A EC

Journals.ASM.org

Mitochondrial and Nucleolar Localization of Cysteine Desulfurase Nfs
and the Scaffold Protein Isu in Trypanosoma brucei
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Trypanosoma brucei has a complex life cycle during which its single mitochondrion is subjected to major metabolic and mor-
phological changes. While the procyclic stage (PS) of the insect vector contains a large and reticulated mitochondrion, its coun-
terpart in the bloodstream stage (BS) parasitizing mammals is highly reduced and seems to be devoid of most functions. We
show here that key Fe-S cluster assembly proteins are still present and active in this organelle and that produced clusters are in-
corporated into overexpressed enzymes. Importantly, the cysteine desulfurase Nfs, equipped with the nuclear localization signal,
was detected in the nucleolus of both T. brucei life stages. The scaffold protein Isu, an interacting partner of Nfs, was also found
to have a dual localization in the mitochondrion and the nucleolus, while frataxin and both ferredoxins are confined to the mito-
chondrion. Moreover, upon depletion of Isu, cytosolic tRNA thiolation dropped in the PS but not BS parasites.

ypanosoma brucei is a protozoan parasite causing human Af-
rican trypanosomiasis and related diseases in cattle, camels,
water buffalos, and horses. The bloodstream stage (BS) infects
mammalian blood and subcutaneous tissues and is transmitted to
another host via a tsetse fly vector, where it prospers as the so-
called procyclic stage (PS) (1). As an adaptation to the distinct
host environments, these two major life stages differ significantly
in their morphology and metabolism. One of the most striking
differences between them rests in the single mitochondrion,
which is large and reticulated in the PS, maintaining all canonical
functions, whereas the same organelle in the BS is significantly
reduced, with only a few pathways having been detected so far. In
order to recapitulate the situation, we present here a short sum-
mary of known and verified mitochondrial pathways in the BS.
Out of all 14 mitochondrial gene products, only subunit A6 of
ATPase is translated and utilized in the BS as an indispensable part
of respiratory complex V, which is present and active, even though
it does not fulfill its standard function (2, 3). Hence, translation is
indispensable (4, 5). Since the A6 transcript undergoes extensive
RNA editing, the entire RNA processing machinery is active and
essential in the BS as well (6, 7). In addition, since no tRNAs are
encoded in the mitochondrial DNA (kinetoplast DNA [KDNA]),
their import from the cytosol and modifications are mandatory
for mitochondrial translation (4, 8). Ultimately, the import of
hundreds of nucleus-encoded mitochondrial proteins involved in
protein import and processing, kDNA replication and mainte-
nance, kRNA transcription and processing, and translation are
indispensable in the BS (3, 4, 9, 10). In contrast to a typical mito-
chondrion, the BS organelle does not serve as the main energy
source. Instead of the canonical respiratory chain, glycerol-3-
phosphate dehydrogenase supplies electrons to trypanosome al-
ternative oxidase as a terminal electron acceptor (11). While cy-
tochrome c-dependent respiratory complexes III and IV are
altogether missing from the BS, complex II probably remains ac-
tive. Moreover, complex I is expressed, yet its enzymatic activity is
not significant, and its real function remains elusive (12-15).
Complex V (ATP synthase) is present, but its F1 part rotates in the
reverse direction compared to the PS, cleaving ATP and pumping
H™ out of the mitochondrion in order to create the membrane
potential required for protein import (2).
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The efficiency of fatty acids synthesis in the BS organelle via
type II pathway is unclear, since its main product, lipoic acid, is
present only in a very small amount and there is no apparent use
for it (16), although disruption of the biosynthesis caused defects
in KDNA segregation (17). Furthermore, the degradation of fatty
acids was transferred from the mitochondrion into the glyco-
somes in all trypanosomatid flagellates (15).

In most eukaryotic cells, mitochondria have a central role in
Ca®" homeostasis, yet in trypanosomes, this key role is question-
able due to the presence of acidocalcisomes (15, 18). Although the
mitochondrial calcium uniporter is present in both stages (19), its
role in the BS mitochondrion, devoid of citric acid cycle and re-
spiratory chain, remains elusive (15, 19, 20). On the other hand,
K™ ion homeostasis is essential for the mitochondrion and subse-
quently for the whole cell (20). Other typical mitochondrial func-
tions, such as citric acid cycle, urea cycle, role in apoptosis, and
biosynthesis of ubiquinol and heme, are likely absent from the
reduced BS mitochondrion (3, 15, 21-23).

Finally, all mitochondria studied so far exhibit biosynthesis of
Fe-S clusters, ubiquitous and very ancient enzymatic cofactors (24).
Their capacity to transfer electrons is used in complexes I to III of the
respiratory chain or metabolic enzymes such as aconitase, fumarase,
and lipoate synthase (25, 26). In addition, Fe-S clusters are utilized in
iron metabolism, serve in DNA replication, and have structural or
other functions (25). These cofactors are synthesized via a complex
pathway composed of more than 20 enzymes, and as detailed below,
most of them are present in T. brucei (27-31).
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Cysteine desulfurase (Nfs) abstracts sulfur from cysteine, pro-
ducing alanine, while ferredoxin provides electrons obtained from
NADH by ferredoxin reductase (24). Frataxin is supposed to sup-
ply an iron atom; however, this role has still not been convincingly
confirmed (26, 32, 33). The assembly of a new Fe-S cluster occurs
on a large protein complex composed of Nfs, its indispensable
interacting partner Isd11, and the scaffold protein Isu (24). In
mammals, frataxin is also present in this complex (34), yet this was
not confirmed for trypanosomes (27). The newly formed cofac-
tors are transferred by numerous chaperons and scaffold proteins,
which either transfer them to the mitochondrial apoproteins or
export a so-far-unknown intermediate from the organelle that is
further processed and exploited for the cytosolic and nuclear Fe-
S-dependent proteins (24-26).

