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The importance of mitochondrial iron–sulfur cluster (ISC) biogenesis for human health has been well estab-
lished, but the roles of some components of this critical pathway still remain uncharacterized in mammals.
Among them is human heat shock cognate protein 20 (hHSC20), the putative human homolog of the special-
ized DnaJ type co-chaperones, which are crucial for bacterial and fungal ISC assembly. Here, we show that
the human HSC20 protein can complement for its counterpart in yeast, Jac1p, and interacts with its proposed
human partners, hISCU and hHSPA9. hHSC20 is expressed in various human tissues and localizes mainly to
the mitochondria in HeLa cells. However, small amounts were also detected extra-mitochondrially. RNA inter-
ference-mediated depletion of hHSC20 specifically reduced the activities of both mitochondrial and cytosolic
ISC-containing enzymes. The recovery of inactivated ISC enzymes was markedly delayed after an oxidative
insult of hHSC20-deficient cells. Conversely, overexpression of hHSC20 substantially protected cells from
oxidative insults. These results imply that hHSC20 is an integral component of the human ISC biosynthetic
machinery that is particularly important in the assembly of ISCs under conditions of oxidative stress.
A cysteine-rich N-terminal domain, which clearly distinguishes hHSC20 from the specialized DnaJ type III
proteins of fungi and most bacteria, was found to be important for the integrity and function of the human
co-chaperone.

INTRODUCTION

J-proteins (also referred to as DnaJ or Hsp40 proteins) consti-
tute a highly diverse family of co-chaperone proteins that
regulate the activity and specificity of their designated
partners, members of the heat shock protein 70 (HSP70)
class of molecular chaperones. Together, these chaperone/
co-chaperone complexes contribute to the folding, assembly
and maintenance of functional proteins within cells (1–7).
The J-domain proteins are divided into three classes according
to their structural organization. Type III proteins consist of an
N-terminal J-domain that is essential for the transient inter-
action with its chaperone partner fused to a C-terminal
substrate-binding domain. Unlike other J-proteins, Type III

proteins do not act as molecular chaperones on their own
and they tend to interact selectively with a limited subset of
client proteins or even a single substrate (5,8). Recently,
such highly specialized class III proteins were shown to be
involved in the maturation of iron–sulfur proteins in bacteria
and yeast (reviewed in 3,9,10).

Iron–sulfur clusters (ISCs) are ancient co-factors that
remain among the most versatile of prosthetic groups
employed by contemporary proteins. They play important
roles in electron-transfer reactions and non-redox catalysis,
acting as sensors and functional switches and serving as
crucial structural elements (reviewed in 11–15). The in vivo
assembly and transfer reactions of ISC biosynthesis require
complex molecular machineries, and disturbances within
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these pathways are often associated with serious pathological
consequences (16,17). A seminal work in bacteria has led to
the discovery of three different systems involved in ISC matu-
ration (reviewed in 18). All employ a cysteine desulfurase that
provides activated sulfur moieties to scaffold proteins upon
which the nascent clusters are pre-assembled prior to their
transfer to specific target proteins. Other components appear
to represent system-specific additions to this fundamental
theme. For instance, a DnaJ type III co-chaperone, called
Hsc20 (heat shock cognate protein 20 or HscB), and its
HSP70-like partner, referred to as Hsc66 (or HscA), are recog-
nized as crucial factors in the central biosynthetic route of ISC
formation in many Gram-negative bacteria (3,9,18). Eukar-
yotes presumably inherited this ISC pathway from the proteo-
bacterial precursor of contemporary mitochondria. In line with
this assumption, a similar co-chaperone/chaperone couple,
referred to as Jac1p (J-type accessory chaperone) and Ssq1p
(Hsp70 homolog), was linked to mitochondrial ISC biogenesis
in the yeast Saccharomyces cerevisiae (10,19–25). Both the
bacterial and the fungal co-chaperone/chaperone systems
appear to be highly specialized, and only the U-type scaffold
proteins of the respective organisms have been identified as
relevant substrates thus far (7,9,19,26–30).

Although it is now generally accepted that specialized cha-
perone/co-chaperone complexes are required for the ISC
machineries of bacteria and yeast, their precise functions
remain unclear. In vivo studies in S. cerevisiae suggest its
primary role in efficient cluster transfer from scaffold
protein to the apoprotein rather than a role in assembling the
cluster on the scaffold (31,32). This notion is consistent with
the in vitro experiments performed in bacterial systems,
which demonstrated that transfer of a [2Fe–2S] cluster from
the IscU scaffold protein to apoferredoxin was enhanced in
the presence of HscA, HscB and ATP (33,34). However, the
same system did not facilitate any transfer of a [4Fe–4S]
cluster from IscU to apo-aconitase in vitro (35), although
previous in vivo studies had indicated a direct role for HscA
and HscB in the maturation of aconitase in Azotobacter
vinelandii (36).

Over the last decade, it has become apparent that many
components of the bacterial ISC machinery have been con-
served in the human genome (reviewed in 17,37). However,
an HSP70 chaperone specifically dedicated to ISC biogenesis
has not been identified. Unlike S. cerevisiae and a small subset
of related fungi, vertebrates apparently employ a multifunc-
tional mitochondrial HSP70 (HSPA9), also known as morta-
lin/mthsp70/PBP74/GRP75 (38,39). HSPA9 activity has
been implicated in many different processes, including the
facilitation of protein folding and import, intracellular traffick-
ing, stress response, hematopoiesis and control of cell prolifer-
ation and tumor progression (reviewed in 40,41). Recent
studies in yeast led to the speculation that the multifunctional
mitochondrial HSP70 of higher eukaryotes might function in
ISC biogenesis (39), but there is, as yet, no direct experimental
evidence that supports for a role of mammalian HSPA9 in ISC
biogenesis.

The apparent absence of a chaperone that is solely dedicated
to the ISC assembly in higher eukaryotes would appear to
warrant even greater participation of a specialized
co-chaperone to specify function. Genes that encode putative

homologs of the dedicated DnaJ proteins from bacteria and
yeast have been annotated in the genomes of many eukaryotes,
including the human genome (2,42). On the basis of its high
sequence similarity, the human co-chaperone hHSC20, also
referred to as DNAJC20/HSCB, was predicted to be involved
in ISC biogenesis (42). Although the crystal structure of the
hHSC20 was solved recently (43), it still remains functionally
uncharacterized. We have, therefore, performed functional
analyses of the hHSC20 to determine its potential role in the
ISC assembly.

RESULTS

The HSC20s of higher eukaryotes represent unusual DnaJ
type III proteins with a cysteine-rich motif at the
N-terminus

Only one gene that encodes a protein with high similarity to
the general features of the specialized co-chaperones from
Escherichia coli (HscB) and S. cerevisiae (Jac1p) is annotated
in the human genome. On the basis of its primary sequence,
the predicted hHSC20 shares �34 and 29% overall identity
with its potential bacterial and fungal homologs, respectively
(42). As revealed by the comparison of the recently solved
structure of hHSC20 with the structure of HscB from E. coli
(43,44), the high degree of sequence homology translates
into a remarkable structural conservation of the J- and the C-
terminal domains of the two proteins (Fig. 1A). These regions
in both specialized co-chaperones from bacteria and yeast
were found to be crucial for the interaction with the HSP70
chaperone partner and the respective scaffold proteins IscU/
Isu (45–47). Furthermore, residues that were already impli-
cated in these interactions in yeast (29,46) are apparently simi-
larly positioned and oriented in the hHSC20 (Fig. 1A).
However, the high degree of similarity is restricted to the C-
terminal 2/3 of the human protein. The N-terminus of the
hHSC20 is clearly different from the specialized DnaJ
type III co-chaperones of fungi and most bacteria. Adjacent
to an extended putative mitochondrial-targeting sequence
(residues 1–35), the human protein contains an extra
domain, which harbors two CXXC modules (C41/C44 and
C58/C61; Fig. 1B). Their ability to coordinate a zinc ion
in vitro results in zinc-finger-like structure (43). The high con-
servation of the CXXC modules in the predicted homologs of
most eukaryotes and in proteins of a small number of special-
ized bacteria (see Fig. 1B and discussion) suggests an impor-
tant, yet to be defined, function.

Functional complementation

A yeast complementation assay was chosen in order to test
whether hHSC20 could function in ISC biogenesis. To this
end, a yeast strain with a chromosomal deletion of jac1,
which is covered by plasmid-borne copies of the gene [cour-
tesy of Dr A. Dancis (24)], was co-transformed with plasmids
encoding the Flag-tagged versions of the human protein. As
the dedicated co-chaperone of S. cerevisiae is critical for via-
bility (23,24) (reviewed in 10), Jac1p-deficient cells can only
grow in the presence of a functional substitute. After treatment
with cycloheximide, which selects against vector-encoded
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copies of jac1, hHSC20WT was able to complement for Jac1p
(Fig. 2A, compare left and right panels). The loss of leucine
auxotrophy of hHSC20-expressing cells after counterselection
clearly established the absence of the original covering
plasmid (data not shown). To study the specificity of the com-
plementation, a version of the human protein (hHSC20TA)
was generated in which the HPD tripeptide of the J-domain,
expected to be important for chaperone binding, was replaced
by alanines. Equivalent mutations in Jac1p resulted in
defective binding to its dedicated chaperone partner and led
to a dramatic growth phenotype in vivo (23,24,29). As
shown in Figure 2A, hHSC20TA could not rescue the viability
of the Jac1p deletion strain even though the expression levels
of the wild-type and mutant proteins were similar (Fig. 2B).

