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Abstract

Many highly specialised parasites have adapted to their environments by simplifying different aspects of their morphology or bio-
chemistry. One interesting case is the mitochondrion, which has been subject to strong reductive evolution in parallel in several different
parasitic groups. In extreme cases, mitochondria have degenerated so much in physical size and functional complexity that they were not
immediately recognised as mitochondria, and are now referred to as ‘cryptic’. Cryptic mitochondrion-derived organelles can be classified
as either hydrogenosomes or mitosomes. In nearly all cases they lack a genome and all organellar proteins are nucleus-encoded and
expressed in the cytosol. The same is true for the majority of proteins in canonical mitochondria, where the proteins are directed to
the organelle by specific targeting sequences (transit peptides) that are recognised by translocases in the mitochondrial membrane. In
this review, we compare targeting sequences of different parasitic systems with highly reduced mitochondria and give an overview of
how the import machinery has been modified in hydrogenosomes and mitosomes.
� 2006 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mitochondria are double-membrane bounded organ-
elles that originated through the endosymbiosis of an a-
proteobacterium in the last common ancestor of all known
eukaryotes (Fig. 1) (Gray et al., 1999). One of the critical
steps in this integration process was the movement of
genetic information from the endosymbiont to the host cell
nucleus. To ensure the proto-mitochondrion retained all
the proteins required for its maintenance, this movement
of genes required a complementary system to ensure the
endosymbiont-derived proteins now translated on cytosolic
ribosomes were correctly identified and re-imported into
the evolving organelle. This involved the evolution of mito-
chondrial targeting sequences in these proteins and the
assembly of a protein import machinery in the membranes
of the endosymbiont.
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Ultimately mitochondria have become involved in many
important cellular processes: they are best known for their
role in Krebs cycle, electron transport and oxidative phosp-
orylation, but they are also involved in maturation of iron–
sulphur (Fe–S) proteins, urea cycle, heme biosynthesis,
metabolism of fatty-acid and certain amino acids, and pro-
grammed cell death (Reichert and Neupert, 2004). There is
great diversity in mitochondrial metabolism and it proba-
bly varies from species to species, so it is difficult to call
one mitochondrion ‘normal’ and another ‘strange’, but
for simplicity we will refer to mitochondria involved in aer-
obic metabolism ‘canonical’. This is useful because in many
lineages of anaerobic or microaerophilic eukaryotes, pre-
dominantly parasites, mitochondria have lost oxidative
phosphorylation and associated activities and have been
reduced and remodelled structurally and functionally to
such an extent that they became cryptic, or difficult to
recognise as mitochondria. Indeed, several such lineages
were for some time thought to be primitively amitochond-
riate (Cavalier-Smith, 1987). It is now clear that all
‘amitochondriate’ eukaryotes actually evolved after the
y Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic representation of the endosymbiotic origin of mitochondria. An ancestor of all extant eukaryotes engulfed an a-proteobacterium, which
was retained in the cytosol. Most of the endosymbiont genes were subsequently lost or transferred to the host nuclear genome. For these transfers to take
place without disrupting organelle function, a system had to be created to target specific proteins to the organelle using targeting sequences on those
proteins and an import machinery to recognise them, translocate the proteins, and sort them within the organelle. Increasing evidence indicates that
hydrogenosomes and mitosomes evolved multiple times, independently from mitochondria, and that they retain core components of this targeting system.
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endosymbiotic event and retain a relic organelle (Roger,
1999; Williams and Keeling, 2003; Van Der Giezen and
Tovar, 2005; Van Der Giezen et al., 2005). Among these
are some that are a conspicuous part of the cell and still
play an important role in energy generation, in particular
the hydrogenosomes, which are an adenosine 5’-triphos-
phate (ATP)- and hydrogen-generating organelle (Müller,
1993). Others are referred to as mitosomes and are small,
non-descript cryptic organelles that do not appear to play
a major role in the generation of ATP anymore (Katinka
et al., 2001; Abrahamsen et al., 2004; Xu et al., 2004).
Instead, the main function of mitosomes (and one role of
hydrogenosomes) seems to be Fe–S cluster assembly
(Tovar et al., 2003). Interestingly, although Fe–S cluster
assembly is not the first thing we typically associate with
mitochondria, it is the only essential process in yeast mito-
chondria and is conserved in all mitochondria and mito-
chondria-derived organelles observed to date (Lill and
Kispal, 2000), with the apparent exception of Entamoeba

histolytica where the enzymes are derived by a more recent
lateral gene transfer and are apparently cytosolic due to
their lack of targeting signals (Ali et al., 2004; Van Der
Giezen et al., 2004).

