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REVIEW

1. INTRODUCTION

Mitochondria of most eukaryotic organisms are organelles whose most prominent
function in a cell is ATP production by oxidative phosphorylation. In this process,
electrons from citric acid cycle pass through the respiratory chain to their final acceptor
oxygen. The proton gradient generated by respiratory chain complexes on mitochondrial
membrane is then used for ATP synthesis. Parasitic protists possess organelles that are
often deviated structurally and functionally from the canonical mitochondrion. Protists
that encounter aerobic enviroment during their lifecycle have mitochondria that are able
to produce ATP by oxidative phosphorylation. Many protists however, like
Trichomonas vaginalis, live in an oxygen-poor enviroment. Their mitochondria lost
citric acid cycle and respiratory chain and employ anaerobic metabolic pathways for
production of ATP by substrate-level phosphorylation. These mitochondria were named
hydrogenosomes after the hallmark metabolic end product, the molecular hydrogen
(Hrdy et al., 2008). Mitochondria of other protists, like those of Giardia intestinalis,
Entamoeba histolytica, Cryptosporidium parvum or microsporidia, underwent more
radical reductive evolution. They lost ability to produce ATP altogether, being
downsized to remnant organelles called mitosomes (Tachezy and Smid, 2008).

Even though mitochondria are sometimes highly reduced, they are present in all
eukaryotic organisms studied to date (van der Giezen and Tovar, 2005). It indicates that
the organelle harbours fundamental process(es) required for life of a eukaryotic cell. In
Saccharomyces cerevisiae, the model eukaryotic organism, the mitochondrion is a
compartment where the crucial part of the essential iron-sulfur (FeS) cluster
biosynthetic pathway is localized (Lill et al., 2006). FeS clusters are cofactors of a
number of proteins, including those essential for DNA metabolism (Rad3, Pri2) and
protein translation initiation (Rl1il) (Lill and Muhlenhoff, 2008). The components of the
FeS cluster biosynthesis are encoded in the nucleus and translated in the cytosol. Thus,
machineries involved in mitochondrial protein import and maturation are also
indispensable for S. cerevisiae (Lill et al., 2006).

Parasitic protists cause diseases that are major health burden worldwide.
Understanding their biology is crucial for identification of novel chemotherapeutical
targets. As the processes and pathways essential for cell survival and propagation are of

particular interest, the focus of this review is to summarize current knowledge of the



vital processes of FeS cluster assembly and mitochondrial protein import in parasitic

protists.

2. MITOCHONDRIA OF PARASITIC PROTISTS

Mitochondria sensu lato are various organelles of common evolutionary origin that
form a continuum of metabolic and morphological manifestations. As the biochemical
and morphological features are more apparent than evolutionary relationships, the
different manifestations of mitochondria were given names that are still commonly
used. In general, mitochondria sensu stricto define the textbook organelles with a
genome that are able to produce ATP by oxidative phosphorylation. The molecular
hydrogen-producing mitochondria were named eponymously. Hydrogenosomes are
devoid of DNA and lost functional respiratory chain, producing ATP by substrate-level
phosphorylation. The mitochondria that do not have DNA and produce neither ATP nor
hydrogen were named mitosomes. Only little is known about the functions of

mitosomes so far apart from the biogenesis of FeS clusters identified in some of them.

2.1. Mitochondrion of Trypanosoma brucei
Unlike most eukaryotes whose cells contain numerous mitochondria, T. brucei
possesses a single, branched mitochondrion per cell. Instead of a single circular
chromosome found in mitochondria of S. cerevisiae, the genome of T. brucei
mitochondrion is organized into a kinetoplast, an elaborate structure of concatenated
circular DNA molecules of two types, the longer maxicircles and shorter minicircles.
Such an organized structure requires a highly complex machinery for its replication (Liu
et al., 2005; Lukes et al., 2005). Gene expression in T. brucei mitochondria is dependent
on extensive RNA editing (Lukes et al., 2005) and import of all tRNAs from cytosol
(Bouzaidi-Tiali et al., 2007).

During the life cycle, T. brucei encounters very diverse enviroments of the
mammalian blood and the digestive tract of the insect vector, the tse-tse fly. In reaction
to different cellular needs with regards to its function, the mitochondrion of T. brucei
undergoes dramatic metabolic changes upon transmission between the two hosts. An
excess of glucose in the mammalian host permits the early bloodstream stage to employ
glycolysis for energy generation (Michels et al., 2005), producing pyruvate as a major
end product. Its mitochondrion lacks the cytochrome-dependent, proton gradient-

generating electron transport chain and the activities of the citric acid cycle enzymes



and is thus impaired in its ability to produce ATP by oxidative phosphorylation
(Clayton and Michels, 1996). In classical mitochondria, the proton gradient on inner
mitochondrial membrane is used by FoF; ATP synthase for production of ATP. In
mitochondria of bloodstream form of T. brucei, despite the absence of respiratory chain,
FoF, ATP synthase is present and was demonstrated to be essential for the parasite. But
instead of ATP synthesis, it catalyses the reverse reaction of ATP hydrolysis and
exports protons from mitochondrial matrix, generating membrane potential required for
mitochondrial function and biogenesis (Schnaufer et al., 2005; Brown et al., 2006).
Through its functions as a sink for reducing equivalents from glycolysis, the
mitochondrion still plays an indispensable role in the metabolism of bloodstages
(Chaudhuri et al., 1998).

In the insect vector, trypanosomes live in a nutrient-poor environment, where
they can only survive through an overall switch in their energy metabolism, primarily
by activating the mitochondrion. In the active mitochondria of the insect (procyclic)
stage, pyruvate is degraded with the benefit of additional ATP synthesis, mainly to
acetate (van Hellemond et al., 1998). However, the main energy source of T. brucei in
the tse-tse fly is the amino acid proline that is finally catabolized to succinate by the
ATP-producing citric acid cycle enzyme succinyl-CoA synthetase. Even though all
other citric acid cycle enzymes are active in procyclics, they do not function as a cycle
for production of reducing equivalents (van Weelden et al., 2003). While the function of
the part of the cycle leading to succinate is catabolic, the citric acid cycle intermediates
citrate and malate are used for fatty acid synthesis and gluconeogenesis, respectively
(van Weelden et al., 2005). The respiratory chain of the procyclic T. brucei
mitochondrion is branched, comprising four NADH oxidases (complex I and II,
rotenone-insensitive NADH:ubiquinone oxidoreductase and glycerol 3-phosphate
dehydrogenase) and two ubiquinol oxidases (complex III and alternative oxidase). Of
these, only complexes I and III translocate protons to be used for ATP production by
ATP synthase. Thus, majority of mitochondrial ATP is produced by substrate-level
phosphorylation. The essential function of the flexible respiratory chain is not ATP
synthesis but re-oxidation of NADH generated by the pathways of substrate-level
phosphorylation (Bochud-Allemann and Schneider, 2002).



2.2. Mitochondrion of Plasmodium falciparum
Asexual stages of P. falciparum have one mitochondrion per cell without cristae that is
tightly connected with the apicoplast, the remnant plastid of apicomplexan protists. (For
the excellent review please see van Dooren et al., 2006).Gametocytes harbour multiple
mitochondria which develop tubular cristae. The mitochondrial genome of P.
falciparum is extremely reduced and codes only for three respiratory chain components
and rRNA. Energy metabolism of P. falciparum relies on glycolysis, the major end
product of the parasite being lactate. Pyruvate cannot be further metabolized in the
mitochondrion as P. falciparum lacks mitochondrial pyruvate dehydrogenase.
Moreover, P. falciparum does not codes for any enzyme of fatty acid f-oxidation, an
alternative source of acetyl-CoA. Consequently, even though all the enzymes involved
are present, citric acid cycle does not function as a cycle generating reducing
equivalents to be oxidized by respiratory chain with concomitant production of ATP. It
has been hypothesized that parts of citric acid cycle may generate substrates for
biosynthetic pathways or utilize amino acid as substrates (van Dooren et al., 2006).

Five donors feed electrons to respiratory chain via coenzyme Q instead of
respiratory chain complex I that is missing in P. falciparum: (i) dihydroorotate
dehydrogenase (DHOD), an enzyme of pyrimidine biosynthesis utilizing respiratory
chain as an electron sink; (i1) succinate dehydrogenase (complex II); (iii)
malate:quinone oxidoreductase; (iv) alternative NAD(P)H dehydrogenase; and (v)
glycerol 3-phosphate dehydrogenase (van Dooren et al., 2006).

Respiratory complexes III and IV are the only electron acceptors downstream of
coenzyme Q, generating proton gradient on the mitochondrial membrane. As
homologues of the membrane part of FoF; ATP synthase have not been detected in the
P. falciparum genome and the main energy source glucose is catabolized to lactate in
the cytosol of the asexual stages of the parasite, production of ATP by oxidative
phosphorylation is most likely not the main function of respiratory chain. However, in
other life stages of P. falciparum, especially those that encounter nutrient-poor
environment of the insect vector, mitochondria may be involved in energy metabolism.
Nevertheless, no direct evidence for the activity of ATP synthase has been presented in
any stage of P. falciparum so far (van Dooren et al., 2006). The mitochondrial electron
transport chain of erythrocytic stages of P. falciparum seems to be indispensable only
for its function of an electron sink for DHOD, an essential enzyme for the parasite that

cannot salvage pyrimidine nucleotides from its host. The electrochemical potential on



inner mitochondrial membrane, in most eukaryotes the result of the proton-exporting
activity of respiratory chain complexes, can be generated by an alternative mechanism
in the mitochondrion of P. falciparum. It has been hypothesized that ADP/ATP
transporter together with the remnant ATP synthase may establish electrochemical
potential of different concentrations of ADP*” and ATP* accross the membrane,
resulting in net negative charge in the mitochondrial matrix. Mitochondrial membrane
potential was demonstrated to be essential for erythrocytic stages of P. falciparum, most

likely for its role in mitochondrial protein import (Painter et al., 2007).

2.3. Hydrogenosome of Trichomonas vaginalis
The hydrogenosomes of T. vaginalis are separate vesicles without a genome limited by
two tightly associated membranes. They harbour catabolic pathways that are important
part of energy metabolism of T. vaginalis. Hydrogenosomes produce ATP by substrate-
level phosphorylation in the pathway that begins with oxidative decarboxylation of
pyruvate by pyruvate:ferredoxin oxidoreductase (PFOR), an FeS enzyme typically
found in anaerobic bacteria and in few anaerobic eukaryotes. The electron acceptor in
the PFOR reaction is a hydrogenosomal 2Fe2S ferredoxin. The reduced 2Fe2S
ferredoxin is subsequently reoxidized by the hydrogenase, a molecular hydrogen-
producing enzyme (Hrdy et al., 2008).

Acetyl-CoA produced by PFOR is catabolized to acetate, similarly as in T. brucei,
by acetate:succinate CoA transferase. The formed succinyl-CoA is used by succinyl-
CoA synthetase, the only citric acid cycle enzyme present in hydrogenosomes, for
production of ATP or GTP. Another substrate of hydrogenosomal energy metabolism,
malate, is degraded by malate dehydrogenase (decarboxylating) to pyruvate with
concomitant production of NADH. Reoxidation of NADH was recently ascribed to the
activity of two catalytic subunits of respiratory complex I that transfer the electrons to
2Fe2S ferredoxin. Apart from this remnant complex I, no other respiratory chain
complexes nor cytochromes are present in hydrogenosomes of

T. vaginalis (Hrdy et al., 2008).

2.4. Mitosome of Cryptosporidium parvum
The single mitosome of C. parvum is associated with nuclear membrane and is
enveloped by rough endoplasmic reticulum. The inner mitosomal membrane does not

form cristae, but it is highly folded, or it forms independent vesicles (Keithly et al.,
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2005). No genome has been detected in the C. parvum mitosomes. Substrate-level
phosphorylation and glycolysis in the parasite cytosol is the major source of ATP for C.
parvum. However, participation of mitosomes on energy metabolism of C. parvum
cannot be excluded (Henriquez et al., 2005; Keithly, 2008). Like in P. falciparum,
components of the soluble part of FoF; ATP synthase were identified in the genome of
C. parvum that possess N-terminal extensions resembling mitochondrial targeting
presequences, but membrane part of the FoF; ATP synthase was not found. Moreover, a
phosphate carrier protein, which in other eukaryotes transports phosphate to
mitochondria for ATP generation, was detected in the genomic data with a similar N-
terminal presequence (Henriquez et al., 2005). Experimental evidence suggests that
membrane potential is generated by C. parvum mitosomes (Ctrnacta et al., 2006). But,
unlike P. falciparum, no respiratory chain complexes were identified in the C. parvum
genome. It was therefore hypothesized that a pyridine nucleotide transhydrogenase
(PNT), for which a mitochondrial presequence was predicted, catalyzes the conversion
of NAD+NADPH to NADH-+NADP with coupled proton translocation from matrix to
intermembrane space of the C. parvum mitosome. Similar reaction was demonstrated to
be mediated by PNT under anaerobic conditions in the helminth Hymenolepis diminuta
(Henriquez et al., 2005). In addition, an alternative oxidase possessing an N-terminal
presequence was predicted to be targeted to the C. parvum mitosome (Roberts et al.,
2004).

