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Both human ferredoxins equally efficiently rescue ferredoxin

deficiency in Trypanosoma brucei
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Summary

Ferredoxins are highly conserved proteins that func-
tion universally as electron transporters. They not only
require Fe-S clusters for their own activity, but are also
involved in Fe-S formation itself. We identified two
homologues of ferredoxin in the genome of the
parasitic protist Trypanosoma brucei and named
them TbFdxA and TbFdxB. TbFdxA protein, which is
homologous to other eukaryotic mitochondrial ferre-
doxins, is essential in both the procyclic (= insect-
transmitted) and bloodstream (mammalian) stage, but
is more abundant in the active mitochondrion of the
former stage. Depletion of TbFdxA caused disruption
of Fe-S cluster biogenesis and lowered the level of
intracellular haem. However, TbFdxB, which is present
exclusively within kinetoplastid flagellates, was
non-essential for the procyclic stage, and double
knock-down with TbFdxA showed this was not due to
functional redundancy between the two homologues.
Heterologous expressions of human orthologues
HsFdx1 and HsFdx2 fully rescued the growth and
Fe-S-dependent enzymatic activities of TbFdxA
knock-down. In both cases, the genuine human import
signals allowed efficient import into the T. brucei mito-
chondrion. Given the huge evolutionary distance
between trypanosomes and humans, ferredoxins
clearly have ancestral and highly conserved function
in eukaryotes and both human orthologues have
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retained the capacity to participate in Fe-S cluster
assembly.

Introduction

Iron-sulphur (Fe-S) clusters are ancient cofactors found in
every domain of life. They can function as electron donors
and/or acceptors, sulphur donors and sensors for specific
molecular conditions and in a typical cell are likely to
serve numerous other, as yet unknown functions (Lill,
2009). In eukaryotic cells, well over a hundred proteins
requiring Fe-S clusters for their function have been iden-
tified so far, of which mitochondrial respiratory complexes
I through IIl, ferredoxin, aconitase and DNA repair
enzymes are among the best known (Rouault, 2012).
Although well studied for decades, the eukaryotic DNA
polymerases | through IV were only very recently shown
to contain Fe-S clusters (Netz et al., 2012). Hence, it is
reasonable to anticipate that the importance of Fe-S
cofactors is still underestimated.

In the yeast Saccharomyces cerevisiae, in which it has
been studied extensively, the Fe-S cluster (ISC) assem-
bly takes place in mitochondria with the participation of
at least a dozen proteins. Core participants include the
cysteine desulphurase complex (Nfs-lsd11), which pro-
vides sulphur to the scaffold protein IscU (Zheng et al.,
1993; Adam et al., 2006; Wiedemann et al., 2006; Shi
et al., 2009) and frataxin, generally considered to be an
iron donor, although direct evidence for this function is
still lacking (Stemmler et al., 2010). In addition to these
core proteins, ferredoxin and its reductase provide elec-
trons, while a number of other proteins including Isa1/2
and 1ba57 perform more specialized functions (Lange
et al., 2000; Li et al., 2001; Muhlenhoff et al., 2007; Long
etal., 2011).

A number of distinct systems exist for the biogenesis of
Fe-S clusters: the sulphur assimilation (SUF) machinery
of prokaryotes and a handful of eukaryotes; the bacterial
and mitochondrial ISC system, the prokaryotic nitrogen-
fixing (NIF) machinery and, finally, the eukaryotic cytosolic
(CIA) pathway (Py and Barras, 2010; Tsaousis et al.,
2012). With the exception of the SUF pathway, all of these
machineries contain a system for electron transfer (Lill,
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2009). The ISC machinery acquires NADH-derived elec-
trons via the ferredoxin and ferredoxin-reductase complex
for the reduction of cysteine-bound S° to the Fe-S cluster
component S2- (Kakuta etal., 2001; Muhlenhoff et al.,
2003). In vitro experiments revealed that in the bacterium
Azotobacter vinelandii ferredoxin also acts as a reductant
in the formation of a single [4Fe-4S]?* cluster from two
[2Fe-2S]?* clusters on the homodimeric IscU scaffold
(Chandramouli et al., 2007).

Saccharomyces cerevisiae contains only one homo-
logue of ferredoxin (Yah1), while there are two homo-
logues in humans, namely ferredoxins 1 (HsFdx1) and 2
(HsFdx2) (Shi etal, 2012). Surprisingly, although
HsFdx1 and Yah1 belong to type Il ferredoxins, which
contain the Pro-His motif while HsFdx2 belongs to type |
ferredoxins (Seeber, 2002), only HsFdx2 is able to com-
plement Yah1-depleted yeast cells (Sheftel et al., 2010).
Both HsFdx1 and HsFdx2 are expressed ubiquitously,
with the former being highly expressed in the adrenal
cortex and medulla, while the latter is abundant in the
central nervous system (Sheftel et al., 2010; Shi et al.,
2012). Investigation of the relevance of each homologue
to Fe-S cluster assembly has produced conflicting
results. While Sheftel et al. (2010) found only HsFdx2 to
be involved in this process, Shi et al. (2012) determined
both homologues to be necessary. Numerous other
important roles have been identified for ferredoxins.
Using electrons from NADPH-dependent ferredoxin
reductase, HsFdx1 also participates in mammalian
steroid hormone biosynthesis as a reductant of mitochon-
drial cytochrome P450 enzymes (Ewen et al., 2011). In
yeast, Yah1 together with Arh1 and Cox15p have a role in
hydroxylation of haem o to haem a (Barros et al., 2001)
and coenzyme Q biosynthesis (Pierrel etal., 2010).
Hence, the depletion of Yah1 leads to defects in ISC
assembly, haem synthesis and iron homeostasis (Lange
et al., 2000; Sheftel et al., 2010; Miao et al., 2011; Shi
etal., 2012).

