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Iron–sulphur clusters (ISCs) are protein co-factors essential for a wide range of cellular functions. The
core iron–sulphur cluster assembly machinery resides in the mitochondrion, yet due to export of an
essential precursor from the organelle, it is also needed for cytosolic and nuclear iron–sulphur cluster
assembly. In mitochondria all [4Fe–4S] iron–sulphur clusters are synthesised and transferred to specific
apoproteins by so-called iron–sulphur cluster targeting factors. One of these factors is the universally
present mitochondrial Nfu1, which in humans is required for the proper assembly of a subset of mito-
chondrial [4Fe–4S] proteins. Although most eukaryotes harbour a single Nfu1, the genomes of
Trypanosoma brucei and related flagellates encode three Nfu genes. All three Nfu proteins localise to
the mitochondrion in the procyclic form of T. brucei, and TbNfu2 and TbNfu3 are both individually essen-
tial for growth in bloodstream and procyclic forms, suggesting highly specific functions for each of these
proteins in the trypanosome cell. Moreover, these two proteins are functional in the iron–sulphur cluster
assembly in a heterologous system and rescue the growth defect of a yeast deletion mutant.

� 2016 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Trypanosoma brucei and related flagellates are unicellular para-
sites that cause devastating diseases of humans and livestock and
thus have a major impact on health and economy, mostly in sub-
Saharan Africa but also in other tropical regions. The trypanosome
life cycle is rather complex with different stages in mammalian
and insect hosts that differ dramatically in their morphology and
metabolic requirements (Matthews, 2005). These differences are
generally necessitated by the different environments the parasites
find themselves in. In the glucose-rich blood of their mammalian
host, the bloodstream form (BSF) relies mainly on glycolysis for
its energy generation, while the insect-dwelling procyclic form
(PCF) needs a fully functional mitochondrion with active oxidative
phosphorylation to meet its energetic demands (Tielens and van
Hellemond, 2009). As a consequence, the BSF mitochondrion is
much more reduced while its PCF counterpart is highly elaborate,
extensively branched and metabolically active (Verner et al., 2015).

Despite these obvious differences, both BSF and PCF mitochon-
dria harbour a similar cohort of proteins important for iron–sul-
phur cluster (ISC) biogenesis, although their abundance in the
BSF is generally much lower (Lukeš and Basu, 2015). ISC biogenesis
is the most fundamental process that defines a mitochondrion, and
in fact the only known common denominator of all mitochondria
and mitochondrion-derived organelles, since it is also found in
the most reduced mitosomes of several anaerobic protists
(Maguire and Richards, 2014; Makiuchi and Nozaki, 2014).

These evolutionarily ancient and highly important ISCs are
cofactors of proteins involved in a variety of cellular functions such
as metabolic catalysis, DNA replication and repair, translation and
iron regulation to name the most prominent ones (Brzóska et al.,
2006). With almost 20 well conserved proteins participating in
the mitochondrial stage of ISC biogenesis, the process is rather
complex and still not fully understood. We will now briefly
describe what is known about the mitochondrial steps of ISC
biogenesis in yeast and mammalian cells (using the yeast
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nomenclature for this well conserved process) and compare this
with the situation in trypanosomes.

Mitochondrial ISC assembly takes place on the Isu1/Isu2 scaf-
fold (Isu2 having arisen from a gene duplication event specific to
yeast) with sulphur being provided by the reduction of cysteine
to alanine which is catalysed by the desulfurase complex Nfs1-
Isd11 (Mühlenhoff et al., 2003) (Fig. 1). The sulphur is reduced
by a dedicated electron transport chain constituted of ferredoxin
and ferredoxin reductase, with the iron possibly provided by a
putative donor frataxin (Lill et al., 2012). The T. brucei scaffold pro-
tein Isu and the desulfurase Nfs are both indispensable for the PCF
and their depletion negatively impacts on aconitase activity (used
as a readout for the synthesis of [4Fe–4S] clusters) (Smíd et al.,
2006). Moreover, Isu is also essential in the BSF, and both Isu and
Nfs localise to the mitochondrion as well as to the nucleolus in
both life stages, although the role these proteins might play there
remains a matter of speculation (Kovářová et al., 2014). The desul-
furase complex of T. brucei was also shown to be required for tRNA
thiolation in the PCF, however it remains to be resolved whether
this is due to direct involvement of this complex in the process
or indirectly by the provision of an ISC for another component
(Paris et al., 2010; Kovářová et al., 2014).

With the help of the heat shock protein 70 (Hsp70) chaperones
Ssq1 and Jac1, the nascent [2Fe–2S] cluster is temporarily trans-
ferred to the monothiol glutaredoxin Grx5 from which it can be
directly handed over to target [2Fe–2S] apoproteins (Uzarska
et al., 2013). While the trypanosome mitochondrial Hsp70 is
mostly involved in mitochondrial DNA maintenance, its presence
is also required for ISC synthesis (Týč et al., 2015). The mitochon-
drial glutaredoxin Grx1 can bind a [2Fe–2S] cluster in vitro and
plays an important role in iron metabolism of the parasite
(Comini et al., 2008). The Isa1, Isa2 and Iba57 proteins participate
in the conversion of [2Fe–2S] to [4Fe–4S] clusters, which are even-
Fig. 1. Scheme of the mitochondrial iron–sulphur clusters assembly pathway in Trypan
grey), dispensable ones are in light grey, Nfu proteins are in black, and proteins present i
The Nfs-Isd11 desulfurase complex (Paris et al., 2010) provides sulphur on the Isu scaffo
et al., 2013), and frataxin probably provides iron (Long et al., 2008). Heat shock pro
glutaredoxin (Comini et al., 2008). Isa1/2 and Iba 57 proteins enable formation of [4Fe–4
into the cytosol via the inner membrane transporter Atm1 (Horáková et al., 2015), the sul
and is utilised in the cytosolic iron–sulphur cluster assembly pathway. (For interpretatio
version of this article.)
tually transferred to distinct apoproteins with the help of ISC tar-
geting factors such as Nfu1, BolA3 or Ind1 (Lill et al., 2012).
Putative homologues of all these proteins are present in T. brucei
but, with the exception of the Isa1 and Isa2 proteins (Long et al.,
2011), experimental studies have not been published (Lukeš and
Basu, 2015). The mitochondrial ISC biogenesis machinery is also
essential for the synthesis of cytosolic and nuclear Fe–S proteins,
since it depends on the export of a still unknown sulphur-
containing compound to the cytosol. The so-called CIA (for cytoso-
lic ISC assembly) pathway is outside the scope of this research and
will hence not be discussed here.

