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Summary

Cytosolic and nuclear iron-sulphur (Fe/S) proteins
include essential components involved in protein
translation, DNA synthesis and DNA repair. In yeast
and human cells, assembly of their Fe/S cofactor is
accomplished by the CIA (cytosolic iron-sulphur
protein assembly) machinery comprised of some 10
proteins. To investigate the extent of conservation of
the CIA pathway, we examined its importance in the
early-branching eukaryote Trypanosoma brucei that
encodes all known CIA factors. Upon RNAi-mediated
ablation of individual, early-acting CIA proteins, no
major defects were observed in both procyclic and
bloodstream stages. In contrast, parallel depletion of
two CIA components was lethal, and severely dimin-
ished cytosolic aconitase activity lending support fora
direct role of the CIA proteins in cytosolic Fe/S protein
biogenesis. In support of this conclusion, the T. brucei
CIA proteins complemented the growth defects of their
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respective yeast CIA depletion mutants. Finally, the T.
brucei CIA factor Tah18 was characterized as a flavo-
protein, while its binding partner Dre2 functions as a
Fe/S protein. Together, our results demonstrate the
essential and conserved function of the CIA pathway
in cytosolic Fe/S protein assembly in both develop-
mental stages of this representative of supergroup
Excavata.

Introduction

Iron-sulphur (Fe/S) clusters are ancient prosthetic groups
present in each realm of life, where they participate in
myriads of central biological processes. Their chemical
and structural flexibility made them distinctive in function,
which spans from respiration, amino acid metabolism,
DNA replication to DNA repair (Rudolf et al., 2006; Klinge
et al.,, 2007; Yeeles et al., 2009; Netz et al., 2011). Fe/S
protein biogenesis is an indispensable process, highly
conserved from bacteria to unicellular and multicellular
eukaryotes (Lill, 2009; Roche et al., 2013). So far, three
systems have been recognized in bacteria, namely the
nitrogen fixing (NIF), sulphur mobilization (SUF) and iron-
sulphur cluster (ISC) systems. In the course of evolution,
the ISC and SUF systems were laterally transferred to
eukaryotes, where they are confined to the mitochondria
and plastids respectively. While maturation of the cyto-
solic and nuclear Fe/S proteins depends on the dedicated
eukaryote-only cytosolic Fe/S cluster assembly (CIA), it
also requires the sustenance of the ISC assembly and the
ISC export machinery (for review see Lill, 2009).

The 1SC-export machinery, composed of the mitochon-
drial inner-membrane ABC transporter Atm1 (Kispal et al.,
1999), the inter-membrane space sulphydryl oxidase Erv1
(Lange et al.,, 2001) and glutathione (Sipos et al., 2002),
connects ISC and CIA machineries by exporting a
glutathione- and sulphur-containing compound utilized
downstream in the cytosol (Srinivasan etal., 2014)
(Fig. 1A). The CIA system has been extensively studied in
Saccharomyces cerevisiae, Arabidopsis thaliana, and
humans, unveiling the involvement of at least nine proteins
(Netz et al., 2014). Initially, Fe/S clusters are assembled on
the scaffold complex formed by Cfd1 and Nbp35 (Roy
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Fig. 1. Current model of the CIA pathway and domain architecture of CIA proteins.

A. The overall organization of the CIA pathway as derived from studies in yeast and human cells is depicted: Fe-S clusters are assembled on
the Cfd1/Nbp35 scaffold protein complex with the help of the electron transport chain Tah18/Dre2. Clusters are transferred to the apoproteins
via Nar1 and the targeting complex formed by Cia1, Cia2A, Cia2B and Mms19. X-S is the unknown glutathione- and sulphur-containing

substrate exported by mitochondrial Atm1.

B. The conserved domain architectures of the CIA candidates involved in the early and intermediate part of the pathway in T. brucei, S.
cerevisiae and humans are shown in cartoons. The conserved motifs are specified in the accompanying box.

et al.,, 2003; Netz et al., 2007) from which they are trans-
ferred to the apo-proteins via Nar1, itself an Fe/S cluster-
containing protein (Balk et al., 2004), and Cia1, a WD40
repeat domain protein, which assists as a platform for
interactions with other CIA proteins (Balk et al., 2005)
(Fig. 1A). Additionally, Tah18, a diflavin reductase, along

with another Fe/S cluster-containing protein Dre2, consti-
tute an electron transfer chain conveying electrons from
NADPH through Tah18 to the Dre2-bound Fe/S cluster.
This process is required for Nbp35 function and, conse-
quently, downstream Fe/S protein assembly (Netz et al.,
2010). The recently observed ‘ClA-targeting complex’, in
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human cells formed by CIA1, MMS19, and CIA2B
(Fam96B), transfers the Fe/S clusters to various apo-
proteins in a target-specific fashion (Balk et al., 2005; Netz
et al., 2010; Gari et al., 2012; Stehling et al., 2012). Moreo-
ver, CIA2A (Fam96A), which is related to CIA2B, is dedi-
cated to maturation of iron regulatory protein 1 (IRP1) thus
impacting on cellular iron homeostasis (Stehling et al.,
2013).