Most key components of the mitochondrial Fe-S biosynthetic
pathway are essential for the PS of T. brucei. RNA interference
(RNAI) depletion of Nfs, Isd11, Isu, Isal, Isa2, and frataxin re-
sulted in drastic changes in growth phenotypes, decreases in the
activity of several Fe-S enzymes, and other downstream effects
(27-29, 31, 35). In addition, Nfs and Isd11 are also indispensable
for tRNA thiolation (27). Two homologues of the electron donor
protein ferredoxin were identified in the genomes of trypanoso-
matid flagellates, but only ferredoxin A is essential for the Fe-S
cluster assembly (31).

However, no functional data are available on this pathway in
the BS other than that the level of its components is much lower
than that in the PS, as has been shown for frataxin (35), Isd11 (27),
ferredoxin (31), and Isal and Isa2 (29). In general, the (in)dis-
pensability of Fe-S machinery in the BS mitochondrion is ques-
tionable, since the bulk of Fe-S clusters produced in the organelle
of a typical eukaryotic cell are utilized for its respiratory chain
complexes, which are either repressed or absent in this life stage of
T. brucei. To the best of our knowledge, the only Fe-S-dependent
proteins still expressed are ferredoxin A and glutaredoxin 1, both
involved in the Fe-S pathway itself (31, 36), which implies that
they are present only in a very small amount and pose a “chicken-
or-the-egg”-type problem. Moreover, there is Fe-S-dependent li-
poic acid synthetase, but, as mentioned above, the relevance of
lipoic acid synthesis for the BS remains to be established (16, 17).

We scrutinized the localization of three core Fe-S assembly
components, Nfs, Isu, and frataxin, using cell lines with tagged
proteins and examined them by immunofluorescence microscopy
and digitonin fractionation followed by Western blotting and
electron microscopy. We were able to show that these proteins are
located in the mitochondrion, yet in the case of Nfs and Isu, a
substantial amount was detected in the nucleolus, suggesting that
cysteine desulfurase with its scaffold protein must have a so-far-
unknown function in this cell compartment. Since there is no
detectable activity of the Fe-S-dependent enzymes aconitase and
fumarase in the BS, we created cell lines overexpressing these
marker Fe-S enzymes, which enabled us to verify that Fe-S pro-
teins are produced in this unusual organelle and are capable of
fulfilling their standard functions.

MATERIALS AND METHODS

Preparation of pT7-v5 constructs. Gene constructs with Nfs (TriTrypDB
no. Tb927.11.1670), Isu (Tb927.9.11720), and frataxin (Tb927.3.1000) open
reading frames (ORFs) lacking stop codons, followed by v5 or three-hemag-
glutinin (HA;) tags, were prepared using the following primer pairs: Nfs-
v5-FP (5" GGAAGCTTATGTTTAGTGGTGTTCGCGTAC) and Nfs-v5-RP
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(5" TTAGATCTCCGCCACTCCACGTCTTTAAGG); Isu-v5-FP (5'AGG
AAGCTTATGCGGCGACTGATATCATC) and Isu-v5-RP (5" AGGGATCC
GCTTGACACCTCACC); and Frat-HA-FP (5" ATAAAGCTTATGCGGC
GCACATGTTGCGC) and Frat-HA-RP (5" AGACTCGAGTTCGGTTTC
TCCAGCCCCTG) (added BamHI and HindIII restriction sites are
underlined).

PCR products amplified from the total genomic DNA of T. brucei PS
29-13 strain were cloned into pT7-v5 or pT7-HA; vectors and verified by
sequencing. The obtained constructs were linearized by NotI and electro-
porated into the parental PS 29-13 cells and the single-marker BS cells, the
transfected cell lines were selected using puromycin (1 pg/ml), and ex-
pression of the tagged protein was induced by the addition of tetracycline
(1 wg/ml). The cell line expressing v5-tagged ferredoxin A was described
elsewhere (31).

Immunofluorescence assay. Approximately 1 X 107 PS or BS cells
were collected, centrifuged, resuspended in fresh medium, and stained
with a 200 nM or 20 nM concentration, respectively, of the mitochondri-
on-selective dye Mitotracker red (Invitrogen). After 30 min incubation at
27°C or 37°C, the cells were centrifuged for 5 min at 1,300 X g at room
temperature, and the pellet was washed and resuspended in 1 ml phos-
phate-buffered saline (PBS) with 4% formaldehyde and 1.25 mM NaOH.
The suspension (250 1) was applied to a microscopic slide and incubated
for 10 min at room temperature. The slides were washed with PBS, incu-
bated in ice-cold methanol for an additional 20 min, and briefly washed
with PBS. Next, primary anti-v5 or anti-HA; antibodies (Invitrogen) were
added at a 1:100 dilution in PBS-Tween (0.05%) with 5% milk (Laktino,
low fat; PML, Czech Republic) and incubated at 4°C overnight. Slides
were washed with PBS prior to the application of Alexa Fluor 488 goat
anti-mouse IgG (Molecular Probes) at a 1:1,000 dilution for 1 h at room
temperature. Finally, the samples were mounted with Antifade reagent
with 4',6’-diamidino-2-phenylindole (DAPI; Invitrogen) and after incu-
bation in the dark for 30 min were visualized using an Axioplan2 imaging
fluorescence microscope (Zeiss).