In this study we identified two homologues of ferredoxin
in the genome of the parasitic protist Trypanosoma brucei,
a causative agent of highly pathogenic African sleeping
sickness of humans and other diseases of animals. During
their life cycle, trypanosomes alternate between the pro-
cyclic stage (PC), with a fully active reticulated mitochon-
drion, and the bloodstream stage (BS), for which an
organelle highly reduced in morphology and function is
characteristic (Besteiro et al., 2002; Luke$ et al., 2005).
Since this excavate model flagellate is amenable to various
methods of reverse genetics, we undertook functional
analysis of both ferredoxins, termed here TbFdxA and
TbFdxB. These analyses revealed that TbFdxA but not
TbFdxB is essential for PC T. brucei, where it participates
in Fe-S biogenesis. This feature makes trypanosomes
suitable for heterologous functional analysis of human

ferredoxins. Interestingly, TbFdxA knock-down was effi-
ciently rescued by both human orthologues, which
restored the viability of the cells and their ability to form
Fe-S clusters.

Results

Identification and phylogenetic analysis of ferredoxins in
T. brucei

A BLAST search using the Yah1 sequence of S. cerevi-
siae as a query produced two significant hits within the
genome of T. brucei. The corresponding small proteins,
which we call TbFdxA (Tb927.7.890) and TbFdxB
(Tb927.4.4980), have calculated molecular weights
19.71 kDa and 17.62 kDa respectively. Both TbFdxA and
TbFdxB were predicted to have mitochondrial localiza-
tion by MitoProtll, with 0.9829 and 0.8525 probabilities,
respectively, and with similarly high probabilities pre-
dicted by pSORT.

At the protein level, TbFdxA and TbFdxB respectively
share 39% and 33% identity with the yeast orthologue
Yah1, while the identity between the two trypanosome
proteins is 40%. Both TbFdxA and TbFdxB contain a
conserved fer2 superfamily domain with a 2Fe-2S binding
domain and a catalytic loop that may participate in catalys-
ing electron transfer in redox reactions (Marchler-Bauer
et al., 2011). Conserved homologues of both proteins con-
taining cysteine residues proposed to be responsible for
the ligation of Fe or Fe-S clusters and other conserved
motifs (Fig. 1A), were also found in the genomes of related
kinetoplastid flagellates, including Trypanosoma cruzi,
Leishmania major, Leishmania braziliensis and Leishma-
nia infantum (Fig. S1A).

In order to reveal the phylogenetic position of the
T. brucei ferredoxins within eukaryotes, we constructed a
maximum likelihood phylogenetic tree (Fig. 1B). Unex-
pectedly, TbFdxA and TbFdxB are not closely related to
one another. Neither is specifically related to any of the
major eukaryotic groups. Although the clade containing
TbFdxA is more closely related to the human and yeast
ferredoxins than TbFdxB (Fig. 1B), its position is rather
unstable and dependent on the taxon sampling
(Fig. S1B). On the other hand, our analyses consistently
reveal that TbFdxB belongs to the basal-most eukaryotic
ferredoxin clade known so far. Interestingly, this clade
contains a single trypanosomatid paralogue, whereas four
Leishmania paralogues are present. Although the branch-
ing support was rather weak, the topology shown in
Fig. 1B hints at the presence of at least one additional
trypanosomatid paralogue that was lost during evolution.
It also suggests the existence of a specific selective pres-
sure that retains multiple paralogues present in the tran-
scriptome of Leishmania spp.

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 89, 135—151
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Fig. 1. Phylogenetic analysis of TbFdxA and TbFdxB.

A. Multiple sequence alignment of ferredoxins in T. brucei, H. sapiens and S. cerevisiae. 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 are
highlighted in black and conserved residues in grey. Conserved cysteine residues of the Fe-S motif are marked with asterisks. Underlines

represent predicted mitochondrial targeting sequences by MitoProtll.

B. Maximum likelihood phylogenetic analysis of ferredoxins inferred using RAXML and I'-corrected LG matrix (LG+I" model). Branching support
is expressed via non-parametric bootstrap support and Bayesian posterior probabilities. See Experimental procedures for details.

Localization of ferredoxins in T. brucei

Although both ferredoxins (TbFdxA and TbFdxB) were
predicted to have mitochondrial localization with similarly
high probabilities, we tested their localization experimen-
tally. Having specific polyclonal antibody only against
TbFdxA (see below), we decided to fused both proteins
on their C-terminus with V5 tag. The resulting tetra-
cyclin (Tet)-inducible constructs TbFdxA_pT7_V5 and
TbFdxB_pT7_V5 were electroporated into wild-type PC
and clonal cell lines were selected using puromycin. Two
clones from each cell line were examined 2 days after
the addition of Tet using indirect immunofluorescence.
As shown in Fig. 2A, both ferredoxins fully colocalized
with Mitotracker Red, confirming their mitochondrial
localization.

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 89, 135—151

TbFdxA is essential for cell growth of the
procyclic stage

To establish protein expression and depletion levels of the
TbFdxA and TbFdxB proteins, we expressed both full-size
Hise-tagged proteins in Escherichia coli, from which the
abundantly expressed insoluble brown proteins were puri-
fied. Specific polyclonal antibodies generated in rats
against the expressed TbFdxA and TbFdxB proteins did
immunodecorate TbFdxA, but failed to recognize the latter
protein (data not shown). Therefore, we compared the
abundance of only TbFdxA in individual life stages. As
shown in Fig. 2B, the protein is highly expressed in the PC
trypanosomes, but is much less abundant in the BS cells.

In order to assess the function of individual ferredoxins
in PC, we used RNAI to selectively deplete the mRNA
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Fig. 2. TbFdxA and TbFdxB localize to the mitochondrion of T. brucei.

A. Fluorescence microscopy of the wild-type PC cell line expressing TbFdxA_V5 or TbFdxB_V5 fusion protein. Mitotracker Red staining
visualizes the mitochondrion. 4,6-diamidino-2-phenylindole (DAPI) stains nuclear and mitochondrial DNA.
B. Western analysis of protein level of TbFdxA in the wild-type PC and BS.

levels of TbFdxA and/or TbFdxB. Fragments of both
genes were cloned into the p2T7-177 vector containing
opposing Tet-regulatable promoters. Another construct
was also generated with fragments of the TbFdxA and
TbFdxB genes cloned in tandem to allow their parallel
ablation. Parental T. brucei 29-13 cells were transfected
with the Notl-linearized p2T7-177 constructs, and clonal
cell lines were obtained by limiting dilution using phleo-
mycin as a selectable marker.

