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Nfs-like proteins have cysteine desulfurase (CysD) activity, which removes
sulfur (S) from cysteine, and provides S for iron-sulfur cluster assembly
and the thiolation of tRNAs. These proteins also have selenocysteine lyase
activity in vitro, and cleave selenocysteine into alanine and elemental sele-
nium (Se). It was shown previously that the Nfs-like protein called Nfs
from the parasitic protist Trypanosoma brucei is a genuine CysD. A second
Nfs-like protein is encoded in the nuclear genome of 7. brucei. We called
this protein selenocysteine lyase (SCL) because phylogenetic analysis
reveals that it is monophyletic with known eukaryotic selenocysteine lyases.
The Nfs protein is located in the mitochondrion, whereas the SCL protein
seems to be present in the nucleus and cytoplasm. Unexpectedly, downre-
gulation of either Nfs or SCL protein leads to a dramatic decrease in both
CysD and selenocysteine lyase activities concurrently in the mitochondrion
and the cytosolic fractions. Because loss of Nfs causes a growth phenotype
but loss of SCL does not, we propose that Nfs can fully complement SCL,
whereas SCL can only partially replace Nfs under our growth conditions.

Structured digital abstract

® MINT-7298305: NFS (uniprotkb:Q386Y7) and PHBI (uniprotkb:Q57UX1) colocalize
(MI:0403) by cosedimentation through density gradients (M1:0029)

® MINT-7298357: SCL (uniprotkb:Q38DC4) and Enolase (uniprotkb:Q38BV6) colocalize
(MI:0403) by cosedimentation through density gradients (M1:0029)

Introduction

Nfs-like proteins have cysteine desulfurase (CysD)
activity, and were first discovered in the nitrogen-fixing
microbe Azotobacter vinelandii, where they are dedi-
cated to the assembly of the iron—sulfur (Fe-S) clusters
of nitrogenase [1]. These pyridoxal 5-phosphate-depen-
dent proteins catalyze conversion of the amino acid
cysteine into alanine and elemental sulfur (S) [1]. All
organisms studied to date encode homologues of Nfs

Abbreviations

(termed NifS, IscS, CsdA or SufS in bacteria, depend-
ing on the gene clusters in which they are found and
Nfs in mitochondria) that provide the S for Fe-S clus-
ters. Eukaryotic Nfs proteins have a stably interacting
partner Isdl1, which is required for their function
[2-4], and transiently interact with the scaffold protein
IscU, upon which the clusters are formed [5]. Thus,
the Nfs protein has a central and conserved function

CysD, cysteine desulfurase; GAP1, guide RNA-binding protein 1; HA, hemagglutinin; SCL, selenocysteine lyase.
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in the assembly of Fe-S clusters [6,7]. In every pro-
karyotic and eukaryotic cell, these ancient and omni-
present cofactors are subsequently incorporated into
dozens of Fe-S proteins. These Fe-S proteins are best
known for their vital role in the redox reactions during
mitochondrial electron transport, but also have a simi-
lar function in photosynthesis [8], the formation of
biotin and thiamine, gene expression and other cellular
processes [6,7].

Moreover, many organisms contain more than one
Nfs-like protein. For example, Escherichia coli contains
three distinct Nfs-like proteins (IscS, CsdA and SufS).
Although the role of CsdA in E. coli is not fully
understood, IscS seems to have a general housekeeping
role, and SufS is thought to function during oxidative
stress [9]. The model plant Arabidopsis thaliana also
encodes three functionally distinct Nfs-like proteins
localized to the chloroplast, mitochondria and cytosol
[10]. Two Nfs-like proteins have been identified in the
apicomplexan protist Plasmodium [11], including one
localized to the apicoplast, whereas the yeast and
human genomes encode only a single Nfs-like protein.
However, the human NFS/ gene contains an alterna-
tive start site, which provides dual localization of the
protein to the mitochondria or the cytosol and nucleus
[12]. In similar fashion, the yeast Nfsl protein is pre-
dominantly found in the mitochondion, but is also
localized to the nucleus in small amounts, and has
been shown to be indispensable for survival [13,14].
Yeast is not dependent on mitochondrial electron
transport during anaerobic growth and so it is likely
that the yeast Nfsl protein is essential because of the
Fe-S cluster assembly for proteins localized in the
cytosol and the nucleus. Moreover, yeast Nfsl is also
necessary for the thiolation of tRNAs [15]. Indeed,
mutation of the nuclear localization signal in the
mature Nfsl protein is also lethal in yeast, despite hav-
ing no effect on mitochondrial Fe-S proteins. These
results suggest that the yeast Nfsl protein has an
essential role in both nuclear and cytosolic Fe-S clus-
ter assembly [15].

