, respectively), a multiple protein align-
ment (not shown) and profile similarity search using authentic Qcr10
homologs suggest that the 10.7-kDa protein is a bona fide Qcr10 homo-
log. All 10 CIII subunits were detected in our proteomic analysis of whole
mitochondria (Table 3, Supplemental File 1B-3). In sum, these results
suggest that CIII in A. castellanii corresponds in composition to the
well-described CIII of bovine, yeast and plant mitochondria.
Table 3
A. castellanii CIII subunits and CIII-associated proteins.

See Table 1 for details. Protein sequences for all entries, including delineation of
identified peptides, are available in Supplemental File 1. BN, proteomic analysis of
complex isolated by BN-PAGE.
aThe Core1 and Core2 proteins have bacterial homologs (M16 family proteases), but
are not components of bacterial CIII.
bWhile AAA+ ATPase homologs are encoded by bacteria, it is doubtful that they are
orthologs.

Unlabelled image
Unlabelled image
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3.3.3. Evolution of CIII Core proteins
In certain land plants, CIII Core proteins constitute the mitochondrial

processing peptidase responsible for proteolytic cleavage of mitochon-
drial targeting sequences [46]. In contrast, in Saccharomyces cerevisiae
[47] and animals [48], an evolutionarily related, heterodimeric mito-
chondrial processing peptidase (MPP), comprisingMPPα andMPPβ (ho-
mologous to Core2 and Core1 proteins, respectively), is present in the
mitochondrial matrix. An intermediate scenario is seen in Neurospora
crassa [49] andD. discoideum [50], as the sole isoform of Core1/MPPβ ex-
ists in both the membrane and the matrix, while MPPα is found only in
the matrix (and a separate Core2 is associated with CIII). In animals and
S. cerevisiae, the catalytic matrix-localized MPPβ subunit possesses the
Zn-binding His-x-x-Glu-x-His-x~76-Glu motif characteristic of all active
pitrilysin protease family members, whereas the CIII-associated Core1
does not. Conversely, the CIII-associated Core1/MPPβ protein in plant
CIII has retained this motif [51].

Similar towhat is observed in plantmitochondria andD. discoideum,
the CIII-associated Core1 protein is the only isoformof Core1/MPPβ pre-
sent in A. castellanii (i.e., a separate, distinct MPPβ protein could not be
identified in the A. castellanii nuclear genome or EST databases). Fur-
thermore, A. castellanii Core1/MPPβ has the characteristic pitrilysin
motif described above, suggesting that it likely possesses mitochondrial
processing peptidase activity. Two separate proteins of the Core2/MPPα
family are encoded in A. castellanii, as is the case in D. discoideum; how-
ever, only Core2 was detected in the BN-PAGE CIII fraction. Core2 ap-
pears to be by far the more abundant of the two proteins, as its MS/
MS ion scores were among the highest in the entire proteome (strongly
detected in each of four fractions), whereas only a single high-scoring
peptide representing the other homolog was detected in one of the
four separate fractions tested (SWM). It is not clear why there are two
distinct Core2/MPPα family proteins in A. castellanii, although a fraction
of the Core1/MPPβ protein ofA. castellaniimay be associatedwith Core2
(in CIII), while another fraction associates with the minor MPPα family
protein in the mitochondrial matrix, as reported in D. discoideum. CIII-
associated Core1/MPPβ and Core2/MPPα were detected in abundance
in both the MPE and SPE fractions by proteomic analyses, although
ion scores were higher for MPE fractions.

A maximum likelihood phylogenetic reconstruction of Core1/MPPβ
proteins suggests that relatively recent gene duplications or losses with-
in established eukaryotic lineages likely account for the duality of the
Core1/MPPβ family, as opposed to an ancient gene duplication early in
eukaryotic evolution (Supplemental Fig. 1). Specifically, the human,
yeast and T. thermophila Core1 proteins are more closely related to
MPPβ homologs from the same species than to other Core1 proteins
from other species. Thus, it may be that independent gene duplications
of the Core subunits resulted in separate matrix processing peptidases
and the inactivation of the Core subunits in certain lineages (such as an-
imals, fungi and ciliates) whereas the CIII Core1/MPPβ protein retained
enzymatic activity in other eukaryotes (plants and possiblyA. castellanii).