2.5. Mitosome of Giardia intestinalis
Mitosomes of G. intestinalis are vesicles bound by tightly packed double membrane
without a genome (Tovar et al., 2003). The number of G. intestinalis mitosomes per cell
ranges from 25 to 100 (Dolezal et al., 2005). The majority of G. intestinalis mitosomes
are randomly distributed throughout the cytoplasm. Interestingly, some mitosomes form
a rod-like structure between the two nuclei of G. intestinalis in close proximity to the
flagellar basal bodies. This structure, which is invariably present in all cells, consists of
several attached mitosomes organized between the axonemes of caudal flagella (Tovar
et al., 2003; Dolezal et al., 2005; Regoes et al., 2005). No other metabolic function has
been localized as yet to these organelles apart from biogenesis of FeS clusters (Tachezy

and Dolezal, 2007).
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2.6. Mitosome of Entamoeba histolytica
E. histolytica mitosomes are vesicles limited by two closely opposed membranes. A
single mitosome was observed in most cells, but some cells contained two, and rarely
three, organelles (Tovar et al., 1999). However, a later study revealed that mitosomes
are rather abundant organelles of over 150 mitosomes per cell (Leon-Avila and Tovar,
2004). So far, no function in cellular metabolism has been ascribed to the E. histolytica
mitosomes. The only proteins localized to these organelles are the chaperones Cpn60
(Tovar et al., 1999), Cpnl0 (van der Giezen et al., 2005), and the ADP/ATP transporter
supplying ATP for the funcion of chaperones (Chan et al., 2005).

2.7. Mitosomes of microsporidia
The microsporidian Trachiplestophora hominis contains between 7 and 47 mitosomes
per cell throughout the cytoplasm (Williams et al., 2002). Unlike in T. hominis, only a
few mitosome-like organelles are freely scattered in the cytoplasm of other
microsporidia. Typically, they form a group of organelles which are associated with a
spindle plaque, situated in a depression of the nuclear membrane (Vavra, 2005).
The only known function of the microsporidial remnant mitochondria is the assembly of

FeS clusters (Goldberg et al., 2008).

3. BIOGENESIS OF FeS CLUSTERS

FeS clusters are protein cofactors coordinated on a polypeptide chain by cysteine
residues. FeS cluster-containing proteins (FeS proteins) include enzymes (e.g. aconitase,
ferrochelatase, pyruvate:ferredoxin oxidoreductase, endonuclease I1I), proteins involved
in electron transport (e.g. ferredoxins, proteins of respiratory chain complexes) and
regulators of biological processes (e.g. the oxygen sensor FNR of bacteria, the iron
sensor IRP1 of mammals) (Johnson et al., 2005; Lill and Muhlenhoff, 2008). Because
FeS clusters are composed of iron (Fe*" and/or Fe’™) and sulfide (S*), ions that are toxic
in free form for the cell, FeS cluster assembly is a strictly controlled process mediated

by a specific biosynthetic machinery (Johnson et al., 2005; Lill and Muhlenhoff, 2008).
3.1. FeS cluster assembly machineries

Three independent systems responsible for FeS cluster assembly have been described in

bacteria. The ISC (iron—sulfur cluster) assembly machinery provides FeS clusters for
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the maturation of various “housekeeping” FeS proteins (Zheng et al., 1998). The NIF
(nitrogen fixation) system is primarily responsible for the formation of the nitrogenase
FeS clusters in the nitrogen-fixing bacteria (Kennedy and Dean, 1992). The SUF (sulfur
mobilization) system was demonstrated to repair FeS clusters under oxidative stress and
iron-restricted conditions (Takahashi and Tokumoto, 2002). In eukaryotes, the
machinery mediating FeS cluster assembly was shown to be of an ISC type.
Phylogenetic analyses indicate that the mitochondrial ISC machinery was inherited
from the proteobacterial endosymbiont (Tachezy et al., 2001). Components of the SUF
system were found in the chloroplast and in the remnant plastid, apicoplast, of
apicomplexan protists (Wilson et al., 2003). The SUF machinery was most likely
inherited from cyanobacteria, the ancestors of plastids (Tachezy et al., 2001).
Entamoebids and related protists are the only eukaryotes that possess components of the

NIF system (Ali et al., 2004; van der Giezen et al., 2004; Gill et al., 2007).

3.2. The model eukaryotic FeS cluster assembly machinery
In all non-plant eukaryotes studied to date, FeS cluster assembly is performed by highly
conserved components with similar or identical function (Fig. 1). (For the excellent

review please see Lill and Muhlenhoff, 2008)

Fig. 1. Eukaryotic FeS cluster assembly machinery.
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The crucial part of this biosynthetic pathway, occuring exclusively in the
mitochondrion, is centered around IscU, a metallochaperone that serves as a scaffold for
a new FeS cluster. The cysteine desulphurase IscS in complex with the protein Isd11
catalyzes mobilization of sulphur for the assembled FeS cluster from a cysteine
molecule and delivers it to IscU. Iron is delivered to IscS/IscU complex most likely by
the protein frataxin. At some point during the process of FeS cluster biogenesis,
electrons are required. The mitochondrial [2Fe2S] ferredoxin and its NADH-dependent
reductase form a short electron-transport chain that ends on the FeS cluster being
assembled. No clear function has been ascribed to another component of FeS cluster
assembly machinery, the protein Nfu. In S. cerevisiae, it plays an auxiliary role only,
whereas in cyanobacteria and plastids it seems to function as an alternative scaffold for
FeS assembly.

After the assembly on IscU, the new FeS cluster is transferred to apoproteins by
the action of mitochondrial chaperones Hsp70 (Ssql in S. cerevisiae) and Hsp40 (Jacl
in S. cerevisiae). A nucleotide exchange factor Mgel is required for function of Hsp70.
In addition, proteins mitochondrial monothiol glutaredoxin (Grx5 of S. cerevisiae), IscA
and Iba57 are also involved in the FeS cluster delivery to apoproteins. The monothiol
glutaredoxin forms dimers with an FeS cluster bound by one cysteine residue per
polypeptide chain and by two glutathione molecules per dimer (Picciocchi et al., 2007).
The precise role of the mitochondrial monothiol glutaredoxin is not known. However,
FeS cluster accumulation on IscU in glutaredoxin knock-out cells indicates the
involvement of glutaredoxin in FeS cluster transfer from IscU to FeS apoproteins. In
S.cerevisiae, IscA associated with Iba57 have been implicated in biogenesis of the
mitochondrial 4Fe4S cluster-containing aconitase-like FeS proteins. In addition,
IscA/Iba57 proteins were demonstrated to be essential for the activity, but not
maturation, of the mitochondrial S-adenosylmethionine (SAM)-dependent FeS
enzymes, namely biotin synthase and lipoic acid synthase.

Mitochondrial FeS cluster assembly machinery is required also for maturation of
extramitochondrial FeS proteins. Even though it is still not known what kind of
compound is exported from mitochondria, it is transported through the inner
mitochondrial membrane by an ABC transporter Atm1. The export depends on the
presence of the tripeptide glutathione and the intermembrane sulthydryl oxidase Ervl
participates in the process. In the cytosol, extramitochondrial FeS proteins are

assembled by the action of a machinery comprising two homologous NTPases Cfd1 and
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Nbp35, the iron-only hydrogenase-like protein Narl and the WD40 repeat domains-
containing protein Cial. Cfd1 and Nbp35 form a complex serving as a scaffold for the
assembly of an FeS cluster that is subsequently transferred to apoproteins by Narl and
Cial (Lill et al., 2006; Lill and Muhlenhoft, 2008).

In S. cerevisiae, IscS, Isd11, IscU1/2, Hsp40 (Jacl), Mgel, [2Fe2S] ferredoxin
Yahl, ferredoxin reductase Arhl, Ervl, GSH, Cfd1, Nbp35, Narl and Cial are the
essential components of the FeS cluster assembly process (Lill and Muhlenhoft, 2005).
As yet three FeS proteins not involved in FeS cluster generation were identified to be
vital for cell survival, rendering FeS cluster assembly an indispensable biosynthetic
pathway: Rlil, Rad3 and Pri2. Rlil, a protein conserved throughout Eukarya and
Archaea, was shown to be involved in the fundamental process of protein translation
initiation, most likely by mediating the assembly of RNA-protein complexes. Rad3 and
Pri2 are involved in DNA metabolism. Rad3 plays a role in DNA repair while Pri2 is a
primase required for DNA replication (Lill and Muhlenhoft, 2008).

3.3. FeS cluster assembly in Trypanosoma brucei
In the genome of T. brucei, genes coding for all components of FeS cluster assembly are
present (Table 1). Essential function of IscS and IscU (Smid et al., 2006) and frataxin
(Long et al., 2008) for procyclic T. brucei has been demonstrated by RNA interference
(RNAI1) knock-down experiments. All the studied proteins were localized exclusively in
the mitochondrion, indicating that, like in S. cerevisiae, the FeS biosynthetic pathway is
confined to this organelle. Down-regulation of IscS, IscU and frataxin expression by
RNAI resulted in decreased activity of FeS-containing enzymes due to the lack of FeS
centers in both the mitochondrion and cytosol, demonstrating that the mitochondrial
FeS cluster assembly is required for cytosolic FeS protein maturation. Complexes I, 1T
and III of respiratory chain, and aconitase are FeS proteins involved in critical steps of
mitochondrial metabolism of T. brucei, which is substantially down-regulated in the
bloodstream stages. Thus, the shortage of FeS clusters caused by knock-down of IscS,
IscU and frataxin in procyclic T. brucei resulted in metabolic changes of the
mitochondrion that mimicked interstagial transformation, as indicated most notably by
the increase of excreted pyruvate as an end product of glucose metabolism (Smid et al.,
2006; Long et al., 2008).
The monothiol glutaredoxin 1-C-Grx1 is most likely involved in FeS cluster assembly

in the mitochondrion of T. brucei, being able to partially restore the growth phenotype
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and aconitase activity of the Grx5-deficient mutant (Filser et al., 2008). The tripeptide
glutathione is synthesized by the parasite, even though most of it is conjugated to
spermidine to form bis(glutathionyl)spermidine. The molecule named trypanothione is
used by the parasite instead of glutathione for protection from oxidant damage and

toxic heavy metals (Muller et al., 2003).

3.4. FeS cluster assembly in Plasmodium falciparum
Apicomplexan parasites possess two organelles of endosymbiotic origin; the
mitochondrion and the apicoplast, the remnant of an algal endosymbiont. Different
machineries of FeS cluster synthesis are functional in the two organelles. In the
mitochondrion, a system homologous to the S. cerevisiae FeS cluster assembly
machinery ISC is most likely functional (Sato et al., 2003), while in the apicoplast a
SUF machinery identical to the one of plant plastids is present . Of the former, most
components were identified in the P. falciparum genome with the exception of the iron
donor frataxin (Table 1) (Seeber, 2002; van Dooren et al., 2006). Interestingly, the
highly reduced apicoplast genome of P. falciparum codes for SufB, a component of the
SUF machinery (Seeber, 2002).