Interestingly, in addition to CysD activity, all Nfs-
like proteins have selenocysteine lyase (SCL) activity,
which cleaves selenocysteine into alanine and selenium.
[16]. SCL activity is essential for organisms that
require selenium, as first documented in bacteria and
later in mammals, both of which contain selenopro-
teins [17]. Single-celled organisms, such as the green
algae Chlamydomonas reinhardtii and Emiliana huxleyi
are also known to contain selenoproteins [18],
although their set is smaller than in mammals [19].

The genome of Trypanosoma brucei, the causative
agent of African sleeping sickness, encodes two
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Nfs-like proteins [20]. Downregulation of the Nfs pro-
tein, which is confined to the mitochondrion, impaired
ATP production, cellular respiration and growth, sug-
gesting that this protein is essential for the assembly of
Fe-S clusters incorporated into the mitochondrial
proteins [20]. More recently, it was discovered that in
trypanosomes ablated for Nfs, tRNA thiolation is
disrupted [21]. Moreover, in Saccharomyces cerevisiae
and T. brucei, the mitochondrially located Nfsl and
Nfs proteins, respectively, are responsible for the thio-
lation of tRNAs in both the mitochondria and cyto-
plasm [21,22]. Because T. brucei contains a set of
selenoproteins [23-25], as well as a complete machinery
for the formation of Sec—tRNAS® [26], we undertook
functional characterization of cells with downregulated
Nfs-like protein of the selenocysteine type.

Results

Phylogenetic analysis

A genome-wide search revealed that 7. brucei and all
other kinetoplastid flagellates, for which full genome
sequences are available, contain two Nfs-like proteins
in their nuclear genome. Recent evidence suggests that
one of them, called Nfs (formerly TblIscS2), exhibits
CysD activity and has a function in Fe-S cluster
assembly similar to other well-studied homologues
found in eukaryotes [20]. The second gene codes for a
451 amino acid protein with calculated molecular mass
of 48.9 kDa. It contains a highly conserved PLP-bind-
ing lysine 258, the active cysteine 393 responsible for
desulfuration, as well as histidine 125, which initiates
the release of sulfur by deprotonation of L-cysteine. In
the sequence, however, the conserved serine 255 is
replaced by cysteine, and a substantial part of the
active site loop, as well as the C-terminal region
known to mediate interaction with IscU, are lacking.
A predicted nuclear localization signal (PPLKKLR) is
located in the N-terminal region of the protein
sequence.

We have performed an extensive phylogenetic anal-
ysis of Nfs-like genes from T. brucei using maximum
likelihood, maximum parsimony and neighbor joining
analyses (see Experimental procedures for details). An
unrooted phylogenetic tree obtained from an align-
ment of amino acid sequences of the Nfs/IscS and
SCL genes from 90 prokaryotes and 60 eukaryotes
revealed a very distant position for both T. brucei
genes (Fig. 1). The analysis did not recover a single
clade containing solely prokaryotic sequences, but
rather several paraphyletic clades. Eukaryotic genes
are split into two large groups of different origin,

384 FEBS Journal 277 (2010) 383-393 © 2009 The Authors Journal compilation © 2009 FEBS



P. Poliak et al.

68/67/-

Trypanosoma brucei selenocystein lyase

\

84/dt/64

90/64/61
/65/83

Ricinus «

Oryza sativa
Physcomitrella patens
Ostreococcus tauri

Ostreococcus lucimarinus
Cl reinhardtii
83/56/84 Leishmania infantum
Leishmania major
Leishmania braziliensis
Trypanosoma cruzi
Trypanosoma brucei NfS

99/79/9‘_[ Rarlus norvegicus

|Homo sapiens
Drosophila melanogaster
o Caenorhabditis elegans

ly
Tha,
Ph.

tricornutum

Ashbya gassypn
73/d/50 * Candida an’lcans
95/d/81 Candida rugosa

*

53/d/- |

| SS— Neurospora crassa

Y pombe

Plasmodium
Plasmodium g
Plasmodium Talciparum
Plasmodium vivax
Theileria parva

Theileria annulata

oelu o

74/64/dt

.g. plosporidium
1 Cryptosporidium parvum
vplosk GiaF;dia lamblia

r Tritri foetus
Ti

66/dt/-

59/dt/-

61/-/52

—< Other proteobacterial Nfs

ferrooxidans

Paramecium tetraurelia
Paramecium tetraurelia

B/

gondii
Rickettsia sibirica
Alpha proteobacterial Nfs

Rickettsia felis

Magnetosp/nllum magnetotacticum
Magnetococcus sp.