There is still a certain lack of knowledge about how discrete
subsets of Fe–S cluster apoproteins are recognised by specific tar-
geting factors such as Nfu1. This protein shows homology to the
C-terminal domain of NifU, which is a scaffold in ISC biogenesis
in nitrogen-fixing bacteria (Fig. 2A) (Smith et al., 2005). In humans
and yeast, Nfu1 is responsible for the transfer of [4Fe–4S] clusters
to a small subset of mitochondrial proteins which include compo-
nents of respiratory complexes I and II and lipoic acid synthase
(LipA) (Cameron et al., 2011; Navarro-Sastre et al., 2011). What
makes Nfu1 particularly compelling to study is its involvement
in human disease. Point mutations in, or deficiencies of, the protein
cause a fatal mitochondrial disease called Multiple mitochondrial
dysfunction syndrome with functional Nfu1 deficiency (MMDS1),
which is characterised by symptoms such as lactic acidosis, hyper-
glycinemia and reduced activity of respiratory chain complexes I
and II (Cameron et al., 2011; Navarro-Sastre et al., 2011). Some-
what surprisingly, given the severity of the human phenotype,
depletion or deletion of Nfu1 from HeLa cells (Navarro-Sastre
et al., 2011) and yeast Saccharomyces cerevisiae (Schilke et al.,
1999), respectively, causes only a very mild growth phenotype in
culture. However, a specific impact on several enzymatic activities
has been detected. The levels of lipoic acid-bound enzymes (E2
osoma brucei. Components essential in procyclic form are indicated in orange (dark
n the genome but not yet assayed are in white. TbGrx1 is homologous to yeast Grx5.
ld (Smíd et al., 2006), while ferredoxins A and B facilitate its reduction (Changmai
teins (Týč et al., 2015) facilitate transfer of newly created [2Fe–2S] on the Grx1
S] clusters (Long et al., 2011). A still unknown S-containing component is exported
fhydryl oxidase Erv1 of the intermembrane space and glutathione (Basu et al., 2013),
n of the references to colour in this figure legend, the reader is referred to the web
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Fig. 2. Bioinformatic analysis of Nfu proteins in prokaryotes and eukaryotes, and the position of the Trypanosoma brucei (Tb)Nfu proteins among related prokaryotic and
eukaryotic proteins. (A) The bacterial NifU protein consists of three domains. The N-terminal part contains three highly conserved cysteine residues which are involved in
formation of a new iron–sulphur cluster, and is highly similar to the Isu proteins. The central part of NifU is called ferredoxin-like domain, contains a permanent iron–sulphur
cluster and shows similarity to nitrate reductases. The C-terminal part accommodates a conserved motif CXXC, which is presumed to be involved in formation of a new iron–
sulphur cluster and is found in the Nfu proteins as well. The conserved aspartate residues were proposed to mediate the transfer of newly formed iron–sulphur clusters. The
N-terminal bars represent mitochondrial targeting sequences (the sequence is not well predicted in TbNfu3), and a plastid targeting sequence from Arabidopsis thaliana,
respectively. The N-terminal boxes mark Nfu1-like domains in the T. brucei proteins and AtNfu4 and 5, while the C-terminal box shows a B domain specific for AtNfu1-3. (B)
Scheme of a maximum likelihood phylogenetic tree of Nfu homologues. The prokaryotic taxa are in black, while eukaryotes are highlighted in colors (shades of grey) (green
(light grey) for chloroplast-containing photoautotrophs and blue (dark grey) for heterotrophs). The bootstrap/SH-like aLRT branch supports are shown for the cyanobacteria/
chloroplasts clade and the alpha-proteobacteria/mitochondria clade. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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subunits of pyruvate dehydrogenase (PDH), alpha-ketoglutarate
dehydrogenase (a-KGDH]) and the H protein of the glycine cleav-
age system (GCS)), as well as the amount and activity of complex
II (succinate dehydrogenase (SDH)) were decreased in HeLa cells
(Navarro-Sastre et al., 2011), while a significant depletion of SDH
activity was also described in yeast (Schilke et al., 1999).

Unlike the situation in the benchmark eukaryotes yeast and
human, the genomes of plants including Arabidopsis thaliana con-
tain five genes with similarity to the C-terminus of NifU. Two of
these Nfu homologues (AtNfu4 and AtNfu5) have such a NifU
domain at the C-terminus, as well as a N-terminal Nfu1-like region,
thus closely matching the domain organisation of typical mito-
chondrial Nfu1 proteins from other eukaryotes, while the other
three proteins (AtNfu1, 2 and 3) contain well-defined predicted
plastid targeting sequences (Fig. 2A) (Léon et al., 2003). Most of
these plant Nfu proteins where able to complement a yeast dele-
tion mutant when targeted to the mitochondrion. Localisation
studies showed that AtNfu1, 2 and 3 are localised in the plastid,
while AtNfu4 was shown to be confined to the mitochondrion,
and AtNfu5 was predicted to have the same localisation (Léon
et al., 2003).

