Wojtkowska et al. BMC Genomics (2017) 18:997
DOI 10.1186/512864-017-4383-1

BMC Genomics

The emerging picture of the mitochondrial @
protein import complexes of Amoebozoa

supergroup

Matgorzata Wojtkowska' @, Dorota Buczek'?, Yutaka Suzuki®, Victoria Shabardina?, Wojciech Makatowski?

and Hanna Kmita'

Abstract

Background: The existence of mitochondria-related organelles (MROs) is proposed for eukaryotic organisms. The
Amoebozoa includes some organisms that are known to have mitosomes but also organisms that have aerobic
mitochondria. However, the mitochondrial protein apparatus of this supergroup remains largely unsampled, except
for the mitochondrial outer membrane import complexes studied recently. Therefore, in this study we investigated
the mitochondrial inner membrane and intermembrane space complexes, using the available genome and

transcriptome sequences.

Results: When compared with the canonical cognate complexes described for the yeast Saccharomyces cerevisiae,
amoebozoans with aerobic mitochondria, display lower differences in the number of subunits predicted for these
complexes than the mitochondrial outer membrane complexes, although the predicted subunits appear to display
different levels of diversity in regard to phylogenetic position and isoform numbers. For the putative mitosome-bearing
amoebozoans, the number of predicted subunits suggests the complex elimination distinctly more pronounced than

in the case of the outer membrane ones.

Conclusion: The results concern the problem of mitochondrial and mitosome protein import machinery structural
variability and the reduction of their complexity within the currently defined supergroup of Amoebozoa. This results
are crucial for better understanding of the Amoebozoa taxa of both biomedical and evolutionary importance.

Keywords: Amoebozoa, Mitochondria, Mitosomes, Protein import, TIM22 complex, TIM23 complex, small Tims, MIA

complex, PAM complex, OXA complex

Background

Currently, the division of eukaryotic organisms consists of
six large supergroups, namely Chromalveolata, Excavata,
Archaeplastida, Rhizaria, Amoebozoa, and Opisthokonta
[1, 2]. As summarized in Fig. 1, the Amoebozoa, regarded
as a sister clade to the Opisthokonta which involves
animals and fungi, include some organisms that are
known to have mitosomes, such as Entamoeba histolytica,
an intestinal pathogen of humans [3, 4], but also organ-
isms that have aerobic mitochondria, such as the slime
mold Dictyostelium discoideum, a free-living organism
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that inhabits soil and compost [5], as well as the amoeba
Acanthamoeba castellanii, a soil free-living amoeba also
known as a facultative human parasite [6]. The organisms
represent different subclades and subdivisions of the
Amoebozoa [1]. A. castellanii represents the Lobosa,
whereas D. discoideum and E. histolytica belong to the
Conosa and are included in the Mycetozoa and Archa-
moebae, respectively (Fig. 1). Thus, the Amoebozoa
encompass taxa of both biomedical and evolutionary
importance, yet their genomic and transcriptomic diver-
sity remains largely unsampled. The same applies to the
mitochondrial protein import complexes. Accordingly, the
data concerning the subunit organization of the mito-
chondrial protein import complexes for members of the

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-017-4383-1&domain=pdf
http://orcid.org/0000-0001-8526-1362
mailto:woytek@amu.edu.pl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Wojtkowska et al. BMC Genomics (2017) 18:997

Page 2 of 14

Opisthokonta

Fungi
Animals

Amoebozoa

Breviata
Archamoebae

E.dispar
E.nuttali CONOSa

Mycetozoa
D.discoideum

D.fasciculatum
D.purpureum

Lobosa
A. castellanii

Archaeplastida

Red algae

Fig. 1 Schematic representation of the phylogenetic position of the studied organisms in the eukaryotic tree. Based on [1, 2, 46]
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same supergroup classified into distinct subclades and
divisions are not well known.

Studies of the mitochondrial protein import machinery
have revealed that the machinery consists of complexes
located in all mitochondrial compartments and have
provided information about their organization, function,
and interplay. The most commonly used model organ-
ism in the studies is the yeast Saccharomyces cerevisiae.
Consequently, the S. cerevisiae protein import machin-
ery, schematically shown in Fig. 2, is defined as a canon
and applied as a reference model in studies of the ma-
chinery of other eukaryotic organisms, including plants
and animals [7-9]. The canon includes the presence of
at least three complexes in the outer membrane, four in
the inner membrane, and three in the intermembrane
space. The TOM (translocase of the outer membrane),
TOB/SAM (topogenesis of the mitochondrial outer
membrane P-barrel proteins/sorting and assembly ma-
chinery) and MIM (mitochondrial import machinery)
complexes are located in the outer membrane. The
TOM complex represents a general entry gate for most
proteins imported into mitochondria, whereas the TOB/
SAM complex and MIM complex enable the insertion
of B-barrel proteins and proteins containing one or more
transmembrane-spanning helices into the membrane,
respectively. The TIM22 (translocase of the inner mem-
brane 22), TIM23 (translocase of the inner membrane
23), PAM (presequence translocase-associated motor),
and OXA (oxidase assembly factor) complexes are
located in the inner membrane. The TIM22 and TIM23
complexes mediate the import of precursor proteins
with targeting signals located within their sequence and
at their N-terminus, respectively. The PAM complex
cooperates with the TIM23 complex to drive protein
translocation into matrix, whereas the OXA complex

