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a b s t r a c t

Frataxin is a conserved mitochondrial protein, almost universally present in prokaryotes and eukaryotes,
where it is implicated in Fe–S cluster assembly and several other processes. Here we show that frataxins
from the diatom Thalassiosira pseudonana and the plant Arabidopsis thaliana are efficiently targeted and
processed in the mitochondrion of the evolutionary distant excavate kinetoplastid flagellate Trypanosoma
brucei. Moreover, both heterologous frataxins are able to rescue a lethal deficiency for T. brucei frataxin.

© 2008 Elsevier B.V. All rights reserved.
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Frataxin is a small highly conserved protein found in virtually
ll prokaryotes and eukaryotes. It lacks well-defined motifs and
espite its omnipresence and the fact that in humans its deficiency
auses serious Friedreich’s ataxia, the function of frataxin is far from
eing understood. Among the roles assigned to this protein are Fe–S
luster and heme biosynthesis, control of reactive oxygen species
ROS), participation in the respiratory complexes, repair of dam-
ged Fe–S clusters and iron storage [1,2]. These and other putative
unctions of frataxin have been extensively studied in the yeast,

ouse and human cells [3–9], and lately also in Trypanosoma brucei
10] and Arabidopsis thaliana [11,12]. We have shown recently that
oth hydrogenosomal frataxin proteins of Trichomonas vaginalis are
ot only efficiently imported into the T. brucei mitochondrion via
heir genuine hydrogenosomal import signals, but are also able
o rescue the phenotype caused by the downregulation of try-
anosome frataxin [10].

The import into the T. brucei mitochondrion of proteins equipped
ith a hydrogenosomal import signal [13] and the lack of obvious

omologues in the kinetoplastid genomes of several key compo-
ents of the mitochondrial import machinery [14] were interpreted
s features of a simplified pathway for mitochondrial protein
mport in trypanosomes [15]. Same as trypanosomes, trichomon-

∗ Corresponding author. Tel.: +420 38 7775416; fax: +420 38 5310388.
E-mail address: jula@paru.cas.cz (J. Lukeš).
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ds belong to the supergroup Excavata [16], their hydrogenosomes
eing in fact only highly modified mitochondria [17]. We won-
ered whether the mitochondrial import system of T. brucei will
lso recognize import signals of mitochondria from very distantly
elated organisms. For that purpose we have chosen the model rep-
esentative of land plants A. thaliana and the marine diatom protist
halassiosira pseudonana. Marine diatoms are ecologically highly
ignificant protists with an impact on global carbon cycling similar
o that of all rain forests combined [18]. A recent view holds that
hey belong to the supergroup Chromalveolata, while A. thaliana is
anked into the supergroup Plantae [16].

In this work we show that the genuine import signals of frataxins
rom A. thaliana and T. pseudonana were sufficient to import the
espective proteins into the mitochondrion of T. brucei, in which
oth frataxins exerted a rescue effect. Our results indicate that this
rganelle behaves as a universal importer and represents a useful
ystem for functional analysis of heterologous genes.

. Frataxins of T. pseudonana (Tp-frataxin) and A. thaliana
At-frataxin)
The sequence of Tp- and At-frataxins and T. brucei (Tb)-frataxin
ere aligned with CLUSTAL W2 and the mitochondrial signal pep-

ides were predicted with MitoprotII (Fig. 1). At the amino acid
evel the similarity between Tb- and Tp-frataxins, and Tb- and
t-frataxins is 34.8% and 57.7%, respectively. Two �-helices and

http://www.sciencedirect.com/science/journal/01666851
mailto:jula@paru.cas.cz
dx.doi.org/10.1016/j.molbiopara.2008.08.001


S. Long et al. / Molecular & Biochemical Parasitology 162 (2008) 100–104 101

F in seq
( Tb927
d ptimiz
u

s
s
p
7
(

2
w

h
f
[
w
n
G
r
t
f
f
G
t
g
i
c
2
a
o

c
c

s
d
e
h
r
(
f
w
p

3

w
i
s
a
d
i
p

ig. 1. Multiple alignment of predicted of mitochondrial signal peptides and prote
JGI euk. genomics; fgenesh1 pg.C chr 3000375) and Trypanosoma brucei. (GeneDB
enote identical residues, dots denote similar residues. Gaps were introduced to o
nderlined.

ix �-sheets seem to be conserved in all analyzed frataxins, with
equence conservation confined to the C-terminal part (Fig. 1). The
redicted signal peptides for At-frataxin and Tp-frataxin are 30 and
1 amino acids long (probabilities 0.9981 and 0.8304), respectively
Fig. 1).