3.3.4. CIII assembly proteins
In yeast, the assembly of CIII is aided by several factors [52], among

which Cbp3 andBcs1 are conservedwidely among eukaryotes. Homologs
of Bcs1 and Cbp3 were identified by proteomic analysis in A. castellanii
mitochondria, although nonewas detected in isolated CIII after BN-PAGE.

3.4. Complex IV (cytochrome c:O2 oxidoreductase; CIV)

Mitochondria have inherited 3 subunits of CIV (Cox1–3) from the
protomitochondrial endosymbiont; however, themitochondrial complex
has acquired additional subunits [13,53–55]. Cox1, a large, multipass
membrane-spanning protein, is encoded in mtDNA (but see [56]),
whereas Cox2 and Cox3 are specified by either mtDNA or nuDNA,
depending on the organism [5]. In A. castellanii, Cox1-3 are all encoded
inmtDNA; atypically, however, Cox1 andCox2 are transcribed froma sin-
gle continuous ORF [31], as is also the case in the related amoebozoon, D.
discoideum [57]. However, mature Cox1 and Cox2 appear to exist as sep-
arate proteins in A. castellaniimitochondria [58].

3.4.1. Analysis of CIV size and higher order structure in A. castellanii
Themajority of activeA. castellaniiCIV exists in a complex of ~360 kDa

(Fig. 1), suggesting that CIV may be predominantly dimeric under the
conditions used for BN-PAGE. The band exhibiting the majority of cyto-
chrome oxidase activity was quite broad (Fig. 1); notably, activity assays
performed after BN-PAGE using a minigel setup demonstrated the pres-
ence of two similarly sized, enzymatically active bands (Supplemental
Fig. 2A), possibly explaining the breadth of this band in the large-
format gel. Similarly, plant mitochondrial CIV exists as two distinct
(350- and 280-kDa) complexes after BN-PAGE, with the larger complex
including an additional subunit homologous to Cox6b [13,59]. Our results
are in contrast to a previous report on A. castellanii CIV after BN-PAGE
[39], which detected enzymatic activity in a smaller, ~160-kDa band.
What accounts for the differences between the two studies is unclear, al-
though the fact that mitochondria were harvested from stationary phase
cells in the prior report may partially explain this discrepancy.

3.4.2. CIV subunit composition
CIV was detected by proteomic analysis in several different bands

isolated from BN-PAGE, although it was not the sole, or even dominant,
species in any of them, suggesting that the complex may not be stable
under the conditions employed. All CIV subunits identified after BN-
PAGEwere present in the broad ~360-kDa band (Table 4; Supplemental
File 1A-4). Peptides from all mtDNA-encoded proteins, Cox1/2 and
Cox3, were detected after BN-PAGE, as well as from the nuDNA-
encoded proteins Cox1-c [56], Cox4 and Cox5b. In addition, a protein
homologous to Cox7c (designated Cox7c-1) was identified after BN-
PAGE, although another isoform (Cox7c-2), 69% identical in amino
acid sequence (Supplemental File 1C-4), was not detected after BN-
PAGE or inwholemitochondria. A homolog of Cox6a and two homologs
of Cox6b – one considerably more similar to Cox6b from other eukary-
otes – were detected in the analysis of whole mitochondria; however,
none was identified by BN-PAGE. Cox6b was not found in an analysis
of CIV fromD. discoideum [53], suggesting that this subunit may dissoci-
ate readily from the complex during isolation.