participates in the insertion of proteins from the matrix
side into the inner membrane. The MIA (mitochondrial
intermembrane space assembly) complex as well as
small Tim chaperone-like protein complexes (small
Tims), i.e. Tim8-Tim13 and Tim9-Tim10-Timl2 com-
plexes, are located in the intermembrane space. The
MIA complex is responsible for the import of small
intermembrane space proteins with the multiple cysteine
residues due to the thiol-disulfide exchange, whereas
small Tims associate with the TOB/SAM and TIM22
complexes to protect precursor proteins from misfolding
in the intermembrane space.

Available data indicate that the subunit organization of
the complexes of animals and plants is more or less
similar to those depicted in Fig. 2 for S. cerevisiae (for
reviews, see e.g. [7, 9-11] although some new subunits
have recently been identified for animals e.g. [10] and
plants [11]. Nevertheless, in other eukaryotes, the differ-
ences are more pronounced. Consequently, the com-
monly occurring subunits of the TOM, TOB/SAM, and
TIM22 complexes are their channel-forming subunits,
Tom40, Sam50/Tob55, and Tim22, respectively, whereas
the common presence of Tim50, Tim17, and Tim23 is
reported for the TIM23 complex, Ervl for the MIA
complex, and Tim9 and Tim10 for the small Tim pro-
tein complexes [12, 13]. In the case of the MIM and
OXA complexes, data are still missing for this kind of
analysis. The data concerning the protein import ma-
chinery are also strongly limited in mitosome-carrying
organisms. As summarized by Heinz and Lithgow [12]
as well as by Makiuchi and Nozaki [13], they are avail-
able for Cryptosporidium parvum (Chromalveolata),
Encephalitozoon cuniculi (Opisthokonta), Giardia intes-
tinalis (Excavata), and E. histolytica (Amoebozoa). The
organisms carry Tom40 and Sam50/Tob55, although the
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Fig. 2 Schematic representation of the mitochondrial protein import complexes of Saccharomyces cerevisiae and their subunits shared with the
studied amoebozoans. The TOM complex contains a channel-forming subunit (Tom40), receptors for precursor proteins (Tom20 and Tom70), an
internal receptor, which also maintains the complex architecture (Tom22), and modulators of the complex assembly and stability (Tom5, Tomé,
and Tom?7). The TOB/SAM complex contains a channel-forming subunit (Tob55/Sam50), which cooperates with Sam35/Tob38 and Sam37/Mas37
in the recognition, transport, and integration of 3-barrel proteins into the membrane. The TIM22 complex is composed of a channel-forming
subunit (Tim22) and three modulators of the complex stability and activity, i.e. Tim18, Tim54, and Sdh3. The TIM23 complex consists of Tim50
(which functions as a receptor in the initial stages of precursor translocation), Tim23 and Tim17 (forming a channel within the complex), as well
as Tim21 and Mgr2 (suggested to play an important role in the cooperation with the respiratory chain) The absence of Mgr2 enables the TIM23
complex interaction with the PAM complex. The complex consists of mtHsp70, Tim44, and a group of co-chaperones and supporting proteins, i.e.
Pam16 (Tim16), Pam18 (Tim14), the nucleotide exchange factor Mge1, Pam17 and Tim15. The OXA complex is formed by Oxa1, which is thought
to cooperate with its paralog, Oxa2, serving as an auxiliary subunit. The MIA complex consists of two proteins, namely the oxidoreductase Mia40

and sulfhydryl oxidase Erv1. ¥, subunits found only for slime molds; **, a subunit found only for A. castellanii; AIF — apoptosis inducing factor

latter was not detected for G. intestinalis, and only two
receptor subunits of the TOM complex, Tom70 and
Tom60, were predicted for E. cuniculi and E. histolytica,
respectively. Moreover, C. parvum and E. cuniculi have
Tim17 and Tim23 (the TIM23 complex) as well as
Tim22 (the TIM22 complex), but it is difficult to distin-
guish the proteins at the level of their sequences. Other
subunits of the complexes, Tim50 (the TIM23 complex)
and Tim18 (the TIM22 complex), were found for C. par-
vum and E. cuniculi with the exception of G. intestinalis
Tim18. In the case of small Tims, only Tim8 and Tim13
seem to be expressed by C. parvum. As far as the PAM
complex subunits are concerned, mtHsp70 was found
for all the mentioned organisms, Mgel for C. parvum,
G. intestinalis, and E. histolytica, while Tim44 and
Pam16 were detected only for C. parvum.