RNAI induction impacted the studied cell lines differ-
ently: single TbFdxA and double TbFdxA+B knock-downs
showed significantly reduced proliferation (Fig. 3Aand C),
whereas the growth of the TbFdxB RNAI cell line was not
affected at all (Fig. 3B). The depletion of the target pro-
teins was monitored by Western blot analysis using
o-TbFdxA antibodies and in the case of TbFdxB by
quantitative real-time PCR (Fig. 3). In the TbFdxA and
TbFdxA+B RNAi cell lines where TbFdxA mRNA was tar-
geted, a total elimination of the TbFdxA protein occurred
(Fig. 3A and C). The target mRNA was also efficiently

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 89, 135—151

depleted in the single TbFdxB knock-down as well as in
the double knock-down (Fig. 3D). Western blot analysis
also showed that the depletion of TbFdxA had no effect on
the levels of other component of the ISC pathway namely
Nfs, IscU and frataxin (Fig. S2). These results demon-
strate that TbFdxA, but not TbFdxB, is essential for the
viability of PC T. brucei.

TbFdxA is indispensable for the bloodstream stage

The BS of T. brucei harbours a mitochondrion which is
substantially reduced in terms of morphology and metabo-
lism, lacking the respiratory chain, fumarase and other
activities (Tielens and van Hellemond, 1998; Besteiro
etal,, 2005; Luke$ etal., 2005; Coustou et al., 2006).
Consequently this stage relies on glycolysis for its fast
growth. While the mitochondrial Fe-S cluster-containing
proteins may therefore theoretically be bypassed in this life
stage, this is not the case for numerous cytosolic and
nuclear proteins requiring clusters for their activities.
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Fig. 3. TbFdxA but not TbFdxB is essential for growth of PC T. brucei.
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A-C. Growth curves represent numbers of non-induced (triangles; black line) and RNAI- induced (squares; grey line) cell lines for single
TbFdxA (A), single TbFdxB (B) and double TbFdxA+B knock-down PC cells (C). The y-axis represents the log scale product of cell density
and total dilution. The data show a single representative experiment of biological triplicates. TbFdxA protein levels were analysed by Western
blot analysis with o- TbFdxA antibody in whole-cell lysates from non-induced (-) and RNAi-induced (+) single TbFdxA (A) and double
TbFdxA+B knock-downs (C) after 5 days of induction. Enolase was used as a loading control.

D. Quantitative real-time PCR analysis of TbFdxB mRNA was performed on cDNAs generated from the non-induced and RNAi-induced single
TbFdxB and double TbFdxA+B knock-down cells 5 days after RNAi induction. The relative change in TbFdxB mRNA abundance upon
tetracycline addition was determined by using 18S rRNA as internal reference. The means and SD values of three independent experiments

are shown.

Indeed, Fe-S cluster-containing DNA polymerase and
RNase L inhibitor (RLI), highly conserved proteins required
for genomic DNA replication and cytosolic translation
respectively, are clearly essential for both T. brucei stages
(Estévez etal.,, 2004; Bruhn etal., 2011). Comparative
Western blot analysis of the PC and BS cells revealed that
the level of TbFdxA protein in the latter stage is less than
17% of that in the insect dwelling stage (Fig. 2B).

We further investigate the role of TbFdxAin the BS, using
the same RNA: strategy as for the PC. Surprisingly, we did
not observe any growth defect in this knock-down even if
the level of TbFdxA protein dropped by 96% as shown by
Western analysis (Fig. S3). This result did not allow us to
adequately distinguish as to whether TbFdxA was insuffi-

ciently depleted to cause a growth phenotype, or whether
this protein is non-essential for the BS cells. Therefore, we
resorted to a knockout strategy via homologous recombi-
nation (Fig. 4A and B), which leads to the disruption of both
alleles of a single-copy gene, such as TbFdxA, resulting in
total elimination of the corresponding protein. The pres-
ence of a regulatable copy of TbFdxA allows us to conclu-
sively address whether the protein is indispensable for the
BS of T. brucei. A previously described knockout strategy
(Schnaufer et al., 2001) was followed by replacing one
allele of TbFdxA with a hygromycin-resistance cassette.
Next, a plasmid allowing ectopic expression of the TbFdxA
protein under the control of a Tet-responsive element was
introduced into the single knockouts (1KO). This allows

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 89, 135—151
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Fig. 4. TbFdxA is indispensable for viability of BS T. brucei.
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A and B. PCR showing the absence of the endogenous TbFdxA gene in TbFdxA knockout cell line (A) and presence of the ectopic copy of
TbFdxA (B). DNA was isolated from wild-type (WT), single allele replacement (1KO) and second allele replacement (2KO) BS cell lines.

C. Growth curve represents numbers of TbFdxA knockout cell line grown in the presence (squares; grey line) or absence of tetracycline
(triangles; black line). The data show a single representative experiment of biological triplicates.

proliferation of cells in the presence of Tet even when an
essential gene is lost. Indeed, even when the second
TbFdxA allele was subsequently disrupted by a neomycin-
resistance cassette (2KO), the BS cells remained alive
while the medium was supplemented with Tet. However,
they immediately and completely lost viability when the
drug was withdrawn (Fig. 4C), strongly indicating that the
expression of an ectopic TbFdxA is vital for the survival of
these flagellates. Elimination of the endogenous TbFdxA
was confirmed using specific forward and reverse primers,
annealing to the 5’'UTR and part of the TbFdxA ORF,
resulting in a 952-bp-long amplicon (Fig. 4A), confirmed by
sequencing. Presence of the ectopic copy was verified by
PCR with specific primers for full-length TbFdxA producing
a 537 bp amplicon (Fig. 4B). All in all, the results obtained
from the conditional knockout confirmed the essentiality of
TbFdxA for the BS cells, although this stage seems to
contain a far lower amount of the protein relative to PC
(Fig. 2B). Consequently, despite the presence of only a
rudimentary mitochondrion in the mammalian stage, the
obtained results are compatible with active Fe-S cluster
assembly in the organelle.