Lept
Gl violaceus

97/76/80

Cyanobacterial Nfs

*

*

Bacterial NifS

ﬂeﬁa succinogenes
Hel/cobac(sr pylori

Yersinia pestis

Entamoeba histolytica
Campylobacter jejuni Nfs

Clostridium thermocellum

an . Unidentified
Clostridium tetani
Ruminococcus flavefaciens B acte ri a| an d
* Archaebacterial

Nfs homologues

Aquifex aeolicus

. * Alus musculus
attus norvegicus
Gallus gallus

Desulfitobacterium hatniense

*
Tetraodon nigrovirid
£1/51/02 _|_| 71/100/1(')?| H laevis
2
97/90/80 h tricornutum
70/-/51 * Ostreococcus tauri_ SCL
87/96/95 Trypanosoma cruzi
52/-/51 * gy S—i Trypanosoma brucei SCL
= 1 * — Le:shmama brasiliensis
_I major
T gondn
Sy ok .k th/ermophrlum
X ran| /a a Ini
73/68/- jostii
Le:lsoma xylii
Rhoc rubrum
Treponema pallidum

0.1

Fig. 1. Maximum likelihood phylogenetic tree as inferred from 348

amino acid positions of the Nfs/IscS and related proteins (SUFs were

not included). Numbers above branches indicate maximum likelihood (ML) (300 replicates)/neighbor joining (NJ) (1000 replicates)/maximum
parsimony (MP) (1000 replicates) bootstrap supports. Stars indicate branches with all bootstraps overcoming 90% ‘dt’, different topology for
the particular method (maximum likelihood/neighbor joining/maximum parsimony). Sequences found in eukaryotes are given in bold.

interspersed with numerous prokaryotic Nfs-like
sequences. The early-branching group brings together
all putative eukaryotic selenocysteine lyases, which
probably represents the gene originating in the
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eukaryotic nucleus. Consequently, this phylogenetic
analysis indicates that the 7. brucei Nfs-like gene
encodes a selenocysteine lyase, and will be henceforth
labeled as such (SCL).

385



Trypanosoma brucei selenocystein lyase

The second well-supported group of genes contains
CysDs including Nfs of 7. brucei. (Fig. 1). However,
although these Nfs genes are encoded in the eukaryotic
nucleus, they likely originate from the ancestor of the
mitochondrion, because o-proteobacteria constitute a
robust sister group. The ancestry of the Nfs gene from
the mitochondrion is thus well supported, whereas the
origin of the SCL gene remains unclear. Consequently,
these two genes have obviously acquired different, yet
overlapping, functions in the eukaryotic cell (see
below).

RNAi knockdown of SCL

An RNAI cell line was prepared by introducing into
the insect (procyclic) stage of T. brucei strain 29-13 a
pZIMP vector containing a 415 bp fragment of the
SCL gene. The criterion for the selection of this frag-
ment was the lowest possible sequence similarity to the
Nfs gene. Transfection of the procyclics resulted in sta-
ble integration and phleomycin-resistant transfectants
were obtained by limiting dilution. Induction of dou-
ble-stranded RNA synthesis upon the addition of tet-
racycline indeed resulted in efficient elimination of the
SCL mRNA in two selected clones within 24 h of
induction (Fig. 2A). In order to rule out the possibility
that cross-reactivity also induced the downregulation
of Nfs, which shares with SCL 33 and 52% identical
and similar amino acids, respectively, a northern blot
was performed with a probe against the Nfs gene,
which confirmed that the respective mRNA is not tar-
geted by nonspecific RNAi (Fig. 2B). Despite effective
silencing, growth of the cloned procyclic cells was not
inhibited upon RNAI induction with tetracycline, even
when it was followed for a prolonged period of
2 weeks (Fig. 2C).

Western blot analysis with polyclonal antibodies
generated against the 7. brucei CysD Nfs and the scaf-
fold protein IscU revealed that the ablation of the
target SCL protein did not result in a detectable loss
of the above-mentioned proteins even 8 days after
RNAI induction (Fig. 3A). We also used anti-Nfs IgG
to verify the predicted mitochondrial localization of
this protein in the procyclic 7. brucei. Indeed, the
protein seems to be confined to the organelle (Fig. 3B).
The purity of cellular fractions was confirmed by anti-
bodies against cytosolic enolase and mitochondrial
prohibitin (PHBI).