Our previous study, based on searching of the avail-
able genome and transcriptome data concerning amoe-
bozoan subunits of the TOM and TOB/SAM complexes,
indicated that the complexes may display structural vari-
ability in the Amoebozoa lineage and their subunit num-
ber reduction, as compared with the corresponding
canonical complexes of S. cerevisiae [14]. Accordingly,

the predicted number of subunits of the TOM and
TOB/SAM complexes were different for A. castellanii,
and representatives of slime molds and entamoebas as
well as within the slime molds and entamoebas. Import-
antly, entamoebas are proposed to contain mitosomes
and E. dispar, and E. nuttalii are now recognized as sep-
arate species from the well-known pathogenic E. histoly-
tica and E. invadens, although their pathogenicity is still
a matter of debate [15-17]. To study the issue further,
we extended our research on the transcriptome and gen-
ome analysis of the complexes located in the inner
membrane and intermembrane space of the amoebozoan
mitochondria. As mentioned above, they include the
TIM22, TIM23, PAM, and OXA complexes located in
the inner membrane as well as the MIA complex and
the complexes of small Tim proteins forming Tim8-
Tim13, and Tim9-Tim10-Tim12 complexes, all located
in the intermembrane space. The predicted subunits in-
dicate that for amoebozoans with aerobic mitochondria,
organization variability of the complexes may be less
pronounced than in the case of the mitochondrial outer
membrane complexes. Nevertheless, the subunits pre-
dicted for the inner membrane and the intermembrane
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space complexes display different levels of diversity in
regard to phylogenetic position and some of them have
isoforms. Moreover, elimination of the complexes in the
putative mitosome-bearing amoebozoans is predicted to
be much more conspicuous than in the case of the outer
membrane complexes. The results appear to be import-
ant for discussion on the complex localization and func-
tions as well as their contribution to the protein import
and functions of mitochondrial membranes.

Methods
Species of amoebozoans
The studied organisms included Acanthamoeba castella-
nii (Lobosa; Discosea), Dictyostelium discoideum, D. pur-
pureum, D. fasciculatum, and Polysphondylium pallidum
(Conosa; Mycetozoa), as well as Entamoeba dispar and
E. nuttalli (Conosa; Archamoebae). Additional file 1:
Table S1 summarizes data concerning their genome and
transcriptome sequences.

Acanthamoeba castellanii strain Neff used in this study
was delivered from American type Culture Collection
(ATCC) with the number 30010.

Acanthamoeba castellanii cell culture and isolation of total
RNA

Cells of Acanthamoeba castellanii (strain Neff) were cul-
tured at 28 °C, in an axenic environment in the standard
medium described by Neff [18] with some modifications:
1.5% proteoso-peptone, 0.15% yeast extract, 30 mM
MgCl,, 30 mM FeSO,4, 27 mM CaCl,, 1.5% glucose,
2.5 mg/l vitamin B12, 1 mg/l vitamin B1, and 0.2 mg/l
vitamin H. Cells in the trophozoite stage were collected in
the intermediary phase after 48 h and next were frozen in
liquid nitrogen and homogenized in TRizol reagent (Invi-
trogen). Total RNA was isolated according to the manu-
facturer’s instructions (Invitrogen). DNase I was added to
eliminate remaining genomic DNA. The absence of DNA
was confirmed by PCR and agarose gel electrophoresis.

Acanthamoeba castellanii cDNA preparation, sequencing,
and transcriptome assembly

c¢DNA was prepared using an mRNA-Seq Sample prep-
aration Kit (Illumina), according to the manufacturer’s
instructions. Sequencing of the cDNA, i.e. mRNA-Seq of
A. castellanii was performed on the HiSeq 2000
platform (Illumina) with 36-bp single-end reads.
AC_RNASeq data are available in DDBJ database; the
accession number DRA006231 (BioSample number
SAMDO00097225). The obtained raw reads were sub-
jected to quality control analysis. After removal of poor-
quality sequences, short reads were assembled using
Trinity RNA-Seq [19] with -SS_lib_type F (AC_RNASeq)
and min_contig_length 300.
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Prediction of proteins