Interestingly, cytosolic and nuclear localisation of some of the
mitochondrial ISC pathway members has been documented, sug-
gesting a partial redundancy of the CIA and ISC pathways
(reviewed in Rouault, 2012). HeLa cells are reported to contain
two Nfu1 isoforms, which are created by differential splicing of a
common precursor mRNA, and which localise to the mitochon-
drion and cytosol, respectively (Tong et al., 2003). Hitherto, no
specific targets for the non-mitochondrial isoform have been
identified.

Trypanosomatid flagellates, represented in this study by the
genetically tractable T. brucei, belong to the eukaryotic supergroup
Excavata and hence the emergence of multiple copies of Nfu in
their genomes must have occurred independently of plants. Here
we show that at least two out of three TbNfu proteins localise to
the mitochondrion in both life stages of T. brucei. These two TbNfu
proteins (TbNfu2 and 3) can functionally replace yeast Nfu1 when
targeted to its mitochondrion, suggesting a conserved function.
Moreover, the same two TbNfu proteins are essential for the BSF
and PCF life stages, suggesting that they are non-redundant and
target specific apoproteins for ISC transfer. This is especially
intriguing for the BSF trypanosome, where only a small subset of
Fe–S containing mitochondrial proteins is expected to be essential
(Lukeš and Basu, 2015; Basu et al., 2016).
2. Materials and methods

2.1. Cells and plasmids

Trypanosoma brucei BSF 427 cells, BSF single-marker cells and
PCF 29:13 cells (Wirtz et al., 1999) were cultured as described else-
where (Changmai et al., 2013). For RNA interference (RNAi) against
TbNfu1 (Tb927.7.1720) a 573 bp region (nt 1–573) was PCR ampli-
fied using primers Nfu1_F and Nfu1_R (see Supplementary
Table S1 for all oligonucleotide sequences used and plasmids gen-
erated in this study). For TbNfu2 (Tb927.10.11160), a 480 bp region
(nucleotide (nt) 1–480) was amplified using primers Nfu2_F and
Nfu2_R, and for TbNfu3 (Tb927.10.5290), a 480 bp region (nt 1–
480) was amplified using primers Nfu3_F and Nfu3_R. All ampli-
cons were cloned into p2T7-177 vector (Wickstead et al., 2002)
to create the TbNfu1-3 RNAi plasmids. An additional plasmid for
RNAi of TbNfu1 was generated by amplifying nt 45–395 of the
gene’s 30untranslated region (UTR), followed by ligation to p2T7-
177 (generating plasmid pCR49). Restriction enzyme NotI was used
to linearise all RNAi plasmids prior to electroporation.
To create plasmids for endogenous tagging of TbNfu1, TbNfu2
and TbNfu3 at the N-terminus with PTP, a region of the 50end of
the open reading frames (ORFs) was inserted into the plasmid
p2678 (Kelly et al., 2007). Plasmids generated were pCR34
(TbNfu1), pCR37 (TbNfu2) and pCR39 (TbNfu3), and enzymes used
for linearisation were BlpI (TbNfu1), XcmI (TbNfu2) and SphI
(TbNfu3). For C-terminal endogenous tagging with the PTP tag, a
fragment of the 30end of the TbNfu1-3 ORFs lacking the stop codon
was amplified from trypanosome genomic DNA and cloned into a
derivative of pC-PTP-Neo with the antibiotic resistance changed
to puromycin (Schimanski et al., 2005). Plasmids generated were
pCR35 (TbNfu1), pCR38 (TbNfu2) and pCR36 (TbNfu3), while
enzymes used for their linearisation were SalI (TbNfu1), BsgI
(TbNfu2) and NsiI (TbNfu3), respectively. To create plasmids for
tagged overexpression of TbNfu1 and TbNfu3, both full-length ORFs
were amplified from T. brucei genomic DNA and cloned into pJH54
(C-terminal HA3 tagging vector kindly provided by Christine Clay-
ton) and pT7V5 (adding a C-terminal V5 tag), respectively (Surve
et al., 2012). All plasmids were linearised with NotI prior to
transfection.

Linearised plasmids were electroporated into PCF cells using the
standard procedure (Vondrušková et al., 2005). TbNfu1-3 RNAi
plasmids stably integrated in 29:13 cells were selected by the addi-
tion of 5 lg/ml of phleomycin. In all cases, RNAi was induced by
the addition of 1 lg/ml of tetracycline to the medium and growth
curves performed in triplicate (a representative experiment is
shown for each construct and life cycle stage). PCF 427/29:13 cells
transfected with pCRs 34, 37, 39 (PTP-TbNfu1-3) and pCRs 35, 38,
36 (TbNfu1-3-PTP) were all treated with 0.5 lg/ml of puromycin.
PCF 29:13 cells transfected with constructs overexpressing TbNfu1
and TbNfu3 were selected with 5 lg/ml of phleomycin (pJH54-
based construct) and 0.5 lg/ml of puromycin (pT7V5-based con-
struct). BSF 427 and BSF single-marker cells were electroporated
using the Amaxa Nucleofector II electroporator and program X-
001. BSF 427 cells were transfected with pCR38 and BSF single-
marker cells with the TbNfu1-3 RNAi plasmids and pCRs 36–39.
Selection was with 0.2 lg/ml of phleomycin (TbNfu1-3 RNAi) and
0.2 lg/ml of puromycin (pCRs 36–39). BSF single-marker cells
were also transfected with an overexpression construct for TbNfu1
(TbNfu1-V5, pCR43) and selected with 0.2 lg/ml of puromycin.
2.2. Bioinformatics