Localization of SCL protein

We used a tagging strategy to analyze the intracellu-
lar localization of this protein. A hemagglutinin

P. Poliak et al.
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Fig. 2. Effect of SCL RNAi on mRNA levels. (A) SCL mRNA levels
were analyzed by blotting total RNA extracted from the non-
induced SCL cells () and SCL cells harvested 2, 4 and 6 days after
RNAI induction. The position of the targeted mRNA and the double-
stranded (ds) RNA synthesized following RNAI induction are indi-
cated with arrows. (B) Nfs mRNA levels were analyzed in the RNA
samples described in (A). As a control, both gels were stained with
ethidium bromide to visualize rRNA bands. (C) Effect of SCL RNAI
on cell growth, compared with 29-13 and noninduced cells. The
numbers of 29-13 cells (diamonds), noninduced cells (triangles) and
those induced by the addition of 1 ug'mL™" tetracycline (circles)
were plotted as the product of cell density and total dilution.
Growth curves are one representative set from three experiments.

(HA5) tag was attached to the C-terminus of the full-
size¢ SCL gene in a vector that allows inducible
expression of the tagged protein driven by a strong
procyclin promoter. The tag was placed on the C-ter-
minus in order to not interfere with a predicted
nuclear import signal usually located at the N-termi-
nus. Subcellular fractions of the transfected procyclic
cells were obtained by digitonin treatment performed,
as described elsewhere [20]. As shown by western blot
analysis of the total cell lysate and the mitochondrial
and cytosolic fractions, tagged protein is detected
only in the cytosolic fraction, which is composed of
nuclei and the cytosol (Fig. 4A). Polyclonal antibodies
against enolase and guide RNA-binding protein I
(GAP1) were used as cytosolic and mitochondrial
loading controls, respectively.
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Fig. 3. Effect of SCL RNAI on protein levels and cellular localization
of Nfs. (A) Nfs and IscU protein levels were analyzed by western
blot analysis in extracts from 29-13 procyclics, as well as from the
non-induced SCL cells (=) and SCL cells harvested 2, 4 and 6 days
after induction. Coomassie Brilliant Blue staining of proteins
obtained from ~ 5 x 10° cellslane™" is shown as a loading control.
(B) Nfs in localized in the mitochondrion. Western blot analysis of
total (T), cytosolic (C) and mitochondrial (M) lysates immunoprobed
with the polyclonal antibodies against Nfs, enolase and prohibitin
(PHB1). Anti-enolase and anti-prohibitin IgG were used as cytosolic
and mitochondrial markers, respectively.

IscU |

This result was further corroborated by fluorescent
microscopy of tetracycline-induced cells bearing the
TAP-tagged SCL gene. The cells were stained by
4’,6-diamidino-2-phenylindole and prepared for immu-
nocytochemistry using a polyclonal o-myc antibody.
Interestingly, most of the signal was observed in nuclei
with some signal also distributed throughout the cyto-
plasm, which may imply a dual localization of the
Nfs-like protein, or its presence in the cytoplasm
because of its overexpression (Fig. 4B). As a control
for staining of the mitochondria, the mAb mAbS56
against the mitochondrial MRP1/2 complex [27] was
used (Fig. 4B). MS analysis of the TAP-tagged purified
SCL protein failed to identify any protein associated
with it, indicating that the SCL protein has no strongly
interacting partner (data not shown).

Measurement of enzymatic activities

Selenoproteins have previously been detected in the try-
panosome proteome [23-25]. Because selenoprotein syn-
thesis would require the generation of elemental Se from
selenocysteine, we analyzed SCL activity in the procyclic

Trypanosoma brucei selenocystein lyase
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Fig. 4. Nuclear localization of inducibly expressed HAs-tagged and
TAP-tagged SCL protein, respectively. (A) Immunoblot analysis of
the HAs-tagged protein in total cell lysates (T), and cytosolic (C) and
mitochondrial fractions (M) obtained from noninduced cells and
cells, in which expression of HAz-tagged SCL was induced by the
addition of tetracycline. Parental 29-13 cells were used as a control.
The o-GAP1 and a-enolase polyclonal antibodies were used as
mitochondrial and cytosolic markers, respectively. (B) Immunolocal-
ization of the TAP-tagged SCL protein in procyclic T. brucei (a) 4’,6-
diamidino-2-phenylindole-staining of nuclear and kinetoplast DNA;
(b) mAb mADb56 against the mitochondrial MRP1/2 complex was
used to visualize the single mitochondrial network; (c) predomi-
nantly nuclear located TAP-tagged SCL protein was visualized by
fluorescence microscopy using polyclonal anti-c-myc serum coupled
with fluorescein isothiocyanate-conjugated secondary antibody; (d)
merged fluorescence images. Nucleus (n) is indicated with an
arrow, kinetoplast (k) with an arrowhead.