TbFdxA is required for synthesis of cytosolic and
mitochondrial Fe-S proteins

Early studies suggested that the yeast and human ferre-
doxins are involved in mitochondrial de novo Fe-S cluster
assembly, most likely functioning as electron donors
(Lange et al., 2000). We examined the effect of depletion
of both ferredoxins on selected cytosolic and mitochon-
drial Fe-S enzymes in the PC trypanosomes.

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 89, 135—151

In T. brucei, about 70% and 30% of aconitase, which
is encoded by a single gene, is distributed in the cytosol
and mitochondrion respectively (Saas et al., 2000). This
feature allows us to monitor its activity separately in both
compartments (Fig. 5). The purity of each cell compart-
ment, obtained by digitonin fractionation, was controlled
by Western blot using antibodies specific for mitochon-
drial Hsp70 and cytosolic enolase (Fig. S4). As shown in
Fig. 5A and C, both cytosolic and mitochondrial acon-
itase dropped by about 70% upon triggering RNAi of
TbFdxA and TbFdxA+B. However, no decrease was
observed in cytosolic and mitochondrial aconitase activi-
ties upon ablation of TbFdxB (Fig. 5B). The activity of
succinate dehydrogenase (complex Il), a Fe-S cluster-
containing enzyme that is confined to the mitochondrion,
followed the pattern observed for aconitase (Fig. 5D),
whereas the reduction in activity of another Fe-S
enzyme, cytochrome c reductase (complex Ill), was less
pronounced, decreasing only by ~ 30% (Fig. 5E). These
altered enzymatic activities demonstrate the importance
of TbFdxA, but not TbFdxB, in the formation of both
mitochondrial and cytosolic Fe-S cluster proteins. Threo-
nine dehydrogenase, which lacks Fe-S clusters and was
used as a control, remained unaffected in studied cell
lines (Fig. S5).

Haem content is decreased in TbFdxA knock-down

Haem a is a prosthetic group of eukaryotic mitochondrial
cytochrome c oxidase (complex 1V) and some prokaryotic
cytochrome oxidases. Complex IV is the only known
eukaryotic protein containing haem a (Michel et al., 1998;
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RNAi-induced (grey column) (+Tet) of single TbFdxA (A), single TbFdxB (B) and double TbFdxA+B knock-down PC cells (C) were measured
in whole cell, cytosolic and mitochondrial compartments 5 days after RNAi. Enzymatic activities of succinate dehydrogenase (complex 1) (D)
and cytochrome ¢ reductase (complex IllI) (E) were measured in crude mitochondrial membrane extract. Specific activities are shown as a
percentage of activities in non-induced cells. The means and SD values of three independent experiments are shown.

Barrientos etal., 2009) and as such, bovine heart
complex IV was used as a haem a standard for HPLC
analysis (Fig. 6A). Since in S. cerevisiae ferredoxin
together with ferredoxin reductase and Cox15 are
required for the biosynthesis of haem a from the more
abundant cellular haem b (Barros et al., 2002), we meas-
ured the concentrations of haem a and haem b in the PC
trypanosomes with ablated ThFdxA. We detected a 20%
decrease of both haem a and haem b as compared with
the non-induced cells (Fig. 6B), with the P-values being
very close to the significant value (haem b P=0.0682;
haem a P=0.0702).

TbFdxA knock-down alters mitochondrial biology

In the PC cells appropriate function of all respiratory com-
plexes is required to maintain mitochondrial inner mem-
brane potential (Besteiro et al., 2005). Membrane potential
was drastically reduced in TbFdxA-depleted cells, as
measured by flow cytometry via quantification of TMRE
uptake (Fig. S6A). Furthermore, the same cells accumu-
lated ROS, as followed by dihydroethidium oxidation
(Fig. S6B). Extensive disruption of the overall mitochon-
drial metabolism was reflected in alterations in levels of
metabolic end-products upon TbFdxA RNAi induction. The
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most prominent change was an eightfold increase in pyru-
vate production. In contrast, excretion of succinate and
acetate significantly lowered in the induced cells (Fig. S6C
and Table S1).

Human ferredoxin homologues rescue
TbFdxA knock-down

Taking advantage of the T. bruceimodel to gain insight into
the controversial function of both human ferredoxin homo-
logues, we tested the ability of each to compensate for the
loss of TbFdxA. To this end, two rescue cell lines were
generated, each constitutively expressing one of the two
human ferredoxin genes fused to a C-terminal EGFP tag,
which enabled us to monitor their expression (Fig. 7A). In
both cell lines, the tagged human ferredoxins (HsFdx1 and
HsFdx2) showed a strong signal which colocalized with
Mitotracker Red (Fig. 7B). The exclusive mitochondrial
localization of these human proteins demonstrated the
ability of their respective human mitochondrial targeting
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sequences to efficiently mediate import of the downstream
protein into the trypanosome mitochondrion (Fig. 7B).

Following RNAI induction, both HsFdx1 and HsFdx2
were able to rescue cell growth, with no growth defect
observed throughout the 8-day period for which growth
was measured (Fig. 8A), in contrast to the parental
TbFdxA RNAi line (Fig. 3A). Hence, the presence of either
HsFdx1 or HsFdx2 was sufficient to support, in the
absence of TbFdxA, the growth of PC at wild-type level.
Furthermore, aconitase activity in the TbFdxA-depleted
cells was rescued by HsFdx1 to almost wild-type level in
both cytosolic and mitochondrial compartments (Fig. 8B).
In the case of HsFdx2, the total aconitase activity was
rescued completely, and the mitochondrially localized frac-
tion was even slightly overexpressed (Fig. 8B). Western
blot analysis confirmed that about 95% of TbFdxA was
eliminated within 2 days of RNAi (Fig. 7A). These data
demonstrate that either human ferredoxin homologue is
sufficient to compensate for the essential Fe-S biosyn-
thetic function of TbFdxA in T. brucei.
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Fig. 7. HsFdx1 and HsFdx2 are expressed in PC TbFdxA RNAi cell lines and imported into the T. brucei mitochondrion.

A. Western blot analysis with - TbFdxA antibody determines level of endogenous TbFdxA 2 days upon RNAI induction. Expression of
HsFdx1-EGFP or HsFdx2-EGFP in the TbFdxA knock-down cells was followed by a-EGFP antibody. Enolase was used as a loading control.
Western blots were quantified with Image J software, enolase was used as a normalizer.