The Nfu homologues were identified by a BLAST search of the
National Center for Biotechnology Information (NCBI), USA non-
redundant protein database and aligned using MAFFT (Katoh
et al., 2005). The alignment was manually edited in BioEdit (Hall,
2011). The phylogenetic tree was constructed in PhyML 3.1
(Guindon et al., 2010) using the default settings and the robustness
of individual branches was evaluated by SH-like approximated
likelihood ratio test and bootstrap after 100 iterations.
2.3. Antibody production

Specific polyclonal antibodies were commercially produced for
two of the TbNfu proteins. For TbNfu1, two synthetic oligopeptides
were used (CSGKSSQRSIVVEKNE and RRKLKKDEVSASQS) corre-
sponding to amino acids 52–67 and 266–279, respectively, of the
T. brucei Nfu1 protein. The polyclonal antibodies were raised in a
rabbit over 87 days, and subsequently affinity purified by Eurogen-
tec (Belgium). Similarly, oligopeptide SSTYDNFIPDGQTC, corre-
sponding to amino acids 30–43, was used for production of the
anti-TbNfu3 antibody by GenScript (China).
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2.4. Immunofluorescence

Following staining with mitotracker red (Sigma–Aldrich, USA),
BSF 427, BSF single-marker cells and PCF 29:13 cells were fixed
for 30 min in either 2.3% (w/v) paraformaldehyde at room temper-
ature or in methanol at �20 �C. Following permeabilisation
(paraformaldehyde fixation only) in PBS with 0.1% (v/v) Triton-
X100 or overnight in methanol at �20 �C, slides were incubated
with the primary antibody, either anti-protein A (1:5,000, Sigma–
Aldrich) or anti-V5 (1:500, Invitrogen, USA) in PBS for 1 h. Follow-
ing two washes with PBS, the slides were incubated with the sec-
ondary antibody, either AlexaFluor488 goat anti-rabbit (1:200,
Molecular Probes, USA) or AlexaFluor488 goat anti-mouse (1:200,
Molecular Probes) in PBS for 1 h. The slides were washed twice
in PBS, then 10 lg/ml of DAPI (Fisher Scientific, USA) was added
for 5 min. After two more PBS washes, the cells were examined
under an Axioscope II fluorescent microscope.

2.5. Western blot analysis

Cell lysates corresponding to 2 � 106 cells were loaded into
each lane and separated by SDS–PAGE. The proteins were trans-
ferred to a nitrocellulose or a PVDF membrane (previously acti-
vated for 5 min in methanol) by wet transfer. The membrane was
blocked for 1 h at room temperature with blocking buffer (5% (w/
v) milk powder in PBS). The primary antibody (anti-protein A
1:20,000, anti-TbNfu1, or anti-TbNfu3 1:1,000) was diluted to the
appropriate concentration and added to the membrane. Incubation
was overnight at 4 �C. The membrane was washed 2 � 5 min with
PBS and then incubated with the secondary antibody (anti-rabbit
HRP conjugate 1:2,000, Sigma–Aldrich) in blocking buffer for 1 h
at room temperature. Finally, the membrane was washed
2 � 5 min in PBS and antibodies were detected by enhanced
chemiluminescence (Clarity Western ECL Substrate, Bio-Rad, USA).

2.6. Digitonin fractionation

For digitonin fractionation, 107 cells per sample were collected,
incubated in STE-NaCl buffer (250 mM sucrose; 25 mM Tris–HCl,
pH 7.4; 1 mM EDTA; 150 mM NaCl) with 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 1.0 and 1.5 mM digitonin (Sigma–Aldrich) for 4 min at room
temperature. Subsequently, samples were centrifuged (11,337g
for 2 min), and the obtained supernatants were used for western
blot analysis. For detection of tagged proteins, anti-protein A anti-
body (Sigma–Aldrich) was used at a 1:20,000 dilution. As controls,
antibodies against mitochondrial Hsp70 (1:1,000) (mitochondrial
marker, (Panigrahi et al., 2008)), and cytosolic enolase (1:10,000)
(cytosolic marker) were used.

With the aim to separate their cytosolic and mitochondrial frac-
tions, digitonin fractionation of Nfu1-HA3 and Nfu3-V5 expressing
flagellates was performed as follows: cells were harvested, washed
twice with SHE buffer (250 mM sucrose, 25 mM HEPES, 1 mM
EDTA) and an equivalent of 1 mg of cellular protein was resus-
pended in 200 ll of HBSS buffer (136.9 mM NaCl; 5.37 mM KCl;
0.81 mM MgSO4; 1.26 mM CaCl2; 0.44 mM KH2PO4; 0.33 mM Na2-
HPO4; 4.17 mM NaHCO3; 5.55 mM glucose, pH 7.3) with the addi-
tion of 80 lg of digitonin (Sigma–Aldrich). Samples were briefly
vortexed and, following incubation for 5 min at room temperature,
centrifuged (11,337g, 2 min). Supernatant was collected as the
cytosolic fraction and pellet was washed with HBSS buffer and
then resuspended in 200 ll of the same buffer supplemented with
0.1% Triton X-100. Following incubation on ice for 5 min, samples
were centrifuged (11,337g, 2 min) and the obtained supernatant
was collected as the mitochondrial fraction. Anti-HA and anti-V5
antibodies (Invitrogen, USA) and anti-MRP2 (Vondrušková et al.,
2005) were used at 1:2,000 dilution.
2.7. Yeast complementation assay