To find the best annotated amino acid sequences for
subunits of the TIM22, TIM23, PAM, OXA, small Tims
and MIA complexes, keyword searches against the NCBI
(http://www.ncbi.nlm.nih.gov/) and Pfam (http://pfam.-
sanger.ac.uk) databases were performed. First, sets of
well-known sequences from different species represent-
ing various eukaryotic lineages including subunits identi-
fied for S. cerevisiae as well as detected specifically for
plant or animal mitochondrial protein import complexes
(Additional file 1: Table S2) were used as queries in
tBLASTn searches [20] against the transcriptome of A.
castellanii with variable e-values (from 107> to 1). For
the proteins that were not predicted by tBLASTn, a
HMMER search based on Hidden Markov Model was
performed [21]. In the case of multiple-protein hits, se-
quences giving the highest coverage of transcripts were
selected. To translate the transcripts into protein se-
quences, the ExPASY server was used [22]. The amino
acid sequences of putative proteins were subjected to a
BLASTp [20] search in order to compare the sequences
with available protein datasets of A. castellanii [6]. To
find previously un-annotated proteins, a tBLASTn
search against the available genome of A. castellanii was
performed.

Subsequently, proteins predicted for A. castellanii
were used in a tBLASTn search against the protein data-
sets of Dictyostelium purpureum, D. discoideum, D. fas-
ciculatum,  Polysphondylium  pallidum, Entamoeba
dispar, and Entamoeba nuttalli (Additional file 1: Table
S1). For the proteins that were not predicted by the ana-
lysis, the tBLASTn algorithm was used against the avail-
able genomes of D. discoideum, D. purpureum, D.
fasciculatum, P. pallidum, E. dispar, and E. nuttalii.
Finally, reference sequences from various eukaryotic lin-
eages (Additional file 1: Table S2) were used to predict
proteins not found by the previously applied methods.

Phylogenetic inference

Protein sequences were aligned using CLUSTAL W [23]
and phylogenetic trees were inferred using the
Neighbor-Joining method [24] with the amino acid sub-
stitution model using Poisson correction as implemented
in MEGA (version 7) software [25, 26]. The data were
bootstrapped by 1000 replicates [27].

Results

We investigated the presence of genes encoding subunits
of the mitochondrial protein import complexes located
in the intermembrane space and inner membrane using
available genome and transcriptome sequences. As sum-
marized in Table S1 (Additional file 1), among the stud-
ied amoebozoans the transcriptome data are not
available for the slime mold Dictyostelium fasciculatum
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and both the entamoebas, i.e. Entamoeba nuttalli and
Entamoeba dispar. Moreover, in the case of the amoeba
Acathamoeba castellanii we applied two transcriptome
datasets, one already available at GenBank [6] and the
second (AC_RNAseq) assembled by us (see Methods).
The reason is that we noticed some differences between
the transcriptome datasets reflected in amino acid se-
quences of proteins predicted for the mitochondrial
outer membrane [14]. The involvement of transcriptome
data supplies more information regarding gene isoforms
and gene structure giving more opportunity in predic-
tion process of examined genes.

Subunits predicted for A. castellanii

The application of the available GenBank and AC_RNA-
Seq enabled prediction of 17 A. castellanii possible sub-
units of mitochondrial protein import complexes located
in the intermembrane space and the inner membrane
(Table 1; for the complex organization see Fig. 2). Im-
portantly, four of the subunits appeared to have isoforms
(Tim9, Tim10, Pam16, and Pam18). All the predicted
proteins displayed a high level of amino acid sequence
identity to the GenBank data but also some differences
were observed when AC_RNASeq was taken into ac-
count. The differences are shown in Additional file 1:
Figures S1 and S2.

The amino acid sequences predicted for Tim21,
Tim44, Ervl and Oxal have been already specifically an-
notated so the existing accession numbers were added to
Table 1. The sequences predicted for Tim9C, Tim10A,
Sdh3, Timl17, Tim23, Timl5 and Pam18A have been
named specifically (Table 1, underlined letters; Tim15 is
under the process of annotation). To check the accuracy
of the predicted A. castellanii Tim9 and Tim10 isoforms
the phylogenetic analysis was performed (Fig. 3a). In the
obtained phylogenetic tree, two clusters representing
Tim9 and Tim10 families can be easily distinguished.
Although bootstrap values were not very high for the in-
ternal branches within two clusters, they were separated
by the middle branch, which was supported by the boot-
strap value of 98%. Thus, the isoforms were predicted
properly and they appeared to be orthologs. Accordingly,
to estimate amino acid similarity between A. castellanii
isoforms of Pam16 and Pam18 and their phylogenetic
relationships, phylogenetic trees were built (Fig. 3b—c).
The obtained results indicated that the slime mold
clades of Pam16 and Pam18 grouped with A. castellanii
clades of these proteins. Thus the A. castellanii proteins
appeared to be orthologs.