3.5. FeS cluster assembly in Trichomonas vaginalis
In the genome of T. vaginalis, genes coding for homologues of most components of FeS
cluster assembly are present (Table 1) and the ability of hydrogenosomes to form FeS
clusters on hydrogenosomal ferredoxin was experimentally demonstrated (Sutak et al.,
2004). IscS, the key component of FeS assembly, is coded by two genes in T. vaginalis
(TviscS1 and 2) (Tachezy et al., 2001), but only one (TviscS2) was demonstrated to be
transcribed and localized to hydrogenosomes (Sutak et al., 2004).

Two genes coding for frataxin homologues were found in the genome of T.
vaginalis. Hydrogenosomal localization was demonstrated for Tv-frataxin-2 that also
partially restored defect in FeS assembly in mutant S. cerevisiae (Dolezal et al., 2007).
Both Tv-frataxins were shown to be functional in the T. brucei mitochondrion. When
overexpressed in mutant T. brucei cells in which endogenous frataxin was depleted by
RNA interference, they rescued FeS cluster-defective fenotype (Long et al., 2008). Tv-
frataxin-2 gene expression is upregulated under conditions of iron deficiency (Dolezal
et al., 2007), unlike S. cerevisiae frataxin whose expression is stimulated by iron

(Santos et al., 2004). Thus, it seems unlikely that the T. vaginalis proteins function as an
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iron storage in T. vaginalis, a role suggested for the S. cerevisiae frataxin (Gakh et al.,
2002a). T. vaginalis is as yet the only organism known to possess two functional
frataxin homologues.

Four genes coding for homologues of IscA with a putative hydrogenosomal
targeting sequence are present in T. vaginalis genome. As no aconitase-like proteins
were identified in T. vaginalis, trichonomad IscA proteins may be required for the
activity of S-adenosylmethionine (SAM)-dependent FeS enzymes in hydrogenosomes,
such as HydE, a homologue of biotin synthase, and HydG. The two hydrogenosomal
SAM-dependent enzymes together with the GTPase HydF were suggested to be
involved in the maturation of the catalytic, hydrogen-activating (H) FeS cluster of the T.
vaginalis hydrogenase (Putz et al., 2006).

The ABC transporter Atm1 and the sulthydryl oxidase Erv1, components of the
machinery that exports a compound needed for FeS protein maturation in the cytosol,
are not present in trichomonad hydrogenosomes. Nevertheless, homologues of the
cytosolic FeS protein maturation machinery comprising Narl, Cfd1, Nbp35, and Cial
are present in T. vaginalis (Tachezy and Smid, 2008).

3.6. FeS cluster assembly in Cryptosporidium parvum
Homologues of FeS cluster assembly proteins Isd11, IscA, Nfu were not detected in the
genome of C. parvum while proteins with only limited similarity to glutaredoxin, Jacl,
the ABC transporter Atm1 and sulthydryl oxidase Ervl were identified (Table 1)
(Abrahamsen et al., 2004; Richards and van der Giezen, 2006). Mitosomal localization
was verified for Hsp70. C. parvum IscU and IscS homologues possess N-terminal
extensions that both targeted GFP to S. cerevisiae mitochondria (LaGier et al., 2003),
suggesting that these components of FeS cluster assembly are localized in the remnant
mitochondia of C. parvum. Expression of additional FeS assembly proteins frataxin,
2Fe2S ferredoxin (LaGier et al., 2003), and Narl (Stejskal et al., 2003) was

demonstrated.

3.7. FeS cluster assembly in Giardia intestinalis
Mitosomal localization of homologues of IscU, IscS (Tovar et al., 2003), 2Fe2S
ferredoxin (Dolezal et al., 2005), glutaredoxin (Smid et al., manuscript), and Hsp70
(Regoes et al., 2005) was demonstrated. Even though mitosome-rich fraction

reconstituted FeS clusters on apoproteins (Tovar et al., 2003), a number of homologues

17



of FeS cluster assembly components that were shown to be essential in yeast were not
identified in the genome of G. intestinalis, namely Isd11, ferredoxin reductase, the
sulthydryl oxidase Erv, and the non-essential frataxin and ABC transporter Atm (Table
1). These components are either highly divergent or non-homologous in G. intestinalis
that they could not be identified, or are absent. Isd11 is a conserved protein in
eukaryotes, essential for proper function of the eukaryotic IscS, but it is not present in
bacterial systems. However, Isd11 seems to be absent also from the genome of C.
parvum (Richards and van der Giezen, 2006). As for the protein components of the
export machinery, the product of mitosomal FeS cluster assembly machinery may be
transported to the cytosol by a similar, so far unknown transporter(s) and accesory
proteins like from hydrogenosomes of T. vaginalis. The tripeptide glutathione has not
been detected in G. intestinalis (Brown et al., 1993). However, the enzymes responsible
for its synthesis, glutamate-cysteine ligase and glutathione synthase, are present in the
G. intestinalis genome together with putative glutathione reductase and glutathione S-
transferase. This finding together with the mitosomal localization of the monothiol
glutaredoxin that was shown to coordinate FeS cluster by glutathione (Picciocchi et al.,
2007; Smid et al., 2008b) indicate that the tripeptide may be present in G. intestinalis,
albeit in concentration below the detection limit of the techniques used (Brown et al.,

1993; Smid et al., 2008Db).

3.8. FeS cluster assembly in Entamoeba histolytica
Unlike other eukaryotes, E. histolytica does not possess mitochondrial or plastid type of
FeS assembly (Table 1). Instead, NifS and NifU, proteins of the homologous NIF
system, were identified in the E. histolytica genome and suggested to be functional in
the cytosol (Ali et al., 2004; van der Giezen et al., 2004). Phylogenetic reconstruction
indicated lateral gene transfer to be the origin of NifS and NifU proteins in E.
histolytica, with the e-proteobacterium of the Campylobacter or Helicobacter species as
most probable donor organism (van der Giezen et al., 2004). It was hypothesized that
the same niche, the human gut, enabled the gene transfer from the bacterium to E.
histolytica (van der Giezen et al., 2004). However, NIF homologues were also found in
Mastigamoeba balamuthi, a related but free-living anaerobic protist (Gill et al., 2007).
Moreover, same as in E. histolytica, localization of the respective protein products
seems to be cytosolic (J. Tachezy, personal communication). Thus, the lateral gene

transfer of NifS and NifU to E. histolytica probably occured before the protist adapted
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to the parasitic lifestyle (Gill et al., 2007).

Table 1. FeS cluster assembly machinery of parasitic protists. Asterisk denotes essential components
in S. cerevisiae. + high sequence similarity; ? limited sequence similarity; - no sequence similarity.

Saccharomyces | Trypanosoma | Plasmodium | Trichomonas | Cryptosporidium | Giardia Entamoeba | Encephalitozoon
cerevisiae brucei falciparum | vaginalis parvum intestinalis | histolytica | cuniculi
IscS* + + + + + NIFS +
Isd11* + + + - _ _ 2
IscU* + + + + + NIFU +
IscA + + + - + - -
ferredoxin* + + + + + + +
| * R - L
frataxin + - + + - - +
Nfu + + + - - - -
glutaredoxin + + - ? + - ?
glutathione* + + - - ? - ?
mtHsp70 + + + + + + +
Jacl* ? + + ? + ? +
Mgel* + + ? + + ? -
Atml + + - ? - - ?
Ervl* + + - ? - - +
Narl* + ? + + ? + +
Cfd1* + ? + + + + +
Nbp35* + + + + + + +
Cial* + + + + ? + +

3.9. FeS cluster assembly in microsporidia

Homologues of most components of the mitochondrial FeS cluster assembly machinery
were identified in the Encephalitozoon cuniculi genome with the exception of accessory
proteins IscA, Nfu, and Mgel (Table 1) (Katinka et al., 2001). IscU, IscS, frataxin and
Hsp70 homologues were shown to localize to E. cuniculi mitosomes and funcionality of
frataxin and glutaredoxin of E. cuniculi was demonstrated by the complementation of
FeS cluster assembly deficiency in the respective S. cerevisiae mutants (Goldberg et al.,
2008). The same approach was used for demonstration of the functional homology of
T. hominis IscU. Co-expression of T. hominis IscS and Isd11 in E. coli resulted in a
complex with cysteine desulphurase activity while expression of IscS alone led to the
production of insoluble and inactive protein (Goldberg et al., 2008). Interestingly,
unlike in E. cuniculi where all examined components of FeS cluster assembly
machinery were localized to mitosomes, in T. hominis IscS and Hsp70 homologues

were found in mitosomes while IscU and frataxin were detected in the cytosol
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(Goldberg et al., 2008). ATP for the function of Hsp70 in FeS cluster biosynthesis is
most likely imported from the parasite cytosol by the action of an unusual ADP/ATP
translocase with homology to the nucleotide trasporter of plastids and bacterial
intracellular parasites Rickettsia and Chlamydia (Tsaousis et al., 2008). Enzymes of
glutathione synthesis are absent from the E. cuniculi genome. However, the presence of
a gene for glutathione peroxidase in the genome of E. cuniculi indicates that the parasite

may use glutathione synthesized by the host cell.

4. MITOCHONDRIAL PROTEIN IMPORT AND MATURATION

4.1. The eukaryotic model
4.1.1 Mitochondrial protein import

Although mitochondria harbour DNA, most mitochondrial proteins are nuclear encoded
and must be specifically targeted to the organelle where they function. The information
for import of mitochondrial proteins is either coded by their cleavable N-terminal
extension or it is internal, being embedded within the polypeptide chain, or both.
Alternatively, C-terminal targeting sequences resembling the N-terminal presequence
might direct precursors to mitochondria (Lee et al., 1999; Gerber et al., 2004; Neupert
and Herrmann, 2007).

N-terminal targeting presequences are typically 10 to 80 amino acid residues
long and share a low degree of sequence homology. Typically, they are rich in
positively-charged amino acid residues (arginine, lysine), hydroxylated residues (serine,
threonine) and hydrophobic residues but devoid of negatively-charged amino acid
residues (aspartate, glutamate)(Habib et al., 2007). In most presequences, an arginine
residue at the position -2 from the cleavage site is present (Gakh et al., 2002b).
Mitochondrial targeting presequences are also distinguished by the ability to form a
positively-charged amphipathic a-helix whose opposite sides contain mainly
hydrophilic and hydrophobic amino acids, respectively (Habib et al., 2007). In the
absence of additional sorting information, proteins with N-terminal presequences are
targeted to mitochondrial matrix. Internal targeting signals are mainly composed of
hydrophobic amino acids and lack defined patterns. They are present in proteins that are
destined to all mitochondrial subcompartments (Habib et al., 2007). Mitochondrial

import signals are specifically recognised by receptors on the mitochondrial surface,
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and the proteins are subsequently imported by translocases of the outer and inner
mitochondrial membranes (for excellent recent reviews see Baker et al., 2007; Neupert

and Herrman, 2007).

TRANSLOCASE OF OUTER MITOCHONDRIAL MEMBRANE

N-terminal presequences interact with the mitochondrial receptor protein Tom20 while
internal signals are recognized by Tom70 (Abe et al., 2000; van Wilpe et al., 1999; Wu
and Sha, 2006; Neupert and Herrmann, 2007). These receptors are integral outer
mitochondrial membrane proteins exposed to the cytosol. They are clustered together
with a general import pore formed by the B-barrel Tom40 and associated proteins
Tom22, Tom5, Tom6 and Tom7 to the TOM complex (translocase of the outer
mitochondrial membrane; Fig. 2) (Neupert and Herrmann, 2007; Baker et al., 2007).