In canonical mitochondria, only a small genome is
retained, most proteins are encoded by the host nucleus
and are targeted to mitochondria by specific targeting
sequences that are recognised by a protein import machin-
ery. The targeting information resides in either N-terminal
extensions (presequences) or is contained internally in the
protein itself (Schatz and Dobberstein, 1996; Neupert,
1997; Pfanner and Geissler, 2001; Wattenberg and Lith-
gow, 2001; Rapaport, 2003). Presequences are a short
stretch of basic amino acids (Von Heijne et al., 1989) form-
ing an amphipathic a helix with one positively charged and
one hydrophobic side (Schatz and Dobberstein, 1996; Neu-
pert, 1997; Abe et al., 2000; Pfanner and Geissler, 2001).
They are recognised by the TOM (Translocase of the Outer
Membrane) complex and the TIM (Translocase of the
Inner Membrane) 23 complex before being sorted to the
matrix, inner membrane or intermembrane space. Once
in the matrix, most presequences are removed by the mito-
chondrial processing peptidase (MPP) (Hawlitschek et al.,
1988; Arretz et al., 1994). On the other hand, proteins with
internal targeting signals are transported to the inner mem-
brane, intermembrane space or outer membrane. They are
not well defined and can be distributed throughout the
whole protein (Brix et al., 1999; Wiedemann et al., 2001).

The purpose of this review is to summarise recent find-
ings of the impact of reductive evolution on protein target-
ing and presequence processing systems in mitochondria of
parasites and in the mitochondria-derived organelles,
hydrogenosomes and mitosomes.

2. Protein targeting to mitochondria in parasites

One example of parasites where mitochondrial prese-
quences have been functionally characterised are kinetop-
lastids. They are a group of flagellate protists responsible
for serious human and animal diseases. Their single unusu-
al mitochondria is distinguished by the presence of a kine-
toplast, a DNA-containing granule composed of
maxicircles and minicircles, RNA editing and tRNA
import (Simpson et al., 1989; Hancock and Hajduk,
1990; Simpson, 1990; Borst, 1991; Mottram et al., 1991).
Many, but not all, trypanosomatid mitochondrion-target-
ed proteins include a small but predictable presequence
(Clayton et al., 1995), and targeting has been shown to
be both ATP- and membrane potential-dependent (Hauser
et al., 1996; Priest and Hajduk, 1996). Many other features
of the general matrix import pathway also seem to be con-
served as it has been shown that yeast mitochondrial alco-
hol dehydrogenase (ADHIII) and an artificial precursor
protein containing the nine-amino acid presequence of the
trypanosome dihydrolipoamide dehydrogenase fused to
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mouse dihydrofoleate reductase (LDH-DHFR), were
recognised and imported into mitochondria and processed
using in vitro systems of both Trypanosoma brucei and
Leishmania tarentolae (Hauser et al., 1996). Nonetheless,
some elements of the assembly pathway of the cytochrome
c reductase complex in trypanosomes are unconventional.
One subunit, the Rieske iron–sulfur protein (ISP), has a
17-residue presequence with characteristics predicted for a
mitochondrial targeting sequence that is processed in two
steps like its fungal homologue. In contrast to fungal ISP,
however, which is always first processed in the matrix by
MPP and then by the mitochondrial intermediate peptidase
(MIP), trypanosome ISP precursor is processed by metallo-
proteases that reside on opposite sides of the mitochondrial
membrane (Priest and Hajduk, 1996). Another subunit of
the cytochrome c reductase complex, cytochrome c1, which
has a long presequence in most eukaryotic organisms
(60–80 amino acids), has no presequence in T. brucei (Priest
et al., 1993). Priest et al. used crude mitochondria isolated
from T. brucei procyclic cells to further show that labeled
cytochrome c1 is imported in the absence of a membrane
potential and without matrix ATP hydrolysis, similar to
the non-conservative pathway described for the inner mem-
brane carrier proteins of other organisms. The C-terminus
region of this protein is predicted to form a transmembrane
domain and an amphipathic a-helix, which might direct the
insertion of cytochrome c1 into the inner mitochondrial
membrane. These observations indicate that the assembly
of the reductase complex in trypanosomes is different than
in other eukaryotes (Priest and Hajduk, 2003).