A predicted 8.7-kDa protein, not seen in whole mitochondria, was
identified after BN-PAGE. HMMER searches suggest that this protein
maybe a homolog of Cox7a. Lastly, an ~11-kDaprotein lacking assignable
BLASTp homologs was identified in the ~360-kDa complex. This protein
was the third highest hit in HMMER searches of the A. castellanii mito-
chondrial protein dataset when a profile including only amoebozoan
Cox6c homologswas employed. Like Cox6c homologs fromother eukary-
otes, it contains a predicted ~20-amino acid transmembrane helix. Multi-
ple alignments demonstrate some similarity to amoebozoan Cox6c;
however, the similarity to Cox6c from other eukaryotes is very weak. In
sum, our analyses suggest thatA. castellaniiCIV likely consists of≥10 sub-
units (Table 4).

3.4.3. CIV assembly proteins
In yeast, assembly of CIV is mediated by at least 20 factors (many

of which appear to be yeast-specific) involved in translational regula-
tion, heme a synthesis, and insertion of copper/heme [60]. Proteomic
analysis of A. castellanii mitochondria and bioinformatic searches
have identified proteins involved in the maturation of copper centers,
including Cox11, Cox17, Cox19, Cox23, Cmc1 and Sco1 (Table 4, Sup-
plemental File 1B-4, 1C-4). Cox15, but not Cox10 – both required for
the synthesis of heme a – was identified in whole mitochondria.

3.4.4. Cox1/2 protein structure
Our analysis provides further support for the conclusion that mature

Cox1 and Cox2 do not exist as a fusion protein in A. castellaniimitochon-
dria [58]. Specifically, combined 1D SDS-PAGE and MS/MS experiments
indicate that two individual proteins likely exist, because distinct peptide



Table 4
A. castellanii CIV subunits and CIV-associated proteins.

See Table 1 for details. Protein sequences for all entries, including delineation of
identified peptides, are available in Supplemental File 1. BN, proteomic analysis of
complex isolated by BN-PAGE.
aCoxI-c is a nuDNA-encoded protein homologous to the C-terminal portion of Cox1.
D. discoideum also encodes a homolog known to be a component of CIV [53].
bThe putative Cox6c and Cox7a homologs were annotated based on HMMER 3.0 profile
searches, and their assignment is therefore less certain than in the case of other CIV
proteins.
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populations corresponding to predicted Cox1 or Cox2 protein sequences
were found in different regions of the gel after SDS-PAGE (Fig. 2). For in-
stance, in an MPE fraction, Cox1-specific peptides were detected in gel
slices 16–22 (~58 kDa→100 kDa), whereas Cox2-specific peptides
were only found in slice 9 (~31 kDa). In addition, a targeted Mascot
search uncovered a semitryptic peptide that may correspond to the ma-
ture, processed N-terminus of Cox2. The detection of this peptide sug-
gests that a 16-residue N-terminal sequence, ‘MVSLSVLFIFYDSLLC’, is
proteolytically removed (assuming that Cox2 starts with M541 of the
Cox1/2 ORF), consistent with the removal of a 15-residue N-terminal
portion of yeast Cox2 during its maturation [61].

Proteomic results answer other outstanding questions about the
structure of mature Cox2. As described [58], the A. castellanii Cox2 se-
quence contains several apparent ‘insertions’ that predict that the ma-
ture protein should be considerably longer than Cox2 from other
species (333 vs. 236 amino acids inA. castellanii and S. cerevisiae, respec-
tively); however, A. castellanii and yeast Cox2 co-migrate in SDS-PAGE,
raising the possibility that the insertion sequences are not a part of the
mature Cox2. We detected peptides from both of these Cox2 ‘insert’ re-
gions (Fig. 2), indicating thatmature A. castellanii Cox2does retain these
extra sequences but evidently migrates anomalously faster than would
be expected during SDS-PAGE.

3.5. Complex V (F1Fo ATP synthase; CV)

Bacterial (E. coli) CV consists of 8 different proteins, with theα, β, γ, δ
and ε subunits constituting the F1 sectorwhile a, b and c comprise Fo [62].
In general, the subunits of the F1 head sector are highly conserved across
eukaryotes and few additional subunits have been added; conversely,
bacterial Fo subunit homologs are more variable at the sequence level;
moreover, the base and stator domains of Fo have gained novel subunits.
As in other respiratory complexes, some eukaryote-specific subunits
(e.g., Atpd=Atp7) are conserved across Eucarya. Others are reported
to bemore limited in distribution, leading to variable numbers of CV sub-
units in eukaryotes, ranging from ≥9 in jakobid protists [63], 11–13 in
plants [12,59], 16 in C. reinhardtii [15], 18 in yeast [64,65], 16 in humans
[66] to ≥20 in T. thermophila [19] and 22 in Trypanosoma brucei [16].