For the rest of the predicted proteins some differences
were observed between AC_RNAseq and the GenBank
data (Additional file 1: Figure S1). Consequently, we
proposed some corrections of sequences predicted for
Tim9A, Timl0B, Tim22, Tim50, Mgr2, Paml6A,
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Pam16B, and mtHsp70. In the case of the predicted
Tim9A, the protein already stored in the GenBank
(XP_004340603) was mis-annotated, as it contained only
part of the functional domain of Tim9 proteins, and was
fused with EF-hand Ca**-binding domain that was
removed from the corrected Tim9A version. The pre-
dicted Tim10B, Tim22, and Pam16A were longer than
cognate annotated proteins (XP_004336134, AAT66174
and XP_004335678, respectively), whereas Tim50 and
Mgr2 were longer than hypothetical proteins
(XP_004344840 and XP_004333275, respectively). The
protein XP_004368030.1 appeared to be encoded by an
erroneously fused gene that was eliminated from the
corrected Pam16B version. In the case of predicted
mtHsp70, the correction concerned two amino acid sub-
stitutions at the C-terminus, namely alanine to serine
and leucyne to methionine. Finally, the genes encoding
Tim9B, Paml8B, and Mgel were not present in the
GenBank data but were supported by hits found in
tBLASTn alignment against AC_RNASeq (Additional
file 1: Figure S2).

Summing up, as can be concluded from data shown in
Table 1, organization of the A. castellanii TIM23 and
PAM complexes may be identical to cognate complexes
of S. cerevisiaze whereas in the case of small Tims,
TIM22, OXA and MIA complexes some subunits de-
scribed for cognate S. cerevisiae complexes appear not
to be present.

Subunits predicted for slime molds

Altogether 18 subunits were predicted for the intermem-
brane space and inner membrane import complexes
(Fig. 2) of the studied slime molds, i.e. D. discoideum, D.
fasciculatum, D. purpureum and Polysphondylium palli-
dum (Table 1). Most of the proteins were identical to se-
quences stored in the GenBank as specifically annotated
or hypothetical proteins (the latters are marked as
underlined letters in Table 1). The isoforms were pre-
dicted only for Oxal. To check their accuracy phylogen-
etic analysis was performed and the obtained
phylogenetic tree supported the notion that the slime
mold OxalA and OxalB were paralogs (Fig. 3d). More-
over, for A. castellanii Oxal a higher similarity to the
slime mold OxalB was observed. The only correction
concerned P. pallidum Tim9, detected by the genome
data analysis. The sequence turned out to be a part of a
sequence stored in the GenBank under accession num-
ber EFA81367 (Additional file 1: Figure S1B).

Summing up, it appears that organization of the slime
mold TIM23, PAM and MIA complexes may be identi-
cal to cognate complexes of S. cerevisiae whereas in the
case of small Tims, TIM22 and OXA complexes some
subunits are probably not present. Interestingly, with
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Fig. 3 Phylogenetic relationships of the isoforms predicted for Tim9, Tim10, Pam16, Pam18 and Oxal, based on unrooted phylogenetic trees
constructed using the Neighbor-Joining method. The data were bootstrapped by 1000 replicates. All figures show unrooted trees. a Tim9
andTim10; b Pam16; ¢ Pam18; d Oxal. Ac — Acanthamoeba castellanii; Dd - Dictyostelium discoideum; Dp — D. purpureum; Df - D. fasciculatum; Pp
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exception of Mia40, the missing subunits are the same
as for A. castellanii.

Subunits predicted for entamoebas

The only subunit predicted for E. dispar and E. nuttalli
was mtHsp70. The proteins have been already annotated
(Table 1).

Phylogenetic position of the predicted proteins

To assess the phylogenetic position of the predicted pro-
teins we estimated the similarity of their amino acid
sequences to cognate subunits (Table 2). The predicted
subunits displayed mostly the highest similarity to cog-
nate proteins of Opisthokonta (fungi and animals)
although the highest similarity to Archaeplastida
(plants), Chromalveolata, and Excavata proteins was also

observed in some cases. The least diverse in terms of
similarity to reference proteins was the MIA complex, as
the predicted subunits displayed the highest similarity to
Opisthokonta proteins (animals and fungi) with the
exception of D. fasciculatum Miad0 (Archaeplastida,
plants). The prevailing similarity of the predicted sub-
units to Opisthokonta proteins (animals and fungi) was
also observed for TIM23 complex subunits as the simi-
larity to Archaeplastida proteins was only observed for
the predicted A. castellanii Tim23 and P. pallidum
Tim21. In the case of TIM22 complex as well as Tim9
and Tim10 proteins, the majority of the predicted pro-
teins also displayed the highest similarity to the cognate
Opisthokonta proteins (animals and fungi). However, the
highest similarity to Chromalveolata cognate proteins
was observed for the predicted D. fasciculatum Sdh3 as
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well as A. castellanii Tim9C and the slime mold Tim9
with exception of P. pallidum Tim9, which appeared to
be the most similar to the Archaeplastida cognate
proteins.