In this study, we scrutinized the CIA pathway in the
protist Trypanosoma brucei, the causative agent of the
devastating human African sleeping sickness and numer-
ous other diseases of mammals. Throughout its life cycle,
the parasite switches between two morphologically similar
but biochemically distinct stages, the insect-dwelling pro-
cyclic stage (PS) and the mammalian bloodstream stage
(BS) (Lukes et al., 2005). Due to the functionality of most
reverse and forward genetics tools, T. brucei became a
model organism, representing the eukaryotic superdo-
main Excavata (Montagnes et al., 2012).

In terms of composition and function, the ISC assembly
and export machineries are conserved in T. brucei, which
lacks the SUF and NIF systems (Smid et al., 2006; Paris
et al.,, 2010; Long et al., 2011; Basu et al., 2013). In the
PS of T. brucei, the ISC system initiates with cysteine
desulphurase Nfs1 and the scaffold protein Isul, both
being essential for Fe/S cluster biosynthesis (Smid et al.,
2006). Another conserved component, Isd11, was shown
to be a binding partner of Nfs1 and, apart from its role in
Fe/S cluster assembly, its ablation disrupted both mito-
chondrial and cytosolic tRNA thiolation (Paris etal.,
2010). Due to an exceptionally low demand for mitochon-
drial Fe/S cluster-containing proteins in the BS that does
not require the respiratory complexes, both T. brucei Isa
homologues are dispensable in this stage, but not in the
PS flagellates, which carry a respiratory-active organelle
(Long etal, 2011). Trypanosomes also possess two
homologues of ferredoxin, with ferredoxin A being an
essential component of the Fe/S cluster biogenesis in
both life cycle stages, while the function of ferredoxin B
remains unknown (Changmai et al., 2013).

Virtually no information is available on the T. brucei CIA
machinery, although it has been shown recently that its
genome encodes homologues of Cfd1 and Nbp35
(Bruske et al., 2009; Basu et al., 2013), as well as Nar1,
Dre2, Tah18 and Mms19 (Ali and Nozaki, 2013; Basu
etal., 2013) (Fig. 1A).

In this work we focused on functional analysis of the
early and middle part of the CIA machinery, which includes
TbNbp35, TbCfd1, TbTah18, TbDre2, TbNar1 and TbCia1.
We have generated RNAi single knock-down cells for each
of these CIA pathway components that unexpectedly did
not show detectable growth phenotypes, whereas ablation
of two components in parallel was invariably detrimental.
Complementation of several yeast CIA mutants with T.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 897-910
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brucei orthologues indicated high functional conservation
of the pathway across eukaryotic supergroups.

Results
Identification of T. brucei CIA components

The S. cerevisiae and human CIA protein sequences
have been used as query for a search of the T. brucei
genome. We identified all known CIA components, which
have been summarized in Table S1. Their conservation
with respect to their selected unikont orthologues is
shown in detail in Fig. S1. Based on the conservation, a
cartoon designating the conserved domain architecture
of the CIA components of T. brucei, S. cerevisiae and
Homo sapiens is shown in Fig. 1B.

Most CIA components appear dispensable for cell
growth upon RNAI single knock-down

In order to functionally analyse the CIA candidates, we
performed individual RNAi-mediated depletions of TbCfd1,
TbNbp35, TbTah18, TbDre2, TbNar1 and TbCial. Frag-
ments of TbCfd1 and TbNbp35 were cloned in the pLew-
100-based vector (Bruske et al., 2009). Fragments of the
other genes (535 bp of TbTah18, 312 bp of TbDre2, 464 bp
of TbNar1 and 324 bp of TbCial) were cloned into the
p2T7-177 vector with opposing Tet-regulatable T7 promot-
ers. Upon verification by sequencing, the constructs were
separately electroporated into the parental T. brucei
29-13 PF and 427 BF cells, and subsequently clonal cell
lines were chosen for further analysis under phleomycin
selection.

Apart from TbCfd1 and TbNbp35, on which transient
Fe/S clusters are thought to be primarily assembled,
protein depletion of the other tested CIA components did
not interfere with cellular growth rate. The cumulative cell
density was equally unaffected, although efficient protein
depletion was achieved by RNAi (Fig. 2). Intriguingly,
RNAi-mediated ablation of TbCfd1 massively impaired
growth in the PS, but only marginally affected the BS cells
growth. TbTah18, TbDre2, TbNar1 and TbCial RNAI-
induced cells showed no significant growth phenotype
when compared to their non-induced counterparts in both
cell cycle stages (Fig. 2).

Decreased cytosolic but not mitochondrial
aconitase activity

The majority of the aconitase activity (70%) is found in the
cytosol of T. brucei, with the remainder in the single mito-
chondrion (Saas et al.,, 2000). After efficient subcellular
fractionation, the respective activities of aconitase
(encoded by a single gene) can be utilized for the meas-
urements of Fe/S cluster assembly in both compartments



meemessssmmn = 900 S Basuetal M

A

Cumulative density
(10 cells/mL)(log scale)

=~}

Cumulative density
(10 cells/mL)(log scale)

B
(S

Cumulative density ()
o N 00 W

(10~ cells/mL)(log scale)

=]