A DIsu1 yeast W303 strain described elsewhere (Gerber et al.,
2004) was further modified by a second deletion of Nfu1. This
was introduced by PCR amplification of the nourseothricin resis-
tance gene using flanking primers which contained fragments cor-
responding to the 50 nucleotides down- and upstream of the S.
cerevisiae NFU1 gene, and which was transformed into the DIsu1
strain as described elsewhere (Janke et al., 2004). Successful
homologous recombinants in which the NFU1 gene was replaced
by the nourseothricin cassette were selected by growth with
100 lg/ml of nourseothricin and subsequent PCR analysis of chro-
mosomal DNA of restreaked clones. Full-length ORFs (TbNfu2
and3) and the ORF lacking the predicted mitochondrial targeting
sequence (TbNfu1) were amplified from T. brucei genomic DNA
and cloned into the so-called yeast mitocyto expression vector
(p426-TDH-F1b-HIPIP-Myc) (Mühlenhoff et al., 2011) from which
the HiPIP-encoding gene was replaced with the TbNfus. All TbNfu
containing vectors as well as a positive control vector (encoding
yeast Nfu1, (Navarro-Sastre et al., 2011)) were transformed into
the DIsu1DNfu1 strain (for description, see Section 2.1) and the
expression of C-terminally myc-tagged TbNfu proteins was verified
by western blot analysis. A similar sized colony was picked from
each clone as well as from the parental strain and re-suspended
in 100 ll of distiled water. Serial 1:10 dilutions were made and
approximately 10 ll of each dilution was spotted onto two identi-
cal SC-Galactose plates. One set of plates was incubated for 3–
4 days at the permissive temperature of 30 �C and the other one
at the restrictive temperature of 34 �C.
3. Results

3.1. Bioinformatics

All three trypanosome Nfu proteins are small (approximately
30 kDa) and have the typical domain architecture of this family
with a conserved cysteine motif (CxxC) at their C-termini, thus the-
oretically enabling them to bind a Fe–S cluster (Fig. 2A). TbNfu1
and TbNfu2 sequences share 24.5% identity (38.7% similarity),
TbNfu1 and TbNfu3 share 24.5% identity (41.7% similarity), with
TbNfu2 and TbNfu3 being least homologous (19.5% identical,
31.2% similar) according to the EMBOSS stretcher algorithm (Rice
et al., 2000). Phylogenetic analysis of the Nfu proteins sampled
across all eukaryotic super-domains shows that there are two
eukaryotic lineages of Nfu. The first lineage is present across all
eukaryotes and branches together with alpha-proteobacteria,
indicative of its mitochondrial origin. Phototrophic eukaryotes also
acquired a Nfu gene with a different lineage, which groups with
cyanobacteria and very likely has a plastidial origin (Fig. 2B). In
all trypanosomatids sequenced to date, the mitochondrial Nfu pro-
tein underwent a triplication (Fig. 2B), suggesting that this multi-
plication event occurred already in the common ancestor. Indeed,
the trypanosomatid Nfu group clusters with mitochondrial Nfu
proteins from other eukaryotes including A. thaliana Nfu4 and 5,
while the plastid Nfu proteins from this plant species are more dis-
tantly related (Fig. 2B).

TbNfu1 (Tb927.7.1720) encodes a protein with a molecular
mass of 31.1 kDa including the predicted mitochondrial targeting
sequence. Cleavage at amino acid position 23 (probability 0.9880,
MitoProt (Claros and Vincens, 1996)) would result in a mature pro-
tein mass of 28.25 kDa. TbNfu2 (Tb927.10.11160) has a predicted
molecular mass of 26.7 kDa following the original annotation;
however, this short version of the protein lacks the N-terminal
Nfu1-like domain. Analysis of the trans-splice sites suggests an
upstream start codon (Parsons et al., 2015) which would result in
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a larger protein of 37.6 kDa. This longer version of TbNfu2 is pre-
dicted to be mitochondrial with a cleaved size of 31.78 kDa (prob-
ability 0.869, TargetP 1.1 (Emanuelsson et al., 2000)). C-terminal,
endogenous PTP tagging of the protein suggests that it is in fact
the longer version that is produced, since the observed size includ-
ing the tag is approximately 52 kDa, which is close to the expected
size of 50.8 kDa. Tagging with PTP at the N-terminus produces a
slightly bigger protein of approximately 55 kDa, consistent with a
non-cleaved species (Supplementary Fig. S1). Finally, TbNfu3
(Tb927.10.5290) has a predicted molecular mass of 29.5 kDa and
is predicted to be mitochondrial with rather low confidence scores
(probability: 0.374, MitoProt; probability: 0.438, TargetP1.1
(Claros and Vincens, 1996; Emanuelsson et al., 2000)).
3.2. Localisation in PCF cells

Cell lines carrying TbNfu proteins either tagged at their endoge-
nous locus with the PTP tag or overexpressed and containing either
the HA3- or V5-epitope tag were used for localisation studies. Both
immunofluorescence analysis and digitonin fractionation tech-
niques were employed to corroborate results in the PCF. All pro-
teins were tagged at their C-termini since two TbNfu proteins are
predicted to have an N-terminal mitochondrial targeting signal
and all three belong to the mitochondrial lineage. Importantly,
PTP-tagging at the N-terminus at the endogenous locus apparently
masked the critical endogenous N-terminal mitochondrial target-
ing sequences since diffuse cytoplasmic staining due to mistarget-
ing was observed (data not shown).
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fractionation with increasing concentrations of digitonin (dig.) (TbNfu2-PTP) are shown.
mitochondrial controls and enolase as a cytosolic control.
TbNfu1-PTP detected with an antibody against protein A clearly
localised to the elaborate PCF mitochondrion where it was evenly
distributed and completely overlapped with mitotracker red stain-
ing (Fig. 3A). This result was confirmed by digitonin fractionation,
where an overexpressed, HA-tagged TbNfu1 protein was clearly
mitochondrial (Fig. 3B). Finally, the same HA-tagged protein also
localised to the mitochondrion by immunofluorescence analysis
(data not shown).