These results clearly indicate that the severe growth
defect of hHSC20TA-expressing cells was caused by
altered protein function rather than differences in expression.
Therefore, a functional J-domain appears to be critical for
the biological activity of hHSC20. Taken together, these
data strongly imply that hHSC20 represents the true ortholog
of Jac1p.

In order to begin to understand the role of the N-terminal
domain, a mutant was constructed (hHSC20Ser), in which
the four conserved cysteines were replaced by serine in
order to disrupt the putative zinc-binding center. Interestingly,
hHSC20Ser showed a very poor complementation (Fig. 2C).
As the cysteine-rich domain does not exist in the endogenous
yeast protein, Jac1p, the absence of complementation was

Figure 1. The tertiary structures of hHSC20 and HscB from E. coli are highly similar, but hHSC20 contains a highly structured N-terminal extension. (A) The
crystal structures of hHSC20 (BVO3) (43), and HscB from E. coli (1fpo) (44), suggest a remarkable structural similarity in both the J- and the C-terminal
domains of the proteins. Amino acids believed to be directly involved in the interactions with the HSP70 partner, including the HPD motif of the J-domain,
or the cluster of glutamates believed to be important for interaction with the scaffold protein, ISCU, are labeled and numbered in each structure. A unique
N-terminal metal-binding domain, which is absent in the characterized co-chaperones from most bacteria and yeast, is highlighted in the human structure.
(B) Multiple sequence alignments of the conserved and distinctive N-terminal regions of HSC20/HscB homologs from higher eukaryotes compared with
fungal and bacterial species. The comparison of various species revealed that a twice-repeated metal-coordinating CXXC motif was highly conserved in the
N-termini of HSC20s of higher eukaryotes, in the corresponding proteins of the anaerobic amitochondriata, G. intestinalis and T. vaginalis, and in some bacterial
species that have unusually high iron demands. The evolutionary conservation of this intriguing domain in almost all eukaryotic representatives (except the
fungal proteins) implies that this domain performs an important, yet undefined function. The conserved cysteines are highlighted by triangles. A putative mito-
chondrial leader sequence is boxed in the human protein; a predicted mitochondrial cleavage site is indicated by an arrowhead. Predicted secondary structure
elements of the hHSC20 N-terminus are shown above the sequences.
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unexpected. It might be explained, at least in part, by the sig-
nificantly lower steady-state levels of the full-length serine
mutant compared with hHSC20WT and hHSC20TA (Fig. 2B
and D). Longer exposure of the respective western blots
revealed numerous bands of lower molecular weight, which
were specifically labeled with the monoclonal a-Flag antibody
(Supplementary Material, Fig. S1), possibly indicating that the
hHSC20Ser was unusually prone to degradation. These results
and the even weaker complementation obtained when the
cysteines were replaced by alanines (Uhrigshardt et al., unpub-
lished data) suggested that the N-terminal cysteine motifs are
important, perhaps because they bind a metal and stabilize a
specific conformation of hHSC20.

hHSC20 interacts with its predicted partners

The results presented before demonstrated that hHSC20 was
able to functionally replace Jac1p in S. cerevisiae, allowing a
robust growth of Djac1 cells. To further assess the potential
role of hHSC20 in human ISC biogenesis, we tested whether
hHSC20 could physically interact with its putative partners,
the scaffold protein hISCU and hHSPA9 (mortalin), the only
known mitochondrial HSP70 in mammalian cells. Previous

studies on hISCU had clearly proved its involvement in
human ISC biogenesis (48–50). In contrast, there are no
direct data that link the multifunctional hHSPA9 to ISC
assembly. Using yeast two-hybrid (Y2H) assays, we demon-
strated that the wild-type hHSC20 interacted with its putative
substrates, hISCU, and its predicted chaperone partner,
hHSPA9 (Fig. 3A). Thus, in consistent with the results of
the corresponding proteins in bacteria and yeast (30,51,52),
the human co-chaperone can bind to either the substrate
(ISCU scaffold) or the chaperone in the absence of the
other partner. However, the individual interactions are appar-
ently weak, as they were suppressed at a higher level of
stringency (Fig. 3A, third panel). An hHSC20 mutant with
an altered J-domain (hHSC20TA) did not bind to hHSPA9,
whereas it could still bind to hISCU. Indeed, the strength
of the interaction between hHSC20TA and the scaffold
protein appeared to be even higher (Fig. 3A). These results
correlated well with the complementation studies and
demonstrated again the importance of a functional
J-domain for an effective co-chaperone/chaperone inter-
action. However, despite an unaltered J-domain,
hHSC20WT did not interact with an unrelated HSP70 (cyto-
solic hHSPA8;Supplementary Material, Fig. S3), indicating

Figure 2. Expression of WT hHSC20 efficiently complements for Jac1p in S. cerevisiae. (A) A JAC1 shuffle strain (24) was co-transformed with the following
constructs: YCplac22-GPDprom-JAC1 (WT JAC1 ORF), YCplac22-GPDprom-HSC20-3xFlag (WT hHSC20 cDNA), YCplac22-GPDprom-hHSC20TA-3xFlag
[hHSC20 mutant with an altered J-domain in which the critical residues H102, P103 and D104 were replaced by alanines (Triple A)] and YCplac22-GPDprom
(empty vector). Transformants were analyzed by plating 5-fold dilutions of cells in a 5 ml volume on synthetic dropout (SD) medium without L-leucine (-Leu)
and L-tryptophan (2Trp; left panel), and SD without Trp supplemented with cycloheximide to counterselect against the covering plasmid (right panel). Plates
were incubated at 308C for 4 days before photography. Despite the significant differences in the N-termini between the yeast and human protein, hHSC20 could
rescue the Djac1 deletion strain, clearly demonstrating that hHSC20 performs a function similar to that of its yeast counterpart. Conversely, a mutant version of
the human protein with an altered J-domain (hHSC20TA) did not rescue. (B) Steady-state levels of hHSC20WT and hHSC20TA were very similar in trans-
formed yeast. Expression levels of the WT hHSC20 and hHSC20TA were very similar, as revealed by western blotting of yeast total lysates from each
of the transformed yeast strains in (A). (C) An hHSC20 mutant in which the conserved cysteines of the distinctive N-terminal domain are replaced by
serines only poorly complements for Jac1p deficiency. The JAC1 shuffle strain was co-transformed with the following constructs: YCplac22-GPDprom-JAC1
(WT JAC1 ORF), YCplac22-GPDprom-HSC20-3xFlag (WT hHSC20 cDNA), YCplac22-GPDprom-hHSC20Ser-3xFlag (hHSC20 mutant with an altered
N-terminal domain in which the four highly conserved cysteines indicated in the alignment in Fig. 1A were substituted by serines) and
YCplac22-GPDprom-hHSC20TA-3xFlag (hHSC20 mutant with an altered J-domain). Transformants were analyzed as described in A. (D) Indication that the
distinctive N-terminal domain of hHSC20 may be important for its stability. Steady-state levels of hHSC20WT and hHSC20Ser were strikingly different in
transformants, as is shown in a western blot representative of three independent experiments.
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that additional specifying elements exist on either the
co-chaperone or its dedicated partner, hHSPA9.

In an independent approach, we were also able to demon-
strate a specific interaction of hHSC20 with its designated sub-
strate, hISCU, in HeLa cells. An epitope-tagged version of
hHSC20 (hHSC20-3xFlag) was stably expressed in HeLa
cells (see Fig. 3B, upper panel, compare lanes a and b with
lanes d and e). Co-transfection of the stable line with an
hISCUmyc-encoding plasmid (48) resulted in �3–5 times
higher steady-state levels of hISUmyc when compared with

the vector controls (Fig. 3B, upper panel, compare lane b to
lanes d and e). The mechanism by which hHSC20 expression
increased the steady-state levels of hISCU is currently
unknown, but it is tempting to speculate that co-expression
of the co-chaperone and the scaffold hISCU stabilized the
potential substrate. To evaluate the complex formation
in vivo, immunoprecipitation was carried out with specific
antibodies to the hHSC20 construct (a-Flag) and compared
with unrelated antibodies (a-HA). As shown in Figure 3B,
lower panel, only the use of the a-Flag beads led to
co-immunoprecipitation of the epitope-tagged hHSC20 and
hISCUmyc (lane e). No signal for the two proteins was detect-
able when the unrelated a-HA beads were employed (lane d).
Although clearly specific, the low amounts of ISCUmyc cap-
tured suggest a weak or transient interaction between the scaf-
fold protein and the co-chaperone. This assumption, which is
supported by the results obtained in the Y2H assay (see
above), might explain the apparent absence of co-precipitating
endogenous hISCU, which is less abundant. Notably, signifi-
cantly lower amounts of hHSC20-3xFlag were detectable in
immunoprecipitations from cells that co-expressed hISCUmyc
compared with mock-transfected controls (Fig. 3B, lanes c
and e). Recent studies revealed that a conserved patch in the
C-terminal domain of the specialized co-chaperones from
E. coli and S. cerevisiae might represent the principal binding
site for the respective scaffold protein (46,47). As the key resi-
dues are conserved and similarly oriented in the C-terminal
domain of the hHSC20 (Fig. 1A), it is likely that the interaction
with its potential substrate occupies a similar region on the
human co-chaperone. hISCU binding could hinder the access
of the a-Flag antibody to the epitope tag and thereby diminish
the detection of hHSC20 in immunoprecipitations from
co-expressing cells. hHSPA9 (mortalin) was not detected
in co-immunoprecipitates derived from hHSC20/hISCUmyc
co-expressing cells, using either a-myc or a-Flag antibodies
(data not shown). However, interactions between HSP70 cha-
perone proteins and their co-chaperone partners and client pro-
teins are known to be transient. Thus, consistent with the Y2H
assays, which allow the detection of such weak and short-lived
interactions, the human chaperone apparently does not form
complexes with its partners that are sufficiently stable to
withstand the conditions of immunoprecipitations.