In the case of the predicted subunits of the PAM com-
plex and OXA complex, the phylogenetic origin of pro-
teins regarded as the best match appeared to be more
variable. For the PAM complex subunits the similarity
concerned the cognate proteins of Opisthokonta (fungi
and animals), Archaeplastida, Chromalveolata and
Excavata. In the case of the predicted Pam16, the highest
similarity was observed for Opisthokonta (fungi) pro-
teins (A. castellanii both isoforms) and Archaeplastida
proteins (slime molds). For the predicted Pam18, the
highest similarity was observed for Archaeplastida and
Opisthokonta (animals) cognate proteins (A. castellanii
Pam18A and Paml8B, respectively) whereas the slime
mold Pam18 predicted proteins displayed the highest
similarity to Opisthokonta (animals) cognate proteins
with exception of D. fasciculatum (Archaeplastida). The
predicted Tim44 proteins were the most similar to
Opisthokonta (fungi) protein (A. castellanii) and
Opisthokonta (animal) cognate proteins (all slime
molds). Interestingly, all the predicted mtHsp70 proteins
displayed the highest similarity to Chromalveolata cog-
nate proteins, with the exception of D. fasciculatum, for
which the predicted mtHsp70 appeared to be the most
similar to an Opisthokonta (animal) protein. The pre-
dicted Mgel appeared to be the most divergent in regard
to phylogenetic relationships, as we observed the best
match for Opisthokonta (fungi, animal) proteins (slime
molds: D. discoideum, P. pallidum, and D. fasciculatum,
respectively), Chromalveolata proteins (A. castellanii),
and Excavata (D. purpureum). The same applies to the
slime mold predicted OxalB isoform that appeared to be
a homolog of the predicted A. castellanii Oxal (Fig. 3d).
The latter was the most similar to an Archaeplastida
(plants) cognate protein but the slime mold predicted
OxalB was the most similar to the cognate proteins of
Bacteriaceae, Rhizaria, Archaeplastida (plants), and
Opisthokonta (animals), depending on the studied species.
However, the second predicted slime mold Oxal isoform;
i.e. OxalA displayed the highest similarity to the Opistho-
konta (fungi and animals) and Archaeplastida proteins.

Summing up, the phylogenetic position of the pre-
dicted subunits indicated a comparable level of diversity
between A. castellanii and the slime molds as well as be-
tween the slime molds themselves. In the latter, the dif-
ferences concerning the best match were the most
pronounced for D. fasciculatum. However, this observa-
tion could not be verified by the involvement of the
transcriptome dataset into analysis. Moreover, the ob-
tained results revealed a higher level of diversity in the
case of the PAM and OXA complexes. Nevertheless, the
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predicted subunits were mostly similar in their amino
acid sequences to the cognate proteins of Opisthokonta
(fungi and animals).

Discussion

The differences in the subunit organization of the mito-
chondrial protein import complexes have been mainly
reported for members of different phylogenetic lineages,
while for members of the same clade the issue is poorly
studied. Thus, the data are missing to address the evolu-
tionary aspects of the mitochondrial protein import
machinery. As mentioned in the Introduction, the
Amoebozoa includes taxa of both biomedical and evolu-
tionary importance. We have recently shown compre-
hensive analyses of the mitochondrial outer membrane
import complexes, ie. the TOM and TOB/SAM com-
plexes, of members of this supergroup, based on search-
ing of the available genome and transcriptome data [14],
but the mitochondrial protein import machinery located
in the inner membrane and intermembrane have not
been addressed.

Accordingly, the PubMed data searching for the
Amoebozoa protein import complexes located in these
mitochondrial compartments presents only results of a
hidden Markov-model-based analysis performed for the
D. discoideum and E. histolytica Tim9-Tim10-Tim12,
TIM22, TIM23, and PAM complexes [12, 13, 28]. They
predict the presence of the following subunits of the
complexes for D. discoideum: Tim22 and undefined
small Tim proteins (the TIM22 and Tim9-10-12 com-
plexes), Tim17, Tim21, and Tim23 (the TIM23 complex)
as well as Pam16, Pam18, and mtHsp70 (the PAM com-
plex), whereas in E. histolytica, only mtHsp70 and a pos-
sible homolog of Mgel have been predicted. Moreover,
AIF was identified for D. discoideum [29]. Thus, we
performed the analysis of genome and transcriptome
sequences available for different amoebozoans to obtain
a more coherent picture. The analysis includes the
Tim9-Tim10-Tim12, TIM22, TIM23, PAM, MIA, and
OXA complexes (Fig. 2) of organisms representing
different subclades and subdivisions of the Amoebozoa
(Fig. 1). In general, all the predicted subunits are
conserved between S. cerevisiae and the studied
amoebozoans.