TbNfu2-PTP, detected with an antibody against protein A, also
localised to the mitochondrion, although the distribution of the
tagged protein was more punctate than that of its tagged TbNfu1
counterpart (Fig. 3A). Digitonin fractionation of the same cell line
using increasing concentrations of digitonin showed a higher
amount of the protein in fractions with increased concentration
of the detergent, corresponding to the mitochondrial compart-
ment, while some of it was also present in other fractions (Fig. 3B).
This suggests that an - albeit small - amount of the TbNfu2 protein
may also be cytosolic. Another possible explanation of this obser-
vation would be the presence of TbNfu2 processing intermediates
in the cytosol.

The same approach was used to localise the third TbNfu homo-
logue, which was endogenously PTP-tagged and detected with an
antibody against protein A. Indeed, all TbNfu3 clearly localised to
the reticulated mitochondrion where it showed a staining pattern
reminiscent of TbNfu2, with the obtained signal having a more
focal distribution in the organellar lumen (Fig. 3A). Mitochondrial
localisation was further confirmed by digitonin fractionation
where an overexpressed, V5-tagged protein was also found
esahpegremrekca
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Mitochondrial heat shock protein 70 (mitochondrial Hsp70) and MRB2 were used as
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exclusively in the organelle (Fig. 3B). This result was corroborated
when TbNfu3-V5 was localised to the mitochondrion by
immunofluorescence analysis in the same cell line (data not
shown).
+ TbNfu1 

+ TbNfu2 

+ TbNfu3 

Fig. 5. Complementation of DIsu1DNfu1 yeast strain. DIsu1DNfu1 strain trans-
3.3. Localisation in BSF cells

Localisation of both endogenously tagged TbNfu2-PTP and
TbNfu3-PTP detected with an antibody against protein A in BSF
cells was highly similar to PCF cells with the proteins distributed
unevenly throughout the mitochondrial lumen (Fig. 4). We have
thus far been unable to localise either tagged or endogenous ver-
sions of TbNfu1 in the BSF cells by immunofluorescence and cur-
rently have no explanation for this.
fected or not with the indicated rescue plasmids encoding Trypanosoma brucei (Tb)
Nfus and Saccharomyces cerevisiae (Sc)Nfu1 incubated at 30 �C. Serial 10-fold
dilutions of the different strains are shown (1, 1:10, 1:100 and 1:1,000 from left to
right).
3.4. Functional complementation in yeast

A S. cerevisiae DIsu1DNfu1 strain was generated by introducing
the Nfu1 deletion into an existing DIsu1 strain ((Gerber et al.,
2004) and data not shown). This strain shows temperature-
dependent slow growth, especially on non-fermentable carbon
sources as well as minor defects in aconitase and succinate dehy-
drogenase activities (Schilke et al., 1999). In our hands the DIs-
u1DNfu1 strain already showed a severe phenotype at 30 �C
compared with the W303 parent strain. The ability of TbNfu1-3
to rescue this growth phenotype was assessed following transfor-
mation with plasmids separately encoding each of these proteins.
The N-terminal Neurospora crassa F1ß-presequence was employed
to guide the TbNfu proteins efficiently into yeast mitochondria. For
TbNfu1 the predicted trypanosomal mitochondrial targeting
sequence was excluded, while full-length TbNfu2 and TbNfu3 were
cloned into the yeast expression vector since a putative prese-
quence could not be predicted with as much confidence as for
TbNfu1. Different dilutions of the strains were spotted on SC-Gal
plates and grown at 30 �C (Fig. 5). Following 3–4 days of incuba-
tion, TbNfu2 and TbNfu3 protein-expressing transformants as well
as a control strain expressing S. cerevisiae Nfu1 grew well, while
the parental DIsu1DNfu1 or TbNfu1 expressing strain showed a
growth defect (Fig. 5). This experiment strongly suggests that at
least two of the three TbNfu proteins are functional scaffolds of
ISC biosynthesis; moreover, they can operate out of context in a
heterologous system and complement the DIsu1DNfu1 strain.
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Fig. 4. Localisation of Trypanosoma brucei (Tb)Nfus in bloodstream form cells. Immunoflu
mitotracker, a merge of protein A and mitotracker, and a phase contrast image of a repr
3.5. RNAi in PCF cells

We employed the RNAi strategy to analyse the function of T.
brucei Nfu proteins. Results for TbNfu1 were somewhat ambiguous
with growth being affected very late upon RNAi induction (from
day 7 post-induction onwards, Fig. 6A). Moreover, the phenotype
was unstable. In order to confirm the efficiency of RNAi, a specific
antibody against a TbNfu1-derived oligopeptide was generated
(see Section 2.3), and an RNAi cell line also carrying a C-
terminally PTP-tagged endogenous copy of TbNfu1 was prepared.
Both approaches indicate that despite a marked decrease in the
TbNfu1 protein level, the depletion did not trigger a stable pheno-
type (Fig. 6A; Supplementary Fig. S2A). However, we suspect that
our cell lines became refractory to RNAi over time and also note
a loss of phenotype after storage in the frozen state, both phenom-
ena that are commonly observed in T. brucei.