hHSC20 localizes predominantly to the mitochondria and
is widely expressed in human tissues

Examination of the sequence of hHSC20 revealed a putative
mitochondrial leader sequence (residues 1–35) in the N-
terminus of the human protein with a potential cleavage site
between residues 21 and 22 (Fig. 1B). To address the question
of whether hHSC20 indeed localizes to mitochondria, as
already indicated by the yeast complementation experiments,
and to gain a better insight into hHSC20 function in human
cells, we assessed its intracellular localization in HeLa cells.
We found that endogenous hHSC20 was mainly mitochondrial
(Fig. 4A, panel I). Depletion of the hHSC20 by a gene-
specific, small-interfering RNA (siRNA) abolished the
hHSC20-derived signal, verifying the specificity of the
anti-hHSC20 antibody (Fig. 4A, panel II).

Figure 3. hHSC20 interacts with its expected partners, the scaffold protein,
hISCU, and the HSP70 protein, hHSPA9. (A) Y2H studies were performed
to investigate the potential interactions of hHSC20 with its expected partners.
hHSC20, hISCU and hHSPA9 were expressed as fusions to the Gal4-binding
domain (BD) or Gal4 activation domain (AD), without the N-terminal
mitochondrial-targeting sequences (MTS) to minimize the risk of unspecific
interactions. Co-transformation with vectors encoding the known interactors
Rabex-5 (control AD) and Rabaptin-5 (control BD) (91) provided positive
and negative controls, respectively. The strains were plated on SD lacking
L-leucine and L-tryptophan (2Leu/2Trp) with L-histidine (+His) as a
control for loading and growth of the co-transformants. Specific interactions
were monitored by activation of HIS3 gene transcription following plating
on SD plates lacking L-histidine, L-leucine and L-tryptophan (-His/2Leu/2
Trp), in the presence of increasing concentrations of the competitive inhibitor
of the HIS3 protein, 3-amino-1,2,4-triazole (3-AT). All experiments were per-
formed in triplicate. (B) hHSC20 interacts with hISCU in vivo. HeLa cells,
either stably transfected with pCMVHSC20-3xFLAG or the empty vector,
were co-transfected with pISCUmyc (50). Thirty-six hours post-transfection
total cellular extracts were incubated with or without the indicated agarose
bead-conjugated antibodies. The extract inputs (top panel, �5% of the total)
and eluates from immunoprecipitates (bottom panel) were examined by
western blotting using antibodies to endogenous hHSC20 and hISCU.
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Figure 4. hHSC20 localizes predominantly to mitochondria. (A) Immunofluorescence studies revealed a predominantly mitochondrial localization of hHSC20 in
HeLa cells. Cells were treated with an affinity purified antiserum against the hHSC20 and a monoclonal a-TOM20 antibody, and subsequently immunodecorated
with a-rabbit Alexa488 and a-mouse Cy3 antibodies. (I) Top, hHSC20; middle, TOM20 (mitochondrial marker); bottom, merge of top and middle panels. (II)
Immunolabeling was performed after two consecutive treatments with an hHSC20-specific siRNA (oligo2). (B) Subcellular fractionation demonstrated the exist-
ence of an extra-mitochondrial pool of hHSC20. HeLa cells were fractionated into cytosolic and mitochondrial fractions. Equal amounts of protein were subjected to
SDS–PAGE and analyzed by immunoblotting. Antibodies against IRP1 and NFkB, cytosolic proteins, and hHSPA9, the mitochondrial HSP70 also known as mor-
talin, and SOD2, both components of the mitochondrial matrix, were used as controls. (C) Comparison of endogenous HSC20 species with in vitro translated ver-
sions of the protein and RNAi-treated cells confirms the presence of two cytosolic hHSC20 species. Plasmids encoding a full-length protein (HSC20FL) and a
version of hHSC20 starting at position 20, D19M20, were used for in vitro expression. The resulting proteins were compared with the endogenous species detected
by the hHSC20 antibody in cytosolic-enriched fractions from cells after two consecutive treatments with a non-specific control siRNA (c-siRNA) or an
hHSC20-specific siRNA (oligo2). (D) Cysteine to serine mutations in the N-terminal domain of hHSC20 did not interfere with mitochondrial localization, as indi-
cated by a similar distribution of the Ser-mutant protein. HeLa cells were transiently transfected with either pCMVHSC20WT-3xFLAG or pCMVHSCSer-3xFLAG.
Twenty-four hours post-transfection, HeLa cells were treated with a monoclonal a-Flag antibody and a polyclonal a-TOM20 antibody, and subsequently immu-
nodecorated with a-mouse Alexa488 and a-rabbit Cy3 antibodies. (Top) hHSC20WT-Flag (left) and hHSC20Ser-Flag (right); (middle) TOM20 (mitochondrial
marker) and (bottom) merge of top and middle panels. (E) Cysteine to serine mutations in the N-terminal domain of hHSC20 resulted in dramatically reduced
steady-state levels of the mutant protein. HeLa cells were transiently transfected with either pCMVHSC20WT-3xFLAG or pCMVHSCSer-3xFLAG and harvested
at the indicated times post-transfection. Equal amounts of protein were subjected to SDS–PAGE and analyzed by immunoblotting using a monoclonal a-Flag anti-
body. A representative blot (n ¼ 3) done in duplicates is shown. (F) Inhibition of proteasome does not result in substantial hHSC20Ser protection. Twelve hours after
transfection with hHSC20Ser-Flag, HeLa cells were treated with the proteasomal inhibitor MG-132 (final concentration of 10 mg/ml). Cells were harvested 12 h
post-treatment, and total lysates were subjected to western blotting. The robust induction of HSP72 clearly indicates proteasomal inhibition (92). A representative
blot done in duplicates is shown. (G) hHSC20 protein is widely expressed in human tissues. Human multiple-tissue western blots were used to determine distri-
bution. A commercially available membrane (Imgenex, 20 mg protein/lane) was probed with an affinity purified, antiserum against hHSC20. The expression of
hHSC20 was essentially ubiquitous in tissues, with low levels found in brain and elevated levels present in lung. A (i) short and a (ii) longer exposure of the
same blot are shown. Estimated molecular weights: (a) 27, (b) 26, (c) 29, (d) 25, (e) 34 and (f) 22 kDa.
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The predominant mitochondrial localization of the hHSC20
was further supported by the subcellular fractionation exper-
iments (Fig. 4B). However, two proteins of low abundance
were consistently detected in the same fraction as the cytosolic
proteins, iron regulatory protein 1 (IRP1) and NFkB. The
apparent absence of mitochondrial markers [superoxide dis-
mutase 2 (SOD2) and mHSP70] in these fractions argued
against contamination from leaky mitochondria. The apparent
estimated molecular weights of the two species of �27 and
26 kDa corresponded to the calculated molecular masses of the
precursor (27.4 kDa) and a putative mature mitochondrial form
after cleavage of the presequence at position 21 (25.2 kDa).
Comparison with the corresponding in vitro translated versions
of the hHSC20 supported this assignment (Fig. 4C), although
the matches were not perfect. However, the clearly reduced
intensities of both cytosolic bands after treatment with
hHSC20-specific siRNAs supported the notion that the corre-
sponding proteins indeed represented variants of hHSC20
(Fig. 4C, compare third and fourth lane). Taken together, and
in agreement with an assumed function in the central human
ISC assembly pathway, hHSC20 localized predominantly to
the mitochondria in HeLa cells, but there was also evidence
for a small extra-mitochondrial pool in mammalian cells.