B. Fluorescence microscopy of TbFdxA knock-down cell lines expressing HsFdx1-EGFP or HsFdx2-EGFP. Mitotracker Red staining visualizes
the mitochondrion. 4,6-diamidino-2-phenylindole (DAPI) stains nuclear and mitochondrial DNA.

Discussion

Ever since ferredoxin was first isolated from Clostridium
pasteurianum in the early 1960s (Mortenson et al., 1962),
this protein highly conserved across the prokaryotic and
eukaryotic domains has emerged as a multifunctional
protein involved in electron transport, biosynthesis of
coenzyme Q, steroid hormone and haem a synthesis
(Barros etal., 2002; Pierrel etal., 2010; Ewen etal.,
2011). Moreover, as both a [2Fe-2S] cluster-containing
protein and a Fe-S biosynthetic enzyme, it has the con-
verse properties of being both dependent on and essen-
tial for cluster assembly (Barros and Nobrega, 1999;
Lange et al., 2000; Tokumoto and Takahashi, 2001).
Here, we have identified two mitochondrial ferredoxin
homologues in T. brucei, named TbFdxA and TbFdxB,

and experimentally verified their localization within the
organelle. Phylogenetic analysis of ferredoxins across the
eukaryotic supergroups revealed that both trypanosome
homologues are only distantly related to other ferredoxins
and that TbFdxB and its homologues in other kinetoplas-
tids constitute the basal branch of the tree. Moreover,
this approach detected amplification of ferredoxins in the
genomes of Leishmania species.

In a recent global RNAI analysis in T. brucei, TbFdxA
was found to be essential in both PC and BS cells, unlike
TbFdxB which was essential only in the former stage
(Alsford et al., 2011). Contradictory to this high-throughput
screen, the separate and tandem RNAI silencing of ferre-
doxins presented here showed that TbFdxA is essential
in both life cycle stages while TbFdxB, which we studied
only in the PC cells, is dispensable. Moreover, the experi-
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Fig. 8. Expression of either human ferredoxin rescues TbFdxA depletion in PC.
A. Growth curves of non-induced (triangle; black line) and RNAi-induced (square; grey line) TbFdxA knock-down PC cells constitutively
expressing HsFdx1 (left) or HsFdx2 (right). The y-axis represents the log scale product of cell density and total dilution. The data show a

single representative experiment of biological triplicates.

B. Aconitase activities in whole cell lysates as well as, cytosolic and mitochondrial compartments of TbFdxA knock-down PC cells expressing
HsFdx1 (left) or HsFdx2 (right) 5 days post induction. Specific activities are shown for non-induced (black columns) and RNAi-induced cells
(grey columns) as a percentage of activity of non-induced cells. The means and SD values of three independent experiments are shown.

mental set-up enabled us to rule out the possibility of
redundancy between both homologues.

Upon depletion of TbFdxA in the PC cells, the activities
of Fe-S cluster-containing cytosolic and mitochondrial
aconitase, as well as respiratory complex || were dramati-
cally decreased. Respiratory complex Ill activity was also
reduced, although to a lesser extent. The alterations in the
respiratory chain likely caused the decrease of mitochon-
drial membrane potential and a direct transfer of electrons
from complex Il to oxygen, with the concomitant produc-
tion of ROS as was reported recently (Gnipova et al.,
2012). These activity measurements confirmed the indis-
pensability of TbFdxA in Fe-S cluster biogenesis in both
compartments, which is in good correlation with other
eukaryotes (Lange et al., 2000; Shi et al., 2012). Since its
depletion does not affect levels of frataxin, IscU or Nfs and
it was not detected in the IscU/Nfs/Isd11 complex (Paris
et al.,, 2010), ThFdxA most likely functions as a solo player
that does not stably associate with other ISC assembly
proteins. Indeed, exactly how ferredoxin participates in

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 89, 135—151

the Fe-S biosynthesis remains largely unknown. Available
data support its function in an electron transfer chain, in
which ferredoxin reductase receives electrons from NADH
and transfers them to ferredoxin, which in turn donates
electrons for the reduction of cysteine-derived sulphur in
order to produce the sulphide component of the clusters
(Muahlenhoff et al., 2003). Since ablation of TbFdxB in PC
did not cause any visible phenotype, the function of this
unusual ferredoxin, representative of a kinetoplastid-
specific branch distinct from all other eukaryotic ferredox-
ins, remains to be established.

Trypanosomes are unusual among eukaryotes in that
they have lost the capacity to synthesize haem b, which
must consequently be imported from the host or from the
medium (Kofeny et al., 2010). Conversion of haem b to
haem a has been described for T. cruzi and likely also
occurs in T. brucei (Tripodi et al., 2011). An additional role
for ferredoxin in haem a synthesis has been demon-
strated in yeast (Barros et al., 2002; Moraes et al., 2004),
and as HsFdx2 was able to rescue this function in yeast
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cells (Sheftel et al,, 2010), we examined the effects of
TbFdxA depletion on haem levels. HPLC analysis of the
TbFdxA knock-downs showed that haem a and surpris-
ingly also haem b levels were decreased by approxi-
mately a quarter in the RNAi-induced cells as compared
with the non-induced ones. The decrease of haem a was
expected, on the other hand the level of haem b should
stay unaffected (Barros et al., 2001). We can only specu-
late that there may be feedback machinery in T. brucei
that is providing haem a/haem b equilibrium. It can be
particularly important in the mitochondrion, since respira-
tory complexes are the main consumers of both haems.
Disruption of haem homeostasis can lead to increased
ROS production with devastating consequences to the
cell. Since the change in haem content is rather low, it
seems that in T. brucei, as in other organisms (Barros
et al., 2002), other players participate in haem a biosyn-
thesis apart from ferredoxin. In summary, it seems likely
that in bridging the two major mitochondrial iron-
consuming pathways, namely haem a synthesis and Fe-S
cluster assembly, this protein is also perfectly positioned
to impact on cellular iron homeostasis, as has been
observed upon ferredoxin disruption in both yeast and
humans (Sheftel et al., 2010; Miao et al., 2011; Shi et al.,
2012).