Depletion of TbNfu2 in the PCF started to show a growth pheno-
type between days 3 and 5 of RNAi induction. From day 6 post-
induction onwards, cells grew extremely slowly, after which
growth almost completely ceased (Fig. 6B). A PTP tag was intro-
duced into one allele of TbNfu2 in this RNAi cell line and depletion
of the tagged protein was monitored by western blot analysis with
anti-protein A antibodies which recognise the PTP tag. Consistent
ker merge phase 

orescence analysis of endogenously PTP-tagged TbNfu proteins. DAPI, anti-protein A,
esentative cell are shown. Scale bar = 5 lm.
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with the severe growth phenotype observed, depletion of the
protein became apparent on day 6 and the protein remained unde-
tectable for the rest of the induction time course (Fig. 6B). RNAi
against TbNfu3 in the PCF produced a growth phenotype similar
to that of TbNfu2 with growth slowing down around day 4 post
RNAi induction and more or less arresting around day 5 (Fig. 6C).
Efficient depletion of the TbNfu3 protein was confirmed by western
blot analysis (Fig. 6C) using a specific polyclonal antibody devel-
oped against part of the endogenous TbNfu3 protein (see
Section 2.3).
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3.6. RNAi in BSF cells

A relatively mild growth defect was observed with BSF clones
induced for TbNfu1 RNAi immediately after transfection (Fig. 7A);
this could, however, not be reproduced in later experiments with
frozen cell lines. A western blot produced at the same time as
the initial growth curve and probed for endogenous TbNfu1
showed temporary and mild depletion of the protein at day 3
post-induction (Fig. 7A). New cell lines were generated targeting
the TbNfu1 30UTR to also enable rescue of the potential phenotype
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by overexpression of the TbNfu1 ORF from mRNA with a non-
endogenous 30UTR. RNAi of cell lines with or without TbNfu1-V5
rescue gave a very similar result with no persistent growth defect
observed in either case (data not shown). Prolonged cultivation as
required for subsequent transfection and freezing might have abol-
ished the growth phenotype which was transient and not very
stable. Western blots using anti-TbNfu1 antibody showed ineffi-
cient depletion of the protein in cell lines recovered from liquid
nitrogen, similar to the situation in the PCF (Supplementary
Fig. S2B).

Down-regulation of TbNfu2 in the BSF cells caused a slower
growth around day 3, with cells escaping from RNAi at day 6. Wes-
tern blot analysis using a cell line also carrying an endogenously C-
terminal PTP-tagged allele showed depletion of the protein after 4
and 5 days of induction (Fig. 7B). Targeted depletion of TbNfu3
gave similar results with BSF trypanosomes showing a growth phe-
notype at day 3 post RNAi-induction and eventual escape from the
RNAi response between days 5 and 6 (Fig. 7C). Western blot anal-
ysis with specific antibodies showed efficient depletion of the
endogenously tagged protein at days 3 and 4 with the cells re-
expressing TbNfu3-PTP upon escape from RNAi (Fig. 7C). These
RNAi revertants are frequently observed in T. brucei, especially in
the BSF cells, and are no cause for concern (Chen et al., 2003).
Regardless of these findings, our experiments clearly show
that TbNfu2 and TbNfu3 are critical for fitness in PCF and BSF
parasites.
4. Discussion

Although the increasingly complex synthesis of Fe–S clusters in
eukaryotes has been studied primarily in model organisms such as
yeast, A. thaliana, rats and humans, the ISC pathway has also been
dissected in considerable detail in T. brucei, which is in this respect
the best studied representative of the eukaryotic supergroup Exca-
vata (Lukeš and Basu, 2015). Despite frequent and substantial
departures from even the most basic mechanisms and processes
in this diverged parasitic protist, compared with a typical eukary-
otic cell, this does not seem to be the case when ISC synthesis is
concerned. Indeed, trypanosomes contain all components of the
mitochondria-localised Fe–S synthesis pathway. However, the
Nfu proteins are an exception, since three homologues have appar-
ently emerged in the ancestor of the kinetoplastid flagellates, as
both trypanosomes and leishmanias harbour the same set of three
Nfu genes. Such an amplification of ISC components is rare, and
where Nfu proteins are concerned, is known only from higher
plants (Balk and Schaedler, 2014).

Since the plant Nfu proteins show different localisations, we
wondered if this was also the case with the Nfu proteins in T. bru-
cei. All three Nfu1 homologues were, however, localised to the
mitochondrion in the PCF and, at least in the case of the latter
two Nfu proteins, also in the BSF flagellates. This is in agreement
with the localisation of the single homologue in other non-plant
eukaryotes (Schilke et al., 1999; Tong et al., 2003). Even though
repeated attempts to determine the subcellular localisation of
TbNfu1 in the BSF were unsuccessful, its mitochondrial localisation
is highly anticipated due to the presence in mitochondria in the
PCF, the easily discernible mitochondrial targeting sequence, and
the observation that so far all components of the ISC machinery
had the same localisation in both trypanosome life stages (Paris
et al., 2010; Changmai et al., 2013; Kovářová et al., 2014).

Our results suggest that at least two (TbNfu2 and TbNfu3) out of
the three trypanosome proteins are capable of transferring ISCs to
target proteins in the yeast mitochondrion, even though these
might be very different from their endogenous targets in T. brucei.
This is in good agreement with rescue assays performed with the A.
thaliana Nfu proteins (Léon et al., 2003), suggesting that even
though a divergence in function might result in the creation of dif-
ferent isoforms of a protein in a given organism, these different iso-
forms are still capable of fulfilling at least some of their
evolutionary ancestral functions.