3. Protein targeting to hydrogenosomes

Hydrogenosomes are anaerobic, hydrogen-producing
organelles that are evolutionarily related to mitochondria
but are metabolically and structurally reduced in compari-
son. They have been identified in all parabasalia, certain
chytrid fungi, certain ciliates, and the heterolobosean Psal-

teriomonas (Embley et al., 2003; Boxma et al., 2005; Hack-
stein et al., 2006). Hydrogenosomes lack DNA, with the
exception of the ciliate Nyctotherus (Akhmanova et al.,
1998), so all proteins have to be imported into the double
membrane-bounded organelle. The targeting system has
attracted some attention due to the debate over the evolu-
tionary relationship between parabasalian hydrogeno-
somes and canonical mitochondrion. It has been
reasoned that demonstrating that their import machineries
are homologous would be strong evidence in favour of the
homology of the organelles, since the import machinery
would not likely have been inherited directly from the
endosymbiont and therefore is unlikely to have evolved
twice in the same way independently. Several studies have
confirmed import information used for targeting to the
matrix of hydrogenosomes is similar to that used in canon-
ical mitochondria (Bradley et al., 1997; Hausler et al., 1997;
Van Der Giezen et al., 1998). In the human parasite, Trich-

omonas vaginalis, short, conserved N-terminal presequenc-
es have been identified in 12 major hydrogenosomal
proteins and these were also found to be absent from the
mature proteins (Johnson et al., 1990, 1993; Lahti et al.,
1992; Lange et al., 1994; Hrdy and Muller, 1995a,b; Bui
et al., 1996). Bradley and colleagues developed an in vitro
import assay using radiolabeled precursor proteins and
purified hydrogenosomes to confirm that targeting to the
matrix depends on cleavable N-terminal presequences
and is temperature- and ATP-dependent. As in mitochon-
drial protein import, a membrane potential is essential
for import into hydrogenosomes (Bradley et al., 1997).

Targeting of a hydrogenosomal membrane protein was
first studied with a member of the mitochondrial carrier
family, called Hmp31 (Dyall et al., 2000). It was shown
that even though the protein contains a cleavable N-termi-
nal presequence, this sequence is not necessary for import,
but instead internal sequences are used for correct target-
ing. This is similar to targeting of other mitochondrial car-
riers (Pfanner et al., 1987; Smagula and Douglas, 1988).
Interestingly, these signals are recognised by the transloca-
tion machinery of yeast mitochondria in an in vitro assay
using the same import components as its homologue, the
mitochondrial ADP–ATP carrier (AAC). Targeting
sequences of mitochondrial AAC were also compatible
with import into hydrogenosomes. The conserved targeting
pathways to both matrix and membrane of hydrogeno-
somes and mitochondria therefore support the notion that
these two organelles share a common evolutionary origin
(Dyall et al., 2000; Embley et al., 2003).