Although the PC trypanosomes rely on L-proline and
other amino acids as a source of energy inside the tsetse
fly, they will preferentially consume glucose in a glucose-
rich medium (Bringaud et al., 2006). Under such condi-
tions, pyruvate is produced glycolytically and subsequently
converted to the metabolic end-products succinate,
acetate and lactate. In the TbFdxA-depleted PC cells, the
production of pyruvate dramatically increases. This can be
well explained by a compensatory upregulation of glycoly-
sis in response to reduced mitochondrial substrate level
ATP production (Bochud-Allemann and Schneider, 2002).
Similar phenotype was observed in the PC cells depleted
for other Fe-S assembly proteins (Smid et al., 2006). By
decreasing acetate and ATP production, mitochondria
of these genetically modified PC act like metabolically
suppressed organelles in the BS flagellates. The parallel
decrease in succinate production, meanwhile, may result
from depletion of its fumarate precursor due to impaired
function of the Fe-S-dependent enzyme fumarase, which
is required for the conversion of malate to fumarate.
Because we observed loss of membrane potential in
TbFdxA PC KD, pyruvate cannot enter the organelle since
it requires H* symport. Nevertheless, even if pyruvate
reached the mitochondrial matrix, it cannot be converted to
acetyl-CoA, as this reaction requires available NAD". It is
unlikely that mitochondrion lacking Fe-S production pos-
sesses enough capacity to regenerate this cofactor having
respiratory chain off-line. Tentatively, the production of
acetate is diminished as a consequence of pyruvate not

being able to reach the mitochondrion and the lack of NAD*
available for the pyruvate-acetyl-CoA reaction.

Since the rudimentary mitochondrion of the BS trypano-
somes lacks both respiratory chain and tricarboxylic acid
cycle (Grant and Sargent, 1960), it is not surprising that its
levels of TbFdxA are greatly reduced. In fact, the only Fe-S
cluster-containing proteins we are aware of in this
organelle are monothiol glutaredoxin-1 and aconitase
expressed at a very low level (Saas et al., 2000; Comini
et al.,, 2008), while the cytosol of BS contains numerous
indispensable proteins, the function of which depends on
clusters, such as RLI and nuclear DNA polymerases
(Estévez etal.,, 2004; Netz etal, 2012). Initially, the
absence of any growth defect following RNAi-mediated
depletion called into question the essentiality of TbFdxA for
the BS. However, conditional knockout cells provided evi-
dence that even in this life cycle stage, canonical Fe-S
cluster assembly takes place within the repressed mito-
chondrion and the whole pathway thus remains essential.
Indeed, ferredoxins are known to be retained in
mitochondrion-derived reduced organelles of anaerobic
protists, such as the hydrogenosomes of Trichomonas
vaginalis (Sutak et al., 2004) and the mitosomes of Giardia
intestinalis (Tovar et al., 2003). Thus, Fe-S cluster biosyn-
thesis clearly remains one of the fundamental processes of
mitochondria and mitochondrion-like organelles, the role of
which in energy production has been diminished or lost
altogether.

Our next aim was to shed light, via complementation
studies in trypanosomes, on the function of the human
ferredoxins, the role of which still remains to some extent
controversial. A recent study in yeast demonstrated that
only HsFdx2 but not HsFdx1 can complement the defect in
Fe-S cluster assembly in the yeast Yah1 mutant (Sheftel
et al.,, 2010). In contrast, another group showed that both
human ferredoxins together with ferredoxin reductase are
involved in Fe-S cluster assembly (Shi et al., 2012). We
took advantage of the PC knock-downs to perform com-
plementation assays with two EGFP-tagged human
ferredoxins, equipped with their endogenous mammalian
mitochondrial import signals. Interestingly, both human
proteins mediated a full rescue in terms of growth defect
and aconitase activity. These successful rescues strongly
support the view that the human ferredoxins are functional
homologues that evolved by gene duplication.

The highly efficient import of both human proteins via
their genuine import signals is unexpected and exciting on
its own right, since trypanosomes and humans shared the
last common ancestor perhaps over 1 billion years ago,
and these flagellates qualify for one of the earliest off-
shoots of the eukaryotic tree (Cavalier-Smith, 2010).
Moreover, trypanosomes and related flagellates are char-
acterized by generally very short mitochondrial import
presequences (Schneider et al., 2008) and elusive trans-
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porters of the inner and outer membrane complexes. This
may be caused by either genuine absence of most key
subunits (Pusnik et al., 2009), divergence obscuring their
recognition (Zarsky et al., 2012), or the existence of trans-
porter complexes that are mostly composed of novel pro-
teins (Singha et al., 2012). It has been shown previously in
T. brucei that the mitochondrial presequence of human
frataxin is sufficient for import and processing of human
frataxin (Long et al., 2008) and human lIsa1/2 proteins
(Long et al., 2011). Our corresponding finding for HsFdx1
and HsFdx2 suggests that the T. brucei mitochondrion is
capable of importing proteins with complex organellar
import signals.

Experimental procedures
Phylogenetic analysis

Maximum likelihood phylogeny of the aligned data set was
created using RAXML 7.3a (Stamatakis, 2006) employing
I'-corrected LG substitution matrix. The highest scoring topol-
ogy was chosen from 100 independent runs each starting
with a different starting tree. Branching support was
assessed using non-parametric bootstrapping (RAxML
LG+T; 500 replicates) and Bayesian posterior probabilities as
estimated in Phylobayes 3.2 (Lartillot et al., 2009) under the
empirical mixture model C40 combined with substitution rates
derived from the LG matrix. For this, two independent chains
were run until their maximum observed discrepancy was
lower than 0.1 (i.e. they converged) and effective sample size
of model parameters was equal to 150 or higher.