To test for a potential impact of the cysteine-rich N-terminal
domain of hHSC20 on the cellular localization of the protein,
HeLa cells were transiently transfected with either an epitope-
tagged wild-type version or a mutant in which the four con-
served cysteines were mutagenized to serines (hHSC20Ser).
As shown in Figure 4D, the localization pattern of both the
proteins was indistinguishable from endogenous hHSC20,
showing a strong overlap with the mitochondrial marker
TOM20. However, despite the identical subcellular localiz-
ation of the two proteins, the steady-state levels of wild-type
and serine mutant proteins were found to be strikingly differ-
ent (Fig. 4E). The hHSC20WT was expressed well 12 h after
transfection, the expression of the serine mutant did not
become unambiguously detectable until after 24 h and the
protein was barely detectable at later time points (Fig. 4E).
We did not observe diminished cell numbers in hHSC20Ser-
transfected cultures, which argued against a dominant negative
effect exerted by the mutant protein. The detection of
a-Flag-sensitive bands of lower molecular weight in total
lysates from hHSC20Ser-transfected cells implied that the
degradation of the mutant protein was enhanced (Supplemen-
tary Material, Figs S1 and S3). Interestingly, only a small
increase in the steady-state levels of full-length hHSC20Ser
could be obtained upon the inhibition of the major proteolytic
machinery of the cytosol, the proteasome (Fig. 4F). This result
might suggest that the degradation of hHSC20Ser occurred
mainly in the mitochondrial compartment. Overall, the obser-
vations in HeLa cells clearly resembled the results obtained in
the yeast complementation studies, where the very low levels
of the full-length hHSC20Ser-mutant protein, combined with
increased presence of multiple lower molecular-weight
species, suggested that the N-terminal cysteine motifs are
needed for the integrity and function of hHSC20.

Finally, to evaluate the distribution hHSC20, we performed
western blot analysis on various human tissues included on a
commercially available blot. Although equal amounts of
protein were loaded from each human tissue, b-actin loading

appeared uneven, most likely because of the tissue-specific
differences in abundance of this protein by itself (data not
shown). Hence, we were limited to make qualitative rather
than quantitative comparisons. Potential isoforms of the
protein were detected in all tissues analyzed, with the
highest abundance observed in extracts from the lung.
However, in addition to these two major forms, with apparent
molecular masses of �27 and 26 kDa, additional bands were
also observed in the brain, heart, liver, stomach, spleen,
ovary and testis, possibly revealing the tissue-specific modifi-
cations of hHSC20 (Fig. 4G).

Human HSC20 is involved in ISC biogenesis

The results presented thus far suggested a potential role of
hHSC20 in human ISC biogenesis, and to further address an
involvement of the protein in human ISC assembly, we
employed RNA interference (RNAi) as a method to character-
ize the gene function. siRNAs corresponding to nucleotides
486–506 (oligo1) and 449–469 (oligo2) of the human
HSC20 cDNA (NM 172002) were transfected into HeLa
cells, and three rounds of transfection were performed in inter-
vals of 3 days. Both siRNAs effectively reduced the hHSC20
protein levels to �30 + 10% (n ¼ 3) of the controls on day 3
of the first transfection. After three rounds of transfection,
hHSC20 dropped below the levels which were detectable
with our antibody. Like actin, which was chosen as an internal
control, the amounts of its potential partners, hHSPA9 and
hISCU, as well as the steady-state levels of two alternative
carrier/scaffold proteins hGLRX5 (53) and hNFU (54)
remained unchanged upon hHSC20 depletion (Fig. 5A).
However, although the hHSC20 protein levels were below
the limits of detection, the nature of siRNA-based silencing
made it unlikely that hHSC20 synthesis had been completely
abolished. Indeed, as shown by quantitative RT–PCR,
after three rounds of transfection, �10% (oligo1) and 14%
(oligo2) of the hHSC20 transcripts were detectable in cells
treated with the specific oligos (Fig. 5B). Consistent with a
role in ISC biogenesis, the depletion of hHSC20 was followed
by a progressive decrease in the activities of the ISC-
dependent enzymes, aconitase and succinate dehydrogenase
(SDH). After 9 days of silencing, treatment with oligo1 and
oligo2 resulted in moderate (SDH: �83 and 88%, and total
aconitase: �57 and 67%), but significant reductions in the
activities of the ISC-dependent enzymes. Notably, total aconi-
tase activity (representing the combined activities of the mito-
chondrial and cytosolic isoenzymes) was affected earlier and
more severely (Fig. 5C and Supplementary Material,
Fig. S4). In contrast, the activities of isocitrate dehydrogenase
(ICDH) and citrate synthase (CS), which do not require [Fe–S]
clusters, were completely spared by hHSC20 knockdown
(Fig. 5C), suggesting that the siRNA approach was gene-
specific and relatively non-toxic.

General knockdown of different components of the ISC
machinery in mammalian cells has been previously shown to
affect both mitochondrial and cytoplasmic ISC proteins
(50,55–57). Using a non-denaturing gel assay, we demon-
strated that the depletion of hHSC20 also caused a significant
loss of both mitochondrial and cytosolic aconitase activities,
which were separated and assayed as described previously
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(50) (Fig. 5D). Western blot analyses of the two enzymes
clearly showed that the substantially decreased activities
could not be attributed to a significant reduction in the corre-
sponding protein levels (Fig. 5E). The activities of both aconi-
tase isoforms strictly depend on the presence of an intact
cubane [4Fe–4S]2+ cluster (58). Both enzymes are susceptible
to oxidant-induced inactivation (58–61). However, the inter-
conversion of IRP1 from the cytoplasmic aconitase form that

contains a [4Fe–4S]2+ cluster to the RNA-binding form
requires the absence or removal of the entire cluster (58,62).
As shown in Figure 5F, hHSC20 depletion resulted in a signifi-
cant activation of IRP1, consistent with the impaired ISC
assembly. This notion is further supported by a�2-fold
increase in the transferrin receptor 1 (TfR1) protein levels in
the hHSC20-depleted cells. TfR1, an established target
of IRP1 activation, is positively regulated through the

Figure 5. hHSC20 is involved in ISC biogenesis. (A) RNAi-based knockdown leads to undetectable levels of hHSC20 protein. HeLa cells were transfected with
two hHSC20-specific siRNAs (oligo1 and oligo2) or control siRNA (c-siRNA) in single or multiple sequential transfections (for details see Materials and
Methods). Although hHSC20 became undetectable after three transfections, the steady-state levels of actin (control), its potential partners hHSPA9 and
hISCU, as well as of two alternate scaffold/carrier proteins, hGLRX5, and hNFU, remained essentially unaltered. Representative blots of at least three indepen-
dent experiments done in duplicates are shown. (B) hHSC20 mRNA levels were significantly diminished after the third transfection round. Total RNA was pre-
pared after the third transfection round and analyzed by qRT–PCR, using primers specific to the hHSC20 or the GAPDH genes, respectively. Error bars represent
the SD of three independent experiments (∗∗∗P , 0.001). (C) RNAi-based silencing of hHSC20 specifically reduced the activities of ISC-dependent enzymes.
Activities of ISC-dependent enzymes, aconitase (Aco, representing the combined activities of mitochondrial and cytosolic isoenzymes) and SDH, and of two
ISC-independent enzymes, ICDH and CS, were determined after the third transfection round (for details, see Methods and Materials). Activities of non-
transfected controls were set to 100%. Results represent the means of at least three independent experiments, performed in duplicates +SD. (D) hHSC20
depletion resulted in reduced activities of ISC-dependent enzymes in both the mitochondrial and the cytosolic compartment. Equal protein amounts were
loaded per lane and subjected to native gel electro-phoresis. Aconitase activities were visualized by an in-gel assay (50). After the third transfection round,
both mitochondrial and cytosolic aconitase activities were markedly reduced by treatment with oligo1 and oligo2, but not by treatment with c-siRNA (for
details, see Materials and Methods). (E) Protein levels of cytosolic and mitochondrial aconitase were not altered by hHSC20 knockdown. Antibodies against
mitochondrial and cytosolic aconitase revealed no significant decrease in the corresponding protein levels in hHSC20-depleted cells. b-Actin levels were
used as control. A blot representative of three independent experiments is shown. (F) hHSC20 depletion activates IRP1 and stabilizes TfR1. IRE binding activi-
ties in the various cell lysates were increased, as determined by electro-mobility shift assay (EMSA) (82). The background of this assay is described in the text.
Western blots revealed a slight increase in TfR1 protein levels in hHSC20-depleted HeLa cells.
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IRP1-mediated stabilization of its transcript, which in turn
leads to increased protein levels (62). Taken together, these
results provide strong evidence for an integral function of
hHSC20 in human ISC biogenesis, which has an impact on
both mitochondrial and cytosolic ISC-containing proteins.

hHSC20 plays a critical role in assembly and/or repair of
ISC under conditions of oxidative stress

Owing to the vital functions of ISC-containing proteins
within a mammalian cell (reviewed in 16,17), knockdown of
components implicated in ISC biogenesis should lead to a
significant impairment of cell growth and viability. Unexpect-
edly, treatment with oligo1 or oligo2 did not result in signifi-
cant growth defects even after 9 days of silencing (Fig. 6A and
Supplementary Material Fig. S5). As already reflected by the
relatively moderate reduction in total aconitase, and in particu-
lar, SDH activities (Fig. 5C), at least in HeLa cells under
normal growth conditions, very low hHSC20 levels were
apparently sufficient to maintain the steady-state levels of
ISC proteins.