Protein import into fungal hydrogenosome was original-
ly debated to be either mitochondrial-like (Van Der Giezen
et al., 1998) or peroxisomal-like (Marvin-Sikkema et al.,
1993). Subsequent studies have shown that all fungal
hydrogenosomal matrix proteins analysed thus far have
cleavable presequences similar to those found on canonical
mitochondrial proteins (Van Der Giezen et al., 2005). The
fungal Neocallimastix frontalis malic enzyme (ME), for
example, is targeted to the hydrogenosome via an N-termi-
nal targeting signal (Van Der Giezen et al., 1997) and is
imported into the mitochondria of the heterologous yeast
host Hansenula polymorpha (Van Der Giezen et al.,
1998). Moreover, the size of the N. frontalis Cpn60 protein
in cell extracts matched the expected size of a mature pro-
tein if the predicted presequence was processed (Van Der
Giezen et al., 2003). Lastly, the N. frontalis AAC has been
shown to complement a yeast mutant deficient in ATP
import, showing that it is correctly imported into mito-
chondria and therefore suggesting that the pathway for tar-
geting inner-membrane proteins is conserved between
fungal hydrogenosomes and mitochondria (Van Der
Giezen et al., 2002).

4. Protein targeting to mitosomes

At the furthest extreme on the spectrum of reduction are
the mitosomes. Mitosomes are typically small double mem-
brane-bound compartments with little or no additional
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structure, no known role in energy generation and a severe-
ly reduced complement of proteins. They have so far been
found in the archamoeba E. histolytica (Tovar et al., 1999),
the diplomonad Giardia intestinalis (Mai et al., 1999; Tovar
et al., 2003), the microsporidian Trachipleistophora hominis

(Williams et al., 2002) and are also suspected to be in close
relatives of these groups such as pelobionts or retortamo-
nads, as well as other ‘amitochondriate’ lineages like
oxymonads (Williams and Keeling, 2003).

The first gene sequences for mitosomal proteins were
found in the human intestinal parasite, E. histolytica (Clark
and Roger, 1995). These and others have been analysed for
targeting sequences, and N-terminal extensions with simi-
larity to mitochondrial presequences were found in the
enzyme pyridine nucleotide transhydrogenase (PNT), the
chaperonine Cpn60 and heat-shock protein Hsp70, (Clark
and Roger, 1995; Mai et al., 1999; Bakatselou et al., 2000).
The 15 amino acid N-terminal extension of Cpn60 was
directly shown to be important for mitosomal targeting
in vivo, and correct targeting after replacement with a try-
panosome mitochondrial presequence demonstrated a
functional conservation of mitochondrial protein import
between trypanosome mitochondria and E. histolytica

mitosomes (Tovar et al., 1999).
Another widespread human intestinal parasite is

G. intestinalis, where gene sequences for cpn60 identified
the likely presence of the organelle (Roger et al., 1998),
which was subsequently identified by localisation of specific
antibodies raised against IscS and IscU, two proteins
involved in iron–sulfur cluster biosynthesis (Tovar et al.,
2003). While sequence analysis suggested a putative prese-
quence in IscU (Tovar et al., 2003), the G. intestinalis IscS
lacks any recognizable mitochondrial targeting sequences
(Tachezy et al., 2001). The functionality of the putative
presequences from IscU and ferredoxin was eventually
confirmed by demonstrating that their import is dependent
on cleavable N-terminal domains. In contrast, IscS, Cpn60
and Hsp70 do not appear to require cleavable presequenc-
es, but instead seem to harbour multiple internal targeting
signals (Dolezal et al., 2005; Regoes et al., 2005).

Organellar delivery of IscU, ferredoxin and IscS was
also found to be conserved between G. intestinalis mito-
somes and T. vaginalis hydrogenosomes by overexpression
of G. intestinalis IscU and ferredoxin in T. vaginalis, which
showed that efficient targeting to the hydrogenosome is
dependent on their presequences (Dolezal et al., 2005). A
functional conservation of targeting presequences between
G. intestinalis mitosomes and mammalian mitochondria
could be demonstrated using a (1–18 amino acid) Ferre-
doxin-green fluorescent protein (GFP) fusion construct,
suggesting a common import pathway in these organelles
(Regoes et al., 2005).

Lastly, the processing of presequences in G. intestinalis

has been inferred by the presence of bands corresponding
in predicted molecular masses to precursor and mature
forms of G. intestinalis IscU and ferredoxin in Western
blots, and the presence of a b-MPP sequence in the G. intes-
tinalis genome (Dolezal et al., 2005; Regoes et al., 2005).
The likelihood that this b-MPP is responsible for cleavage
is further bolstered by the observation that cleavage of the
IscU presequence is EDTA-sensitive with purified rat MPP
and hydrogenosomal extracts, which are both consistent
with a presequence recognised by b-MPP (Dolezal et al.,
2005).