Digitonin fractionation and Western blot analysis. In order to com-
pare protein expression in the PS versus BS, cell lysates corresponding to
5 X 10° cells per lane were separated on a 12% SDS-polyacrylamide gel,
transferred to a polyvinylidene difluoride (PVDF) membrane and probed
with the polyclonal antibodies chicken anti-Nfs and rat anti-Isu at a
1:1,000 dilution and anti-enolase at a 1:50,000 dilution, followed by ap-
propriate secondary antibodies conjugated with horseradish peroxidase
(Sigma), and then visualized using the Pierce enhanced chemilumines-
cence (ECL) kit (Thermo Scientific).

For the digitonin fractionation, 107 cells per sample were collected,
incubated in STE-NaCl buffer (250 mM sucrose, 25 mM Tris-HCI, pH
7.4, 1 mM EDTA, 150 mM NaCl) with 0.04, 0.16, 0.32, 0.4, 0.8, and 1.2
mM digitonin for 4 min at 27°C. Subsequently, samples were centrifuged
(16,000 X g for 2 min), and the supernatants obtained were used for
Western blot analysis. For decorating of tagged proteins, monoclonal an-
ti-mouse antibody (Sigma) was used at a 1:2,000 dilution. As controls,
antibodies against the following proteins were used: the outer mitochon-
drial membrane protein VDAC (37), mitochondrial intermembrane sul-
thydryl oxidase (38), the mitochondrial matrix protein MRP2 (39), the
nuclear protein La (40), the glycosomal triosephosphate isomerase
TIM424, and cytosolic enolase (both provided by Paul A. M. Michels).

Electron microscopy. Cells were fixed either with 4% formaldehyde
or 4% formaldehyde with 0.1% glutaraldehyde in 0.1 M sodium phos-
phate buffer, pH 7.2, for 1 h at room temperature. After centrifugation at
1,300 X g for 10 min, cells were washed three times in 0.1 M phosphate
buffer containing 0.01 M glycine. The pellet was resuspended in 10%
gelatin dissolved in water at 37°C, centrifuged, and solidified on ice. Slices
of gelatin-embedded pellet were immersed in 2.3 M sucrose and left for 6
days on a rotating wheel at 4°C. Infiltrated samples were immersed in
liquid nitrogen and cryosectioned using a Leica EM FCS ultramicrotome
(Leica) equipped with a cryochamber (Ultracut; Leica) at —100°C. Cryo-
sections were picked up using a drop of solution containing 1% methyl
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Trypanosoma 251
Leishmania 254
Encephalitozoon 246
Saccharomyces 310
Plasmodium 361
Arabidopsis 265
Blastocystis 223
Entamoeba 219
Homo 218

Fe-S Cluster Synthesis in Bloodstream-Stage T. brucei

FIG 1 Nuclear localization signal is present in Nfs from T. brucei and other eukaryotes. Multiple sequence alignment of the Nfs proteins from distantly related
eukaryotes. The alignment was generated using ClustalW (http://www.ch.embnet.org/software/ClustalW.html) and Boxshade (http://www.ch.embnet.org
/software/BOX_form.html). Identical residues have a black background, and conserved residues have a gray background. The nuclear localization signal (NLS)
identified in yeast is boxed (38). The following sequences were used: Trypanosoma brucei Tb927.11.1670, Homo sapiens NP_001185918.1, Saccharomyces
cerevisiae NP_009912.2, Arabidopsis thaliana NP_201373.1, Leishmania mexicana XP_003876680.1, Plasmodium falciparum XP_001349169.1, Blastocystis homi-
nis CBK24185.2, Encephalitozoon cuniculi NP_586483.1, and Entamoeba histolytica XP_655257.1.

cellulose and 1.15 M sucrose and thawed in PBS. Grids were placed on
drops of blocking solution containing 5% low-fat milk and 0.02 M glycine
in PBS for 2 h. Grids were transferred onto drops of mouse monoclonal
antibody against the v5 tag (50 pg/ml; Invitrogen) diluted in blocking
solution and left overnight at 4°C. Grids were washed in PBS containing
0.5% low-fat milk and incubated for 1 h in goat anti-mouse IgG conju-
gated to 10-nm gold particles (Aurion) diluted 1:40 in blocking solution.
Grids were then washed in PBS and distilled water, contrasted, and dried
using 2% methyl cellulose with 3% aqueous uranyl acetate solution di-
luted at 9:1. Sections were examined in 80-kV JEOL 1010 and 200-kV
2100F transmission electron microscopes.

Controls were performed using anti-v5 tag labeling of both wild-type
BS and PS cryosections under the same conditions as described above.