cells. Moreover, because Nfs-like proteins can use cyste-
ine and selenocysteine as substrate [28], we tested
whether the elimination of SCL resulted in a decrease in
or disruption of the SCL and CysD activities. Specific
activities for the cysteine and selenocysteine substrates
were measured in the noninduced and RNAi-induced
knockdown cells for SCL characterized above, and also
in the noninduced and Nfs RNAi-induced cells
described earlier [20]. The measurements in total cell
lysates showed that specific activities for both substrates
are decreased in each of the knockdowns (data not
shown). This experiment strongly supports the hypothe-
sis that both proteins function as possible CysDs and
may also have selenocysteine lyase activity.

To determine if the SCL and CysD activities differed
in cellular compartments, cytosolic and mitochondrial
protein  fractions were prepared and analyzed
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separately (Fig. 5). Wild-type SCL specific activity was
2.5-fold higher in the cytosol than in the single reticu-
lated mitochondrion. Four days after RNAi induction,
both cell lines with downregulated SCL or Nfs showed
a decrease in the SCL specific activity in the cytosol,
and to a greater extent in the mitochondrion
(Fig. 5C,D). Knockdowns for Nfs, which is the procy-
clic T. brucei confined to the mitochondrion [20], had
a lower SCL specific activity than cells in which SCL
was ablated. Measurement of the CysD activity indi-
cated an even more pronounced decrease. Again, in
wild-type cells, this specific activity was ~ 2.5-fold
higher in the cytosol than in the mitochondrion.
Approximately 20% and 40% of the specific activity in
the cytosolic fraction was retained in the SCL and Nfs
RNAI cell lines, respectively (Fig. 5SA). By contrast,
CysD specific activity was virtually eliminated from
the mitochondrion of these cell lines, with only 11%
present in the Nfs knockdowns (Fig. 5B).

In both knockdown cells, SCL and CysD activities
began to increase on day 8 after RNAIi induction. This
general trend is expected because it is well known that
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T. brucei can become resistant to RNAI, usually after
1 week. However, it is worth noting that the SCL
activity recovers more slowly in SCL than in Nfs
knockdowns, and the same applies to CysD activity in
the respective cells (data not shown).

Discussion

Initially, the mitochondrion was considered the sole
compartment in which Fe-S clusters are generated for
the entire eukaryotic cell [29]. Soon afterwards, the
localization of Nfs-like proteins to the nucleus and
cytosol was discovered [7,30]. Studies in plants also
revealed that an independent center of Fe-S cluster
synthesis is present in the chloroplast [31], which is not
surprising given the evolutionary history of plant plast-
ids and the requirement of an electron transport chain
in both the mitochondrial and chloroplastic compart-
ments. It is now becoming more apparent that the
assembly of Fe-S clusters is not restricted to where the
CysDs are localized. This scenario was primarily
supported by the observation that the Fe-S assembly
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Fig. 5. Measurement of CysD and SCL specific activities. Mitochondrial and cytosolic protein extracts were obtained from parental 29-13
cells, and the Nfs and SCL knockdowns after 4 days of RNAI induction, as described in Experimental Procedures. The purity of all protein
fractions used for activity measurement was controlled by western blot analysis using antibodies against mitochondrial RNA-binding protein
(MRP2) and enolase, used as mitochondrial and cytosolic markers, respectively. The mean and SD values represent the averages of multiple
measurements of three independent RNAI inductions. (A) Cys desulfurase activity was measured in cytosolic fractions. Units are in nmol
sulfide-min™"-pg protein~'. (B) Cys desulfurase activity was measured in mitochondrial fractions. Units are in nmol sulfide-min™"-pg protein™".
(C) SCL activity was measured in cytosolic fractions. Units are in umol selenide-min™"-pg protein™". (D) SCL activity was measured in mito-
chondrial fractions. Units are in pmol selenide-min™"-ug protein™".
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in yeast appeared to depend on a mitochondrial mem-
brane transporter [32]. An increasing amount of data
now point towards the existence of a cytosolic iron—
sulfur cluster assembly pathway termed CIA, which
may serve the synthesis of Fe-S clusters assembled
onto nuclear and cytosolic proteins [7].