Fig. 2. The TOM complex.

cytosol [ sl 18] (7

monmn 141}
outer membrane 20 |2 0
UL JULLLL L

intermembrane space

Once proteins are translocated through the outer membrane by the TOM complex, they
follow one of five import pathways: (1) Most intermembrane proteins are released to
intermembrane space after passing through the TOM complex. They are trapped in the
intermembrane space by their folding that is stabilized by cofactors (metal ions or
heme)(Diekert et al., 2001) or disulfide bridges (Bihlmaier et al., 2007). The latter are
introduced into imported proteins by Mia40, a protein of the intermembrane space
anchored in the inner mitochondrial membrane, whose activity relies on the function of
another intermembrane space protein, Ervl, the conserved essential sulthydryl oxidase
(Bihlmaier et al., 2007) (Fig. 3). (2) All presequence-carrying proteins of mitochondrial
matrix, most proteins of inner membrane and some of those targeted to intermembrane
space are directed to the translocase of the inner membrane complex 23. (3) Most

proteins of inner mitochondrial membrane are guided by small chaperones (Tim9,
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Tim10) through the intermembrane space to translocase of the inner membrane complex
22. (4) Some proteins are inserted into the inner membrane by Oxal complex from the
mitochondrial matrix. (5) Outer membrane proteins are integrated into the membrane by

the sorting and assembly machinery complex.

Fig. 3. Trapping of imported proteins in the mitochondrial intermembrane space.
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TRANSLOCASE OF INNER MITOCHONDRIAL MEMBRANE COMPLEX 23

The translocase of the inner mitochondrial membrane complex 23 (TIM23) is
composed of a protein-translocating channel and a protein import motor (Fig. 4). The
membrane pore is assembled from integral membrane proteins Tim17, Tim21, Tim23
and Tim50. Tim17 and Tim23 form a core of the translocase (Martinez-Caballero et al.,
2007) while Tim50 is a receptor of imported proteins (Mokranjac et al., 2003). The
translocation of the presequence through the TIM23 pore requires membrane potential
(Martin et al., 1991; Truscott et al., 2001). Once on the matrix side of TIM23, the
presequence is bound by the mitochondrial chaperone Hsp70 recruited by a matrix
protein Tim44 (D'Silva et al., 2004).

Hsp70 is an ATPase whose affinity to protein substrates and Tim44 depends on
the nucleotide state. Hsp70 with bound ATP has a higher affinity to Tim44 than the
ADP form. The ATP-binding Hsp70 associates with imported preproteins. After
hydrolysis of ATP, the substrate binding pocket of Hsp70 closes, resulting in tight
binding of substrates. The exchange of ADP by ATP on Hsp70 occurs through the
nucleotide free state, a step that requires the action of the nucleotide exchange protein
Mgel (Liu et al., 2003). The activity of Hsp70 is regulated by import motor proteins
Pam18 and Pam16 that are brought to the vicinity of Hsp70 by Tim44. Pam18
stimulates ATP-hydrolysing activity of Hsp70 while Pam16 is a negative regulator of
Pam18 (D'Silva et al., 2008). Binding of Hsp70 prevents backward sliding of imported
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preproteins and leads to their stepwise transport to the mitochondrial matrix (Neupert
and Herrmann, 2007). The molecular motor is powered by ATP needed in the reaction
cycle for binding of the polypeptide chain to Hsp70 and for release of Hsp70 from
Tim44.

Fig. 4. Import of matrix proteins by the TIM23 complex.

50 50 intermembrane space %0 P
ra 21 ¥ 21 21
23 23 A @ 23 23
I] H 17317 inner membrane 174 {17 I]
©
Hsp70 Hsp70 matrix Hsp70
ATP ATP ATP
Hsp70
ADP

Inner membrane proteins imported by TIM23 possess, in addition to N-terminal
targeting sequence, a stop-transfer signal that arrests the precursor during the import
reaction at the level of the inner membrane and promotes the lateral insertion into the

lipid bilayer (Fig.5) (Meier et al., 2005).

Fig. 5. Import of proteins of the inner membrane and intermembrane space
by the TIM23 complex. Intermembrane proteins are processed by IMP.
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The stop-transfer signal is characteristic by the presence of highly hydrophobic amino
acid residues that are followed by charged residues. Proline is absent from these signal
sequences (Meier et al., 2005). Some proteins localized in the intermembrane space are
arrested in the inner membrane by the stop-transfer signal and subsequently released by
the protease of inner mitochondrial membrane (IMP, see below) (Langer, 2000; Herlan

et al., 2004; Burri et al., 2005).

TRANSLOCASE OF INNER MITOCHONDRIAL MEMBRANE COMPLEX 22
Mitochondrial carrier proteins and Tim17, Tim22 and Tim23 subunits are recognized by
chaperones that are capable of guiding hydrophobic proteins through intermembrane
space to the translocase of the inner mitochondrial membrane complex 22 (TIM22) that
inserts them to the inner membrane (Fig. 6). Tim9 and Tim10 form hexamers that, most
likely, bind hydrophobic regions of imported inner membrane proteins (Webb et al.,
2006). A homologous complex of Tim8 and Tim 13 recognizes the same set of
substrates as the Tim9/10 chaperone (Gentle et al., 2007). The core of the TIM22
complex is the integral membrane protein Tim22 to which the membrane proteins
Tim54 and Tim18 are accessory components (Kerscher et al., 2000; Hwang et al.,
2007). Tim9, Tim10 and Tim12 are associated with the intermembrane side of the
TIM22 as a protein complex that may play a vital role for substrate recognition by the
TIM22 (Gebert et al., 2008). Integration of imported proteins into the inner membrane
by TIM22 is fuelled by electrochemical potential on the inner mitochondrial membrane

(Peixoto et al., 2007).

Fig. 6. Import of inner membrane proteins by the TIM22 complex.
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OXAl

Some inner membrane proteins follow the so called conservative sorting pathway that
resembles the export of membrane proteins in bacteria and reflects that of the
prokaryotic ancestors of mitochondria. These proteins are first imported into the
mitochondrial matrix by the action of TOM and TIM23 complexes. After cleavage of
the N-terminal presequence (see below), they are recognized by the Oxal that inserts
them into the inner mitochondrial membrane (Fig. 7)(Jia et al., 2007). The sorting signal
sequence is rich in negatively charged residues. Membrane insertion by Oxal depends
on the membrane potential, most likely because the transfer of the negatively charged
regions to the positively charged intermembrane space drives the insertion reaction

(Herrmann et al., 1997).

Fig. 7. Sorting of inner membrane proteins by Oxal.
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SORTING AND ASSEMBLY MACHINERY COMPLEX

In the intermembrane space, $-barrel proteins of outer mitochondrial membrane are
guided by the hexameric Tim9/Tim10 and Tim8/13 complexes to the Sorting and
assembly machinery complex (SAM) that inserts them to the outer membrane (Fig.
8)(Wiedemann et al., 2003). SAM is composed of a B-barrel protein Sam50 associated
on the cytosolic face with two essential proteins, Sam35 and Sam37. Sam35 seems to
function in substrate binding while Sam37 is required for release of substrates from the
SAM complex (Chan and Lithgow, 2008). Membrane proteins Mdm12 and Mmm]
associated with the SAM complex assist -barrel protein insertion into the outer
membrane (Meisinger et al., 2007). The B-barrel protein Mdm10 is specifically involved

in Tom40 membrane insertion (Meisinger et al., 2004). The outer mitochondrial
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membrane protein Mim1 that also associates with the SAM complex is required for

efficient membrane insertion and assembly of Tom20 and Tom70 (Becker et al., 2008).

Fig. 8. Sorting of outer membrane proteins by the SAM complex.
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4.1.2 Mitochondrial protein maturation

N-terminal mitochondrial targeting presequences present on most proteins imported to
mitochondrial matrix interfere with protein function and/or its stability (Mukhopadhyay
et al., 2007). Therefore, they are cleaved off after import by a mitochondrial processing
peptidase (MPP). In all mitochondria studied so far, MPP functions as a heterodimer.
The catalytic beta subunit (BMPP) binds a zinc cation by amino acid residues of the
conserved motif HXXEHX¢E that is a hallmark for the metallopeptidases of the M16
family. The regulatory alpha subunit (aMPP ) is characterized by the presence of a
stretch of glycine residues in a flexible loop that is essential for interaction with a
substrate (Nagao et al., 2000; Nishino et al., 2007). The two subunits form a large
central cavity for accommodation of the substrate during processing. Due to a number
of glutamate residues interspersed on both alpha and beta subunits, the cavity is
hydrophilic and negatively charged (Fig. 9)(Taylor et al., 2001).

The positively charged residues of N-terminal targeting presequences bind to the
glutamates of MPP by means of electrostatic interaction (Kitada and Ito, 2001). In most
presequences, the arginine of the presequence proximal to the cleavage site at position
P, or P; is present. Mutational analyses indicated that the P, (P3) arginine is important
for processing site recognition by MPP and interacts with the glutamate of the active
site of MPP (Kitada et al., 2003). Positively-charged residues distal from the processing

site of short presequences bind to acidic residues on PMPP while those of longer
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presequences at positions from P; might reach to glutamates of aMPP (Kojima et al.,
1998; Shimokata et al., 1998; Kojima et al., 2001; Taylor et al., 2001; Kitada et al.,
2003). This interaction helps stabilize the MPP-presequence complex (Kitada et al.,
2003). When distal positively-charged residues are mutated, the processing activity of
MPP with such presequences is less efficient (Niidome et al., 1994; Kojima et al.,
1998).

Fig. 9. The structure and charge distribution of S. cerevisiae MPP (Taylor et al., 2001). A, a
and B subunits of the MPP are shown in grey and yellow, respectively. Zinc binding residues
of the B subunit are highlighted in green while the glycine-rich loop of the a subunit is red. B
and C, Charge distribution within the cavities of a and § MPP subunits, respectively. Red and
blue colours denote negative and positive charge (x5 kT/e where kT is thermal energy and e is
unit charge), respectively, whereas white denote relatively non-polar regions.

It is unclear whether the secondary structure of the presequence plays any role in
interaction with MPP since the presequence is in extended conformation inside the MPP
cavity (Taylor et al., 2001). Helix-breaking residues such as glycine and proline as well
as hydroxylated residues serine and threonine are often present among basic residues of
presequences (Habib et al., 2007). Proline and glycine residues are required for bending
of longer presequences inside the MPP central cavity towards the alpha subunit (Kojima
et al., 2001). Amino acid sequence C-terminal from the cleavage site is important for
efficient processing, too. P;” residue is recognized by a S;” phenylalanine residue of the
beta subunit (Taylor et al., 2001) while P,” and P3;” interact with the glycine-rich loop
(Nishino et al., 2007).

Gene duplication of the single-subunit ancestral peptidase of the mitochondrial
endosymbiont (Kitada et al., 2007), protein dimerization and subunit specialization
enabled the processing peptidase to recognize and accommodate such heterogeneous
substrates. Originally, the hydrophillic peptidase was localized in the organellar matrix.

For efficient cleavage of targeting presequences during or immediatelly after the import
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into the matrix (Glaser and Dessi, 1999), a portion of the processing peptidase
associated with the endosymbiont bc; complex of respiratory chain (Braun and Schmitz,
1995; Murcha et al., 2004), eventually becoming essential for mitochondrial bc;
complex assembly and stability as Core 1 and 2 proteins (Xia et al., 1997; Glaser and
Dessi, 1999).

In higher plants, Core 1 and 2 are identical with BMPP and aMPP subunits,
respectively, that same as the matrix-localized o/PMPP cleave mitochondrial targeting
presequences (Glaser and Dessi, 1999). In other organisms studied to date, including
green algae (Nurani et al., 1997; Brumme et al., 1998), one or both Core proteins
diverged from MPP subunits, losing the conserved zinc binding motif or glycine rich
loop essential for MPP activity (Xia et al., 1997; Glaser and Dessi, 1999; Deng et al.,
2001). The divergence of Core proteins as structural parts of bc; complex from the
active MPP localized in mitochondrial matrix allowed for separate regulation of
mitochondrial respiration and protein import (Howell et al., 2007).

After cleavage by MPP, a number of imported mitochondrial proteins reveals a
characteristic octapeptide motif (F/L/T)(S/X)(S/T/X)(T/S/G)XXXX. The motif is
recognized and processed by mitochondrial intermediate peptidase (MIP), a soluble
monomeric metallopeptidase localized in mitochondrial matrix (Gakh et al., 2002b).