Quantification of gold labeling. Electron micrographs of randomly
selected areas were taken at the same magnification. A lattice of test points
at constant distance of 100 nm was superimposed randomly on the mi-
crographs using Image] software. Points and gold particles were counted
separately within compartments: nucleus, nucleolus, mitochondrion,
kDNA, and background (areas outside the above-mentioned compart-
ments). Observed densities of labeling (LD,,,) were expressed for each
compartment as the sum of gold particles per sum of points. In order to
statistically evaluate labeling of individual compartments, total expected
numbers of gold particles for each compartment were calculated as total
expected density (all gold particles divided by total points [total LD,,,])
multiplied by total counts of points of each cell line. The chi-squared test
was calculated as (LD, — LDEXP)Z/LDeXP. The relative labeling index
(RLI) was calculated for each compartment as the ratio of observed label-
ing density value to expected labeling density (41).

RNAi construct, transfection, cloning, RNAi induction, and cultiva-
tion. To prepare the Isu (Tb927.9.11720) RNAI construct, a fragment of
the Isu ORF was amplified using the primer pair IscU-F1 (5'-CACCTCG
AGCAGCCTCACTTCGGTCACT) and IscU-R1 (5'-TGCACGGATCCC
CAACAGCCTCGGACTTAG) from total genomic DNA of T. brucei PS
29-13. The amplicon was cloned into the p2T7-177 vector, which was,
upon Notl-mediated linearization, introduced into BS T. brucei single-
marker cells using a BTX electroporator and selected as described else-
where (42). The BS trypanosomes were cultivated in HMI-9 medium at
37°C in the presence of G418 (2.5 wg/ml) and phleomycin (2.5 pg/ml).
RNAi was initiated by the addition of 1 pg/ml tetracycline to the medium,
and growth measurements were made using the Beckman Z2 Coulter
counter.

tRNA thiolation assay. Total and mitochondrial RNA was electro-
phoretically separated on 8 M urea—8% acrylamide gels cast with 50 M
(N-acryloylamino)-phenyl mercuric chloride (APM). The samples were
denatured by heating at 72°C for 2 min, and equal amounts (10 pg) of
RNA were loaded per lane. After electrophoresis, the gels were stained
with ethidium bromide for visualization under UV light, soaked in Tris-
borate-EDTA (TBE) buffer containing 200 uM B-mercaptoethanol, and
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blotted onto a Zetaprobe membrane (Bio-Rad) for Northern blot analy-
sis. Hydrogen peroxide treatment was carried out as a nonthiolated con-
trol as described elsewhere (27).

Expression and measurement of aconitase and fumarase in BS. The
ORFs of fumarase (Tb927.3.4500) and aconitase (Tb927.10.14000) were
PCR amplified from the total genomic DNA of T. brucei PS 29-13 strain
using the primer pairs TbAco-FW (5'-GGGTCTAGAATGCTCAGCACG
ATGAAGTT) and TbAco-RV (5'-GCGCTCGAGCTACTACAAATTAC
CCTTGAT) (added Xbal and Xhol restriction sites are underlined) and
Tbey-Fum-FW (5'-AGGAAGCTTATGAGTCTCTGCGAAAACTG) and
Tbey-Fum-RV (5'-ATATCTAGAGACGAGTTTAGCATAGAA) (added
BamHI and HindIII restriction sites are underlined), and the PCR prod-
ucts were cloned into the pT7-v5 vector. The obtained vectors were lin-
earized by Notl and electroporated into BS T. brucei single-marker cells
using an Amaxa Nucleofector II electroporator, with puromycin (1 g/
ml) used as a selection marker. Expression of the ectopic proteins was
induced by the addition of 1 pg/ml tetracycline.

Cytosolic and mitochondrial fractions were obtained by digitonin
fractionation following the protocol described elsewhere (28). The aconi-
tase and fumarase activities were measured spectrophotometrically at 240
nm as the production rate of cis-aconitase and fumarate, respectively.
L-Malic acid (Serva) and pr-isocitric acid trisodium salt hydrate (Sigma)
were used as substrates in the aconitase and fumarase activity assays, re-
spectively, as described previously (35).

RESULTS

Nfs contains a nuclear localization signal. The cysteine desul-
furase Nfs is a common mitochondrial protein found in almost all
eukaryotes. An alignment of protein sequences of nine species
from different eukaryotic supergroups revealed high conservation
of key domains (see Fig. S1 in the supplemental material). A nu-
clear localization signal, RRRPR, was identified in the Saccharo-
myces cerevisiae Nfs protein sequence (43) which is also present in
the T. brucei sequence (Fig. 1). Even though a nuclear targeting
sequence in trypanosomes was described only in a few cases (44—
48), and no consensus sequence has been defined so far, the gen-
eral rules postulating a high content of positively charged amino
acids such as arginine seem to be universal. Thus, we hypothesize
that the sequence RRRPR may function as a nuclear targeting
signal in T. brucei as well. Moreover, the alignment showed abso-
lute conservation of this motif in six of nine compared eukaryotes,
including humans, with positively charged residues predominat-
ing in all aligned putative nuclear targeting signals (Fig. 1).

Fe-S assembly proteins are present in the BS mitochondrion.
In order to establish localization of the Fe-S assembly machinery
in the BS, we created cell lines overexpressing tagged versions of
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BS Nfs-v5
- MitoTracker
B
PS Nfs-v5
Nfs-v5 MitoTracker
C
BS Isu-HA
MitoTracker
D
BS Isu-v5
Isu-v5 MitoTracker
Ps Isu-v5

MitoTracker
frataxin-HA MitoTracker

FIG 2 Immunofluorescence analysis of tagged proteins in T. brucei BS and PS.
The cells were stained with monoclonal anti-v5 and anti-HA antibodies
(green), MitoTracker (red), and DAPI (blue). All target proteins were detected
in mitochondria, as confirmed by colocalization with the MitoTracker signal.
Identical results were obtained for the BS and PS cells and for the v5 and HA
tags.