As reported earlier, the downregulation of Nfs dra-
matically lowers the activities of mitochondrial Fe-S
cluster-containing enzymes, causing a significant
decrease in the growth rate of 7. brucei procyclics [20].
Moreover, in trypanosomes, as well as in yeasts, this
protein was recently shown to be indispensable for the
thiolation of cytosolic and mitochondrial tRNAs
[21,22,33]. Importantly, analysis of the status of tRNA
thiolation in cells depleted for the SCL protein did not
reveal any changes demonstrating that this enzyme is
not involved in tRNA metabolism [21]. As we show in
this study, after silencing of SCL, CysD activity
decreases by ~ 75% in both the mitochondrion and
the cytosol. Almost the same decrease is observed in
cells in which Nfs was targeted by RNAI, although in
the mitochondrion of these knockdowns CysD activity
decreases by 90% (Fig. 5). In analogy with other
eukaryotes containing selenoproteins [34], T. brucei
was supposed to be dependent upon the SCL activity
for the formation of putatively essential selenoproteins.
However, recent finding suggest that selenoproteins are
not needed for the survival of trypanosomes, at least
under cultivation conditions [26], hinting that SCL
may also be dispensable. We have confirmed this unex-
pected observation by experiments with auranofin, a
highly specific inhibitor of selenoenzymes [23], because
the downregulation of SCL did not influence the cell’s
sensitivity to the drug compared with its wild-type
counterparts (data not shown). Many selenoproteins
are involved in alleviating oxidative stress or have
redox properties, for example, the glutathione peroxid-
ases [10]. Perhaps selenoproteins in 7. brucei are only
expressed after infection of their mammalian host, as a
way to survive an oxidative burst.

All Nfs-like proteins are known to contain both
CysD and SCL activities [28]. Group I Nfs-like pro-
teins (Nfsl, IscS and Nfs in this study) typically have
approximately eightfold higher activity towards selen-
ocysteine than cysteine. The preference for selenocy-
steine is much greater in Group II Nfs-like proteins
(CpNifS, SufS and SCL in this study), where the
activity can be up to 3000-fold higher towards seleno-
cysteine [16,19]. Therefore, the interchangeable activi-
ties of SCL and Nfs of T. brucei are not surprising.
It is worth noting that, whereas in the T. brucei pro-
cyclics downregulation of Nfs leads to a concomitant
decrease in its binding partner IscU (P. Changmai &

Trypanosoma brucei selenocystein lyase

J. Lukes, unpublished results), the level of IscU is
not altered in cells depleted for SCL, indicating that
there is no mutual dependence between these two
proteins. Using specific antibodies against Nfs and o-
TAP antibodies for the tagged SCL, we have shown
that the former protein is confined to the mitochon-
drion, whereas the latter is, quite surprisingly, present
mostly in the nucleus and cytoplasm. Thus, we have
anticipated that upon downregulation of one of these
enzymes, the CysD and SCL activities will decrease
only in the compartment where the ablated protein
resides. However, downregulation of SCL leads to a
decrease in both activities in the cytosol and the
mitochondrion, and a similar result was found for
cells in which Nfs was targeted. Because the selected
RNAI strategy and northern analysis ruled out possi-
ble off-target RNAIi silencing, another explanation
has to be put forward. It is possible that despite their
immunoreactivity in only a single compartment, both
proteins are also present at amounts undetectable
with the available antibodies in the other cellular
compartment, namely SCL in the mitochondrion and
Nfs in the cytosol. Such a dual localization is known
for Nfsl in yeast, where the bulk of the enzyme
resides in the organelle, but a small amount is also
active in the nucleus [15]. Because there is only a
faint signal [35], human CysD was initially over-
looked in the nucleus. Recent identification of its
binding partner Isd11 in this compartment, as well as
in the mitochondrion, speaks in favor of a dual (or
even multiple) localization of numerous Fe-S cluster
assembly proteins in the eukaryotic cell [36].