Many proteins targeted to intermembrane space possess bipartite presequence
costisting of an MPP-cleavable targeting signal that is followed by an intermembrane-
space sorting signal. The latter is processed by inner membrane peptidase, IMP (Fig. 5).
The S. cerevisiae Imp is a membrane-associated serine endopeptidase comprising
catalytic Imp1 and Imp2 subunits and a regulatory subunit Som1. Interestingly, the two
Imp subunits cleave different sets of substrates. Imp2 recognizes and processes
substrates with an alanine residue at the position P; and a serine at P;. By contrast, Imp1
cleaves substrates with an asparagine at P;. Imp1 and Imp2 are homologous proteins,
related to the type I bacterial leader peptidases that process N-terminal signal of
precursors traversing the bacterial membrane. Same as MPP, the two homologous Imp
subunits evolved from the bacterial peptidase by gene duplication. Divergence of
substrate specificity of the two active subunits allowed for a higher number of substrates
to be recognized and processed. As the regulatory Som1 subunit is not homologous to
any bacterial protein, it has been added to the IMP most likely by the host during the
evolution of the mitochondrion (Gakh et al., 2002b).
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Fig. 10. Overview of the mitochondrial protein import machinery.
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4.2. Mitochondrial protein import and maturation in Trypanosoma brucei
Proteins imported to the T. brucei mitochondrion utilize either the N-terminal extension
or an internal signal for targeting to the organelle (Schneider et al., 2008). In general, N-
terminal mitochondrial presequences of T. brucei are similar in composition to those of
S. cerevisiae but shorter, ranging from 9 to 44 amino acid residues. Nevertheless, even
the short (9 amino acid residues) presequence of lipoamide dehydrogenase targeted the
precursor protein to yeast mitochondria in vivo and in vitro (Hausler et al., 1997). The T.
brucei presequences often contain MX; »(K/R)(K/R) motif where X is usually a
hydrophobic amino acid residue (Hausler et al., 1997; Priest and Hajduk, 2003).

Interestingly, no components of the TOM complex were identified in the T. brucei
genome so far and only a single homologue of the evolutionarily related translocases
Tim17, Tim22 and Tim23 has been found in T. brucei (TbTim17) that functions most
likely as both TIM23 and TIM22 complex (Gentle et al., 2007; Singha et al., 2008;
Schneider et al., 2008). The presequence import motor consisting of Pam18, Tim44, and
mtHsp70 homologues identified in the genome may associate with TbTim17 to import
presequence-containing precursors while the homologues of Tim9, Tim10 and Tim8/13
may guide carrier proteins to the TbTim17 and outer membrane proteins to the SAM
complex (Gentle et al., 2007). Oxa homologues were suggested to be responsible for

insertion of inner membrane proteins from mitochondrial matrix (Schneider et al., 2008)

(Fig. 11).
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T. brucei aconitase, the enzyme of citric acid cycle, is localized in both the
mitochondrion and the cytosol. It has been hypothesized that the dual localization of the
enzyme is caused either by inefficient targeting information of the uncleaved N-terminal
sequence or by aborted translocation into the mitochondrion as reported for the S.
cerevisiae fumarase that is released back to cytosol after cleavage by MPP (Saas et al.,
2000). Import of several proteins into isolated T. brucei mitochondria was examined,
including (i) the Rieske protein that is translocated into the matrix and then exported to
intermembrane space; (ii) the chaperone Hsp70 of mitochondrial matrix; (iii) the NADH
dehydrogenase subunit K (NdhK), a matrix protein associated with transmembrane
subunits of NADH dehydrogenase; (iv) the transmembrane terminal alternative oxidase
(TAO); (v) cytochrome oxidase subunit [V (COXIV), a matrix protein associated with
cytochrome oxidase complex; and (vi) intermembrace space protein cytochrome C;.
Import into the procyclic mitochondria of the precursors of the Rieske iron-sulfur
protein, Hsp70 (Priest and Hajduk, 1996), NdhK (Bertrand and Hajduk, 2000), TAO,
and COXIV (Williams et al., 2008) depends on membrane potential as well as on
cytosolic and mitochondrial matrix ATP. By contrast, the import of the intermembrace
space protein cytochrome C; into the mitochondrion of procyclics does not require
membrane potential and matrix ATP, however, it is dependent on cytosolic pool of ATP
(Priest and Hajduk, 2003). Interestingly, cytochrome C; possesses on its C-terminus a
sequence that is reminiscent of mitochondrial targeting presequence that may be
inserted into the inner membrane after the protein translocation from mitochondrial
matrix to the intermembrane space, as was suggested for the S. cerevisiae homologue
(Priest and Hajduk, 2003). The requirements for efficient import of the precursor NdhK
into the mitochondrion of bloodstream T. brucei were identical as those for import into
procyclics mitochondria (Bertrand and Hajduk, 2000). Unexpectedly, import of TAO
and COXIV into the mitochondrion of bloodstream stage of T. brucei was not
abolished after dissipation of membrane potential (Williams et al., 2008).

Rieske protein, Hsp70, TAO, COXIV, and NhdK were demonstrated to be
processed in mitochondrial matrix by a metallopeptidase, most likely by MPP (Priest
and Hajduk, 1996; Bertrand and Hajduk, 2000; Williams et al., 2008). Indeed, genes
coding for homologues of a and PMPP subunits proteins were identified in the T. brucei
genome (Berriman et al., 2005). The Rieske protein possesses bipartite presequence.
After initial cleavage in mitochondrial matrix, the Rieske protein is translocated into the

intermembrane space where the protein is processed by another metallopeptidase. The

30



characteristic octapeptide cleavage motif and metal ion requirements suggest that the
peptidase responsible for the Rieske protein cleavage might be the mitochondrial
intermediate peptidase relocated from mitochondrial matrix to intermembrane space
(Priest and Hajduk, 1996). In addition to MPP and MIP, a gene for a single Imp subunit
homologue is present in the T. brucei genome, however, the regulatory subunit Som1

seems to be missing (Berriman et al., 2005) (Fig. 11).

Fig. 11. Mitochondrial protein import machinery of T. brucei.

Ry as

== Sam50

I S

Tim9/Tim10

4.3. Mitochondrial protein import and maturation in Plasmodium falciparum
N-terminal presequences targeting mitochondrial proteins to the P. falciparum
mitochondria differ in relative amino acid frequencies from mitochondrial presequences
of other eukaryotes. Alanine, glycine, proline and arginine are under-represented while
phenylalanine, isoleucine, lysine, asparagine and tyrosine occur more than two times as
often in P. falciparum mitochondrial presequences (Bender et al., 2003). Despite these
differences that reflect overall amino acid composition of P. falciparum proteome, most
likely caused by low G + C content, other characteristics of mitochondrial targeting
sequences are conserved, including positive net charge (Bender et al., 2003). N-terminal
part of Cpn60 and IscS homologues (Sato et al., 2003) as well as the presequence of

citrate synthase (Tonkin et al., 2004) were sufficient to guide GFP passenger protein to
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mitochondria. Besides the N-terminal extension, inner targeting signal is present in
membrane proteins of P. falciparum mitochondria (van Dooren et al., 2006).

In the genome of P. falciparum, genes coding for homologues of the core
components of TOM complex, Tom40 and Tom?22, were identified. The protein product
of Tom22 was shown to be localized to mitochondria (van Dooren et al., 2006). Of the
TIM23 complex, Tim23, Tim17, Tim50 homologues were found in the genome whereas
a clear homologue of Tim21 is missing as in other protists (van Dooren et al., 2006;
Dyall and Dolezal, 2008). Protein import motor components Hsp70, Tim44, Mgel, and
Pam18 seem to be present based on genomic data (Dolezal et al., 2005; van Dooren et
al., 2006). Genes coding for all small Tim proteins, Tim9, Tim10, Tim8 and Tim13
were identified (Gentle et al., 2007). The inner membrane protein Tim22 was found in
the P. falciparum genome, however, Tim18 and Tim54, additional components of the
TIM22 complex, were not (van Dooren et al., 2006). Conservative sorting of the inner
membrane proteins seems to be functional in P. falciparum as gene coding for Oxal
was detected. Sam50 of the outer membrane was identified in the P. falciparum genome

(Dolezal et al., 2006) (Fig. 12).

Fig. 12. Mitochondrial protein import machinery of P. falciparum..
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Based on genomic data, the aMPP and BMPP subunits are most likely identical with

Core 2 and 1 proteins of the respiratory chain complex III, respectively, resembling a
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situation in the plant mitochondrion. Interestingly, all apicomplexan protists whose
genome sequences are available possess only the two MPP subunits and no Core
proteins (our unpublished observation). The ability of the aMPP and BMPP proteins to
form an active processing peptidase within the complex III was noted to correlate with
the presence of a chloroplast in a cell. Complex III of plants with the chloroplast
exhibited peptidase activity while complex III purified from Polytomella, a non-green
alga, did not (Brumme et al., 1998). The absence of core proteins in plastid-harbouring
protists Apicomplexa suggests that the active taMPP and BMPP subunits may be part of
respiratory chain complex III. So far, the reason for the requirement of a proteolytically
active complex III is not known.

In the genome of P. falciparum, a putative Imp homologue is present as well as a
homologue of MIP (Fig. 12). The IMP regulatory subunit Som1 was not identified
(Gardner et al., 2002).

4.4. Hydrogenosomal protein import and maturation in Trichomonas vaginalis
Proteins imported to T. vaginalis hydrogenosomes possess the targeting information
either as a N-terminal extension or internal signal, or both (Dyall and Dolezal, 2008).
The length of the 22 N-terminal presequences that have been experimentally verified
range from 4 to 19 amino acid resides (Smid et al., 2008a). The primary structure of
hydrogenosomal presequences is rather conserved when compared to mitochondrial
presequences, most prominent is the presence and functional requirement of leucine
after the initial methionine (Bradley et al., 1997; Dyall and Dolezal, 2008).
Hydrogenosomal presequences can be classified into two groups based on the presence
or absence of distal positively-charged residues (Smid et al., 2008a).

The presequences of hydrogenosomal proteins ferredoxin, f-subunit of succinyl
CoA synthetase and pyruvate:ferredoxin oxidoreductase were reported to guide a
passenger protein to T. brucei and S. cerevisiae mitochondria, albeit with low efficiency
(Hausler et al., 1997). However, presequence of Tv-frataxin, eight amino acid residues
long and containing proximal arginine only, directed the preprotein to T. brucei
mitochondrion (Long et al., 2008) but not to S. cerevisiae mitochondria (Dolezal et al.,
2007). The membrane ADP/ATP carrier protein Hmp31 was demonstrated to possess an
unusual, negatively charged cleavable N-terminal presequence together with an internal
signal. The presequence was found to be dispensable for targeting and integration of

Hmp31 in the membrane, but was necessary and sufficient for directing a passenger
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protein to soluble hydrogenosomal fraction (Dyall et al., 2000). By contrast, the -barrel
protein Hmp35 of hydrogenosomal membranes carries an internal signal only (Dyall et
al., 2003).

A homologue of the core component of the SAM complex, Sam50, was detected
together with components of the TIM23 complex, namely Tim17 and Tim23 (Dolezal et
al., 2006). Protein import motor seems to be present in the hydrogenosomes of T.
vaginalis as homologues of Hsp70 (Bui et al., 1996), Tim44 (Dolezal et al., 2006), and
Mgel (Dyall and Dolezal, 2008) are present in the T. vaginalis genome and Pam18 was
localized to hydrogenosomes (Dolezal et al., 2005) (Fig. 14). However, no homologues
of components of the TOM, TIM22 or small Tims were identified in the genome of T.
vaginalis (Dolezal et al., 2006; Dyall and Dolezal, 2008). Thus, protein import
machinery into T. vaginalis hydrogenosomes is either simplified when compared to the
mitochondrial one and/or highly divergent or, alternatively, functionally similar but
evolutionarily unrelated.

Hydrogenosomal processing peptidase (HPP) functions as a heterodimer
comprising divergent homologues of aMPP and BMPP subunits, aHPP and BHPP,
respectively. Unlike mitochondrial processing peptidase, a homodimer of BPHPP
subunits cleaves a fluorescent substrate with low efficiency in vitro (Arretz et al., 1994,
Brown et al., 2007; Smid et al., 2008a). Neither Imp nor Som1 of IMP were detected
and only a putative candidate for a homologue of MIP without targeting sequence is

present in the T. vaginalis genome (Carlton et al., 2007) (Fig. 14).