BS frataxin-HA

Nfs, Isu, and frataxin. Each of these genes was cloned into the
pT7-v5 vector, and the obtained constructs were separately elec-
troporated into the BS T. brucei. Since such an approach may
cause nonphysiologically high expression of the tagged proteins,
resulting in possible mislocalization within the cell, we also trans-
fected the same constructs into the PS cells, where these proteins
are known to localize to the mitochondrion (27, 28, 30). Upon
decoration with monoclonal anti-v5 antibody and examination
by immunofluorescence microscopy, in both the PS and BS try-
panosomes expressing the v5-tagged Nfs, the signal was confined
exclusively to the mitochondrion (Fig. 2A and B).

The same approach was used to detect the Isu protein in both
life stages. Indeed, the fluorescent signal corresponded to the large
reticulated and the dwindled sausage-shaped mitochondrion of
the PS and BS cells, respectively (Fig. 2D and E). In order to elim-
inate potential artifacts caused by the v5-tagging strategy, an ad-
ditional cell line was produced containing a HA;-tagged Isu. As
with the other tag, the monoclonal anti-HA antibody decorated
only the mitochondrion (Fig. 2C). Frataxin, the presumed iron
donor for Fe-S clusters, has been functionally analyzed in PS (35)
but not BS T. brucei so far. Therefore, we created a BS cell line
expressing frataxin with added HA; tag and showed by immuno-
fluorescence microscopy its localization in the reduced mitochon-
drion of this life stage (Fig. 2F).

Digitonin fractionation reveals dual localization of Nfs. An
alternative approach to interrogate intracellular localization of a tar-
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FIG 3 Nfs and Isu proteins are present in the mitochondrion and in another
subcellular compartment. Six samples were prepared from each cell line, in-
cubated with increasing amount of digitonin, and centrifuged, and the super-
natants obtained were used for Western blot analyses. Monoclonal anti-v5 and
anti-HA antibodies were used for detection of the tagged proteins, and poly-
clonal anti-Nfs antibody was used to detect the endosomal protein. The mito-
chondrial membrane channel VDAC, the intermembrane protein Ervl, and
the mitochondrial matrix protein MRP2 were used as mitochondrial controls;
TIM424, the La protein, and enolase were used as glycosomal, nuclear, and
cytosolic controls, respectively. These controls determined that mitochondrial
proteins are present only in the last two fractions, but Nfs was released by lower
concentrations of digitonin in both the BS and PS samples. Isu-v5 was detected
in both the monomeric (25 kDa) and dimeric (50 kDa) forms. Again, the
fraction of the signal was extramitochondrial. In the PS, the bulk of both
proteins s present in the mitochondrion. The HA-tagged frataxin was detected
solely in the mitochondrion-containing fractions.

get protein is treatment of cells with the detergent digitonin, which
disrupts phospholipid membranes and allows us to distinguish be-
tween subcellular compartments. For each cell line, subcellular frac-
tions were obtained by using increasing concentrations of digitonin
(0.04 to 1.2 mM) (Fig. 3). As shown by Western blotting analyses, the
mitochondrial proteins were released only when a 0.8 mM or higher
concentration of digitonin was used. All fractions were also treated
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FIG 4 T. brucei cells overexpressing v5-tagged Nfs or Isu were labeled with anti-v5 antibody. Immunolocalization of Nfs (A to C, G, and H) and Isu (D to F) in
ultrathin cryosections of PS (A to F and I) and BS (G and H). The gold particles were detected in the mitochondrion (A and D), often associated with kDNA (B,
F, and G), and in the nucleolus (C, E, and H). Ferredoxin B (I) was localized only in the mitochondrion of PS. Mt, mitochondrion; N¢, nucleolus; N, nucleus; k,

kDNA. Bar, 500 nm (A to E and H) and 200 nm (F, G, and I).

with antibodies against the following control proteins: voltage-de-
pendent anion channel (VDAC) of the outer mitochondrial mem-
brane (37), sulthydryl oxidase Erv1 of the intermembrane space (38),
mitochondrial RNA-binding protein MRP2 in the mitochondrial
matrix (39), glycosomal triose-phosphate isomerase (TIM424), nu-
clear protein La (40), and cytosolic enolase.

When the Nfs-v5-expressing cells were used, the signal acquired
with anti-v5 antibody differed from the pattern obtained with anti-
bodies against the available mitochondrial markers (Fig. 3). Substan-
tial fraction of the v5 signal was consistent with much earlier release of
the tagged Nfs protein, suggesting localization also outside the double
membrane-bound mitochondrion. Identical result was obtained
when the specific anti-T. brucei Nfs antibody was used against BS
WT cells (Fig. 3). Although in both PS and BS cells the target
protein was detected in overlapping fractions, a much stronger
signal was present in the last two PS fractions, strongly suggesting
that in this life cycle stage, the majority of the Nfs protein is located
in the mitochondrion. However, in the BS, the extramitochon-
drial signal was as strong as the organellar one (Fig. 3).