Indeed, to explain the measured activities and their
downregulation in respective RNAi knockdowns of
T. brucei, such a dual localization of CysD and SCL
can be invoked. However, the amounts of both pro-
teins in the ‘other’ compartment must be very small,
because neither the polyclonal antibody against Nfs,
nor tagging of SCL allowed detection of the respective
proteins in the cytosol and mitochondrion. Alterna-
tively, indirect secondary effects may explain the
observed activity profiles. Nfs downregulation leads to
a strong pleiotropic phenotype which may in turn
result in a reduction of cytosolic SCL and CysD activi-
ties. By contrast, downregulation of SCL does not lead
to an observable phenotype and the effects on mito-
chondrial enzyme activities are not as pronounced as
the effect of Nfs ablation on cytosolic activities. The
simultaneous loss of activities in both cytosolic and
mitochondrial compartments may also be a reflection
of some kind of coordination between cytosolic and
mitochondrial Fe-S assembly machineries. RNAI-
induced knockdown of either SCL or Nfs decreases
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both activities in the 7. brucei procyclics. One impor-
tant difference between these RNAIi cell lines is that
although knockdown of SCL shows no growth pheno-
type, downregulation of Nfs substantially slows the
growth of T. brucei, suggesting that it is the main Nfs
protein in these flagellates. However, based on the
available data, the growth phenotype of the Nfs
knockdown can be ascribed to another function of this
protein. The absence of Nfs disrupts Fe-S cluster
assembly, monitored by the decrease in the activities of
Fe-S cluster-containing proteins, such as the cytosolic
and mitochondrial aconitases [20]. At the same time, a
general decrease in tRNA thiolation affects their sta-
bility and surprisingly acts as a negative determinant
for cytosine to wuridine editing of mitochondrial
tRNAT™_inevitably leading to disruption of mitochon-
drial translation [21]. It thus appears that it is primar-
ily the lack of thiolation which causes the growth
phenotype of procyclic T. brucei interfered against Nfs,
because a similar decrease in CysD activity in the SCL
RNAIi cells is insufficient to markedly slow their
growth. Consequently, it appears that in the absence
of one Nfs-type enzyme in a given cellular compart-
ment, the other Nfs-type protein or another as yet
unknown protein with an overlapping activity upholds
the CysD and SCL activities at a level sufficient for
survival, although at levels significantly lower than
those in the wild-type cells. This is not particularly sur-
prising in the case of mitochondrial and cytosolic SCL
activities, which remain relatively high in both knock-
downs. However, it is quite unexpected in the case of
mitochondrial CysD activity, which decreases in the
SCL knockdowns to only ~ 15% of the wild-type
level, yet the cells are still able to retain unabated
growth.

Using MS analysis we have shown that, like in
other eukaryotes, T. brucei Nfs co-purifies with its
highly conserved binding partner Isdll1 (Z Paris, P
Changmai & J Lukes unpublished results), although
SCL does not seem to stably interact with any other
protein (this study). However, SCL is still capable of
strong CysD activity in vitro, although the same activ-
ity of the Nfs protein in microsporidia was shown to
be strongly potentiated by bound Isdll [4], the
knockdown of which is lethal in yeast [2,3] as well as
in trypanosomes (Z Paris, P Changmai & J Lukes,
unpublished results). In E. coli, deletion of one Nfs-
like protein is not lethal, which was attributed to
complementation by another Nfs-like protein, SufS.
We propose that in a similar fashion, Nfs can fully
complement SCL, however, SCL can only partially
fulfill the functions of Nfs, perhaps because it is inca-
pable of binding Isd11.

P. Poliak et al.

Experimental procedures

Phylogenetic analysis

Available homologues for genes encoding Nfs/IscS, NifS
and SCL from prokaryotes and eukaryotes were downloaded
from GeneBank™. Special attention was placed on using
genes in which the function in question had been confirmed
experimentally. Amino acid sequences of the genes were
aligned using KALIGN [37]; ambiguously aligned regions and
gaps were excluded from further analysis. Phylogenetic trees
were computed using maximum likelihood (pPHYML) [38],
maximum parsimony (PAUP* b4.10) [39] and neighbor join-
ing (ASATURA; the particular method is designed to deal with
saturation of amino acid positions) methods [40]. The model
for amino acid substitutions (WAG + I + I') was inferred
from the dataset using PROTTEST [41]. Analogously, all
parameters for maximum likelihood analysis (likelihood of
the tree is In = —-53614.118606; gamma shape para-
meter = 1.249; proportion of invariants = 0.012) were
derived from the particular dataset. The robustness of con-
structed trees was tested by bootstrap analyses (maximum
likelihood in 300 replicates; maximum parsimony and neigh-
bor joining with 1000 replicates) and is indicated in Fig. 1.
Both 7. brucei genes are highlighted.

Plasmid constructs, transfection, RNAi induction
and growth curves

The T. brucei procyclic cell lines with inducible ablation of
either Nfs or Nfs-like protein were described previously
[20,21]. Synthesis of double-stranded RNA was induced by
the addition of 1 pgrmL™" tetracycline. Two clonal cell lines
(A and D), in which the Nfs-like mRNA was targeted, were
obtained by limiting dilution in plates at 27 °C in the pres-
ence of 5% CO,. An HAj-tagged Nfs-like fusion protein
expressed from the pJHS54 vector was electroporated into
the 29-13 procyclics as described elsewhere [21]. Next, mito-
chondrial and cytosolic fractions were obtained from cells
resistant to 1 pgmL™" tetracycline and used for immunode-
tection of the HA;-tagged protein.