. Tp-frataxin and At-frataxin rescue the growth of T. brucei
ith downregulated Tb-frataxin

Since antibodies are not available against either frataxin, we
ave tagged both genes as follows. The HA3 tag was amplified

rom the pJH54 vector and cloned into the pABPURO vector
19]. The full-length 261 amino acids-long Tp-frataxin gene
as amplified from total DNA of the protist diatom T. pseudo-
ana using primers GAAGCTTATGCCAATACAGTACAGCA and
GATCCTGCCTCCATAAACAAGTC (added HindIII and BamHI

estriction sites are underlined, respectively). Amplifica-
ion of the known 187 amino acids-long At-frataxin gene
rom cDNA of the multicellular bikont A. thaliana was per-
ormed using primers GCTAGCATGGCTACAGCTTCAAGGTT and
GATCCTGAGAGTTGGATTGGTTC (added NheI and BamHI restric-

ion sites are underlined, respectively). Next, both full-size frataxin
enes lacking stop codons but containing predicted mitochondrial

mport signals were separately inserted 5′ to the HA3 tag. The
onstructs were upon linearization with BstXI introduced into the
9–13 procyclic T. brucei inducible for RNA interference (RNAi)
gainst the T. brucei frataxin [10]. Clonal cell lines have been
btained as described elsewhere [20]. The empty pABPURO vector

o
i
a
i
A

uences of frataxin from Arabidopsis thaliana (NP192233), Thalassiosira pseudonana
.3.1000). Amino acids are numbered to the right of the respective sequences. Stars
e the alignment. The mitochondrial signal peptides predicted with MitoprotII are

ontaining HA3 tag and Tb-frataxin RNAi knockdown were used as
ontrols.

Upon the addition of tetracycline, which triggers the synthe-
is of double stranded RNA, Tb-frataxin was eliminated within five
ays (Fig. 2A). In the absence of this protein cells stop dividing and
ventually die [10]. However, procyclic cells, in which Tb-frataxin
as been eliminated by RNAi, and which express Tp-frataxin,
etain almost the same growth as their non-induced counterparts
Fig. 2B). The growth rate is also rescued by the expression of At-
rataxin, although not to the same level (Fig. 2B). However, no rescue
as observed in the RNAi cell line containing the empty HA3-tagged
ABPURO vector (Fig. 2B).

. Localization of Tp- and At-frataxins in procyclic T. brucei

Since antibodies are available only against the Tb-frataxin [10],
e have used the tagging strategy to follow the intracellular local-

zation of the Tp- and At-frataxins. The HA3 tag at the C-terminus
hould not interfere with the mitochondrial import signal located
t the N-termini of the proteins. Subcellular fractions obtained with
igitonin treatment performed as described previously [21] were

mmunoprobed with antibodies against the HA3 tag. The tagged
rotein was present in the mitochondrion, whereas no signal was

bserved in the cytosol (Fig. 3A). The antibody detects two bands
n the mitochondrial and total cell lysates. Since the size difference
mong them is in correlation with the size of the mitochondrial
mport signals of both heterologous frataxins (shorter and longer in
t- and Tp-frataxins, respectively), we interpret the upper band as
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Fig. 2. Immunoblot and growth analysis of 29–13 cells and RNAi knockdowns for
T. brucei frataxin containing HA3-tagged heterologous frataxins. (A) Immunoblot
analysis of the T. brucei frataxin and the HA3-tagged frataxins of Thalassiosira
pseudonana (panel I) and Arabidopsis thaliana (panel II) in 29–13 cells, and in
RNAi cells with eliminated T. brucei frataxin (5 days of RNAi induction), contain-
ing constitutively expressed heterologous frataxins. 5 × 106 cells were analyzed by
SDS-PAGE and immunoprobed with �-Tb-frataxin and �-HA3-tag antibodies. The
�-enolase antibody was used as a loading control; p = precursor; m = mature form.
(B) Effect of constructs on cell growth. Numbers of non-induced (gray triangles) and
RNAi-induced cells (black squares) are shown. Tb-frataxin RNAi knockdown cells
transfected with either T. pseudonana frataxin (panel I) or A. thaliana frataxin (panel
II) or the empty pABPURO vector containing only the HA3 tag. Cell densities were
measured daily to day 10 after RNAi induction using a Beckman Z2 Coulter. The
arrow represents sampling time point for the measurement of enzyme activities.
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he precursor (p) and the lower band as the mature form (m) of the
rotein (Figs. 2A and 3A). From these Western blot analyses we con-
lude that the T. brucei mitochondrial processing peptidase is able to
roperly process, albeit perhaps less efficiently, both heterologous
roteins.

To corroborate this observation, we resorted to fluorescent
icroscopy. The treatment of cells for immunocytochemistry and
API staining were performed as described elsewhere [10]. Using

he �-HA3 tag antibody we show in both cell lines that either
f the heterologous epitope-tagged frataxins is evenly distributed
hroughout the reticulated mitochondrion of procyclic cells, as also
onfirmed by DAPI staining of the kinetoplast and by co-localization
ith the mitochondrial RNA binding protein 2 (MRP2) (Fig. 3B).
gain, no tagged protein was detected in the cytosol.