Western blot analysis of the PS lysates expressing the v5-tagged
Isu revealed two separate bands, even though a monoclonal an-
ti-v5 antibody was used (Fig. 3). Since the upper band corre-
sponds to the double size of the lower band, we interpret these
bands as the Isu dimer and monomer, respectively. Dimerization
of components of the Fe-S assembly machinery was described for
the mammalian cells (49), and apparently the complex was not
effectively separated under the SDS-polyacrylamide gel condi-
tions used. A strong signal of the 50-kDa band is present in the
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mitochondrial fractions, while a much weaker yet distinct signal in
other fractions suggests the presence of Isu in additional subcel-
lular compartments. The weak 25-kDa band is confined to the
mitochondrial fractions (Fig. 3).

Finally, the BS cells containing HA ;-tagged frataxin were ana-
lyzed by digitonin fractionation. The results were fully consistent
with localization solely in the mitochondrial matrix (Fig. 3),
which is in agreement with the data from the PS flagellates (30).
Taken together, these results strongly indicate that Nfs and Isu are
localized predominantly in the mitochondrion, but also in an ad-
ditional subcellular compartment, possibly the nucleus.

Nfs and Isu are also present in the nucleolus. Next, we sub-
jected the tagged cell lines to immunostaining with colloidal gold-
labeled antibodies followed by transmission electron microscopy.
This sensitive approach confirmed the presence of Nfs in the mi-
tochondrion and the nucleolus of both PS (Fig. 4A to C) and BS
(Fig. 4G and H) T. brucei. Nfs was detected in the mitochondrial
lumen, with most signal being present in the vicinity of the kDNA
disk, and in the nucleolus (Fig. 5). The same approach was applied
to the PS cells expressing v5-tagged Isu, ferredoxin A, and ferre-
doxin B. Similarly, Isu was detected in the mitochondrial lumen
and in the nucleolus (Fig. 4D to F and 5; also, see Fig. S2 in the
supplemental material). In contrast, ferredoxin A and ferredoxin
B were present solely in the mitochondrion, with only a slight
enrichmentin the region around the kDNA (Fig. 4] and 5; also, see
Fig. S2 in the supplemental material).

Specificity of the labeling protocol was proven by negative re-
actions of the anti-v5 tag antibody on cryosections of the BS and
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FIG 5 Statistical analysis of immunogold labeling on cryosections of PS. Nfs is
present in the nucleolus and the mitochondrion, where half of the protein is
associated with the KDNA. Similarly, Isu is present in the nucleolus and the
mitochondrion, but with somewhat lower affinity for the kDNA. Ferredoxins
A and B are present solely in the mitochondrion.

PS WT cells (see Fig. S3 in the supplemental material). Moreover,
the different distribution of the anti-v5 tag immunogold labeling
in cells expressing either v5-tagged ferredoxin, Nfs, or Isu further
supports the specificity of labeling and excludes a possible unspe-
cific reaction of the anti-v5 tag antibody or the secondary gold
conjugate. Since flagellates fixed with glutaraldehyde showed only
a low efficiency of labeling with the v5-tag antibody, only results
obtained with the formaldehyde-fixed cells are presented.
Observed and expected counts of gold particles were compared
in order to distinguish preferential labeling (RLI > 1) from the
random one (RLI = 1), and the data were examined using chi-
squared (x?) analysis (see Table SI in the supplemental material).
We calculated partial (for each compartment and cell line) and
total (sum of partials) x* values to test the null hypothesis (no
difference between distributions). Values of partial x* indicate the
responsibility of these compartments for the difference (preferen-
tial versus random distribution). Proportions of observed labeling
densities over the mitochondria, nuclei, and nucleoli are summa-
rized in Fig. 5. Thorough analysis of formaldehyde-fixed cryosec-
tions confirmed that Nfs and Isu are localized in the nucleolus,

while only the former protein is significantly enriched in the vi-
cinity of the KDNA disk in the mitochondrion. In contrast, both
ferredoxins are confined solely to the mitochondrion (Fig. 5; also,
see Fig. S2 in the supplemental material).

Fe-S cluster assembly is an essential function of the BS mito-
chondrion. With regard to the differences between the large retic-
ulated versus the reduced sausage-shaped mitochondria of the
two life stages, it is not surprising that in the BS T. brucei, frataxin
(35), ferredoxin A (31), and Isal and Isa2 proteins (29) are signif-
icantly less abundant than in the PS trypanosomes. The situation
is very similar in the cases of Nfs and Isu, which are decreased two
and five times, respectively, in the mammalian BS compared to the
insect-dwelling PS (Fig. 6A).

Importantly, the significance of the Fe-S cluster assembly in the
disease-causing BS has not been established so far. In order to
address this issue, a BS Isu RNAI cell line was constructed, where
the depletion of Isu resulted in a severe growth phenotype (Fig.
6B). The efficiency of RNAi-mediated ablation of the target pro-
tein was confirmed by Western blotting (Fig. 6B, inset). Since
except for its scaffold role in the Fe-S cluster synthesis, no other
function is known for the Isu protein, we resorted to testing its
possible function in tRNA thiolation (see below).