Northern and western blots

Detection of Nfs-like mRNA isolated from the noninduced
cells and cells 2, 4 and 6 days of RNAIi induction was carried
by northern blot analysis using a random primed labeled
probe and formaldehyde gel electrophoresis of total RNA
following standard protocols [42]. All antibodies used for
western blots were generated against 7. brucei proteins over-
expressed in E. coli. Cell lysates corresponding to 5 x 10°
procyclic cells per lane were separated on a 12% SDS/PAGE
gel and blotted. The polyclonal rabbit antibodies against
IscU, MRP2, GAPIl, PHBI1 and enolase were used at
1:1000, 1 : 1000, 1 : 1000, 1 : 1000 and 1 : 150 000, respec-
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tively [43-45]. The polyclonal chicken antibodies against Nfs
were used at 1 : 500. Secondary anti-rabbit IgG (1 : 1000)
(Sevapharma, Prague, Czech Republic) coupled to horserad-
ish peroxidase were visualized using the ECL kit (Amersham
Biosciences, Uppsala, Sweden). To detect the Nfs-like pro-
tein, lysates from cells stably expressing the SCL protein
HA;-tagged at its C-terminus were separated and blotted as
described above, and the membranes were treated with
monoclonal anti-HAj-tag mouse IgG, followed by chicken
anti-mouse IgG coupled to horseradish peroxidase. Western
blot bands were quantified with the software LUMINESCENT
IMAGE ANALZYER LAS-3000, Image Reader LAS-3000.

TAP-tag analysis

The whole Nfs-like gene was PCR amplified and cloned
into pLew79-MHT vector which contains c-myc, His, cal-
modulin-binding peptide and protein A tags in that order.
The last two tags are separated by a TEV protease cleavage
site [46]. Upon linearization by Notl, the resulting construct
was transfected into the T. brucei 29-13 procyclic strain.
Nfs-like TAP cells, checked for inducible and tightly regu-
lated expression, were induced for 48 h by the addition of
1 pgmL™" of tetracycline to the medium. TAP purification
was performed as described elsewhere [43].

Digitonin fractionation and subcellular
localization

Purification of mitochondrial vesicles isolated by digitonin
fractionation from 5 x 10 cells was performed as described
elsewhere [21]. Pelleted mitochondrial vesicles were stored at
—80 °C until further use. Subcellular localization of the
expressed tagged protein within the cell was determined by
immunofluorescence assay using polyclonal anti-Myc IgG
(Invitrogen, Carlsbad, CA, USA). Briefly the cells were fixed
with 4% formaldehyde, permeabilized with 0.2% Tri-
ton X-100, blocked with 5% fetal bovine serum, and incu-
bated with anti-Myc IgG at a 1:100 dilution. After
washing, the cells were incubated with anti-rabbit fluores-
cein isothiocyanate-conjugated IgG (1 :250 dilution)
(Sigma, Steinheim, Germany), washed, and treated with
4’,6-diamidino-2-phenylindole stain to visualize DNA. Co-
localization analysis was performed using mAb56 against
the mitochondrial MRP1/MRP2 complex [27] coupled with
Texas Red-X conjugated secondary antibody (Invitrogen).
Phase-contrast images of the cells and their fluorescence
were captured with a Nikon fluorescence microscope
equipped with a camera and appropriate filters.

Enzyme essays

Cysteine desulfurase activity was assayed at 25 °C, essen-
tially as described previously [47]. Briefly, protein extract

Trypanosoma brucei selenocystein lyase

was added to a reaction mixture containing 25 mMm
Tris/HCI, pH 7.4, 100 mMm NaCl, 10 um pyridoxal 5’-phos-
phate, 1 mm dithiothreitol and 500 pm cysteine. The
reaction was stopped by the addition of 20 pL of 20 mm
N,N-dimethyl-p-phenylenediamine in 7.2 M HCI. Methylene
blue was formed by the addition of 20 pL of 30 mm FeCls
in 1.2 M HCI and was assayed by measuring the absorbance
at 670 nm. The selenocysteine lyase activity was measured
as described elsewhere [31]. In short, a 100 uL reaction mix-
ture of 0.12 M tricine, 10 mM selenocysteine, 50 mm dith-
iothreitol and 0.2 mM pyridoxal phosphate was allowed to
incubate for 30 min, before being stopped with lead acetate.
The formation of lead—selenide was quantified at 400 nm.
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