For E. dispar and E. nuttalli only one subunit of all
the studied complexes was predicted, namely mtHsp70,
a member of the PAM complex. It is assumed that all
Entamoeba species have mitosomes, although convin-
cing data are still missing (Graham Clark, personal com-
munication). Similarly, in contrast to the well-known
pathogenic E. histolytica and E. invadens, the pathogen-
icity of E. dispar and E. nuttalli is still a matter of debate
[15-17]. Nevertheless, it cannot be concluded that the
predicted extreme reduction of the protein import
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apparatus of the mitochondrial inner membrane and the
intermembrane space is a marker of a parasitic lifestyle,
as parasitic protists are known to express Tim and Pam
proteins [4, 13]. On the other hand, for the studied ent-
amoebas the reduction of the protein import complexes
in the inner membrane and intermembrane space seems
to be much more pronounced than that of the outer
membrane ones, where at least channel-forming sub-
units are predicted to be present [14]. Accordingly,
Tom40 and Tob55/Sam50 as well as Mgel and mtHsp70
were detected for E. histolytica [13]. However, for other
mitosome possessing organisms the higher numbers of
the import complex subunits have been predicted,
namely Tom55/Sam50, Tom70, Tim17, Tim21, Tim23,
Tim22 for Encephalitozoon cuniculi and Tom40, Pam16,
Pam18, mtHsp70, Mgel for Giardia lamblia [13]. Thus,
the reduction of the protein import complexes appears
to be an indicative feature of mitosomes but it seems
that the level of the reduction is multifarious. It should
also be remembered that mitosomes may contain pro-
teins that are too divergent to be homologs of known
import complex subunits, and consequently cannot be
found using only bioinformatic tools [30]. For example,
the presence of a novel mitosome outer membrane (-
barrel protein and other two inner membrane proteins
of unknown function has been shown to be unique to E.
histolytica mitosomes [4, 17]. These proteins do not
display similarity to canonical import complex subunits.
Moreover, the -barrel protein named MBOMP30 repre-
sents seventh MBOMP subclass lacking any recognizable
sequence similarity to any of the six previously identified
ones. On the other hand the lack of the transcriptome
datasets of E. dispar and E. nuttalli may impact the pos-
sibility of protein prediction.

For A. castellanii and the slime molds, the
organization of the studied complexes is very similar
with exception of the MIA complex (Table 1). Moreover,
the predicted organization appears to be quite similar to
the canonical one described for S. cerevisiae (Fig. 2),
Thus it appears that also in these amoebozoan mito-
chondria the diversity of the inner membrane and the
intermembrane space import complexes is less pro-
nounced than in the case of the outer membrane ones
[31]. Accordingly, the encoding genes of the slime molds
contain similar numbers of predicted exons, being not
distinctly different from the numbers predicted for A.
castellanii putative genes, with the exception of genes
encoding Tim50, Mgr2, Tim44, mtHsp70, and Ervl
(Additional file 1: Table S3).

However, a distinct difference is apparent when the
predicted subunits of the A. castellanii and slime mold
Tim9-Tim10-Tim12, PAM, and OXA complexes are
compared. Namely, the predicted A. castellanii Tim9,
Tim10, Pam16, and Pam18 and the slime mold Oxal
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appear to have isoforms encoded by separate genes.
Interestingly, searching of available databases indicates
the presence of Tim9, Tim10, and Pam protein isoforms
in mitochondria of other organisms, mainly animals and
humans [7, 9]. Isoforms were also found for human
Tim17 [32] and Tim8 [33-35]. In the case of the OXA
complex, two genes encoding Oxal and Oxa2 have been
reported for Opisthokonta (animals and fungi) and more
than two for Archaeplastida (plants) [36]. On the other
hand, members of the Excavata seem to have isoforms of
Oxa2, while Oxal is not present, whereas only one gene
encoding Oxa protein and a lack of the protein isoforms
have been shown for Chromalveolata [7, 36, 37]. Thus
the diversity of the OXA complex organization is still to
be explained. Accordingly, the precise roles of the para-
logs, including Oxal and Oxa2, have yet to be clarified
[7]. The difference concerning the presence of small
Tims, Pam16, Pam18, and Oxal isoforms between the
studied amoebozoans constitutes an interesting observa-
tion from the point of view of the supergroup phylogeny,
as the Amoebozoa are regarded as a sister clade to the
Opisthokonta [1, 2]. While the putative expression of
the A. castellanii Tim9, Timl0, Paml6, and Paml8
isoforms resembles Opisthokonta cognate proteins, the
possible presence of the slime mold Oxal isoforms is
much more difficult to explain. Nevertheless, the differ-
ences may reflect the evolutionary history of the sub-
clade formation.