To further unravel the role of hHSC20 in human ISC bio-
genesis, we evaluated the effects of depletion of the protein

under conditions of oxidative stress. As shown in Figure 5A,
the first round of siRNA-based knockdown reduced the
hHSC20 levels to �30% of the controls. Although this
degree of depletion did not lead to a significant reduction in
aconitase activities in the absence of an oxidative challenge,
treatment with hydrogen peroxide clearly resulted in a mark-
edly delayed recovery of both aconitase isoforms in
hHSC20-deficient cells (Fig. 6B). Consistent with earlier
results (50,57,63), the mitochondrial isoenzyme was less
affected by H2O2 treatment and regained its activity earlier
and more readily than the cytosolic aconitase (Fig. 6B). We
also investigated the effects of hHSC20 deficiency on cell
viability after short-term exposure to hydrogen peroxide. A
moderate, but nevertheless significant, negative impact of
hHSC20 depletion on cell survival was already evident after
the first siRNA treatment, and it became clearly enhanced
after three rounds of silencing (Fig. 6C). These results were
consistent with either an impaired in vivo repair/regeneration
of damaged or destroyed ISCs or an increased sensitivity to
H2O2 in hHSC20-deficient cells.

To explore the role of hHSC20 in response to the long-term
exposure of oxidative stress, two HeLa cell lines, stably trans-
fected with either hHSC20-3xFlag or empty vector, were

Figure 6. hHSC20 depletion did not lead to significant growth defects under normal growth conditions, but the recovery of aconitase activity and viability was
impaired after oxidative challenge. (A) HeLa cells were transfected and passaged as described in Materials and Methods. At the days indicated, the total protein
concentration per well as a measure for cellular growth was determined. Values derived from untransfected cells were set at 100%, and mean values + SD of
three independent experiments, done in duplicates, are shown. Treatment with both hHSC20-specific siRNAs and the unspecific control siRNA had a very similar
impact on cellular growth. These results suggested that the minor growth defect was caused by the transfection reagent rather than by hHSC20 depletion.
(B) hHSC20 silencing led to impaired recovery of mitochondrial and cytosolic aconitase activities after challenge with hydrogen peroxide. Cells on day 3
after the first transfection were incubated for 1 h with 500 mM of H2O2. Cells were harvested at the times indicated and were subsequently analyzed for mito-
chondrial and cytosolic aconitase activities. Equal protein amounts were loaded. A representative of three similar independent experiments is shown. (C)
hHSC20 depletion led to increased sensitivity to oxidative stress. To investigate the effects of hHSC20 depletion on cell viability in conditions of oxidative
stress, HeLa cells were seeded into 24-well plates and treated with the siRNAs as described. Forty-eight hours after the first and the third transfection, cells
were exposed to 500 mM H2O2 for 1 h. Cell viability was measured 24 h after treatment by the MTT assay (see Materials and Methods). Values were normalized
on the basis of corresponding simultaneously plated cultures that were subjected only to siRNA or Lipofectamine (mock) treatment to reveal the toxicity specific
to H2O2. Data represent the results of three experiments done in duplicates and are expressed as the mean percent of untransfected control+SD. ∗P , 0.05;
∗∗P , 0.001.
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exposed to the stable redox-cycling drug paraquat. As shown
in Figure 7A, the decline in total aconitase activity in
hHSC20-3xFlag-expressing cells was clearly delayed and
less severe when compared with the controls. Conversely,
the activity of the ISC-independent enzyme ICDH remained
almost unaffected. Seventy-two hours of treatment with differ-
ent paraquat concentrations (25 and 50 mM, respectively)
resulted in a dramatic aconitase inactivation in both vector
controls and hHSC20-3xFlag-expressing cells. However, in
both cases, the loss of total aconitase activity was significantly
more pronounced in the controls (Fig. 7B, top row). In
contrast, even prolonged paraquat treatment resulted only in
either none (25 mM) or a minor (50 mM) reduction in ICDH
activities, which did not differ significantly in the two HeLa
cell lines (Fig. 7B, middle row). These data indicate that
slightly elevated levels of hHSC20, although not fully capable
of preventing inactivation, clearly protected some ISC-
containing proteins. Hence, the markedly higher resistance of
hHSC20-3xFlag-expressing cells against paraquat-induced
toxicity (Fig. 7B, bottom row) might be attributed to higher
steady-state activity levels of critical ISC proteins.

Long-term exposure to paraquat leads to markedly
reduced hHSC20 protein levels

Thus far, our results implied a critical role of hHSC20 under
conditions of stress. Therefore, we explored several potential
regulatory mechanisms that might affect hHSC20 levels under
conditions expected to alter the demand for ISC biosynthesis.
To this end, HeLa cells were exposed to oxidative stress
(50 mM paraquat) for 24–72 h. Although no obvious changes
in endogenous hHSC20 protein abundance were detectable up
to 48 h after treatment (data not shown), we observed a signifi-
cant reduction in the hHSC20 steady-state levels (62 + 16% of
untreated controls; n ¼ 9) in paraquat-treated cells after 72 h. In
contrast, SOD2 and actin protein levels were not significantly
affected (Fig. 8A and B). hHSC20 transcript levels were
found to be surprisingly low per se (�8- and 500-fold less abun-
dant than the transcripts for hISCU and b-actin, respectively)
and did not significantly change upon paraquat treatment
(Fig. 8C). The striking discrepancies between the transcript
and protein levels are consistent with possible regulation of
hHSC20 at the post-transcriptional level and might either
result from an increased rate of degradation or a decrease in
stability under conditions of prolonged oxidative stress.

DISCUSSION

Among the 41 currently known J-domain proteins expressed in
human cells (2), only DNAJC20/hHSC20 shares high hom-
ology to the specialized bacterial and yeast counterparts that
are dedicated to ISC assembly. It was already predicted that
hHSC20 would play an important role in human ISC biogen-
esis (42), but the functions of the human co-chaperone
remained uncharacterized. When we expressed hHSC20 in a
Jac1p-deficient yeast strain, the human protein clearly restored
the severe growth defect, which accompanies the lack of the
dedicated co-chaperone in S. cerevisiae (reviewed in 10)
(24). These results strongly imply that hHSC20 represents

Figure 7. Overexpression of hHSC20 enhanced resistance to paraquat toxicity
by delaying inactivation of aconitase and increasing viability. (A) Time course
of aconitase inactivation upon exposure to paraquat. Cells, either stably trans-
fected with pCMVHSC20WT-3xFLAG or empty vector, were seeded in the
12-well plates for 24 h before treatment with 50 mM paraquat. At the times indi-
cated, cells were harvested and snap frozen. Enzymatic activities were determined
as described in Materials and Methods. Activities of corresponding cultures,
which were not treated with paraquat, were set to 100%. Although the overexpres-
sion of hHSC20 did not fully prevent inactivation, moderately elevated levels of
hHSC20 clearly resulted in a significantly delayed inactivation of total aconitase
activities (representing the combined activities of mitochondrial and cytosolic
isoforms). The activities of the ISC-independent enzyme ICDH remained
almost unaffected in both cell lines even after 12 h of paraquat treatment [91.3
+ 4.4% (hHSC20Flag), and 91.4 + 6.7% (empty vector) of the ICDH activities
in the corresponding controls]. Results represent the means of at least three inde-
pendent experiments, performed in triplicates + SD. Overexpresser, squares;
vector control, triangles. (B) Overexpression of hHSC20 increases the resistance
against paraquat toxicity. HeLa cells stably transfected with pCMVHSC20WT-
3xFLAG, or empty vector were seeded in a 12 well and exposed to 0, 25 and
50 mM of paraquat. After 72 h, total aconitase (I) and ICDH (II) activities were
measured. Cell viability was determined with the MTT assay (III). Activities/
absorbances of corresponding cultures, which were not exposed to oxidative
stress, were set to 100%. Consistent with a potential beneficial role of hHSC20
against the adverse effects of oxidative stress, we observed an increased resistance
against paraquat-induced toxicity in cells that overexpressed hHSC20. All data
represent the results of at least 3 independent experiments done in duplicates
and are expressed as a mean percent of the corresponding untreated control+
SD. White bars, vector control; filled bars, pCMVHSC20WT-3xFLAG.
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the true ortholog of Jac1p and reveal a striking functional con-
servation of the two proteins through �1 billion years of evol-
ution. Interaction of hHSC20 with its anticipated partner, the
ISC scaffold protein hISCU in both Y2H and immunoprecipi-
tation experiments performed in this study, further supported
the role of the co-chaperone in human ISC biogenesis. Our
Y2H studies also demonstrated a specific interaction
between hHSC20 and hHSPA9 (mortalin), the only known
mitochondrial resident HSP70 in human cells. hHSPA9 is
more homologous to Ssc1p, the housekeeping mitochondrial
chaperone of S. cerevisiae, than to Ssq1, the yeast chaperone
dedicated to iron–sulfur biogenesis, and its role in human
ISC biogenesis has not yet been established. However,
recent in vitro studies demonstrated that peptide-binding
domains of various multifunctional mitochondrial HSP70s
specifically interacted with an ISCU-derived fragment (39).
Furthermore, overexpression of the multifunctional Ssc1p cor-
rected the negative impact of Ssq1 deficiency on ISC assembly
(23,39). Thus, our observation that hHSC20 and hHSPA9
interact in vivo provides further support for an involvement
of the multifunctional mitochondrial chaperones of higher
eukaryotes in ISC biogenesis.