11

Cumulative density
(10~ cells/mL)(log scale)
o N © v

=
N ®» o 5

Cumulative density
(10~ cells/mL)(log scale)
o

LS
e
~ 00 w o

Cumulative density
(10 cells/mL)(log scale)
o

TbCfd1 PS

pd

/

u—
—
S = — —

2 4 6 8 10

Days after RNAi induction
TbNbp35 PS
e

e

P
-
—

2 4 6 8 10

Days after RNAi induction
TbTah18 PS
PZE
/ I ThTah18
/ e s Enolase

2 4 6 8 10
Days after RNAI induction

TbDre2 PS

-~

rd

L s L L

2 4 6 8 10
Days after RNAIi induction

TbNarl PS

j

_—

/

o

2 4 6 8 10
Days after RNAi induction

TbCial PS

]

-~

/

o

2 4 6 8 10
Days after RNAIi induction

o
w=» wa Enolase

-—
e @ Enolase

-+
7 TbDre2

wwe wme Enolase

-+
» TbNarl

-+
TbCial

15
13
11

Cumulative density @

(10~ cells/mL)(log scale)

s

15
13
11

Cumulative density
(10% cells/mL)(log scale)
o

)

15
13
11

Cumulative density
(10 cells/mL)(log scale)
w

G

Cumulative density
(10 cells/mL)(log scale)

15
13
11

Cumulative density R

(10~ cells/mL)(log scale)
o

=

15
13
1

Cumulative density
(10 cells/mL)(log scale)
(=}

TbhCfd1 BS
A
e
= - ThCHd1

s e Enolase

~

2 4 6 8
Days after RNAi induction

TbNbp35 BS

-+

TbNbp35

W @B Enolase

Days after RNAi induction

TbTah18 BS

-

/ ——- TbTahl8

/ S W Enolase

2 4 6 8
Days after RNAi induction

TbDre2 BS

/

2 4 6 8
Days after RNAi induction

TbNarl BS
A
o
/ — TbNarl
/ - 8 Enolase
2 4 6 8
Days after RNAi induction
TbCial BS
P [
- M ¢ ThCial
/ S s Enolase

2 4 6 8
Days after RNAI induction

Fig. 2. Depletion of T. brucei CIA components and resulting growth behaviour. Growth of procyclic (PS; A-F) and bloodstream (BS) T. brucei
RNAi cell lines (G-L); the curves of the non-induced (solid lines) and RNAi-induced cells (broken lines) are accompanied by respective
Western blots showing the depletion of the targeted proteins upon RNAI induction. The Western blots were performed on the sixth and third
day after RNAI induction for the PS (C—F) and BS (G-L) respectively. RNAi validation for PS TbCfd1 (A) and TbNbp35 (B) has been shown in

Bruske et al. (2009).
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Fig. 3. Cytosolic and mitochondrial aconitase activities after RNAi depletion of CIA candidates. Consequences of single RNAi depletion of
the early and middle components of the CIA pathway of PS T. brucei were revealed by the measurement of aconitase activities in the
mitochondrial and cytosolic fractions. Aconitase activities in these fractions of the non-induced cells have been defined as 100%. The mean
and standard deviations of three independent experiments are presented. The aconitase activities were measured after 6 days of RNAi

induction.

(Smid et al., 2006). In TbNbp35, TbCfd1 and TbCia1 RNAI-
induced cell lines, the cytosolic but not mitochondrial aco-
nitase activity dropped significantly, compared to the level
of the non-induced cells, which was set as 100% (Fig. 3).
The strongest effect was observed upon depletion
of TbNbp35, which resulted in an 80% drop of the cytoso-
lic activity, while its mitochondrial activity remained
unchanged (Fig. 3B). Depletion of TbCfd1 and TbCial
caused a 40% decrease each (Fig. 3A and D). Cytosolic
aconitase activity remained unaffected upon depletion of
TbDre2, but we monitored a 20% decrease upon ablation
of TbNar1 or TbTah18 (Fig. 3C and E).

CIA components are essential for both PS and BS upon
RNAi double knock-down

To tackle the apparent (and unexpected) dispensability of
the studied single CIA components, we decided to deplete
them more stringently, namely by tandem ablation of
several pairs from the early and middle part of the CIA
machinery. This is a powerful approach in cases when
another protein can (partially) replace the depleted com-
ponent or when two proteins act in the same pathway
(Kafkova et al., 2012). The strategy was based on the
addition of second gene fragment to the single RNAI
knock-down plasmid, resulting into a construct capable,
upon RNAI induction, of simultaneous ablation of two
target transcripts. Indeed, double depletion of any pair of
genes, including those that were individually inert, resulted

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 897-910

in detrimental effects for the viability of trypanosomes
(Fig. 4). For all the double depletion pairs in the PS cell the
growth phenotype emerged on the day 4 after RNAI-
induction. Generally, the deleterious growth effects initi-
ated earlier and in a more severe fashion in the BS in
comparison to the PS.