3.5.1. ATP synthase size and higher order structure in A. castellanii
Under the conditions employed here, the major, enzymatically ac-

tive form of A. castellanii CV is >1 MDa in size (Fig. 1). Typically in eu-
karyotes, monomeric CV is ~550–600 kDa; thus, the >1-MDa band is
likely a dimer, which appears quite stable, even at relatively high de-
tergent concentrations. Dimeric ATP synthase, which appears to be
very abundant, as judged by profiles from 1D BN-PAGE (Fig. 1), 2D
BN/SDS-PAGE [24] and protein ion scores, is the only observable en-
zymatically active form at concentrations as high as 2% (w:v) DDM;
at 5% DDM, much of the complex breaks down into a smaller, ~820-
kDa variant with weak ATPase activity (Supplemental Fig. 2B).

The high stability of the A. castellanii CV dimer is in marked contrast
to that of the yeast and bovine dimer, which must be prepared under
gentle conditions, employingmild delipidating detergents such as digito-
nin [65,67]. The monomers that comprise these dimeric complexes in
S. cerevisiae are held together by dimer-specific subunits, including
Atpe, Atpg, Atpi/j and Atpk [65,68]. Conversely, the stable dimeric nature
of A. castellanii CV is reminiscent ofmitochondrial ATP synthase from the
green algae C. reinhardtii and Polytomella sp. [15]. In Polytomella sp., an
~1600-kDa dimeric CV is the predominant enzymatically active form,
dissociating only upon heat treatment or detergent concentrations
≥10% DDM [69]. Notably, CV from these chlorophyte algae contains
8 novel subunits that play a role in dimerization of the complex [15,70].

3.5.2. Analysis of ATP synthase composition
The subunit composition of CV (Table 5; Supplemental File 1A-5)

was investigated by proteomic analysis of in-gel-digested dimeric
CV obtained via 1D BN-PAGE (Table 5, Supplemental File 1A-5) and
various other CV isoforms detected by BN-PAGE after separation in
a linear 10–40% sucrose gradient (Supplemental Table 1).

3.5.2.1. F1 subunits. All of the expected F1 subunits (α, β, γ, δ and ε
subunits) were present in dimeric A. castellanii CV (Table 5, Supple-
mental File 1A-5, 1B-5). A smaller, low-abundance subcomplex, iso-
lated via BN-PAGE after linear sucrose gradient centrifugation, also
contained the same subunits (Supplemental Table 1) and likely corre-
sponds to the dissociated F1 head sector, which appears similar to
those in other eukaryotes. These results suggest that most, if not all,
of the other identified subunits are associated with the Fo base or sta-
tor stalk. However, no isolated Fo sector was detected in BN gels, so
this inference needs experimental confirmation.

3.5.2.2. Fo subunits. Proteomic analysis revealed several of the expected
Fo subunits, both mtDNA-encoded and nuDNA-encoded, in dimeric
A. castellanii CV (Table 5, Supplemental File 1A-5). Moreover, proteomic
analysis provided strong support for previous suggestions that certain
mtDNA-encoded ORFs are constituents of CV. In particular, OrfB
(Orf142) and Orf25 (Orf124) were both confidently identified as com-
ponents of CV, in good agreement with previous analyses, which
suggested that they are homologous to Atp8 and Atp4, respectively
[5,12]. No standard tryptic peptides from mtDNA-encoded subunit a
(Atp6) were found in any BN-PAGE-isolated CV isoforms, although a
single semitryptic peptide was confidently detected, and one acceptable
tryptic peptide was identified in the analysis of whole mitochondria.