One of the most striking features of hHSC20 is the presence
of a cysteine-rich domain in the extended N-terminus of the

human protein. As revealed by the recently published crystal
structure, metal co-ordination through the cysteine motifs
leads to the formation of a zinc-finger-like domain in vitro
(43). The apparent importance of the domain became
obvious in the very weak rescue of Jac1p deficient yeast by
an hHSC20 mutant, in which the four conserved cysteines of
the N-terminus were replaced by serines. As the cysteine-
rich domain does not exist in the endogenous yeast protein,
the lack of complementation was unexpected. One explanation
for the ineffective complementation by hHSC20Ser might be
due to the clearly lower abundance of the mutant protein.
Notably, markedly reduced the steady-state levels of
hHSC20Ser compared with the wild-type protein were also
evident upon transient expression in HeLa cells. Taken
together, these results suggest an important role of the
N-terminal domain for maintenance of the integrity and, con-
sequently, the functionality of hHSC20. However, the high
homology of hHSPA9, the presumed chaperone partner of
hHSC20 (see above), with the multifunctional chaperone
Ssc1p might offer yet another intriguing possibility. Ssc1p is
present in yeast mitochondria at significantly higher levels
than the specialized Ssq1, and the protein can function,
albeit clearly less effectively, with Jac1p in the ISC assembly
(24,39,46) (reviewed in 10). Thus, it is possible that the human
co-chaperone functions together with the non-specific HSP70
and that the robustness of such an interaction might be influ-
enced by the N-terminal zinc-finger-like domain of the
hHSC20. In line with this assumption are recent findings on
the role of two zinc-finger domains that are invariably
present in class I J-proteins (2). One of these, Z2, was essential
for functionality both in vitro and in vivo and likely represents
the site of an additional interaction between class I
co-chaperones with their HSP70 partners that facilitates con-
version of the chaperone into its high-affinity binding state
(reviewed in 3,64). Interestingly, the N-terminal domain of
hHSC20 shares some structural similarity with the Z2
domain (65), and the presence of HSC20 homologs bearing
a cysteine-rich N-terminal domain in higher eukaryotes corre-
lates with the apparent lack of a chaperone specifically
devoted to ISC biogenesis. Therefore, it is tempting to hypoth-
esize that the zinc-finger-like domain of hHSC20 might be
required to effect a more stringent interaction with a promiscu-
ous HSP70 chaperone partner, which participates in multiple
processes and interacts with different J-proteins as well as
multiple client proteins. Notably, several hHSPA9-interacting
proteins that contain zinc-finger-like domains are known to
exist in the human mitochondria, including hTID1 (mitochon-
drial class I J-protein) and Hep1 (fractured J-protein), and
these proteins could potentially compete with hHSC20 for
binding (2,66). The presence of other proteins that compete
to interact with hHSPA9 may help to explain why overex-
pression of hHSC20 protected cells from oxidative stress
and diminished levels rendered cells more sensitive to
oxidative stress. By binding to hHSPA9 and to hISCU,
hHSC20 may direct the activities of a non-specific HSP70
protein into iron–sulfur biogenesis, which is particularly
needed after ISCs are destabilized by oxidative stress. Interest-
ingly, mutagenesis of the HPD motif in the J-domain of
hHSC20, which is crucial for its interaction with hHSPA9,
appeared to enhance the strength of the interaction between

Figure 8. Levels of hHSC20 diminish with long-term paraquat treatment, but
transcription levels do not change. As revealed by western blotting, prolonged
treatment with paraquat (72 h) leads to markedly decreased hHSC20 protein
levels. (A) Representative western blot. b-Actin and SOD2 levels were used
as controls. (B) Quantification of the reduction in hHSC20 protein levels in
paraquat-treated cells. (C) However, as shown by qRT–PCR, hHSC20 tran-
script levels remain almost unchanged. b-Actin protein and transcript levels
were used for normalization. Data represent the results of at least three inde-
pendent experiments done at least in duplicates and are expressed as the mean
percent of the corresponding untreated control+SD. White bars, untreated,
time-matched controls; Filled bars, treated with 50 mM paraquat for 72 h.
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the co-chaperone and its substrate, hISCU. This observation is
consistent with the possibility that hHSPA9 binding may force
an hHSC20-hISCU complex to dissociate, which in turn might
facilitate ISC-transfer from the scaffold protein to recipient
target proteins.

As expected from the presence of a predicted mitochondrial
leader sequence, hHSC20 localized predominantly to the mito-
chondrial compartment, but a small extra-mitochondrial pool
of hHSC20 was also detected in HeLa cells. The origin of
the cytosolic fraction is currently unknown, but it is possible
that the cytosolic formation of a zinc finger at the N-terminus
could prevent efficient mitochondrial uptake, as was recently
proposed for the small TIM proteins (67).

Like hHSC20, these components of the mitochondrial
import machinery contain N-terminal cysteine motifs, which
promote trapping of the TIM proteins in the intermembrane
space (reviewed in 93). Hence, it is tempting to speculate
that uptake of hHSC20 in the mitochondrial matrix could
also be modulated through reversible zinc binding to its
cysteine-rich N-terminal domain. Relative binding of zinc or
other metals and relative levels of oxidative stress could con-
tribute to a regulated and dynamic distribution of the protein
between the cytosolic and mitochondrial compartments. Inter-
estingly, extra-mitochondrial localization was also reported
for AtHscB, the Jac1p ortholog of Arabidopsis thaliana (94),
which, like the human protein, bears the N-terminal twin
CXXC motifs.

Regardless of the underlying mechanism, the presence of the
hHSC20 in the cytosolic compartment makes biological sense.
Over the past years, an extra-mitochondrial localization has
been demonstrated for many established and proposed com-
ponents of the human mitochondrial ISC machinery
(37,57,70–71,95). Among them are both predicted partners of
hHSC20, the chaperone hHSPA9 (reviewed in 40,41) and the
scaffold protein hISCU, for which an involvement in cytosolic
ISC biogenesis has already been established (48–50,95). Thus,
the cytosolic pool of the human co-chaperone might participate
in cytosolic ISC biogenesis, which directly contributes to main-
tenance and assembly of extra-mitochondrial ISC proteins.

The progressive and significant reduction in activities of both
mitochondrial and cytosolic ISC-dependent enzymes, as well as
IRP1 activation, upon RNAi-mediated hHSC20 depletion,
unequivocally established the role of the co-chaperone in
human ISC assembly. However, even drastically reduced levels
of hHSC20 had only a relatively moderate effect on ISC-
dependent enzymes and resulted in a much milder phenotype
when compared with similar studies in mammalian cells on
other components of the central ISC pathway (50,55,56,72,73).
Our results resemble previous in vivo studies of S. cerevisiae,
which showed that despite the established essential nature of
Jac1p, neither a marked reduction in protein levels nor expression
of a Jac1p mutant with a reduced affinity for the scaffold Isu1p
resulted in impaired viability or growth defects (23,28,46).
However, the mild phenotype correlated with the presence of
the specialized chaperone Ssq1p (28,30,46), and a severe
growth defect was evident in cells that had to employ the multi-
functional Ssc1p for ISC biogenesis (28,46).

Interestingly, and in clear contrast to recent studies in yeast
(74), we did not observe any up-regulation of hISCU in
hHSC20-depleted HeLa cells. Thus, the absence of a severe

growth defect cannot be simply explained by a compensatory
response mediated by elevated levels of the scaffold protein.
In vitro studies with IscU from E. coli provided evidence
that at least the bacterial scaffold protein was capable of cat-
alyzing multiple cycles of ISC transfer to target proteins
without the need of further assistance of a chaperone;
however, the respective transfer rates were considered to be
too slow to meet the in vivo demands (18,33). Notably, with
hGLRX5, hNFU and hISA, three alternative carrier/scaffold
proteins are present in HeLa cells that may act independent
of a specialized co-chaperone/chaperone system (54,57,75).
Although hGLRX5 and hNFU steady-state levels remained
unaltered in hHSC20-depleted cells, it is possible that the
presence of alternative scaffold systems mitigated the effects
of hHSC20 loss. However, the lack of a severe growth pheno-
type resulting from even drastically reduced levels of hHSC20
is also consistent with the proposed catalytic role of the
specialized co-chaperones (9). This notion is in agreement
with the significantly lower abundance of hHSC20 compared
with the scaffold hISCU in HeLa cells and might be further
supported by the earlier and more pronounced effect of
hHSC20 depletion on total aconitase activity than on SDH.
As shown recently, with the exception of the notoriously
unstable ISC of aconitase, the Fe–S co-factors of other ISC
enzymes in mammalian mitochondria are surprisingly resistant
to degradation (76). Thus, our findings might indicate that
although the ISC machinery with severely reduced hHSC20
levels still has enough residual capacity to maintain biogenesis
and transfer of stable ISC enzymes, maintenance of more vul-
nerable clusters with faster turnover is already compromised
by silencing. Interestingly, after oxidative insults, even moder-
ately reduced levels of hHSC20 led to a diminished recovery
of total aconitase activities and significantly decreased cellular
viability. On the other hand, moderate overexpression of
hHSC20 clearly delayed aconitase inactivation and protected
from paraquat-induced toxicity. Our results are consistent
with studies of the bacterium A. vinelandii, in which the
severe growth phenotype observed upon the depletion of
HscAB was partially alleviated by growth under conditions
of low oxygen tension (36). Thus, our data and results in
other model systems indicate that the dedicated co-chaperone
plays an important role in ISC biogenesis in conditions that
require enhanced ISC biogenesis (e.g. oxidative stress). We
suggest that hHSC20 may act as a pacemaker of the human
ISC biogenesis that determines the speed and performance
of the pathway, perhaps by supporting a faster and more effi-
cient cluster transfer from the scaffold hISCU to recipient pro-
teins or by recruiting the promiscuous hHSPA9 to participate
in Fe–S biogenesis. Although even very small hHSC20 con-
centrations appear to be sufficient for cell viability under
general cell culture conditions, it is possible that hHSC20
deficiency might eventually trigger more dramatic phenotypes
in some mammalian tissues that are prone to higher rates of
oxidative stress, such as the lung and the retina. Intriguingly,
hhsc20 was one of the three candidate genes implicated as
the cause of the new form of optic atrophy (77).