We further measured aconitase activity in the cytosol
and mitochondria of all constructed RNAi double knock-
downs. In line with the severe effect on growth, in the
cytosol of all these flagellates enzymatic activity dropped
or even disappeared (Fig. 5). The most dramatic decrease
was monitored in the PS upon targeting the TbNbp35/
TbDre2 pair, for which the activity became undetectable
already on day 3 after RNAi induction (Fig. 5B). Hence, an
additive effect can be observed, as upon single depletion of
TbNbp35 20% activity remained. For both TbTah18/
TbDre2 and TbCia1/TbNar1 double knock-downs, cyto-
solic aconitase decreased by 40% on day 3, followed by an
almost complete loss of activity on day 6 (Fig. 5A and C).
Taken together, our results showed that the depletion of a
single protein did not affect cell growth, but had a moderate
effect on cytosolic Fe/S maturation, whereas concomitant
targeting of two CIA components was consistently associ-
ated with a severe growth defect and a near ablation of the
cytosolic aconitase activity. For both TbTah18/TbDre2 and
TbCial/TbNar1 double knock-downs a drop of the mito-
chondrial aconitase activity has been observed on day 6
(Fig. 5A and C), yet it is much smaller when compared to
the strongly reduced activity of its cytosolic counterpart.
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Fig. 6. Spectroscopic features of purified recombinant TbTah18 and TbDre2.

A. UV-VIS spectrum of anaerobically purified TbDre2 (bold line, 0.015 mM) in 25 mM Tris-HCI, 150 mM NaCl, pH 8. The molar extinction
coefficients were calculated from the ratios of measured absorbance and the respective protein concentration. The sample was then reduced
with 2 mM sodium dithionite (dotted line). The arrows indicate the wavelength of absorbance maxima in nm.

B. EPR spectra of purified TbDre2. Labels at the right side indicate temperature and microwave power at which EPR spectra of 2 mM sodium
dithionite-reduced TbDre2 (0.025 mM) were recorded. EPR conditions: microwave frequency 9.460 + 0.001 GHz; modulation frequency 100

kHz; modulation amplitude 1.25 mT.

C. UV-VIS spectrum of purified TbTah18 (0.025 mM) in 25 mM Tris-HCI, pH 8.0, 150 mM NaCl. Characteristic absorbance maxima are
indicated by arrows (wavelength of absorbance maxima in nm). An eightfold magnification is shown as dotted line.

These observations strongly suggest that components
of the CIA machinery work in a cooperative manner in
T. brucei.

Biochemical features of recombinant TbTah18
and TbDre2

TbDre2 lacks the N-terminal S-adenosylmethionine (SAM)
methyltransferase-like domain of yeast and human Dre2,
but retains the two pairs of four conserved cysteine resi-
dues in the C-terminal part. The 14.7 kDa Hises-TbDre2 was
well expressed in Escherichia coli (data not shown) yield-
ing a soluble protein which could be purified (see Experi-

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 897-910

mental procedures). TbDre2 had a red-brownish colour
and presented an according UV-VIS spectrum with absorb-
ance maxima at 330, 425 and 550 nm (Fig. 6A). The
pronounced peak at 330 nm and the discrete shoulders in
the 400-550 nm region are similar to those observed for
purified plant and human Dre2 proteins (Banci et al., 2013;
Bernard et al., 2013). The calculated extinction coefficient,
7.8 mM~"cm™ at 425 nm, is indicative of a single [2Fe-
2S)?* cluster per monomer, as seen for the plant and
human Dre2 proteins. Indeed, the EPR spectrum of
dithionite-reduced TbDre2 (Fig. 6B) exhibited a character-
istic [2Fe-2S]'* signal at 70 K. A less abundant but distinct,
broad EPR signal at 10 K is indicative of the presence of a
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Fig. 7. T. brucei Dre2 and Tah18 functionally
replace yeast homologues only when
expressed in tandem. Plasmids (p414 or
p416, as indicated) harbouring no inserts (&)
or the indicated genes under the control of
the strong promoters MET25 or TDH3, and
the natural promoter (NP) of S. cerevisiae
DREZ2 or TAH18 were used as indicated.
A-C. Plasmids were transformed into the
strains listed at the left: Gal1-10-DRE2,
labelled as Gal-DRE2 (A), Gal1-10-TAH18,
labelled as Gal-TAH18 (B) and into the double
mutant Gal1-10-DRE2/Gal1-10-TAH18,
abbreviated as Gal-DRE2/Gal-TAH18 (C). As
controls, empty plasmids were transformed
into W303 cells. Cells were grown for 40 h in
liquid minimal medium supplemented with
glucose (2%). After washing, 10-fold serial
dilutions were spotted onto agar plates
containing minimal medium supplemented
with galactose or glucose, and incubated at
30°C for 2 days. The result was reproduced
at least three times with independent
transformations.

D. Cell extracts of the indicated cells were
prepared and the Leul activity measured.
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small subpopulation of a [4Fe-4S]' cluster in addition to
the [2Fe-2S]' cluster. Together, this analysis shows that
TbDre2 is a Fe/S protein.

Upon expression of TbTah18 in E. coli (data not shown)
a yellowish (oxidized) TbTah18 protein was purified by
Ni-NTA affinity chromatography. UV-VIS spectroscopy
showed absorbance maxima at 365 and 450 nm
(Fig. 6C), compatible with one flavin per TbTah18 mol-
ecule. Thus, the diflavin reductase presumably lost part of
its chromophores during purification. Taken together, our
results indicate that TbDre2 and TbTah18 have biochemi-
cal properties similar to their yeast and plant homologues.