Preparation of pT7V5-FdxA and pT7V5-FdxB constructs

Gene constructs were prepared to contain TbFdxA
(Tb927.7.890) and TbFdxB (Th927.4.4980) ORFs lacking
stop codons followed by V5 tags. They were amplified from
the total genomic DNA of T. brucei strain 29-13 using primer
pairs TbFdxA_V5-FP (5-CGCAAGCTTATGGCTGCTTTA
CGCTACTT) and TbFdxA_V5-RP (5-CGCGGATCCGTGA
TGAGGGGTTATGGTGT), and TbFdxB_V5-FP (5-CGCAA
GCTTATGCTTTCCGCAACTTTCGG) and TbFdxB_V5-RP
(5"-CGCGGATCCCCGCATTTCATTCGTTGTTT) (added
BamHI and Hindlll restriction sites are underlined).

PCR product were cloned into pT7V5 vector and verified
by sequencing. The pT7V5-FdxA and pT7V5-FdxB were lin-
earized with Notl and electroporated into wild-type PC
T. brucei strain 29-13. The transfected cell lines were
selected on puromycin (1 ug ml') and expression of the
tagged protein was induced by addition of Tet (1 ug ml™).

RNAI constructs, transfections, cloning, RNAI induction
and cultivation

To prepare TbFdxA (Tb927.7.890) and TbFdxB (Tb927.
4.4980) RNA interference (RNAI) constructs, 537-nt-long and
504-nt-long fragments of TbFdxA and TbFdxB respectively,
were amplified using primer pairs TbFdxA-FP (5-GAAG
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CTTATGGCTGCTT TACGCTACTT) and TbFdxA-RP (5-GA
CTAGTTCAGTGATGAGGGGTTATGG), and TbFdxB-FP
(5"-GAAGCTTATGCTTTCCG CAACTTTCGG) and TbFdxB-
RP (5-GACTAGTTCACCGCATTTCATTCGTTG) (added
Hindlll and Spel restriction sites are underlined) and total
genomic DNA of T. brucei strain 29-13 as a template. Both
amplicons were separately cloned into the p2T7-177 vector
which was, upon Notl-mediated linearization, introduced into
PC T. brucei 29-13 cells using a BTX electroporator and
selected as described elsewhere (Vondruskova et al., 2005).
The double knock-down was prepared by cloning the amplicon
produced by the primers TbFdxB2KD-FP (5-GATCGAT
ATGCTTTCCGCAACTTTCGG) and TbFdxB2KD-RP (5’-
GCTCGAGTCACCGCATTTCATTCGTTG) (added Clal and
Xhol restriction sites are underlined), into the p2T7-
177 + TbFdxA construct, which was then stably integrated into
the PC cells as described above. The p2T7-177 + TbFdxA
construct was also transfected into BS T. brucei 427 cells
using the Amaxa Nucleofector Il electroporator, with transfect-
ants maintained in HMI-9 medium and selected following a
protocol described previously (Hashimi et al., 2008). PC and
BS trypanosomes were cultivated in SDM-79 medium at 27°C
and HMI-9 medium at 37°C respectively. RNAi was initiated by
the addition of 1 ug ml™" tetracycline (Tet) to the medium and
growth measurements were made using the Beckman Z2
Coulter counter at 24 h intervals, for 9 days in the case of PC
and 7 days for BS cells.

Generation of TbFdxA conditional knockout

A TbFdxA conditional knockout was generated in BS cells
strain 427 following a strategy described by Schnaufer et al.
(2001). Fragments of the 5’UTR and 3’UTR of TbFdxA were
amplified from T. brucei genomic DNA using primer pairs
5’"UTR-FP (5'-AGTGCGGCCGCAGTGGGGCCTGTGGTGT)
and 5’'UTR-RP (5-AGTACGCGCTCGAGTGCCCGCGTCA
CCT), and 3'UTR-FP (5-CACTCTAGAATTTAAATCGCAC
CCGCCGTAG) and 3'UTR-RP (5-AGTAGGCCTGCGGC
CGCTGGGTGCCTCGCTCA). The amplicons were cloned
into the T7RNP/NEO cassette of pLew13. This construct
(designated pFdxA-KO1) was then transfected to generate
the first allele replacement. Next, pLew79 with full-length
TbFdxA, PCR-amplified from genomic DNA using primers
FAXxAORF-FP (5-CACGGATTCATGGCTGCTTTAC) and
FAxAORF-RP (5-CACAAGCTTTCAGTGATGAGG), was
transfected in order to express an ectopic copy of TbFdxA in
the presence of Tet. Lastly, pFdxA-KO2 was created by
replacing the T7RNP/NEO cassette in pFdxA-KO1 with the
TETR/HYG cassette from pLew90. Integration of this plasmid
generated the second allele replacement. PCR using primers
5'UTR-FP, FAxAORF-FP and FdxAORF-RP were used to
confirm proper integration in the conditional knockout cells.

Preparation of antibodies and Western blot analysis

The full-size TbFdxA and TbFdxB genes were amplified by
PCR with primers TbFdxA-FP/O (5-CACCATGGCTGCTT
TACGCTACTT) and TbFdxA-RP/O (5-TCAGTGATGAGG
GGTTATGG), and TbFdxB-FP/O (5-CACCATGCTTTCCGC
AACTTTCGG) and TbFdxB-RP/O (5-TCACCGCATTTCA
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TTCGTTG). The amplicons were gel-purified and cloned into
the pET/100D expression vector (Invitrogen). The resulting
expression plasmids encoding Hiss-tagged TbFdxA and
TbFdxB were transformed into the E. coli strain BL21 star
(DE3) (Invitrogen). Insoluble proteins were obtained from
induced bacterial cells (incubation at 37°C for 3 h; induced
with 1 mM IPTG) under denaturing conditions using ProBond
Ni-chelating resin (Invitrogen). Polyclonal antibodies against
the TbFdxA protein were prepared by Cocalico Biologicals
(Reamstown, PA, USA) by immunizing a rat at 2-week inter-
vals with the purified recombinant TbFdxA protein. Cell
lysates corresponding to 5 x 10° cells per lane were sepa-
rated on a 15% SDS-polyacrylamide gel, transferred to a
PVDF membrane and probed. o-TbFdxA polyclonal rat anti-
bodies, polyclonal antibodies against enolase (provided by
Paul A. M. Michels) and monoclonal antibodies against GFP
(Invitrogen) were used at 1:1000, 1:200 000 and 1:1000 dilu-
tions respectively, followed by appropriate secondary anti-
bodies conjugated with horseradish peroxidase (Sigma), then
visualized using an ECL kit (Pierce).