3.5.2.3. ‘Hypothetical’ CV proteins. An Atp7 (subunit d) profile search
using HMMER identified a predicted 56-kDa CV component, having no
obvious matches in the NCBI nr database (including in D. discoideum),
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Fig. 2. Proteomic-based evidence for separate Cox1 and Cox2 proteins in A. castellanii mitochondria. Identified peptides are inferred from a Mascot search of mtDNA-encoded pro-
teins from the MPE fraction (SDS-PAGE). Bold red text marks confidently identified peptides from gel slices 18–22 that appear to be derived frommature Cox1 (~58 kDa→100 kDa;
presumably the protein runs aberrantly due to its highly hydrophobic nature). Bold blue text delineates peptides identified from gel slice 9 that seemingly correspond to Cox2 (be-
tween 27 and 34.6 kDa). These results suggest that the mature C-terminus of Cox1 is located near the ‘MVSLS’ (bold, underlined) believed to be the pre-processed N-terminus of
Cox2. The identification of a Cox2 semitryptic peptide (‘LNDHTNSWK’; yellow highlight) suggests that the N-terminus of A. castellanii Cox2 is processed, as reported in yeast [61].
Peptides from the ‘insert’ regions of A. castellanii Cox2, described in [58], were confidently detected: ISLFDTLINTYK, and ENLSFNVTNR from one insert and MLDYDSIDR from the
other. These data suggest that these ‘inserts’ are likely to be retained as a part of the mature Cox2 protein and that the latter may migrate anomalously fast.

Table 5
A. castellanii CV subunits and CV-associated proteins.

See Table 1 for details. Protein sequences for all entries, including delineation o
identified peptides, are available in Supplemental File 1. BN, proteomic analysis o
complex isolated by BN-PAGE.
aBLAST searches using protist Atp8/A6L as query retrieve α-proteobacterial ATP
synthase B′, a stator stalk subunit not present in E. coli CV.
bThese subunits were annotated via HMMER 3.0 profile searches.
cThese proteins do not have identifiable homologs in other organisms. Names/numbers
reflect the EST contig numbers to facilitate retrieval from the proteome database.
dMalate dehydrogenase was found to be associated with CV in A. castellanii. MDH ho-
mologs are present in other eukaryotes and bacteria, but have not been reported to
be associated with CV in these cases.
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as a likely Atp7 subunit. Most notably, a short C-terminal region of the
putative A. castellanii Atp7 is similar to homologs from other eukaryotes
(Fig. 3A). The putative A. castellanii Atp7 protein is quite divergent and
substantially larger than other identified subunit d homologs, all of
which (including Atp7 from D. discoideum) are predicted to be ~20 kDa
in size. Notably, Atp7 is not the only A. castellanii CV subunit that is con-
siderably larger than its homologs; for instance, the OSCP (Atp5) subunit
and the otherwise highly conserved F1 β subunit (Atp2; Supplemental
Fig. 3) have C-terminal extensions of ~165 and ~140 amino acids, re-
spectively. In each case, the C-terminal extension is predicted to contain
additional helical components. Unlike the case of subunit d, the OSCP
and β subunits of other amoebozoons also appear to have C-terminal ex-
tensions, as does the β subunit of C. reinhardtii.

Other apparently A. castellanii-specific CV subunits were identified by
proteomic analysis; in some of these cases, putative homology inferences
have been made after detailed bioinformatic searches, although 3 pro-
teins remainwithout annotation. A number of the identified subunits ap-
pear to be related to proteins characterized as CV dimer-specific proteins
in yeast. For instance, profile HMM similarity searches identified a
predicted 10.6-kDa protein as a homolog of yeast Atpi/j (Atp18), impor-
tant in the stepwise dimerization and/or oligomerization of CV in yeast
[68]. HMMER searches also uncovered a previously unidentified homol-
ogy: specifically, Atpi/j is related to the 6-kDa plant ATP synthase subunit
[71], which has multiple protist homologs as well. This conclusion is
supported by a multiple protein alignment, which demonstrates regions
conserved between the plant/protist and yeast proteins (Fig. 3B) and in-
dicates that Atpi/j is likely a very ancient component of CV in eukaryotes.