. Tp- and At-frataxins restore activities of Fe–S proteins

The rescued growth already indicated that both heterologous
roteins are able, at least partially, to complement for the defi-
iency of Tb-frataxin. It was shown previously that downregulation
f Tb-frataxin causes a disruption of Fe–S cluster assembly [10].
herefore, we decided to measure the activities of several Fe–S
luster-containing proteins with mitochondrial and/or cytosolic
ocalization following protocols described elsewhere [10,20]. Activ-
ty of the marker Fe–S cluster enzyme, aconitase, dropped in
nduced RNAi cells and in the same cells containing an empty
ABPURO vector to less than 20% of its wild type activity (Fig. 4A).
owever, in the presence of Tp- or At-frataxins its activity increased

o about 50% of the wild type level (Fig. 4A). Similarly, activ-
ties of fumarase and succinate dehydrogenase (=mitochondrial
espiratory complex II) in the induced RNAi cell lines rescued
ith either of the used heterologous frataxins are three to four

imes higher than in their absence (Figs. 4B and C). However, the
iatom frataxin rescued activities of both Fe–S cluster-containing
roteins more efficiently. As expected, the activities of a con-
rol enzyme that does not require Fe–S clusters for its activity
threonine dehydrogenase) did not differ in the studied cell lines
Fig. 4D).

While hundreds of proteins of A. thaliana have been subjected
o functional analyses, to our knowledge this is the first functional
nalysis of a protein from T. pseudonana, the only diatom with
nown genome [18]. While having enormous impact on global
cosystem, diatoms are still inaccessible to current methods of
unctional genomics. Therefore, probing functions of their genes
n other organisms remains a method of choice. Here we show that
. brucei represents a suitable host organism for this purpose, as
ts mitochondrion readily imports proteins equipped with mito-
hondrial import signal of organelles from very distantly related
ukaryotes. Moreover, the solid rescues of the Tb-frataxin knock-
own testify of proper folding of the imported protein.

So far, the organelle of T. brucei was shown to import proteins
receded by the trypanosomatid mitochondrial or trichomonad
ydrogenosomal import signals [10,13]. In both cases, the import
ignals for these excavate organelles are short. Their shared simplic-
ty was correlated with the apparent absence of most translocases
f the outer and inner membranes that are highly conserved
hroughout eukaryotes, but appear to be missing in the genomes of
. brucei, T. cruzi and Leishmania major [15]. In fact, only the Tim17
ranslocase has been unambiguously identified in the kinetoplastid

enomes, and its elimination by RNAi lead to the predicted disrup-
ion of mitochondrial protein import [14,22]. It is therefore quite
nteresting that the very long import signal [22] is able to import the
p-frataxin so efficiently into the T. brucei mitochondrion, where it
escues the knock-down for the genuine trypanosome frataxin.
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Fig. 3. Mitochondrial localization of constitutively expressed HA3-tagged T. pseudonana and A. thaliana frataxins in the rescued T. brucei knockdowns. (A) Immunoblot analysis
of the HA3-tagged protein in total cell lysates (T), cytosolic (C) and mitochondrial fractions (M). The �-MRP2 (mitochondrial RNA binding protein 2) and �-enolase antibodies
were used as mitochondrial and cytosolic markers, respectively. (B) Immunolocalization of the HA3-tagged T. pseudonana and A. thaliana frataxins. Cells stably expressing
t al ant
d inally
i fratax
t t.

m
u
p

F
u
t
(
i

he heterologous frataxins were fixed and treated with �-HA3-tag mouse monoclon
onkey �-mouse antibody and Alexa Fluor-594 (red) donkey �-rabbit antibody. F

mages (merge) show colocalization of the HA3-tagged T. pseudonana or A. thaliana
he kinetoplast and nuclear DNA, respectively. DIC, differential interference contras
The T. brucei mitochondrion has several advantages for the
itochondrial research (single mitochondrion per cell, extensive

p- and down-regulation of the organelle during life cycle, easy
urification, substantial body of already available knowledge, etc.).

T
h
t
l

ig. 4. Rescue effects on the activity of the Fe–S cluster-containing aconitase, fumarase an
sed as a control. The percentage of specific activity of a given enzyme in 29–13 cells (em
he same cells transfected with either the HA3-tagged T. pseudonana frataxin (1), the HA3-
Ve). The mean and the SD values of the activities of aconitase (A), fumarase (B), succinat
nductions are shown.
ibody and �-MRP2 rabbit polyclonal antibody, followed by Alexa Fluor-488 (green)
, the cells were stained with 4′ ,6-diamidino-2-phenylindole (DAPI). The merged
in with the mitochondrial protein MRP2 and DAPI. Arrowhead and arrow indicate
herefore, it is important to know that its either simplified or
ighly divergent translocases are able to efficiently import into
he organelle proteins equipped with very short as well as very
ong import signals. Moreover, our study showed that even highly

d succinate dehydrogenase, and the Fe–S cluster-lacking threonine dehydrogenase,
pty column), the induced (gray columns) Tb-frataxin RNAi knockdowns (KD), and

tagged A. thaliana frataxin (2), or an empty pABPURO vector containing the HA3-tag
e dehydrogenase (C) and threonine dehydrogenase (D) in three independent RNAi
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iverged frataxins that retained only less than 40% sequence simi-
arity with their T. brucei homologue are still able to mutually rescue
ts functions at least in part, in particular function related to the
e–S cluster assembly. We propose that this information may be
aluable for the identification of conserved residues with critical
ole in the function(s) of eukaryotic frataxins.
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