Cytosolic thiolation is downregulated in the PS but not in the
BS Isu RNAi cells. Since Isu is a binding partner of Nfs, which in T.
bruceiis also known as a source of sulfur for tRNA thiolation (27),
we decided to study its potential role in this process as well. To our
surprise, the thiolation of several cytosolic tRNAs remained unal-
tered upon the ablation of Isu in the BS (Fig. 7A). Therefore, we
decided to also study the modification in PS Isu RNAi knock-
downs, which were previously generated in our lab (28). Contrary
to the BS data, thiolation is very sensitive to the loss of Isu, with an
apparent phenotype being observed 2 days after RNAi induction
(Fig. 7B). It is known that this tRNA modification and tRNA im-
port are used equally in both life cycle stages (4), meaning that the
resulting growth inhibition in the BS depleted of Isu is most likely
a consequence of a perturbation of the Fe-S synthesis pathway
rather than tRNA thiolation.

Fe-S cluster assembly is active in the BS. Finally, we addressed
the question of whether the Fe-S assembly pathway is complete
and active in the highly reduced BS mitochondrion. A standard
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FIG 6 Fe-S cluster assembly is diminished but essential in BS. (A) Samples containing the same numbers of cells were prepared from the PS and BS cells and
analyzed by Western blotting. Nfs and Isu are expressed at 45% and 22%, respectively, in the BS compared to the PS. Enolase was used as a loading control. (B)
Growth of the BS Isu RNAi cells in the absence (solid line) or presence (dashed line) of tetracycline was examined. After the induction, a significant growth defect
was observed. The efficiency of RNAi was verified by Western blotting using anti-Isu antibody and enolase as a loading control (inset).
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FIG 7 Cytosolic thiolation in the BS (A) or PS (B) depleted for Isu. RNA
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lated (—S?U) tRNAs are indicated. H,O, was used in s as a control of complete
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induced RNAI.

approach to scrutinize the availability of the Fe-S clusters is the
activity assay for the Fe-S-containing metabolic enzymes aconi-
tase and fumarase. As in other eukaryotes, this method is suitable
for the PS (27, 29, 31), but activities of both enzymes are undetect-
able in the wild-type BS (Fig. 8). To overcome this lack of measur-
able Fe-S-dependent activities in BS, we created BS cell lines over-
expressing either fumarase or aconitase from the pT7-v5 vector.
Upon induction with tetracycline, aconitase or the cytosolic form
of fumarase were strongly expressed, and the relevant activity was
measured in a given cell compartment. In all cases, a strong activ-
ity of the overexpressed enzyme, almost reaching the PS level, was
obtained (Fig. 8). Separate measurement of the aconitase activity
in the cytosol and in the mitochondrion confirmed that the Fe-S
clusters are available in both compartments (Fig. 8A). These re-
sults confirm that the whole Fe-S synthetic pathway is not only
present but indeed active in the BS and that the functional cofac-
tors are available in both the organelle and the cytosol.

DISCUSSION

Combined, the data provide a comprehensive overview of the Fe-S
assembly machinery in the BS T. brucei. We focused on the key
components, namely, the cysteine desulfurase Nfs, the scaffold
protein Isu, and frataxin. Several lines of evidence are consistent
with the conclusion that even in the highly suppressed BS mito-
chondrion, the Fe-S clusters are efficiently built, regardless of the
low abundance of their target proteins. Importantly, Nfs and Isu
are also present in the nucleolus, while frataxin and both ferredox-
ins were detected solely in the mitochondrion.

It was of interest to thoroughly examine the subcellular local-
ization of Nfs, Isu, and frataxin proteins in the BS T. brucei. In-
deed, Nfs has a dual localization in the mitochondrion and the
nucleolus, which is in line with the results obtained with yeast (50,
51). The same dual localization was demonstrated for Isu, but
unlike in Nfs, no nuclear localization signal can be detected in the
Isu sequence. However, noncanonical and bipartite nuclear local-
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was measured only in the cytosol. Activities of both Fe-S-dependent enzymes
were measured in the wild-type PS and BS flagellates and in the BS with induc-
ible overexpression ( 1) of the target proteins. The activity obtained in the PS
was set as 100%. Whereas in the wild-type BS, the activities are almost unde-
tectable, levels comparable to those in the PS were reached after overexpression
of each enzyme. These results confirm that functional Fe-S clusters are pro-
duced even in the BS in both cytosolic and mitochondrial compartments.
Values are means and standard deviations from three independent experi-
ments.

ization signals were reported from trypanosomes, which are no-
toriously difficult to determine (45). Furthermore, in yeast, Nfs is
first imported into the mitochondrion and only afterwards trans-
ferred to the nucleus (43). The possibility that the whole protein
complex is formed in the mitochondrion and only a portion of it
is subsequently imported into the nucleolus has to be tested.

As we showed previously, similar to other eukaryotes, in T.
brucei, Isd11 is a partner of Nfs, which participates in both Fe-S
biosynthesis and tRNA thiolation (27). Mimicking the situation in
the mitochondrion, a functional complex of Nfs, Isd11, and Isu
may also be formed in the nucleolus in order to effectively abstract
sulfur from cysteine and exploit it for a different use than incor-
poration into the Fe-S clusters. In contrast to mammals (34), try-
panosomes do not appear to have frataxin as part of this complex
(27), and the protein is strictly detected in the mitochondrion (305
also this work).