The essentiality of a Nfu1 homologue is expected in the PCF,
especially bearing in mind that the TbNfu proteins likely serve as
specific targeting factors for the same enzymes as in other organ-
isms, namely complexes I and II and LipA. The Fe–S co-factors
are crucial for proper function of the respiratory chain, thus ren-
dering their transfer factors essential in any organism that depends
on oxidative phosphorylation for energy generation, such as the
PCF of T. brucei. However, this fails to explain the indispensability
of the Nfu scaffold proteins in the BSF stage, where the known Nfu1
targets, similar to most Fe–S proteins, are not likely to be essential
(Tielens and Van Hellemond, 1998; Surve et al., 2012; Lukeš and
Basu, 2015). Moreover, the amounts of ferredoxin, glutaredoxin
and lipoic acid, which might be affected by depletion of a compo-
nent of the [4Fe–4S] ISC biosynthesis machinery, are rather low in
the BSF stage and potentially not required for cell survival
(Stephens et al., 2007; Lukeš and Basu, 2015; Basu et al., 2016).
Preliminary studies to assay aconitase activity and tRNA thiolation
in the TbNfu RNAi cells did not show any departure from the wild
type situation (data not shown). Measuring aconitase activity is a
generic test, used for assaying the functionality of the core ISC
machinery. However, it is unlikely to be affected by the depletion
of specific targeting factors such as the Nfu proteins, which is
indeed the case in yeast and humans (Schilke et al., 1999;
Navarro-Sastre et al., 2011). An additional possible explanation
for the indispensability of the TbNfu proteins – particularly in the
BSF stage – is their involvement in hitherto unknown or
trypanosome-specific holoenzyme synthesis.

One of the biggest gaps in our understanding of the ISC pathway
is what causes the specificity of Fe–S cluster transfer, i.e. why a
given dedicated ISC factor such as Nfu1 transfers clusters to dis-
tinct target protein(s) and not to others. These cluster transfer
reactions might be too transient for their identification by protein
pull-downs, and hence phenotypical analyses of depletion/deletion
mutants may provide the only clues towards identifying affected
molecules and pathways.

None of the other putative mitochondrial ISC targeting factors
(BolA3-Tb927.8.6190 and Ind1-Tb927.11.11730) has thus far been
investigated in T. brucei, despite their presence in the parasite gen-
ome and their conservation in trypanosomatid flagellates. Bearing
in mind the extra-mitochondrial localisation of the core ISC
biosynthesis components Isu and Nfs, which are also found in
the nucleolus of T. brucei (Kovářová et al., 2014), it is tempting to
speculate that the parasite has diversified its repertoire of ISC tar-
geting factors even further to meet the needs for specific ISC trans-
fer in different pathways.

It is quite counterintuitive that a parasitic protist carries in its
mitochondrion more dedicated late-acting targeting factors than
all multicellular organisms in which the ISC pathway has been
examined (Lill, 2009). It indicates that although the core ISC
machinery is highly conserved throughout the investigated
eukaryotic superkingdoms (Lukeš and Basu, 2015; Basu et al.,
2016), it is flexible in its peripheral elements where gene duplica-
tions, expansions or perhaps even novel acquisitions can accom-
modate special requirements of lineage-specific Fe–S cluster
proteins. Since there are only two intron-containing genes in T.
brucei (Siegel et al., 2010), alternative splicing to generate protein
diversity as has been observed for human Nfu1 (Tong et al.,
2003) is not likely to occur in the parasite. We therefore hypothe-
sise that contrary to higher eukaryotes, T. brucei has instead
evolved to produce multiple Nfu gene copies dedicated to different
target proteins.
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Altogether, the T. brucei Nfu2 and Nfu3 proteins are bona fide
ISC targeting factors, but each of them has a specific essential func-
tion, possibly distinct from the Nfu functions known from other
organisms. TbNfu1 might be different, since it does not appear to
be essential in either trypanosome life stage or rescue the yeast
DIsu1DNfu1 mutant. However, we cannot exclude that the deple-
tion of TbNfu1 by RNAi was simply insufficient to cause a pheno-
type, and the protein might still be required for normal
trypanosome growth. As for the yeast assay, removal of the puta-
tive mitochondrial targeting sequence might have caused inactiv-
ity of the protein and could explain the failed rescue. Overall, our
results concerning TbNfu1 are rather inconclusive. Future work to
establish the exact roles played by the TbNfu proteins in the mito-
chondrion will require further analysis of the mitochondrial Fe–S
metalloproteome of T. brucei, which is currently in progress.
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Týč, J., Klingbeil, M.M., Lukeš, J., 2015. Mitochondrial heat shock protein machinery
Hsp70/Hsp40 Is indispensable for proper mitochondrial DNA maintenance and
replication. MBio 10, e02425–e02514. http://dx.doi.org/10.1128/mBio.02425-
14.

Uzarska, M.A., Dutkiewicz, R., Freibert, S., Lill, R., Fox, T.D., 2013. The mitochondrial
Hsp70 chaperone Ssq1 facilitates Fe/S cluster transfer from Isu1 to Grx5 by
complex formation. Mol. Biol. Cell 24, 1830–1841. http://dx.doi.org/10.1091/
mbc.E12-09-0644.

Verner, Z., Basu, S., Benz, C., Dixit, S., Dobáková, E., Faktorová, D., Hashimi, H.,
Horáková, E., Huang, Z., Paris, Z., Peña-Diaz, P., Ridlon, L., Týč, J., Wildridge, D.,
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