Targeting in microsporidian mitosomes represents
another variation derived from mitochondrial targeting,
but different from that of either hydrogenosomes or other
mitosomes. The first protein shown to be targeted was
Hsp70 from T. hominis, a gene without a recognizable pre-
sequence (Williams et al., 2002), and a number of putative-
ly targeted proteins have been found in other species, in
particular Encephalitozoon cuniculi and Antonospora locus-

tae (Germot et al., 1997; Hirt et al., 1997; Peyretaillade
et al., 1998; Williams and Keeling, 2005; Burri et al.,
2006). Sequence analysis of these genes predicted N-termi-
nal presequences for some of the putative mitosomal pro-
teins, but in a number of cases presequences are either
very reduced or absent altogether (Fast and Keeling,
2001; Katinka et al., 2001; Burri et al., 2006). Whether
putative microsporidian targeting signals from two species
of microsporidia are recognised by canonical mitochondria
was examined by expressing 12 A. locustae and four
E. cuniculi genes as GFP fusion proteins in yeast. Many
were not properly targeted but others, including represen-
tatives from both species, did target to yeast mitochondria
(Burri et al., 2006). Deletion mutants suggested that the
N-terminus is often necessary for correct targeting, but in
targeted proteins with short presequences such as A. locus-

tae ferredoxin and E. cuniculi IscU, additional internal
signals are required as well.

In contrast to G. intestinalis and T. vaginalis, where pro-
cessing of presequences has now been demonstrated to
occur in at least some proteins and MPP enzymes are
known (Dolezal et al., 2005), no MPP could be identified
in the fully sequenced genome of E. cuniculi (Katinka
et al., 2001). It is possible there is no processing and that
minimal targeting information might be tolerated and left
attached to mature proteins without influencing its func-
tion. The only microsporidian presequence processing that
could be found was with A. locustae mtG3PDH, which has
the longest predicted presequence of around 40 amino
acids. Western blots on purified A. locustae and E. cuniculi

spores showed an unprocessed and mature form for A. loc-
ustae mtG3PDH, whereas E. cuniculi mtG3PDH only
exists in the unprocessed form. This is an interesting excep-
tion because in yeast G3PDH (Gut2) is a substrate of an
alternative processing pathway involving the Inner Mem-
brane Peptidase (IMP) (Esser et al., 2004). Antonospora

locustae has been shown to encode a gene for an IMP-2
enzyme (Williams and Keeling, 2005) and when expressed
in yeast, the A. locustae mtG3PDH was further shown to
be a substrate of the IMP complex (Burri et al., 2006), like
its yeast homologue. This suggests that A. locustae retains
an operating IMP enzyme responsible for processing of
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mtG3PDH, while E. cuniculi has degenerated even more
and can do without either MPP or IMP complex (Burri
et al., 2006).
5. Discussion

In yeast, the mitochondrial protein import machinery
consists of a complex network of many proteins including
hetero-oligomeric membrane translocases, chaperones
and processing peptidases (Wiedemann et al., 2004). There
is no complete functional picture of the import system for
any cryptic mitochondrion yet, however bioinformatic
studies on the fully sequenced genomes of G. intestinalis

and E. cuniculi suggest that the mitosomal import machin-
ery may be greatly reduced, such that only nine different
components have been identified collectively in these two
systems so far (Fig. 2). In the E. cuniculi genome, only
two putative components of the TOM complex (Tom70
and Tom40) and one putative component of the TIM com-
plex (Tim22) have been identified (Katinka et al., 2001;
Burri et al., 2006), while in the G. intestinalis genome only
one outer membrane component (Tom40) and only one
inner membrane component (Tim14) have been found
(Dolezal et al., 2005, 2006). The mitochondrial chaperone
Hsp70 is found in T. vaginalis, G. intestinalis, E. histolytica,
and several microsporidia, and Cpn60 in T. vaginalis, G.
intestinalis and E. histolytica, but not E. cuniculi. Lastly,
processing peptidases identified to date are the
microsporidian IMP-2 (Williams and Keeling, 2005), and
the T. vaginalis and G. intestinalis matrix-located MPP
(Dolezal et al., 2005). There are certainly more components
to these systems than have been described, even from
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complete genomes, because many are small and probably
not highly conserved, and distantly related genes can be
difficult to annotate or identify, even using sensitive com-
parative tools. Direct methods of protein identification
such as mass spectrometry will likely be needed to give a
complete picture of the minimal set of proteins required
for the mitosomal import machinery.