Fig. 14. Hydrogenosomal protein import machinery of T. vaginalis.
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4.5. Mitosomal protein import and maturation in Cryptosporidium parvum
Unlike P. falciparum mitochondrial presequences, the amino acid composition of C.
parvum Hsp70 N-terminal mitosomal presequence is similar to presequences of other
eukaryotes. Moreover, it was sufficient for targeting of passenger GFP protein to S.
cerevisiae and Toxoplasma gondii mitochondria (Slapeta and Keithly, 2004). N-
terminal portion of C. parvum Cpn60 targeted passenger GFP protein to S. cerevisiae
mitochondria as did predicted mitosomal leaders of C. parvum IscS and IscU (LaGier et
al., 2003).

A reduced set of protein import machinery components was identified in the C.
parvum genome: Tom40 and Sam50 of the outer membrane (Dolezal et al., 2006), a
hybrid chaperone protein Tim8-13 (Gentle et al., 2007), inner membrane TIM23
translocase proteins Tim17 and Tim23 (Dolezal et al., 2006), and protein import motor
components Hsp70 (Slapeta and Keithly, 2004), Pam18 and Tim44 (Henriquez et al.,
2005). Genes coding for both aMPP and BMPP homologues are present in the C.
parvum genome. Clear homologues of MIP and the regulatory Som1 subunit of IMP are
missing, but a gene coding for the catalytic Imp subunit homologue can be detected

(Abrahamsen et al., 2004) (Fig. 13).

Fig. 13. Mitosomal protein import machinery of C. parvum.
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4.6. Mitosomal protein import and maturation in Giardia intestinalis
The targeting information for import of mitosomal proteins was shown to be either on
an N-terminal extension or present as an internal signal (Dolezal et al., 2005). Three
proteins of G. intestinalis were demonstrated to possess cleavable N-terminal
extensions: IscU, ferredoxin, and IscA (Dolezal et al., 2005; Smid et al., 2008a).
Mitosomal presequences resemble mitochondrial presequences in that they are rich in
hydrophobic and hydroxylated amino acid residues, but they lack distal positively-
charged amino acid residues (Smid et al., 2008a). The IscU and ferredoxin targeting
sequences were able to direct proteins into hydrogenosomes of T. vaginalis (Dolezal et
al., 2005). N-terminal part of mitosomal ferredoxin comprising a cleavable presequence
and seven amino acid residues of the mature protein guided the passenger GFP protein
to mitochondria of human kidney cells (Regoes et al., 2005). In addition to the cleavable
presequence, IscU contains a signal localized within the mature part of the protein that
is sufficient to guide IscU without the N-terminal presequence to mitosomes, although
with lower efficiency (Dolezal et al., 2005). Most likely, the mitosomal import of
mature IscU depends on the N-terminal part of the protein as the IscU without first eight
amino acid residues did not target the passenger GFP protein to mitosomes (Regoes et
al., 2005). In contrast to ferredoxin, IscA and IscU, mitosomal matrix proteins IscS,
Cpn60 and mtHsp70 lack N-terminal targeting sequences and import into the mitosome
is driven only by an internal signal (Dolezal et al., 2005; Regoes et al., 2005).

Of the protein import machinery, only homologues of Pam18 and mitochondrial
Hsp70 were identified in the genome of G. intestinalis and their mitosomal localization
was demonstrated (Dolezal et al., 2005; Dyall and Dolezal, 2008). The question whether
the mitosomal protein import machinery is extremely reduced, or composed of
components that are either too divergent or unrelated is currently under investigation.

N-terminal extensions of mitosomal preproteins are cleaved by mitosomal
processing peptidase (GPP). As yet uniquely among eukaryotes, GPP of G. intestinalis
is functional as a monomer homologous to the BMPP subunit. Even though the
quaternary structure of GPP is markedly different from MPP, biochemical properties of
the two metallopeptidases are comparable. Sophisticated phylogenetic analyses
indicated that GPP most probably evolved by reduction of a formerly heterodimeric
enzyme and not directly from the monomeric bacterial protease presumably present in
mitochondrial endosymbiont (Smid et al., 2008a; Kitada et al., 2007). Comparison of
tertiary structures and substrate specifities of GPP, HPP, and MPP suggested that the
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co-evolution with presequences was the major selective force shaping the three
processing peptidases and provided a possible explanation of GPP reduction. In
mitochondria, aMPP is involved in (i) initial recognition of hundreds of substrates of
varying sequence and length and (ii) immobilization of longer substrates by interaction
with their distal positively charged residues during processing. Mitosomes of G.
intestinalis are highly simplified organelles. The reduction of overall protein content
was accompanied by shortening of mitosomal targeting presequences, a trend that can
be seen in other organisms (Hausler et al., 1997; Bradley et al., 1997; Burri et al., 2006).
The low number of short presequences that, in addition, do not contain distal positively
charged residues, most likely allowed for the loss of a subunit of the mitosomal
processing peptidase, leading to reduction of a formerly heterodimeric enzyme to a
functional BGPP monomer (Smid et al., 2008a). Apart from GPP, no other
mitochondrial processing peptidase homologue was found in the G. intestinalis genome

(Morrison et al., 2007).

4.7. Mitosomal protein import and maturation in Entamoeba histolytica
Similarly to T. vaginalis hydrogenosomal presequences, N-terminal extension of Cpn60
required for the protein mitosomal localization possesses leucine as the amino acid
residue after the first methionine and is enriched in serine residues (Tovar et al., 1999).
In addition to Cpn60, such presequences were found to be present on Hsp70 and
pyridine nucleotide transhydrogenase (Bakatselou et al., 2003), but the localization of
these proteins has not been verified yet. Mitosomal localization of Cpn10, a co-
chaperone of Cpn60, was demonstrated (van der Giezen et al., 2005). Like all known
mitochondrial Cpn10 of other eukaryotes, Cpnl0 of E. histolytica does not possess an
N-terminal presequence. The targeting information is carried within the mature part of
the protein, same as the information for mitosomal localization of the identified
ADP/ATP transporter (Chan et al., 2005). Of the mitosomal protein import machinery,
only a mitochondrial Hsp70 (Arisue et al., 2002), a single BMPP homologue and a
putative MIP gene were identified in the genome of E. histolytica thus far (Loftus et al.,
2005).

4.8. Mitosomal protein import and maturation in microsporidia
N-terminal portions of the predicted mitosomal proteins of the two microsporidia whose

genome was or is being sequenced, E. cuniculi and Antonospora locustae, respectively,
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lack defined characteristics. Full length A. locustae ferredoxin, frataxin, glyceraldehyde
3-phosphate dehydrogenase (G3PDH), Imp subunit 2, ferredoxin reductase (FNR), and
E. cuniculi IscU guided passenger GFP to S. cerevisiae mitochondria. Of these proteins,
only A. locustae G3PDH N-terminal extension alone was able to target passenger GFP
to the yeast mitochondria. Nevertheless, N-terminally truncated version of the A.
locustae G3PDH-GFP fusion protein was targeted to the yeast mitochondria, too,
indicating that the protein employs an additional internal targeting signal. Besides A.
locustae G3PDH-GFP, internal targeting information has been shown to be responsible
for mitochondrial localization of A. locustae FNR-GFP; other examined fusion proteins
possessed the targeting information on their N-termini (Burri et al., 2006).

A reduced mitochondrial protein import machinery is present in the mitosomes of
microsporidia. Based on genomic data of E. cuniculi, a putative Tom70 receptor
together with the core component of the translocation pore Tom40 seem to form the
TOM40 complex of the outer membrane (Katinka et al., 2001). Genes coding for
Sam50 of the SAM (Dolezal et al., 2006), Tim22 of the TIM22 and Tim17 of the
TIM23 complexes (Burri et al., 2006) were detected in the E. cuniculi genome. A
homologue of mitochondrial Hsp70 (Peyretaillade et al., 1998) is the only identified
component of the import motor. Proteins are processed only in the mitosomes of A.
locustae by Imp2, the only homologue of a mitochondrial protease identified so far
(Burri et al., 2006) (Fig. 15).

Fig. 15. Mitosomal protein import machinery of microsporidia.
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Mitochondria are archetypal organelles of endosymbiotic origin in
eukaryotic cells. Some unicellular eukaryotes (protists) were con-
sidered to be primarily amitochondrial organisms that diverged
from the eukaryotic lineage before the acquisition of the premi-
tochondrial endosymbiont, but their amitochondrial status was
recently challenged by the discovery of mitochondria-like double
membrane-bound organelles called mitosomes. Here, we report
that proteins targeted into mitosomes of Giardia intestinalis have
targeting signals necessary and sufficient to be recognized by the
mitosomal protein import machinery. Expression of these mitoso-
mal proteins in Trichomonas vaginalis results in targeting to hy-
drogenosomes, a hydrogen-producing form of mitochondria. We
identify, in Giardia and Trichomonas, proteins related to the
component of the translocase in the inner membrane from mito-
chondria and the processing peptidase. A shared mode of protein
targeting supports the hypothesis that mitosomes, hydrogeno-
somes, and mitochondria represent different forms of the same
fundamental organelle having evolved under distinct selection
pressures.

biogenesis | FeS cluster assembly | Pam18 | matrix-located processing
peptidase | ferredoxin

M itosomes are double-membrane bound organelles found in
some unicellular eukaryotes, including Entamoeba histo-
Wytica (1, 2) and microsporidians such as Trachipleistophora
hominis (3). The name “mitosome” (synonym: crypton) was
proposed to indicate that the organelles are highly reduced
(cryptic) mitochondria (1). More recently, mitosomes were
identified in the human intestinal parasite Giardia intestinalis (4),
which has often been considered to be among the earliest
branching eukaryotes (5, 6). The apparent lack of mitochondria
in Giardia had led to the hypothesis that Giardia separated from
other eukaryotes before the acquisition of mitochondria (7). The
presence of mitosomes in Giardia provides evidence that even if
Giardia really is an early branching eukaryote, it nevertheless
split from other eukaryotes after the mitochondrial endosym-
biosis event (4). This view is further supported by identification
of several genes of putative mitochondrial origin on the Giardia
genome (8, 9).

A key piece of evidence for identifying the mitosomes in
Giardia was the discovery that they contain components of the
protein machinery responsible for iron sulfur cluster assembly
(10). Cysteine desulfurase (IscS) and a scaffold protein (IscU)
carry out the crucial steps in biosynthesis of Fe-S centers. In
eukaryotes, this process takes place exclusively in double mem-
brane-bound organelles including mitochondria (11), hydro-
genosomes (12), and chloroplasts (13). Phylogenetic analyses
placed the Giardia IscS (GiiscS) within the mitochondrion/
hydrogenosome clade (10, 14). In addition, GiiscS and Giardia
scaffold protein (GiiscU) colocalized inside vesicles surrounded
by a double membrane and high-speed cellular fractions of
Giardia catalyzed reconstitution of FeS clusters in an apoprotein
lacking FeS moieties (4). Based on these data, it has been
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proposed that the GiiscS- and GiiscU-containing vesicles are
highly reduced mitochondrial homologues or mitosomes.

The presence of a common type of FeS assembly machinery
in Giardia mitosomes, trichomonad hydrogenosomes, and mito-
chondria argues for a common evolutionary history of these
organelles (4); however, it does not refute contentions that these
organelles each arose independently from related species of
bacterial endosymbionts (15). One problem is the absence of
knowledge concerning the biogenesis of the mitosomes, the
evidence that provided strong arguments for a common progen-
itor of hydrogenosomes and mitochondria (16, 17). Proteins
targeted into the mitochondria are synthesized in cytosol with an
N-terminal extension for protein targeting; however, many have
internal targeting signals. Both sorts of targeting information are
recognized by the outer (TOM) and inner (TIM) membrane
translocases (18, 19). The mitochondrial matrix proteins are
further translocated through the TIM23 complex, with energy
supplied by a PAM complex. The PAM complex includes an
integral membrane protein with a J domain referred to either as
Pam18 (20) or Tim14 (21). After translocation, N-terminal
presequences are then cleaved by a matrix-located processing
peptidase (MPP) (22). Proteins targeted to hydrogenosomes
have N-terminal extensions that carry targeting information
(23). Interestingly, initial work on the proteins assembling Fe-S
centers in Giardia showed that two mitosomal proteins, GiiscU
(4) and [2Fe2S] ferredoxin (24), have also predicted N-terminal
extensions, whereas such an extension was absent in GiiscS (4).