However, despite the proposed higher requirements of the
human co-chaperone under conditions of oxidative stress, we
did not observe an up-regulation of hHSC20 in paraquat-
treated HeLa cells. On the contrary, prolonged exposure to
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oxidative stress led to markedly reduced steady-state levels of
the hHSC20 protein. The fact that the transcript levels
remained unaltered is consistent with a post-transcriptional
mode of regulation for hHSC20. The underlying mechanism
is currently under intense investigation, but the significantly
reduced levels of the co-chaperone could be caused by an
increased rate of degradation or a decrease in stability. The
intriguing similarities with the results obtained with the
serine mutant might imply an involvement of the N-terminal
domain in the maintenance of the steady-state levels.
Notably, the cysteine-rich region engaged in metal
co-ordination represents the only part of hHSC20 that is
devoid of a predicted secondary structure, and it is likely
that the N-terminus of the protein unfolds in the absence of
metal. Thus, the oxidative damage of the metal co-ordinating
cysteines might lead to the loss of the metal ligand and sub-
sequently result in an unfolded state that, like the serine
mutant, is prone to degradation. ISCs are not only the vulner-
able targets of oxidative stress, but their decay significantly
contributes to the generation of intracellular reactive oxygen
species. It is, therefore, possible that reduced hHSC20 avail-
ability in conditions of chronic oxidative stress is even ben-
eficial for the cell. It might reduce ISC biogenesis and
diminish the damage caused by disintegration of ISCs. As
mentioned above, no obvious changes in the hHSC20 levels
were observed up to 48 h treatment with paraquat. Hence, it
is tempting to speculate that more subtle post-translational
modifications in the cysteine-rich domain (for instance, glu-
tathionylations/nitrosylations) might modulate the functional-
ity of the human co-chaperone.

An additional hint for a potential regulatory role of the N-
terminal domain might be gained from the presence of very
similar motifs in the N-termini of the predicted hHSC20
homologs from a small number of specialized bacterial
species. Besides having high needs for iron, these otherwise
phylogenetically unrelated organisms might share an unusual
susceptibility to oxidative stress. Like the magnetotatic
species and Anaeromyxobacter dehalogenans, they either rep-
resent facultative anaerobes that exist at the oxic–anoxic tran-
sition zone between anaerobic and aerobic habitats (68,78) or
like Leptospirillum ferrooxidans and Acidobacterium capsula-
tum thrive in aerobic, but acidic environments that have very
high concentrations of redox active transition metals (69,79).
Such conditions could repeatedly expose these bacteria to
intermittent severe oxidative insults, which could have
forced them to develop highly responsive ISC biogenesis
machineries that rapidly accommodate to changes in environ-
mental conditions. The cysteine-rich motif could have an
important regulatory role in these settings. Interestingly,
strikingly similar N-terminal cysteine-rich motifs exist in the
putative HSC20 proteins of the amitochondriata, Giardia
intestinalis and Trichomonas vaginalis, where the correlation
with facultative anaerobic life-style points again in the direc-
tion of a regulatory, sensing or repair function. Like many
pathogens, these organisms likely encounter oxidative stress
and iron starvation when they infect hosts, and they may
combat these two detrimental environmental conditions by
enhancing their capacity for ISC biogenesis and function.

Our work demonstrates that hHSC20 is indeed an integral
component of the human ISC biosynthetic machinery, which

appears to be particularly important under conditions that
demand an enhanced ISC biogenesis. Moreover, our finding
that hHSC20 levels are reduced by a long-term exposure to
paraquat might suggest that the decrease in iron–sulfur
protein activities observed in chronic oxidative stress may
result not only from direct damage to ISCs, but also from
diminished rates of re-assembly and repair due to the degra-
dation of hHSC20. We believe, although more work is
needed to establish the details of the molecular mechanism
of the degradation, that our work opens a new perspective to
understanding the role of HSC20 in higher eukaryotes. As it
appears that hHSC20 competes with other proteins for
binding to hHSPA9, we suggest that the levels of hHSC20
may determine the rate of ISC biogenesis and that after its
expected ATP-dependent release from hHSPA9, hHSC20
may enhance the delivery of the ISC of hISCU to a specific
set of target proteins. Much effort will be devoted in the
future to understand how specificity of cluster transfer is
achieved, and further studies of hHSC20 may yield important
clues.

MATERIALS AND METHODS

If not indicated otherwise, reagents were purchased from
Sigma. Cell media and supplements were either from Gibco
or Cellgro. Western blot reagents were obtained from Pierce
and BioRad.

Constructs

pGEX-Jac1DN75, which encodes an N-terminally GST-tagged
version of the hHSC20 (GST- Jac1DN75) starting at amino
acid 76, was a gift by Dr W.H. Tong. Recloning in the
EcoRI and NotI sites of pET41a (Novagen) resulted in
pET41a Jac1DN75, which encodes an N-terminal
GST-His-tagged version of the protein. Before cloning in the
respective destination vectors, PCR-amplified transcripts
were routinely subcloned in the vector pCR2.1-TOPO by
TOPO TA cloning following the protocol of the manufacturer
(Invitrogen). For in vitro transcription/translation, hHSC20-
encoding sequences were amplified from the human Image
clone 3505128 (ATCC, accession BC65569), using the
primers GFH20 and GRH20, and H20m1xmn1 and
H20revsal1, respectively. pTnTHSC20FL (coding for full-
length protein) and pTnTD19M20HSC20 (coding for the
mature protein without predicted mitochondrial leader
sequence) were engineered by cloning the corresponding
sequences in the EcoRI or EcoRI/SalI sites of the pTnT
vector (Promega). For pCMVHSC20-3xFLAG, the gene was
amplified from Image clone 3505128 with the primers
NheH20F and H20salR. After subcloning in pCR2.1-TOPO,
the transcript was excised with SalI and BamHI and inserted
in the corresponding sites of the mammalian expression
vector pCMV-3Tag-8 (Stratagene). For yeast complementa-
tion studies, epitope-tagged versions of hHSC20 were ampli-
fied from pCMVHSC20-3xFLAG using the primers
NdeIhhsc20f and flagSacIrev. Jac1 was amplified from the
plasmid SP64T-Jac1 (courtesy of Dr Andrew Dancis) using
the primers NdeJac1f and Jac1SacIrev. After subcloning
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in pCR2.1-TOPO, the transcripts were excised with NdeI and
SacI and integrated in the corresponding sites of
YCplac22-GPDprom (a generous gift of Dr Andrew Dancis),
which contains a 2 mm ori, the strong glyceraldehyde-
3-phosphate dehydrogenase isoenzyme 3 (GPD) promoter and
TRP1 as a marker. For Y2H studies, the D19M20HSC20 encod-
ing sequence was excised with EcoRI and SalI from the respect-
ive pCR2.1 construct and recloned in the corresponding sites of
pGBKT7 (Clontech), resulting in pGBKT7-DHSC20. Sequences
encoding D27M28ISCU and D25M26HSPA9 were amplified
from pXShISU2myc (courtesy of Wing-Hang Tong) (48,50)
and the human Image clone 2964588 (ATCC, accession
BC024034) using the primers fNdeIhISCUdel, hISCUxhorev,
fNdelhHSPA9del and hHSPA9xhorev, respectively. After
subcloning in pCR2.1-TOPO, the fragments were excised with
NdeI and XhoI and recloned in the corresponding sites of
pGADT7 (Clontech). Site-specific mutations were introduced
into hhsc20-coding DNA sequences using the QuickChange pro-
tocol (Stratagene). For details on the used mutagenesis primers,
see Supplementary Material Table S1. All constructs were
sequenced to confirm their authenticity.