Complementation of yeast mutants by
T. brucei CIA components

For complementation experiments, T. brucei Dre2, Tah18,
Cfd1, Nbp35, Nar1 and Cial genes were PCR-amplified

from genomic DNA and cloned into yeast expression
vectors under the control of either the natural promoter
(NP) of the S. cerevisiae CIA genes or the strong yeast
promoters MET25 or TDH3 (Table S4). Plasmids without
insert or plasmids encoding yeast proteins were used as
controls. These plasmids were transformed into regulat-
able yeast Gal-CIA mutants in which the respective CIA
gene can be induced in the presence of galactose and
repressed by growth with glucose (Pierik et al., 2009).
Strong depletion of the yeast CIA proteins in these cells is
usually associated with a growth defect, yet the phenotype
can be rescued by expression of functionally complement-
ing genes.

Initial experiments using yeast mutants Gal-DRE2 and
Gal-TAH18 showed that neither TbDre2 nor TbTah18
were able to complement the growth defect of these cells
under depletion conditions (Fig. 7A and B). As expected,
full complementation was achieved, when yeast proteins
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were expressed at their endogenous levels. In contrast,
expression of the parasite proteins did not rescue the cell
growth defect, not even after overexpression using strong
promoters. Since it is known that Dre2 and Tah18 tightly
interact in yeast, plant and human cells (Netz et al., 2010;
Banci et al., 2013), we tested the complementation effects
after parallel expression of a pair of plasmid-encoded
proteins using the double yeast mutant Gal-DRE2/Gal-
TAH18 (Fig. 7C). Coexpression of yeast proteins fully
rescued the growth phenotype of the double mutant
(Fig. 7C, bottom). The complementation by the TbDre2/
TbTah18 proteins was tested by expression from various
plasmids with promoters of different strengths (Fig. 7C).
Coexpression of TbDre2/TbTah18 under yeast endog-
enous levels partially complemented the cell growth
defect. Increased levels of either TbTah18 or TbDre2 did
not further improve cell growth, but higher levels of both
proteins almost fully restored growth. Measurement of
isopropylmalate isomerase (Leul) activity demonstrated
that the ectopic TbDre2/TbTah18 pair not only rescued
growth, but also partially restored maturation of this cyto-
solic Fe/S cluster-containing enzyme (Fig. 7D). Our
results demonstrate that TbTah18 and TbDre2 perform an
orthologous function to their yeast counterparts.
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Fig. 8. TbCial, but not TbCfd1-TbNbp35
and TbNar1 functionally replace their yeast
homologues. Experiments were carried out as
in Fig. 7.

Glucose

Glucose

Next, we addressed whether TbCfd1 and TbNbp35,
individually or coexpressed, could functionally replace
their yeast homologues in single or double regulatable
mutants (GalL-CFD1/Gal-NBP35). As anticipated, the
severe growth defect of the single and double mutant cells
after depletion on glucose-containing medium was entirely
restored by expression of plasmid-encoded yeast Cfd1/
Nbp35 (Fig. 8A). From all T. brucei CIA proteins analysed,
TbCfd1 and TbNbp35 showed the highest identity with the
yeast proteins (53% and 48%, relative to Cfd1 and Nbp35
respectively). However, neither TbCfd1 nor TbNbp35
alone or coexpressed rescued the depleted yeast cells.
Our results indicate that the scaffold system Cfd1/Nbp35 is
organism-specific, and the yeast proteins cannot be com-
plemented by the highly conserved T. brucei proteins.

The trypanosomal homologue of Cia1, termed TbCia1, is
35% identical to yeast Cial and its sequence similarity is
mainly confined to the WD repeats (Srinivasan et al.,
2007). This raised the question whether TbCial can
replace Cia1l in its essential function in the yeast cell (Balk
et al.,, 2005). Remarkably, plasmid-encoded TbCial fully
complemented the growth defect of yeast cells depleted in
endogenous Cial (Fig. 8B). Hence, human (Srinivasan
et al., 2007) and parasite homologues have the capacity to
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functionally replace yeast Cial despite moderate primary
sequence conservation. We have shown above that the
depletion of TbCial in T. brucei did not affect cell growth
whereas double TbCia1/TbNar1 ablation led to cell growth
arrest (Fig. 4C and F). TbNar1 has weak similarity to yeast
Nar1 (28% identity) and, as shown in Fig. 8B, did not
complement Nar1-depleted yeast cells. These findings and
the observed lack of rescue by the human Nar1 homo-
logues (Balk et al., 2004) indicate that Nar1 is the more
critical component of the Nar1-Cia1 interaction in the CIA
machinery (Stehling et al., 2012).

Discussion

Trypanosoma brucei comprises CIA pathway in its
genome, although it was impossible to unequivocally
establish the presence of all of its key components based
on sequence information only (Basu et al., 2013). This
may be caused by notorious divergence of kinetoplastid
flagellates from other eukaryotes, or by genuine absence
of some genes. Therefore, a detailed functional analysis
of known CIA components of the early and intermediate
part of this pathway is executed.

Ever since the discovery of the first component of the
CIA pathway (Roy et al., 2003; Hausmann et al., 2005),
being preeminently studied in the yeast and human
cells, many more participants have been progressively
appended resulting into a complex machinery (Netz et al.,
2014). Some components of the CIA pathway are present
in related flagellates such as Leishmania spp., as well as in
other protists. However, some obligatory anaerobic exca-
vates like Trichomonas vaginalis and Giardia intestinalis
not only lack Dre2 (Vernis et al., 2009; Jedelsky et al.,
2011; Tsaousis et al., 2014) but also the major ISC export
machinery candidate Erv1 that is essential for cytosolic
Fe/S protein biogenesis in yeast (Lange etal, 2001;
Tachezy, 2008; Basu et al., 2013). These unexpected vari-
ations among the highly diverse excavates make T. brucei
an organism of choice for functional analyses.