In HMMER searches, another A. castellanii CV subunit that could not
be annotated by conventional BLASTp retrieves subunit g (=Atp20),
also a protein identified in yeast CV as dimer-specific [65]. The
A. castellanii protein is similar in size to the yeast and human homologs
of subunit g. We detected Atp20 homologs in a wide variety of eukary-
otic groups, including D. discoideum, although the latter homolog is
more highly conserved than its A. castellanii counterpart. Although
BLAST similarity scores are low, multiple alignments demonstrate simi-
larity in the C-terminal region of the protein (data not shown). Taken to-
gether, these results suggest that A. castellanii likely encodes homologs
of certain proteins required for dimerization of yeast ATP synthase,
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Fig. 3. A. castellanii CV proteins annotated via HMMER 3.0 searches. A) Alignment of the C-terminal region of an expanded and divergent A. castellanii Atpd homolog with the
corresponding region of Atpd from other eukaryotes. Numbers refer to the N-terminal amino acids omitted from the alignment. B) An A. castellanii CV protein is homologous to
yeast Atpi/j (Atp18) and a 6-kDa component of plant CV. A multiple protein alignment of putative Atpi/j homologs from several species provides evidence that Atpi/j was an
early addition to mitochondrial CV. Black and gray shading represent 100% and ≥75% similar sites, respectively.
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proteins that are likely widespread among eukaryotes. In addition to
fungi, dimerization of CV has been described in animals [67], plants
[59], green algae [15,69,72] and other protists [16,19], suggesting that
the dimerization of ATP synthase may be functionally important, as
has been reported in yeast [73].

Unexpectedly, malate dehydrogenase (MDH) – the terminal enzyme
of the TCA cycle –was found to be associatedwith CV in A. castellanii. Ini-
tially, we attributed this result to contamination of dimeric CV by an
abundant mitochondrial protein, as in the case of other A. castellanii re-
spiratory complexes isolated by BN-PAGE. However,MDHwas identified
in several distinct variants of CV; MDH ion scores were consistently
among the highest for CV, usually only eclipsed by theα and β subunits;
few other contaminating proteins were found in proteomic analyses of
isolated CV; and only one suspected contaminant was found in more
than one CV variant (Supplemental Table 1). However, MDH was not
detected in the subcomplex thought to represent the soluble F1 sector,
suggesting that MDH (alongwith other novel proteins) may be associat-
ed with the Fo sector. To our knowledge, an association of MDHwith CV
has not been reported in other organisms.

In sum, our results suggest that CV of A. castellanii is predominantly
dimeric and comprises ~18 subunits, addingup to amolecularweight in
excess of 1 MDa. The stable interaction of CV monomers, even at rela-
tively high detergent concentrations, is reminiscent of CV isolated
from C. reinhardtii and Polytomella sp. Also, like green algal CV, but to
a lesser extent, subunits of the stator stalk appear to be especially un-
usual [15]. As the stator stalk serves a primarily structural role – it
does not contain any subunits directly involved in catalysis – strict
conservation of protein sequence may not be critical for CV function.
Whether CV dimerization in A. castellanii is achieved by interaction
between novel and divergent stator stalk elements, as in green algae,
or via the putative dimer-specific subunits that are also found in other
eukaryotes, remains to be investigated.
3.5.3. CV assembly proteins
Proteomic analyses of A. castellanii mitochondria have identified fac-

tors putatively involved in the expression, regulation and assembly of
CV [64]. These factors include homologs of yeast NCA2, which plays a
role in the expression of mtDNA-encoded Fo subunits 6 (Atpa) and
8 (A6L/OrfB); INH1 (IF1 inmammals), the endogenous F1Fo ATP synthase
inhibitor; and a number of assembly proteins/chaperones, specifically
Atp10, Atp11 and Atp12 and Atp23 (Table 5).
3.6. Branched respiratory chain

In contrast to mammalian mitochondria, ETCs of fungi, plants and
protists are often branched [74,75], containing external and internal
rotenone-insensitive NADH:ubiquinone oxidoreductases (facing the
cytoplasm and matrix, respectively) and a cyanide-insensitive alterna-
tive oxidase (AOX),which accepts electrons fromubiquinol and reduces
O2 (normally catalyzed by CIV).