As mentioned above, the difference is also observed
for the MIA complex as only Ervl protein is predicted
for the A. castellanii MIA complex, whereas Ervl,
Mia40 and AIF are predicted for all the studied slime
molds. Interestingly, as in the case of plant and mamma-
lian but not S. cerevisiaze mitochondria [38], the pre-
dicted slime mold Mia40 appears to be a soluble protein
(not shown). Therefore, one can suggest that AIF can
serve as Mia40 receptor not only in mammalian mito-
chondria [39-41]. On the other hand, the apparent
absence of Mia40 regarded as an essential protein (e.g.
[38]) in some eukaryotes has also been reported. For
example, the protein does not seem to be present in
brown algae [31] and parasitic protists, such as Plasmo-
dium falciparum, Leishmania tarentolae, and Trypano-
soma cruzi [42]. Accordingly, A. castellanii is the only
proven parasite among the studied amoebozoans, de-
fined as an opportunistic pathogen responsible for
amoebic keratitis and granulomatous amoebic encephal-
itis in humans [43, 44]. Yet, the conclusions in regard to
the correlation between the lack of Mia40 and pathogen-
icity are at present unjustified. Importantly, the presence
of small Tim proteins which undergo oxidative folding,
indicate that an oxidative folding machinery exists in A.
castellanii mitochondria [45]. It suggests that other
protein(s) can replace the subunit. Accordingly, for the
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Trypanosoma brucei TOM complex, novel receptors
with no homology to known TOM import proteins i.e.
ATOM46 and ATOMG69, have been identified [46]. Inter-
estingly, these proteins were also found in all kinetoplas-
tids (including the non-pathogenic ones), showing that
the expression of the unique proteins is not an adapta-
tion to the parasitic lifestyle of 7. brucei [47].

Interestingly, amino acids sequence comparison (Table
2) indicates that the predicted subunits of the studied
complexes display different levels of amino-acid se-
quence conservation. The lowest diversity is observed
for subunits predicted for the TIM23 and MIA com-
plexes whereas the highest diversity occurs for subunits
predicted for the OXA complex, particularly in the case
of the slime mold OxalB isoform that appears to be a
homolog of A. castellanii Oxal. The differences are not
reflected in the encoding gene intron-exon structures
(Additional file 1: Table S3), as it has been observed for
the outer membrane complexes that excludes different
regulation of protein expression at the level of splicing
known to support an adaptation to a given lifestyle [14].
Nevertheless, it can be suggested that the different levels
of amino acid sequence variability observed for subunits
predicted for the inner membrane and intermembrane
space import complexes and the outer membrane
import complexes may result from natural selection, as
the proteins appear to control efficiently organelle bio-
genesis and function, including both membranes.
Accordingly, as it is speculated that differences in amino
acid sequences observed between members of different
supergroups reflect the early diversification of eukaryotes
[47], it can be proposed that within a given supergroup,
the variability may reflect emergence of species within
its branches.

Conclusions

Here we present results of a comprehensive bioinfor-
matic analysis of the protein import complexes located
in the mitochondrial inner membrane (the TIM22,
TIM23, PAM, and OXA complexes) and intermembrane
space (the Tim9-Tim10-Tim12 and MIA complexes) of
selected species of the Amoebozoa. This analysis was
based on searching of the available genome and tran-
scriptome sequences. Our results indicate that in A. cas-
tellanii and slime molds, the complex organization
appears to be quite similar to the canonical ones
described for S. cerevisiae. However, distinct differences
are observed in amino acid sequences of some of the
predicted proteins and in the numbers of some of the
protein isoforms. Moreover, the performed analysis for
entamoebas, i.e. E. dispar and E. nuttalli, indicates the
absence of any subunit of all the studied complexes
except mtHsp70 (the PAM complex), and that further
supports the suggestion that all entamoebas have
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mitosomes. Importantly, the reduction of the protein
import apparatus of entamoebas is much more pro-
nounced than in the case of the outer membrane. It
seems to be a rule for entamoebas, including E. histoly-
tica, but not for all organisms possessing mitosomes.
This constitutes an interesting issue from the evolution-
ary and biomedical perspective, as it addresses the prob-
lem of mitochondrial and/or mitosome protein import
machinery variability within the currently defined
supergroup of eukaryotes. On the other hand, it is
becoming clear that the knowledge of mitochondrial
protein import of model organisms cannot be generally
transferred to all other eukaryotes.

Additional files

Additional file 1: Table S1. Availability of the genome and
transcriptome data of the studied amoebozoans: Acanthamoeba
castellanii (Ac) [6], Dictyostelium discoideum (Dd) [48], Dictyostelium
fasciculatum (Df) [49], Dictyostelium purpureum (Dp) [50] Polysphondylium
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