Upon individual ablation of the T. brucei CIA components
by RNAI, most of them proved non-essential under cultiva-
tion conditions, except TbNbp35 and ThCfd1. This obser-
vation was not compatible with other eukaryotes. To
confront this unexpected situation, a RNAi double knock-
down strategy was adopted. Rigorous ablation of early and
middle part of the pathway, depleting two components in
parallel, invariably resulted in growth cessation. This
observation indicates that only a strong depletion of the
CIA pathway is associated with phenotypical effects in
T. brucei.

The pathway can be subdivided into components pri-
marily dealing with ‘electron transfer chain’, ‘scaffolds’, and
‘targeting complex’ and are assumed to function as sepa-
rate modules (Netz etal., 2014). Even highly efficient

elimination of one of the components of a CIAmodule is not
detrimental for trypanosomes. However, elimination of two
partners leads to a severe impairment of the whole
‘module’, causing downstream disruption of the entire CIA
pathway. Biochemical characterization revealed that
TbTah18, like its yeast, human and plant homologues, is a
diflavin reductase. The TbTah18-depleted trypanosomes
remained unaffected because when one component is
eliminated from a process comprising two components, it
might still work. Nevertheless, if both components are
taken out then they hardly might find each other even in the
reduced level and also the subsequent process is ham-
pered (TbTah18 — TbDre2 and then TbDre2 — TbNbp35).

According to UV-VIS and EPR spectroscopy purified
TbDre2 presents itself as a Fe/S protein carrying a [2Fe-
2S] cluster. In comparison to yeast and human Dre2,
TbDre2 lacks the entire N-terminal S-adenosylmethionine
methyltransferase-like domain (Soler etal, 2012) but
maintains the Fe/S cluster-binding domain, which is
essential for viability in yeast (Soler et al,, 2011). This
truncated structure is a common feature of Dre2 in all
kinetoplastid flagellates (Fig. S2).

It was of interest to assay the functional complementa-
tion of the yeast CIA components by their T. brucei coun-
terparts, separated by a long evolutionary distance. The
TbTah18-TbDre2 unit efficiently complemented the growth
of yeast Tah18-Dre2 double mutant cells proving their
function in electron transfer in the T. brucei CIA pathway.
These results are similar to those recently obtained with A.
thaliana (Bernard et al., 2013), providing further evidence
for an exceptional conservation of this essential module of
the CIA pathway in evolutionary distant eukaryotes.
Indeed, the Tah18-Dre2 module is conserved throughout
all eukaryotic super-groups (Ali and Nozaki, 2013; Basu
et al., 2013) with the exception of the amoebozoan Enta-
moeba sp. (Basu et al., 2013) and Mastigamoeba bala-
muthi (Nyvltova et al., 2013).

Both T. brucei CIA scaffold proteins Cfd1 and Nbp35
are well conserved in respect to their yeast and human
counterparts, retaining the P-loop motifs and the four con-
served cysteine residues (Fig. 1B). However, in spite of
the high similarity, ToCfd1 and TbNbp35 failed to comple-
ment the function of the yeast scaffolds. Interestingly, A.
thaliana contains only Nbp35, which works as a homo-
oligomeric scaffold without Cfd1. It is therefore not sur-
prising that the A. thaliana Nbp35 failed to rescue the
growth of yeast cells depleted for Nbp35, but unexpect-
edly partially rescued the cells ablated for Cfd1 (Bych
etal., 2008). TbCial effectively complements the Cial-
depleted yeast cells, whereas TbNar1 failed to function-
ally replace its respective yeast orthologue. One possible
explanation of the failure of TbNar1 to rescue Nari-
depleted yeast cells is suboptimal interaction of TbNar1
with S. cerevisiae Nbp35 and Cial, which is reminiscent
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of rescue experiments in yeast by two human Nar1 homo-
logues (Balk et al., 2004).

Trypanosoma brucei undergoes a complex life cycle
experiencing two completely different host environments,
which is reflected in two biochemically distinct life cycle
stages. In the PS the mitochondrion is fully active, contain-
ing all the classical respiratory chain complexes (Clarkson
et al., 1989), while the BS mitochondrion is morphologi-
cally reduced lacking the entire respiratory chain (Bringaud
et al.,, 2006). We propose that the generally more severe
phenotypes observed in the BS trypanosomes reflect
these inter-stagial metabolic differences. Since the BS
flagellates rely solely on glycolysis, mitochondrial function
including the ISC machinery might be impaired, which
could make the CIA machinery more susceptible to silenc-
ing in these mammalian bloodforms. On the contrary, the
fully active organelle the PS cells have a high demand for
mitochondrial Fe/S clusters, and perturbation of its ISC
pathway is detrimental on its own (Long et al., 2011). This
notion is further supported by the described upregulation of
most CIA components in the BS (Aslett et al., 2010). The
‘ClA targeting complex’ is not elaborated in this study but
RNAI against both TbCia2A and TbCia2B lead to a growth
phenotype in the BS but not in the PS (S. Basu et al,
unpubl. results). Collectively, the available data support our
hypothesis of an upregulated, quintessential CIA pathway
in the sleeping sickness-causing BS flagellates.