To provide insight into the biogenesis of Giardia mitosomes,
we investigated and compared targeting of GiiscS, GiiscU, and
[2Fe2S] ferredoxin to Giardia mitosomes and to hydrogeno-
somes in Trichomonas vaginalis. We show that mitosomes and
hydrogenosomes share a common mode of protein targeting
that, like protein import into mitochondria, can make use of
N-terminal or internal targeting signals. Initial sequence analysis
and cell localization studies suggests that Giardia and Trichomo-
nas have protein import machinery that shares common com-
ponents with the protein import machinery of mitochondria and
mitochondria-like processing peptidases.

Materials and Methods

Cell Cultivation. G. intestinalis strain WB (American Type Culture
Collection) was grown in TYI-S-33 medium supplemented with
antibiotics (25). T. vaginalis strain T1 (kindly provided by P. J.
Johnson, University of California, Los Angeles) was maintained
in TYM medium (26). Saccharomyces cerevisiae strain YPH499
was grown in a rich medium as described in ref. 12.

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: GiiscS, Giardia cysteine desulfurase; GiiscU, Giardia scaffold protein; MPP,
matrix-located processing peptidase.
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Selectable Transformation of G. intestinalis and T. vaginalis. The
plasmid pPONDRA-HA was constructed by modifying pR AN-
neoGDHluc (27). The luc gene was replaced with the HA tag
cassette from TagVag vector (28), and the 5" UTR of GDH was
modified for further cloning. The giiscu, gifdx, Agiiscu, Agifdx,
and gia -fub genes were amplified by PCR from genomic DNA
and introduced into plasmids for transformation as described
in ref. 27. All primers used in this study are described in
supporting information, which is published as supporting
information on the PNAS web site. For 7. vaginalis transfor-
mation, Giardia genes were subcloned into the plasmid
TagVag (28). Cells were transformed and selected as described
in ref. 12. Iterative BLAST searches were used to identify the
Pam18 orthologous sequences from G. intestinalis (protein
accession no. EAA37663) and T. vaginalis (orf 95394.m00357)
(29). BLAST searches of GIARDIADB for members of the M16
protease family revealed GiBMPP (EAA39560). The tvpam18,
gipaml18, and tvBmpp genes were amplified, cloned, and ex-
pressed in Giardia and Trichomonas as above.

Immunofluorescent Microscopy. Mitosomal proteins were stained
in fixed G. intestinalis and T. vaginalis cells with mouse a-HA
mADb (12). In double-labeling experiments, G. intestinalis clathrin
heavy chain, disulfide isomerase, and GiiscU were detected with
rabbit polyclonal Abs (A. Hehl, University of Ziirich, Ziirich; ref.
4). Hydrogenosomal malic enzyme was detected by rabbit poly-
clonal Ab (30). Details are given in supporting information.

Preparation of Subcellular Fractions. Giardia subcellular fractions
were obtained by differential and sucrose gradient centrifuga-
tion of the cell homogenate as detailed in supporting informa-
tion. Percoll-purified hydrogenosomes and cytosol of T. vaginalis
were prepared as described in ref. 12. Mitochondria were
isolated from the S. cerevisiae strain YPH499 as described in ref.
31. To remove proteins not imported into the organelles, hy-
drogenosomes were incubated 60 min with 200 wg/ml trypsin in
ST buffer (250 mM sucrose/0.5 mM KCI/10 mM TrisHCI, pH
7.2) at 37°C and washed twice with 5 mg/ml soybean trypsin
inhibitor in ST buffer.

Mitosome-rich fractions were processed for electron micros-
copy with a modified method of Tokuyasu (32). Ultrathin frozen
sections were labeled with mouse a-HA mAb and 10 nm
gold-labeled goat a-mouse Ab and observed in a Jeol 1010
electron microscope, as detailed in supporting information.

Protein Processing Assay. GiiscU and AGiiscU were cloned into
pSP64T (Promega). The constructs were incubated with TNT
Quick Coupled Transcription/Translation System (Promega)
according to the manufacturer’s protocol. Synthesized proteins
were precipitated by 60% ammonium sulfate (wt/vol in water),
and the resulting precipitate dissolved in buffer (20 mM Tris/1
mM KCI/10 mM MgCl,/0.5% Triton). Organelles (100 ug of
protein) were mixed with 3S-labeled protein in the same buffer.
Mitochondrial and hydrogenosomal samples were incubated for
various times at 30°C and 37°C, and samples were analyzed by
SDS/PAGE and autoradiography.

GiiscU Expression and Determination of Processing Site. GiiscU was
expressed in E. coli by using pQE30 vector (Qiagen) and was
affinity purified under native conditions (Qiagen). Protein
(=150 png) was incubated for 60 min in 10 mM Hepes (pH
7.5)/0.1 mM MnCl,/0.5 mM DTT with 4 ug of recombinant rat
MPP (kindly provided by J. Adamec, Academy of Sciences,
Prague, Czech Republic) (33). The reaction was inhibited by
addition of 10 mM EDTA, and samples were separated on
SDS/PAGE gels, blotted to poly(vinylidene difluoride) mem-
brane and stained with Coomassie brilliant blue. Selected pro-
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Fig.1. N-terminal regions of Giardia and Trichomonas IscU, IscS, and [2Fe-2S]
ferredoxins. mitoproT (http://ihg.gsf.de/ihg/mitoprot.html) predicted target-
ing sequences are highlighted in bold. psorT i1 (http://psort.nibb.ac.jp) cleav-
age sites (arrows) are shown, and arginines (at position —2 relative to the
cleavage site) highlighted by asterisks. N-terminal amino acid sequences
determined in GiiscU, retrieved from Giardia, or processed in vitro by recom-
binant rat MPP are underlined.

tein bands were subjected to N-terminal protein sequencing by
Edman degradation.

The HA-tagged GiiscU was immunoprecipitated from G. in-
testinalis transformants by using proteinA Sepharose (Sigma),
coupled with a-HA mAb adopting the method from ref. 34.
Details are given in supporting information.

Results

Targeting of GiiscU, GiiscS, and Gifdx into Mitosomes. GiiscU, Gifdx,
GiiscS, and the truncated forms (AgiiscU and Agifdx) lacking 26 and
18 aa of predicted N-terminal extensions (Fig. 1), respectively, were
overexpressed in Giardia and Trichomonas with a C-terminal HA
tag (27, 28). The products of giiscS, giiscU, and gifdx were found in
a number of vesicles (30 = 6 per cell) with a distribution charac-
teristic of mitosomes (4): between the two Giardia nuclei in close
proximity to the basal bodies and in the lateral and posterior parts
of the cell (Fig. 24). Tagged GiiscS colocalized with native GiiscU
in double-labeling experiments (data not shown). These vesicles
were clearly distinct from the endoplasmic reticulum and peripheral
vesicles beneath the plasma membrane (Fig. 2B). Subsequently, the
mitosome containing fraction from giiscU transformants were
purified from the homogenate by differential and gradient centrif-
ugation. Immunoelectron microscopy revealed the presence of
tagged GiiscU within organelles of ~184 X 140 nm in diameter, and
surrounded by two membranes (Fig. 2D). These features indicate
that all three proteins were translocated into Giardia mitosomes (4).

The N-terminal extensions predicted for Gifdx and GiiscU are
necessary for targeting the proteins to mitosomes: weak labeling
of mitosomes was observed in cells expressing AgiiscU that lacks
the 26-residue N-terminal sequence, and no organellar labeling
was observed in the cells expressing AGifdx lacking its 18-residue
extension (Fig. 24). The targeting function of these N-terminal
leader sequences was confirmed by Western blot analysis of the
cellular fractions (Fig. 2C), with GiiscU and Gifdx present
exclusively in the mitosome-rich fraction. By contrast, the ma-
jority of AGiiscU was found in the cytosol, and no organellar
signal was detected for AGifdx, although it did not accumulate
within the cytosol either. To be certain that AGiFdx was
expressed, we compared mRNA levels of gifdx and Agifdx in
corresponding transformants. No difference in gifdx and Agifdx
transcription was found (supporting information). Thus, failure
of AGifdx to be targeted to mitosomes likely results in degra-
dation of the apoprotein by proteolysis, as previously reported
for the apoform of Leulp in yeast (35).

N-Terminal Targeting Sequence-Independent Import of GiiscS. No
N-terminal targeting sequence was predicted for GiiscS. To
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Fig.2. Cellularlocalization of tagged GiiscU, GiiscS, and Gifdxin G. intestinalis transformants. (A) Transformed Giardia cell lines were stained forimmunofluorescence
microscopy with mouse a-HA tag Ab (green). GiiscU and Gifdx, the complete preproteins possessing N-terminal presequences; AGiiscU and AGifdx, truncated forms
lacking the N-terminal presequences. GiiscS does not possess recognizable N-terminal presequence. Giardia a-tubulin (Giatub) was used as a control. Merged images
are given for immunofluorescent staining, the nuclei (blue) stained with DAPI, and differential interference contrast (DIC). (B) Mitosomes stained for GiiscU (red);
peripheral vesicles and structures of endoplasmic reticulum stained for clathrin light chain (a-GiCLH Ab) and protein disulfide isomerase (a-GiPDI Ab), respectively,
(green). (C) Total cell lysate (L), cytosolic (C), and mitosomal (M) fractions were prepared from transformed cells and analyzed by SDS/PAGE (Top) and Western blots
(bottom four blots). (D) Immunoelectron microscopy of the mitosomes purified from giiscU transformants. Tagged GiiscU was detected in the organelles by the mouse

a-HA Ab and 10 nm gold-labeled goat a-mouse Ab. Arrowheads indicate the double (outer and inner) membranes of the mitosome.

examine which part of the 434-aa protein is required for targeting
to mitosomes, the protein was truncated and the N-terminal 202
residues (GiiscSN1/2) or C-terminal 232 residues (GiiscSC1/2)
expressed in T. vaginalis. Both fragments of the protein were
delivered into the hydrogenosomes (Fig. 3C). These results
indicate that IscS contains multiple targeting signals within the
protein.

Conservation of Protein Targeting in Mitosomes and Hydrogeno-
somes. To determine whether the mitosomal targeting sequences
on GiiscU and Gifdx can function to target proteins to hydro-
genosomes, the giardial genes were overexpressed in T. vaginalis.
Immunofluorescence labeling of trichomonad cells expressing
tagged GiiscU, Gifdx, and GiiscS localized these proteins to
discrete structures surrounding trichomonad nuclei and cy-
toskeletal structures, the cell distribution typical for hydrogeno-
somes (Fig. 34). The labeling of tagged proteins also colocalized
with malic enzyme, a marker protein for hydrogenosomes.
Stronger malic enzyme signal corresponds to its abundance in
hydrogenosomes (30). In contrast, the absence of N-terminal
leader sequences on AGiiscU and AGifdx abrogated the delivery
of the proteins into the target organelle with the majority of each
protein accumulating in the cytosol (Fig. 3B).