Quantitative real-time PCR

Total RNA from induced and non-induced cells was isolated
using TRIzol (Sigma). The turbo DNA-free DNase kit
(Ambion) was used to remove residual DNA. Reverse tran-
scription using the SuperScript Ill reverse transcriptase
(Invitrogen) and Oligo (dT)z primer (Invitrogen) was per-
formed to obtain cDNAs. Quantitative real-time PCR reac-
tions were performed as described elsewhere (Hashimi et al.,
2008). The primer pair for detecting of TbFdxB mRNA is
FdxB-gPCR-FW (5-TGCCAGGTAAAGCTCAGCAA) and
TbFdxB_V5-RP. The primer pair for the internal reference
18S rRNA was described previously (Carnes et al., 2005).
The relative TbFdxB mRNA abundance between induced and
non-induced cells was determined by the Pfaffl method
(Pfaffl, 2001).

Digitonin fractionation and enzymatic
activities measurement

Cytosolic and mitochondrial fractions for aconitase activity
measurements were obtained by digitonin fractionation, per-
formed as described elsewhere (Smid et al., 2006). Total cell
fraction was obtained by treating cell suspension in Hanks’
balanced salt solution with 0.1% Triton X-100 and incubating
for 5 min. After centrifugation the supernatant was collected
as total cell fraction. Aconitase activity was measured spec-
trophotometrically at 240 nm as production of cis-aconitate.
The activity of threonine dehydrogenase was measured at
340 nm as a rate of NAD reduction. The activities of succinate
dehydrogenase and cytochrome c reductase were measured
in crude mitochondrial membrane extract as described else-
where (Horvath et al., 2005).

Measurement of mitochondrial inner membrane
potential and ROS

Approximately 5 x 10° cells of exponentially growing PC
T. brucei were harvested and centrifuged, and the pellet was

resuspended in 1 ml fresh SDM-79 medium. Membrane
potential was measured by monitoring uptake of tetrameth-
ylrhodamine ethyl ester (TMRE) (Molecular Probes) as
described previously (Horvath et al., 2005). Reactive oxygen
species (ROS) were measured by oxidation of dihydro-
ethidium (Sigma) as described elsewhere (Long et al., 2008).
After staining with 5 pg ml™" dihydroethidium for 30 min at
27°C, cells were resuspended in 5 ml iso-flow buffer. Intrac-
ellular ROS were detected by an Epics XL flow cytometer
(Beckman Coulter) with excitation and emission settings of
488 nm and 620 nm respectively.

Determination of metabolic end-products

Approximately 8 x 107 cells were washed with incubation
buffer (PBS supplemented with 11 mM glucose and 24 mM
NaHCO;, pH 7.3). After incubation for 2 h at 27°C, cells were
centrifuged for 10 min at 3000 r.p.m. The supernatant was
collected and analysed by HPLC in a PL Hi-Plex H column as
described elsewhere (Vanacova et al., 2001).

Immunofluorescence assay

Approximately 1 x 10" PC cells were collected, centrifuged,
resuspended in fresh medium and stained with 200 nM of the
mitochondrion-selective dye Mitotracker Red (Invitrogen).
After 30 min incubation at 27°C, the cells were centrifuged for
5 min at 3000 r.p.m. at room temperature. The pellet was
washed and resuspended in 1 ml PBS with 4% paraformal-
dehyde and 1.25 mM NaOH. Two hundred and fifty microli-
tres of the suspension was applied to a microscopic slide and
incubated for 10 min at room temperature. The slides were
washed with PBS, incubated in ice-cold methanol for an
additional 20 min and washed briefly with PBS. Primary
anti-V5 antibody (Invitrogen) was added at 1:100 dilution in
PBS-Tween (0.05%) with 5% milk and incubated at 4°C over-
night. Slides were washed with PBS. Alexa Fluor® 488 goat
anti-mouse IgG (Molecular Probes) was used at 1:1000 dilu-
tion for 1h at room temperature. The samples were mounted
with antifade reagent with DAPI (Invitrogen). After incubation
in the dark for 30 min, the sample was visualized using an
Axioplan2 imaging (Zeiss) fluorescent microscope.

Human ferredoxin rescues and growth curves

To prepare constructs expressing human ferredoxin, the
HsFdx1 and HsFdx2 genes, each conjugated to C-terminal
enhanced green fluorescent protein (EGFP), were amplified
from the HsFdx1-EGFP-N3 and HsFdx2-EGFP-N3 plasmids
respectively (kindly provided by Antonio Pierik and Roland
Lill). PCR was performed using primer huFdx1-1 (5-
AAGCTTATGGCTGCCGCTGGGGGCGC) or huFdx2-F (5'-
AAGCTTGCTACCGGACTCAGATCTAC) in combination with
common huFdx-R (5-GATATCTTTACTTGTACAGCTCGT
CCA) (added restriction sites Hindlll and EcoRV are under-
lined). Each product was cloned into the pABPURO consti-
tutive expression vector. The HsFdx1-EGFP-pABPURO and
HsFdx2-EGFP-pABPURO constructs were separately trans-
fected into PC cells carrying the inducible TbFdxA RNAi
construct. Transformants were selected with puromycin and
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clonal cell lines were obtained by limiting dilution. RNAi was
induced with the addition of Tet and growth measurements
were made using the Beckman Z2 Coulter counter at 24 h
intervals for 8 days.

Haem measurement

Atotal of 2 x 10° PC cells were harvested, centrifuged at 3000
r.p.m. for 5 min and washed three times with PBS. The cell
pellet was then resuspended in 200 pl H,O and extracted with
400 ul acetone/0.2% HCI. The supernatant was collected
after centrifugation for 5 min at 12 000 r.p.m. The pellet was
resuspended in 300 ul acetone/0.2% HCI and spun again for
5 min at 12 000 r.p.m. Both supernatants were combined and
150 pl of each sample was separated by HPLC on a Nova-
Pak C18 column using linear gradient 25—100% acetonitrile/
0.1% trifluoroacetic acid at a flow rate of 1.1 ml min=" at 40°C.
Haem was detected by diode array detector Agilent 1200
(Agilent Technologies).
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