Previously, Nbp35 and Cfd1 were shown to be involved
in the thiolation of cytosolic tRNAs in yeast and T. brucei
(Nakai etal, 2007; Bruske etal., 2009). The strong
decrease of the Fe/S cluster-dependent cytosolic acon-
itase activity upon TbNbp35 and TbCfd1 depletion indi-
cated the involvement of these CIA components in the
cytosolic Fe/S cluster assembly. The strong growth pheno-
types are likely a consequence of cumulative effects
of disrupted tRNA thiolation and the compromised CIA
pathway. Ablation of TbDre2, TbTah18 and TbNar1
resulted in a moderate decrease of the cytosolic aconitase,
yet this effect became exacerbated in all double RNAI
knock-downs. Indeed, dismantling the CIA pathway in such
an abrasive manner resulted in a complete loss of
the cytosolic aconitase activity in the TbTah18/TbDre2,
TbNbp35/TbDre2 and TbCia1/TbNar1 RNAi-treated cells
(Fig. 5). In TbTah18/TbDre2 and TbCia1/TbNar1 double
RNAI knock-down cells, the mitochondrial aconitase activ-
ity also drops, although much less when compared to the
cytosolic aconitase (Fig. 5Aand C). Possible reason of this
effect could be the strongly disarrayed cytosolic Fe/S
protein biogenesis affecting genome stability and transla-
tion efficiency. The oxidative damage resulting from the
severe phenotypes caused by the RNAi double silencing
could make the oxidative stress-sensitive mitochondrial
aconitase less active, leading to the above-mentioned
observation. However, this compartmentalization may not
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apply vice versa, as two key ISC components were
recently localized not only in the mitochondrion, but also in
the nucleolus of both PS and BS cells (Kovaiova et al.,
2014). Their precise function remains to be determined.

In a nutshell, the presented data elaborates the CIA
pathway for the first time in a highly diverged parasitic
protist, shedding light on its remarkably conserved
organization.

Experimental procedures
Bioinformatics

Similarity of the CIA candidates has been confirmed using
BLAST (Altschul et al., 1997) and sequence alignments have
been performed by cLUSTALW (Larkin et al., 2007). Conserved
protein architectures have been analysed with the help of the
Conserved Domain Database (Marchler-Bauer et al., 2002)
and TriTrypDB (Aslett et al., 2010).

Trypanosome cell culture and RNAi

Procyclic T. brucei 29-13 (Wirtz et al., 1999) were grown in
SDM-79 (Brun and Schénenberger, 1979) containing 10%
fetal bovine serum, 15 pg ml~" geneticin and 50 ug mi~" hygro-
mycin. Bloodstream T. brucei 427 (Wirtz et al., 1999) were
cultivated in HMI-9 medium (Hirumi and Hirumi, 1989) con-
taining 10% fetal bovine serum and 2.5 ug mI~' geneticin. For
single RNAI, gene fragments from TbCial, TbNar1,TbDre2
and TbTah18 were PCR-amplified from the T. brucei genomic
DNA using primers listed in Table S2. The PCR amplicon was
gel-purified, digested with BamHI and Xhol, and ligated into
the vector p2T7-177 (Wickstead et al., 2002) pre-digested
with the same enzymes. For generation of RNAi double knock-
down plasmids, gene fragments from TbCia1, TbNbp35 and
TbTah18 were obtained using primers listed in Table S3. PCR
amplicons were purified, digested with BamHI and Spel, and
ligated into the previously generated single knock-down plas-
mids, which have been opened with the same enzymes,
resulting in p2T7-177 vectors containing the following
tandems of gene fragments: TbDre2/TbTah18; TbDre2/
TbNbp35 and TbNar1/TbCial. All generated plasmids were
linearized using Notl and electroporated into the PS and BS
cells using BTX and Amaxa Nucleofector Il electroporators,
respectively, as described elsewhere (Wickstead et al., 2002;
Vondruskova etal, 2005). Positive transfectants were
selected by clonal dilution using phleomycin as a marker. The
PS cell lines containing an inducible RNAi system for knock-
down of TbCfd1 and TbNbp35 and corresponding pLew-100-
based TbCfd1 and TbNbp35 plasmids were kindly provided by
André Schneider (Bruske et al., 2009). These plasmids were
subsequently electroporated into the BS with puromycin as a
selectable marker. RNAi was invariably induced by the addi-
tion of tetracycline (1 ug ml-") to the growth medium and cell
densities were measured using a Beckman Coulter Z2 counter
every 24 h over a period of 8-10 days after induction.