With a conserved but reduced matrix-targeting path-
way, the main difference between presequences in many
parasites and those of yeast and mammalian cells is their
length. The majority of yeast and mammalian presequences
are between 20 and 80 amino acids (Hendrick et al., 1989),
but can be as short as seven to 12 amino acids when used in
artificial precursor proteins (Hurt et al., 1984; Verner and
Lemire, 1989). Hydrogenosomal presequences are present
in all genes identified so far. Fungal hydrogenosomal pre-
sequences range between 20 and 30 amino acids (Van
Der Giezen et al., 1997, 1998), while T. vaginalis prese-
quences are as short as 5–14 amino acids (Bradley et al.,
1997). They are similar in length to the mitochondrial pre-
sequences of kinetoplastids, which are sometimes excep-
tionally short, only between eight or nine amino acids,
but can be as long as 20 amino acids (Priest and Hajduk,
1992, 1995, 1996). Presequences responsible for targeting
to mitosomes are more variable. Some proteins retain rec-
ognizable presequences (e.g., the 21 amino acid E. histoly-

tica Hsp60 presequence or the �40 amino acid presequence
of the microsporidian mtG3PDH), but many other pro-
teins seem to lack them (e.g., Hsp70 in T. hominis or
Cpn60, IscS and Hsp70 in G. intestinalis), perhaps relying
instead on internal signals for correct localisation.

A second emerging characteristic that is unusual is pro-
cessing. In canonical mitochondria only a small number of
mitochondrial matrix proteins are known to keep their tar-
geting signal after import: rhodanese, 3-oxoacyl-CoA thio-
lase, the b-subunit of the human electron transfer
flavoprotein, the mitochondrial ribosomal protein YmL8,
and chaperonine 10 (Amaya et al., 1988; Miller et al.,
1991; Finocchiaro et al., 1993; Matsushita and Isono,
1993; Rospert et al., 1993; Ryan et al., 1994). Only in the
case of 3-oxoacyl-CoA thiolase has it been experimentally
demonstrated that the targeting information lies within
the first 14–16 amino acids (Arakawa et al., 1990). If it is
true that processing-independent import is common in
some mitosomes (e.g., those of microsporidia), it may
relate to the same pressures that are reducing the complex-
ity of the targeting signals in general, namely that reductive
evolution is minimizing the system to only the information
essential for targeting.

This raises the larger question, what are the criteria that
dictate what information is essential for targeting? The
minimal mitochondrial targeting information can be found
randomly by chance in up to 5% of Escherichia coli

proteins (Lucattini et al., 2004), suggesting the information
is not particularly complex. However, this disregards the
fact that E. coli does not have a mitochondrion itself,
so its cytosolic proteins are not under selection to lack
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mitochondrial targeting information. Indeed, it is possible
that the stringency of mitochondrial targeting information
may be relaxed in parasites like microsporidia simply due
to the fact that their proteome has undergone an overall
reduction in complexity. There are only about 2,000
proteins in E. cuniculi, so there are not only fewer proteins
targeted to the mitochondrion, but there are also far fewer
proteins that must be excluded from the mitochondrial tar-
geting pathway. It stands to reason, therefore, that ade-
quate targeting specificity could be achieved with less
information. By this principle, a targeting system with few-
er constraints may have evolved in some of these parasites
both because the decreased biochemical and functional
complexity of mitochondria-derived organelles themselves
imposed fewer pressures on the system and also the
decreased informational complexity of the proteins in the
cells as a whole, affecting the targeting information and
the number of import components needed for organellar
protein translocation.
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