The N-terminal extension of GiiscU is not only necessary, but
sufficient, for targeting of this protein into the hydrogenosomes.
Attaching the extension of GiiscU to the N terminus of a-tubulin
delivers a significant proportion of this passenger protein into
the hydrogenosomes, whereas no giardial a-tubulin was found in
the organelles when expressed without the GiiscU targeting
sequence (Fig. 3B).
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Processing of a Mitosomal Targeting Sequence. The detection of
GiiscU expressed in 7. vaginalis hydrogenosomes revealed the
presence of two bands of 20 and 17 kDa corresponding to the
predicted molecular mass of the GiiscU precursor and its mature
form, respectively. In Giardia, the size of tagged GiiscU detected
in mitosomes of the cells expressing the complete giiscU was
identical to its truncated form expressed in AgiiscU transfor-
mants. These observations indicated processing of N-terminal
targeting sequence within the target organelles (Fig. 44). To test
whether specific metallopeptidases, which are known to mediate
cleavage of targeting sequences in mitochondria (33) and pos-
sibly in hydrogenosomes (23), can process the giardial targeting
sequences, we incubated in vitro translated GiiscU preprotein
with lysates of yeast mitochondria or trichomonad hydrogeno-
somes. The mitochondrial lysate efficiently catalyzed the cleav-
age of GiiscU in a time-dependent manner (Fig. 4B), as did the
hydrogenosomal extract (Fig. 4C). The cleavage was inhibited by
the addition of EDTA, indicating that a metalloprotease is
involved. Pretreatment of the hydrogenosomal lysate with hex-
okinase to remove ATP did not affect the cleavage, which
excludes a possibility that the observed processing was catalyzed
by ATP-dependent proteases. To determine the protein cleavage
site, GiiscU preprotein was incubated with recombinant rat MPP
(Fig. 4D). The N-terminal sequence of the major cleavage
product (inhibitable by EDTA) revealed that the MPP cleaved
the GiiscU precursor between Phe-18 and Leu-19 with arginine
at —2 position (Fig. 1). Finally, overexpressed GiiscU was
immunoprecipitated from a giardial high-speed pellet to verify
whether native cleavage site in Giardia corresponds to that
catalyzed by recombinant MPP (supporting information). In-
deed, the N-terminal sequence of the GiiscU retrieved from
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Fig. 3. Targeting of the mitosomal proteins GiiscU, Gifdx, and GiisS into T.
vaginalis hydrogenosomes. (A) The Giardia proteins were each expressed in
trichomonads with a C-terminal HA tag (green). A rabbit polyclonal Ab
recognizing the hydrogenosomal malic enzyme (a-ME) was used as a marker
for hydrogenosomes (red). The nuclei were stained with DAPI (blue). DIC,
differential interference contrast. (B) Total cell lysate (L), cytosol (C), and
hydrogenosomal (H) fractions were prepared from transformed Trichomonas
cells and analyzed by SDS/PAGE and Western blots.

Giardia started with Leu-19 (Fig. 1). Although it is not yet clear
how generally applicable PSORT (http://psort.nibb.ac.jp) will be
for predicting cleavage sites in mitosomal proteins, in the case of
GiiscU, the prediction was successful.

Homologs of the B-subunit of MPP are encoded in the
genomes of G. intestinalis and T. vaginalis. Both of these B-MPP-
like sequences possess characteristic His-X-X-Glu-His zinc-
binding motifs and PSORT-predicted presequences (supporting
information). Overexpression of B-MPP in G. intestinalis showed
its colocalization with GiiscU in mitosomes (Fig. 5).
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Fig.4. Processing of GiiscU. (A) M, GiiscU detected in mitosomes of Giardia;
C, N-terminal truncated form of GiiscU retained in the cytosol of Agiiscu
transformants; H, two forms of GiiscU in the hydrogenosomes represent the
precursor (p) and the processed (m) protein. (B) Time-dependent processing of
in vitro translated, 3°S-labeled GiiscU precursor in the presence of yeast
mitochondrial lysate. The mature-sized form of GiiscU (m). (C) GiiscU precursor
was 35S-labeled and incubated with lysate prepared from T. vaginalis hydro-
genosomes with or without 10 mM EDTA. ATP-depleted lysate (—ATP) by
using hexokinase (34). (D) GiiscU precursor incubated for 60 min with rat MPP
(33). The N terminus of major cleavage product (asterisk) was determined by
microsequencing.

A Subunit of the Mitochondrial PAM Complex in Mitosomes and
Hydrogenosomes. Although only partial information is available
on the genome sequence from G. intestinalis and T. vaginalis, we
have initiated iterative BLAST analyses (29) to search for ho-
mologs of the components of the mitochondrial protein import
machinery. The Pam18-related sequences in Fig. 5C all predict
to have a transmembrane segment, followed by a conserved
charged region and a J domain characterized by the absence of
a predicted “helix IV” (37). To determine their subcellular
location, GiPam18 and TvPam18 were expressed as HA-tagged
proteins in G. intestinalis and T. vaginalis. The proteins of both
origins were delivered into both hydrogenosomes and mitosomes
and colocalized with the marker proteins, GiiscU and malic
enzyme, respectively (Fig. 5 4 and B).

Discussion

Our study provides evidence that mitosomes of G. intestinalis,
hydrogenosomes, and mitochondria share a similar mode of
protein targeting and translocation. This finding supports the
hypothesis that mitosomes, hydrogenosomes, and mitochondria
represent different forms of the same fundamental organelle
that have evolved under distinct selection pressures (38).
Three giardial proteins were selected to compare their tar-
geting and translocation into mitosomes and hydrogenosomes:
GiiscS, GiiscU, and [2Fe2S] ferredoxin (Gifdx). These proteins
are homologues of the key components of the FeS cluster
assembly machinery operating in mitochondria and hydrogeno-
somes (11, 12). Association of GiiscS and GiiscU with giardial
mitosomes has been reported in ref. 4, whereas the intracellular
localization of Gifdx has not been studied. When GiiscS, GiiscU,
and Gifdx were overexpressed in G. intestinalis or T. vaginalis, all
three proteins were specifically delivered into the mitosomes or
into the hydrogenosomes, respectively. The delivery of the
proteins was mediated by two different mechanisms requiring
either N-terminal targeting sequences (Gifdx, GiiscU) or inter-
nal targeting sequences (GiiscS). The N-terminal extensions
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Fig. 5. Cellular localization of tagged GiPam18, TvPam18, and GiBMPP. Transformed cell lines of G. intestinalis (A and D) and T. vaginalis (B) were stained for
immunofluorescence microscopy with mouse a-Ha Ab (green). GiiscU was detected by polyclonal rabbit a-GiiscU Ab (red). The merged images are given for
immunofluorescent staining, the nuclei (blue) stained with DAPI. (C) Domain structure of GiPam18 and TvPam18 compared with other members of the
Pam18/Tim14 family. Ten of the most diverse sequences were aligned with cLustaLw (supporting information). The N-terminal extension segments were located
in the intermembrane space (20), transmembrane segments (TM) were predicted with DAS (36), and the J domain (blue) was characterized as described in ref. 37.

predicted in GiiscU and Gifdx are both necessary and sufficient
for targeting to mitosomes and resemble the targeting sequences
found in mitochondrial and hydrogenosomal proteins in that
they (i) are rich in serine and arginine residues, (ii) are predicted
to form amphipathic helices, and (iif) possess cleavage site motifs
recognized by mitochondrial-type processing peptidases.

In mitochondria, MPP is an EDTA-sensitive metalloprotease
that consists of two subunits. Genes coding for a and B subunits
of MPP can be found widely in eukaryotes, including animals,
fungi, and plants (22). Although the hydrogenosomal processing
peptidase has not been biochemically characterized, protein
processing in hydrogenosomes was observed (23), and sequences
for each subunit of MPP are annotated in the 7. vaginalis
genome. We found a putative B-MPP subunit in the Giardia
genome and showed that the protein is delivered into mitosomes.
EDTA-sensitive cleavage of the GiiscU N-terminal targeting
sequence was observed with purified rat MPP and with hydrog-
enosomal extracts, and analysis of GiiscU isolated from Giardia
indicated that protein processing also occurred in situ.

Protein targeting sequences and their processing peptidase are
common in mitosomes, hydrogenosome and mitochondria. Are
the fundamental components of the TOM and TIM complexes
also to be found in Trichomonas and Giardia? It is clear now that
although some components of the mitochondrial protein import
machinery might have evolved after the radiation of the main
eukaryotic lineages (39), several components of the TOM (29)
and TIM (40) complexes were likely present at the earliest stage
in the conversion of the endosymbiont that gave rise to mito-
chondria. Our data predicts that these primitive components of
the TOM and TIM complexes will be present in hydrogenosomes
and mitosomes. In at least one case, Tim14 /Pam18, this predic-
tion has been fulfilled. Although there are 26 different proteins
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containing J domains in yeast, only Pam18/Tim14 (and its
paralog Mdj2) contain a transmembrane segment, a charged
linker domain, and a J domain without the characteristic “helix
1V (37). The function of Tim14 /Pam18 is to dock to the TIM23
complex, assist Tim44 to bind the mitochondrial Hsp70, and to
directly stimulate ATP hydrolysis catalysed by Hsp70 to promote
protein translocation across the mitochondrial membranes (20,
21). We do not currently have an assay system capable of
dissecting the function of the Pam18-related proteins of Giardia
and Trichomonas, but the presence of GiPam18 in mitosomes
and TvPam18 in hydrogenosomes provides an indication that the
protein translocation machinery of these organelles and mito-
chondria might be built around commonly derived components.
More sensitive means of sequence analysis may be required to
identify further subunits of the TOM and TIM complexes, and
we have initiated studies to build hidden Markov models for this
purpose.

The endosymbiotic event of an a-proteobacterium that gave
rise to mitochondria and related organelles is of great interest
because this event might represent the moment of the origin of
the eukaryotic cell itself (41). Studying the fate of the ancestral
endosymbiont in different eukaryotes promises to uncover the
nature and primary role of the organelle for eukaryotes. The fact
that hydrogenosomes and mitochondria recognize the targeting
signals of mitosomal proteins indicates that these organelles
possess a common protein import mechanism and suggests that
all these organelles share, through common descent, what must
have been among the earliest features of the first “mitochond-
riate” organisms.
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Transformation of the metabolically down-regulated mito-
chondrion of the mammalian bloodstream stage of Trypano-
soma brucei to the ATP-producing mitochondrion of the insect
procyclic stage is accompanied by the de novo synthesis of citric
acid cycle enzymes and components of the respiratory chain.
Because these metabolic pathways contain multiple iron-sulfur
(FeS) proteins, their synthesis, including the formation of FeS
clusters, is required. However, nothing is known about FeS clus-
ter biogenesis in trypanosomes, organisms that are evolutionar-
ily distant from yeast and humans. Here we demonstrate that
two mitochondrial proteins, the cysteine desulfurase TbiscS
and the metallochaperone TbiscU, are functionally conserved in
trypanosomes and essential for this parasite. Knock-downs of
TbiscS and ThiscU in the procyclic stage by means of RNA inter-
ference resulted in reduced activity of the marker FeS enzyme
aconitase in both the mitochondrion and cytosol because of the
lack of FeS clusters. Moreover, down-regulation of TbiscS and
TbiscU affected the metabolism of procyclic T. brucei so that
their mitochondria resembled the organelle of the bloodstream
stage; mitochondrial ATP production was impaired, the activity
of the respiratory chain protein complex ubiquinol-cyto-
chrome-c reductase was reduced, and the production of pyru-
vate as an end product of glucose metabolism was enhanced.
These results indicate that mitochondrial FeS cluster assembly
is indispensable for completion of the 7. brucei life cycle.

Trypanosoma brucei is one of the most important protozoan
pathogens, responsible for human sleeping sickness and nagana
in livestock. Moreover, because the genome of 7. brucei has
recently been completely sequenced (1), and the cells are ame-
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nable to approaches of involving reverse genetics (2), T. brucei
has become a new model organism, which is evolutionarily
highly divergent from classical models such as Saccharomyces
cerevisiae. While yeast and other fungi are more related to
metazoa including humans (eukaryotic group Opisthokonta),
trypanosomatids belong to the distant eukaryotic group called
Excavata (3, 4). This group is formed exclusively of unicellular
eukaryotes, many of them with highly modified mitochondria
(5). The mitochondrion of T. brucei is of particular interest,
because it undergoes dramatic metabolic and structural
changes during the cell cycle between the blood of the mamma-
lian host and the digestive tract of the tsetse fly. An excess of
glucose in the mammalian host permits the bloodstream stage
to employ glycolysis for energy generation, a significant part of
which is localized to specialized peroxisomes called glycosomes
(6), producing pyruvate as a major end product. Consequently,
the mitochondrion lacks the cytochrome-dependent electron
transport chain and the activities of the citric acid cycle
enzymes and is thus impaired in its ability to produce ATP by
oxidative phosphorylation (7). Through its f