Yeast strains and plasmids

The S. cerevisiae strain W303-1A was used as wild-type
(MATa, ure3-1, ade2-1, trp1-1, his3-11,15, leu2-3,112). Pre-
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viously published promoter-regulatable strains used in this
study were: GalL-CIA1 (Netz et al., 2010), Gal-NAR1 (Balk
etal., 2004), GalL-CFD1 (Netz etal., 2012), GalL-NBP35
(Netz etal., 2012), Gal1-10 DRE2 (Bernard et al., 2013),
Gal1-10 TAH18 (Bernard et al., 2013) and GAL1-10 DRE2/
Gal1-10 TAH18 (Bernard et al., 2013). The double mutant
GalL-CFD1/GalL-NBP35 was constructed from the GallL-
CFD1 strain in which the endogenous NBP35 promoter was
replaced by homologous recombination with a PCR product
containing the NatNT2 resistance marker and the GalL pro-
moter. Correct promoter insertion was confirmed by PCR of
chromosomal DNA with primers hybridizing to the flanking
regions and the inserted cassette. For plasmid-encoded
expression, the T. brucei coding regions were PCR-amplified
from the T. brucei 29-13 genomic DNA. All plasmids used are
listed in Table S4. For constructs with natural promoters (NP)
of yeast, 450 bp or 518 bp 5’ of the start codons of the yeast
DRE2 or TAH18 genes, respectively, were used. All con-
structs were confirmed by sequencing.

Growth complementation and Leu1
activity determination

Growth and transformation was performed as described else-
where (Pierik et al, 2009). Growth complementation was
tested using the regulatable strains described above. After the
transformation of plasmids (listed in Table S4) into the respec-
tive strains, individual transformants were grown on agar
plates containing SC minimal media supplemented with 2%
galactose for 2 days at 30°C. Cells were cultivated for 16 or
40 h (i.e. 24 h plus 16 h in fresh medium) in liquid minimal
medium supplemented with 2% glucose. After washing, the
cells were resuspended to an Agy of 0.5 in liquid SC minimal
medium containing glucose or galactose. Aliquots of 4 ul and
consecutive 10-fold serial dilutions were spotted onto agar
plates containing SC minimal media supplemented with 2%
galactose or glucose. Plates were incubated for 2 days at 30°C
and photographed. In extracts prepared from cells cultivated in
liquid SC minimal medium supplemented with glucose for 64 h
(i.e. 24 hplus 2 x 16 hin fresh medium), the Leu1 activity was
determined as described elsewhere (Pierik et al., 2009).

Protein expression and purification

TbDre2 or TbTah18 were cloned into the first multiple cloning
site of the pET-Dueti vector (Novagen), generating an
N-terminal hexa-His-sequence fused to the encoded protein.
Single transformant colonies of HMS174 cells were incubated
overnightin LB medium at 37°C. A 1% inoculum taken from the
pre-culture was used to inoculate Terrific Broth medium. The
TbDre2 culture was shifted to 30°C at an Agy of 0.5, followed
by the addition of IPTG (final concentration 1 mM) and over-
night incubation. For TbTah18 the expression was induced
similarly but at an Asy of 0.8, followed by growth for 3 h at
20°C. Cells were opened through one passage in a high-
pressure homogenizer (Avestin) and soluble proteins were
obtained by centrifugation for 1 hat 100 000 gat4°C. Proteins
were purified by affinity chromatography (Ni-TED for TbDre2
and Ni-NTA for TbTah18) following the manufacturers’ instruc-
tions. After elution the proteins were rapidly desalted on a
Sephadex G25 column equilibrated with 25 mM Tris-HCI and

150 mM NaCl, pH 8.0 (desalting buffer). Purified TbTah18 and
TbDre2 were used for spectroscopic analysis.

EPR spectroscopy

The isolated TbDre2 was made anaerobic by passage
through a Sephadex G25 column equilibrated with degassed
desalting buffer in an anaerobic chamber (Coy), shock-frozen
in an EPR tube after 2 min incubation with sodium dithionite
(2 mM final concentration) and kept in liquid nitrogen until
analysis. EPR spectra were run at cryogenic temperature
with a Bruker ESP 300E X-band spectrometer equipped with
an Oxford Instrumentals ESR910 helium flow cryostat. The
microwave frequency was measured with a Hewlett-Packard
5340A frequency counter.

Subcellular fractionation, aconitase activity
measurement, preparations of antibodies and
Western blotting

The cytosolic and mitochondrial fractions were acquired by
the digitonin fractionation (Smid et al., 2006). The activity of
aconitase in both subcellular compartments was measured
spectrophotometrically at 240 nm via the production of cis-
aconitate from isocitrate (Long et al., 2011).

Polyclonal antibodies against the TbDre2 and TbTah18
proteins were prepared by immunizing a rabbit and a rat at 2
weeks intervals with four subcutaneous injections of 0.5 mg
and 0.1 mg of purified recombinant proteins (see above),
respectively, with complete (first injection) and incomplete
(following injections) Freund’s adjuvant. Sera were collected 7
days after the fourth injection and were tested by Western
blotting.

For proof of RNAI efficiency, cells were harvested by cen-
trifugation and lysed in hot Laemmli sample buffer. Lysates
equivalent to 5 x 10° cells were separated by SDS-PAGE,
blotted, and probed with polyclonal rabbit antisera raised
against TbDre2, HsCfd1, HsNbp35, ScCia1, ScNar1, TbEno-
lase and rat antisera against TbTah18 used at dilutions of
1:200, 1:2000, 1:1000, 1:1000, 1:1000, 1:150 000 and 1:200
respectively. The secondary anti-rabbit IgG antibody (1:1000)
and anti-rat IgG antibody (1:1000) coupled to alkaline phos-
phatase or horseradish peroxidase was visualized according
to the manufacturer’'s protocols using the Clarity™ western
ECL substrate (Bio-Rad).
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