In A. castellanii mitochondria, we identified 3 distinct proteins that
are homologous to rotenone-insensitive NADH dehydrogenase. The in-
ferredmolecularweights of the preproteins are ~53, 66 and 70 kDa, and
all are predicted to have N-terminal mTPs. BLAST analyses could not
provide significant insight into the precise function of any given homo-
log (i.e., whether it is an external or internal NADH dehydrogenase).

An AOX protein was identified in this study by proteomic analysis.
A. castellanii AOX has been described previously [75,76]; two isoforms,
A and B, are encoded by genes that differ only by an insertion/deletion
of 12 nucleotides in the portion of exon 1 that encodes the mTP [77].
Proteomic analysis did not identify any peptides corresponding to the
mTP portion of AOX, therefore we were unable to determine whether
only one or both isoforms were present. Additionally, our proteomic
analysis failed to reveal an association of AOXwith CIII, as reported else-
where [39], although one peptide from AOX was identified in the CIV-
enriched ~360-kDa band.

4. Conclusions

Comparative genomic analyses aimed at uncovering conserved ETC
subunits have been, andwill continue to be, very important in furthering
our understanding of the composition and evolution of ETC complexes,
along with their dedicated assembly systems. Nonetheless, these ap-
proaches are limited in that standard similarity searches often fail to
identify novel subunits, aswell as certain small and divergent but phylo-
genetically conserved subunits. More sensitive similarity searches may
uncover putative homologs; however, in the absence of supporting bio-
chemical evidence, these assignments must be treated with caution.
Conversely, proteomic analyses of isolated ETC complexes and whole
mitochondria or submitochondrial fractions, in conjunction with sensi-
tive and targeted bioinformatic analyses, greatly increases our confi-
dence in homology assignments inferred for divergent subunits. In our
comprehensive characterization of the A. castellanii ETC, the first for a
member of the eukaryotic supergroup Amoebozoa, this combined
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proteomic and bioinformatic approach has allowed us to identify most
of the phylogenetically conserved ETC subunits and assembly factors,
providing evidence for a relatively conservative composition. Neverthe-
less, ETC complex isolation in conjunction with proteomic analysis and
coupled with profile-based similarity searches, allowed us to identify
several novel and conserved ETC subunits that would not have been
confidently identified otherwise, including MWFE and ASHI of CI,
Qcr10 of CIII, Cox7a of CIV, alongwith subunits d, g and i/j of CV. Our re-
sults emphasize the importance of biochemical enrichments in
unraveling protist mitochondrial evolution, as the candidate status of a
bioinformatically identified homolog of divergent ETC subunits is greatly
strengthened by the detection of that protein in the cognate ETC
complex.

BN-PAGE and/or proteomic analyses can provide other valuable in-
formation about ETC complexes. With respect to ultrastructure, our
BN-PAGE analyses indicate that the majority of enzymatically active CV
likely exists as a stable dimer or multimer, similar to CV in chlorophyte
algae and certain other protists. Additional biochemical examinations
of CV dimerization in A. castellanii, and comparisons to stable dimeric
ATP synthases from other organisms, may yield further insights into
the mechanisms and role of CV dimerization in general.

Finally, our proteomic analyses have provided evidence supporting
unusual primary protein structures inferred from the corresponding
gene sequences. For instance, we have identified peptides from a long
C-terminal extension on the otherwise highly conserved β and OSCP
subunits of CV and ‘insert’ sequences from Cox2, demonstrating that
these unusual features persist in themature protein products. Likewise,
our data confirm that Cox1 and Cox2 exist as separate protein species in
A. castellaniimitochondria, even though the two proteins are expressed
from a single continuous ORF in A. castellaniimtDNA.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.06.005.
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