To the best of our knowledge, our results provide the first di-
rect evidence of localization of Nfs and Isu in the nucleolus. Both
Western blot analysis and transmission electron microscopy
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showed that the bulk of these proteins are present in the mito-
chondrion compared to the nucleolus, due to which similar dual
localization may have been overlooked in other organisms. In
yeast, it was detected by means of an a-complementation assay
(43), which is highly sensitive but is hardly applicable in other
eukaryotes. In fact, a signal in the nucleolus of T. brucei was un-
detectable by immunofluorescence, although this may be due to
technical reasons, such as the nucleolar localization being masked
in the PS by the extensively reticulated mitochondrion. Another
reason may be a limited penetration of the specific antibody into
the nucleus during the applied staining protocol.

While the function of the mitochondrial Nfs is well known, we
know close to nothing about its nucleolar version. It is apparently
essential, since mutation of its nuclear localization signal caused a
severe change in the growth phenotype in yeast, yet depletion of
the nuclear Nfs did not affect maturation of the Fe-S-containing
proteins in either the mitochondrion or the nucleus (50, 51). The
authors consequently predicted that the nuclear Nfs must be in-
volved in tRNA thiolation. However, this possibility was excluded
by showing that Nfs lacking the mitochondrial targeting sequence
cannot complement thiolation of either cytosolic or mitochon-
drial tRNAs (52). In mammalian cells, Nfs was also detected in the
cytosol (49) and was shown to be involved in the biosynthesis of
the molybdenum cofactor (53). We can speculate that such a role
may be also attributed to the mitochondrial Nfs in the protist
studied, since the molybdenum cofactor synthetase of T. brucei
(Tb927.11.11920) has a 0.99 probability of mitochondrial local-
ization, according to Mitoprot (54).

Interestingly, a role in phosphorothioation was recently pro-
posed for bacterial Nfs (55). This DNA modification is unique in
directly altering the DNA backbone by exchanging oxygen of
phosphate for sulfur (56-58). Phosphorothioation seems to be
widespread among diverse bacteria, but data about its presence in
eukaryotes are lacking (56). While the DNA of Escherichia coli
depleted of IscS (bacterial homolog of Nfs) is broken into a char-
acteristic smear (55), exactly the same experiment performed in
wild-type and Nfs-depleted T. brucei did not result in a DNA deg-
radation phenotype (see Fig. S4 in the supplemental material).

It is of interest that almost half of the mitochondrial Nfs is
situated in or around the kDNA disk, which is located next to the
basal body of the single flagellum. The remaining signal was more
or less evenly distributed throughout the lumen of the reticulated
organelle, while Isu and both ferredoxins did not show a similarly
skewed distribution. This indicates a possible association of a frac-
tion of Nfs with the mitochondrial DNA. The nuclear localization
signal is carried by the family of Nfs-related cysteine desulfurases
throughout the eukaryotic domain and most likely was present
even in their last common ancestor; thus, it must be evolutionarily
ancient. Furthermore, we speculate that the function of the nu-
clear cysteine desulfurase was at least originally the same for all of
them.

Although the current paradigm postulates that the Fe-S clus-
ters are in some form essential for every extant eukaryotic cell (24,
25), we wondered whether the mitochondrial branch of the Fe-S
assembly pathway produces clusters in the BS organelle, which
uniquely lacks respiratory complexes. The only components of the
Fe-S biosynthetic pathway studied so far in the BS are the scaffold
proteins Isal and Isa2, which are dispensable in this stage, unlike
in the PS (29). Nevertheless, they were shown to function as scaf-
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folds only for the synthesis of 4Fe-4S clusters (59); thus, their
dispensability in the reduced organelle is not surprising.

Since the Fe-S cluster assembly was detected in the mitochon-
drion-derived mitosomes and hydrogenosomes of Giardia and
Trichomonas, respectively (60, 61), it was anticipated that it is also
active in the highly functionally downregulated mitochondrion of
African trypanosomes. Retention of the Fe-S cluster assembly in
the hydrogenosomes is meaningful, since they possess an alterna-
tive pathway producing acetyl coenzyme A (acetyl-CoA) and hy-
drogen (61), and three enzymes involved in this pathway contain
Fe-S clusters. The essentiality of Isu and the measured activities of
overexpressed aconitase and fumarase provide evidence that these
ancient clusters are made in the repressed organelle of the BS T.
brucei as well. Genes encoding components of this ancestral alp-
haproteobacterial pathway were, in the course of evolution, trans-
ferred to the nucleus and retargeted to the organelle via acquired
mitochondrial localization signals (62).

In the BS mitochondrion, these cofactors may be incorporated
into the nonessential respiratory complexes I and IT (12), as well as
ferredoxin, glutaredoxin, and lipoate synthase, all of which are
expressed at a very low level, however (31, 63). Therefore, we
propose that in this life cycle stage, the bulk of cofactors is ex-
ported outside the mitochondrion, as in these fast-dividing para-
sites a high demand for them exists in the catalytic subunits of
DNA polymerases (25) and other cytosolic and nuclear proteins.

In conclusion, all the results presented here indicate that the
key components of the Fe-S biosynthetic pathway are present in
the minimalistic mitochondrion of the BS T. brucei, where they are
essential and produce functional cofactors, even though the de-
mand for Fe-S clusters within this organelle is significantly lower
than in the PS mitochondrion. In addition we have shown that a
significant fraction of Nfs and Isu is present in the nucleolus.
Nonetheless, their role in this compartment remains elusive, since
all putative functions tested so far, such as Fe-S cluster synthesis
(50), tRNA thiolation (52), and phosphorothioation of DNA (this
work), provided negative results.
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