Protein expression in bacteria and affinity purification of
the hHSC20 antiserum

Escherichia coli BL21-CodonPlus (DE3)-Rosetta (Novagen)
cells transformed with pET41a Jac1DN75 were cultured in
LB medium containing 50 mg/ml of ampicillin at 378C.
After reaching an A600 of 1.2, cultures were diluted 1:1 in
2× LB and shifted to 308C. Isopropyl-1-thio-D-galactopyrano-
side was added to the final concentration of 0.5 mM. After 4 h,
cells were harvested by centrifugation (4000g, 20 min), resus-
pended in lysis buffer (50 mM Tris–HCl, pH 8.0, containing
100 mM NaCl, 2 mM EDTA, 1 mM dithiothreitol (DTT),
10 mg/ml of leupeptin, 1 mM phenylmethylsulfonyl fluoride,
0.5% Triton X-100) and ruptured by sonication. Jac1DN75
was purified from inclusion bodies by affinity chromatography
using nickel-nitrilotriacetic acid superflow gel under denatur-
ing conditions as recommended by the manufacturer
(Qiagen, http://www1.qiagen.com/literature/handbooks proto-
col 18). The eluate was concentrated and subjected to prepara-
tive SDS–PAGE. The protein was electro-eluted from the gel
(Centrilutor, Millipore), using a buffer containing 25 mM

Na2CO3, pH 8.3, and 0.5% NP-40. GST-His-Jac1DN75 was
coupled to CnBr-activated Sepharose 4FF (Amersham)
according to the recommendations of the manufactures. A
polyclonal antiserum to GST-Jac1DN75 (4432C, a gift of
Dr W.H. Tong) was purified by incubating the antiserum
with GST-His-Jac1DN75 conjugated to sepharose (4 h, 48C).
After three washes with 1× PBS, the purified antiserum was
eluted in 1 ml increments with 0.1 M glycine, pH 2.4. 30 ml
of 3 M Tris–HCl, pH 8.8, and 20 ml of 5 M NaCl were immedi-
ately added to protein-containing fractions.

Yeast complementation assays

Co-transformation of the yeast shuffle strain for JAC1 [MATa,
ura3-52, lys2-801(amber), ade2-101(ochre), trp1-63,
his3-200, leu2-1, jac1:HIS3 (pRS318-JAC1)] (24) with
various constructs was carried out as follows: a 500 ml of

aliquot of a 5 ml overnight culture (grown at 308C) was
spun down for 5 s in a sterile Eppendorf tube. The supernatant
was discarded. The pellet was washed with sterile water and
spun down again. After removal of the supernatant, 125 ml
of EZ-transformation reagent (Q-BIO gene), 2 ml of carrier
DNA and �100–200 ng of the desired construct were added
to the cells and thoroughly mixed by aspirating. After incu-
bation at 428C for at least 1 h, the mixture was spun briefly
again. The cellular material was transferred to selective
plates (2Leu/2Trp). After 2 days at 308C, single colonies
were picked and resuspended in ultrapure water. The
OD600nm was adjusted to 0.05; 5 ml increments of 5-fold con-
secutive dilutions were plated on 2Leu/2Trp plates with
10 mg/ml of cycloheximide (for further details, see Fig. 2A
and C).

Y2H analysis

For interaction studies, the Matchmaker 3 two-hybrid system
(Clontech) was employed. Co-transformation of the AH109
reporter strain with pGADT7- and pGBKT7-based constructs
was performed as described above. Plating of transformants
and the positive and the negative experimental controls are
described in the legend of Figure 3A.

Human cell culture, transfection and RNAi

HeLa cells were obtained from ATCC. If not indicated other-
wise, cells were grown in the Dulbecco’s modified Eagle’s
medium with 1 g/l of glucose, supplemented with 10% (v/v)
fetal bovine serum, 100 U/ml of penicillin and 100 mg/ml of
streptomycin at 378C and 5% CO2. Fugene 6 (Roche) was
used for transient and stable transfections of plasmids accord-
ing to the recommendations of the manufactures. Selection for
stably transfected clones was carried out in the 6-well plates in
the presence of 750 mg/ml of HygromycinB (Invitrogen).
Fourteen days after transfection, individual clones were trans-
ferred into 24 wells and analyzed for expression. Positive
clones were maintained in the presence of 500 mg/ml of
HygromycinB. For RNAi studies, cells were typically seeded
in 12-well or 10-cm plates 24 h prior transfection, such that
they reached �50% confluency at the time of transfection.
Cells were transfected with siRNAs using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol
for HeLa cells. The final concentration of siRNAs in the
wells/plates was 6.3 pmol/ml. Routinely, three consecutive
rounds of transfection were performed in intervals of 3 days.
Cells were typically harvested and split 48 h post-transfection.
If not indicated otherwise, retransfection and/or experimental
analysis were carried out 72 h post-transfection. siRNAs corre-
sponding to nucleotides 486–506 (oligo1) and to nucleotides
449–469 (oligo2) of the hHSC20 cDNA (NM 172002) and
a negative control siRNA, which has no homology with any
mammalian sequence, were purchased from Qiagen.

Immunoprecipation

HeLa cells stably transfected with hHSC20Flag, or empty
vector, were transiently co-transfected with pXShISU2myc
(courtesy to Wing-Hang Tong). After 36 h, cells from one
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10 cm dish were harvested, washed with 1× PBS and lysed in
100 ml of ice-cold lysis buffer [50 mM Tris–HCl, pH 7.4,
40 mM KCl, 2.5 mM MgCl2, 5% (v/v) glycerol, 0.5% (v/v)
NP-40, protease inhibitors (EDTA free, Roche) with 2 mM

ADP]. Supernatants from a 10 min centrifugation at 17 000g
were diluted 10-fold in lysis buffer w/o NP-40, and incubated
at 48C with 25 ml of a-Flag (M2), a-HA or a-myc-conjugated
agarose beads (Sigma). After 2 h, the beads were washed three
times with 1 ml of lysis buffer with 0.05% NP-40. Bound
protein was eluted with SDS–PAGE sample buffer and sub-
jected to western blot analysis. Immunoprecipitated proteins
were probed with specific antibodies against hHSC20, ISCU
(48) and hHSPA9 (Abcam, 1:1000).

In vitro transcription/translation

The plasmids pTnTHSC20FL, or pTnTD19M20HSC20, which
encoded the full-length precursor or a version starting at position
20 of the hHSC20 were used in a transcription/translation system
as described (80). Translation reactions were analyzed by SDS–
PAGE followed by autoradiography and/or immunoblotting.

Immunofluorescence and confocal microscopy

HeLa cells, seeded on coverslips, were generally immunos-
tained �24–36 h after transient transfection. Cells were
washed twice in PBS, fixed in 4% paraformaldehyde for
15 min at room temperature (RT), followed by five washes
with PBS. Permeabilization was carried out with 0.1% (v/v)
Triton X-100 in PBS for 10 min, followed by two washes
with PBS. Blocking was conducted in a 10% (v/v) solution
of BlokHen (AvesLabs) in PBS for 1 h. After two washes
with 1× PBS, cells were immunostained in with the primary
antibodies: a-HSC20 (1:100, 4 h), mouse monoclonal
a-TOM20 (Abcam, 1:500, 2 h), a-Flag M2 (Sigma, 1:500,
2 h) and rabbit polyclonal a-TOM20 (Santa Cruz, 1:500,
2 h). After three rinses with 1× PBS, the cells were succes-
sively labeled with the relevant secondary antibodies
Alexa488-conjugated a-mouse (Molecular Probes, 1:1000,
1 h) and Cy3-conjugated a-rabbit (Jackson Labs, 1:1000,
1 h). Slides were mounted in Fluoromount-G (SouthernBio-
tech). Immunofluorescence was imaged with a confocal micro-
scope system (LSM 510 META; Zeiss). For imaging green
fluorescence, the 488 nm line of an argon/krypton laser was
used, and emitted light was collected between 500 and
540 nm; for red fluorescence, the 543 nm line of an HeNe
laser was used with a 488/543 dichroic mirror, and its emis-
sion was collected with a 560 nm long-pass filter.

Immunoblotting

Typically, 25–30 mg of protein/lane were subjected to SDS–
PAGE and the proteins transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% non-fat milk
(BioRad) in 1× PBS containing 0.1% Triton X-100 and
probed with the relevant antibodies followed by horseradish
peroxidase-coupled secondary antibodies (Amersham,
1:5000). Detection was performed using SuperSignal substrate
(Pierce). A commercially available membrane (INSTA-human
tissue blot, Imgenex), on which 20 mg/lane of various human

tissue extracts had been electro-transferred, was probed with
an affinity purified, polyclonal antiserum against the human
HSC20 (1:1000) overnight. Other antibodies used only for
western blot were: a-actin (Sigma, 1:5000), a-mitochondrial
aconitase (81) (1:1000), a-Pgk1p (Molecular Probes,
1:1000), a-HSP70 (Abcam 2787, 1:1000), a-NFU (1:1000)
(75) and a-GLRX5 (1:1000) (53).

Preparation of mitochondria-enriched fractions and
cytosolic extracts

Cell fractionation was performed at 48C using a mitochon-
drial/cytosol fractionation kit (BioVision). Briefly, cells were
homogenized by 50 passes in a chilled glass homogenator in
a 100-fold excess of cytosol extraction buffer (kit component)
and 0.005% (v/v) digitonin. The homogenate was subjected to
low-speed centrifugation (700g). This step was carried out
twice. Pellets were discarded and the supernatant was spun
for 15 min at 10 000g, resulting in a mitochondrial-enriched
pellet and a cytosolic supernatant. The cytosolic extracts
were centrifuged again for 5 min at 10 000g and then at
100 000g for 1 h to remove any particulate material. The mito-
chondrial pellet was washed twice in �50-fold excess of cyto-
solic extraction buffer without digitonin and lysed in 50 mM

Tris–HCl, pH 7.4, 100 mM NaCl, 1% (v/v) Triton X-100 and
protease inhibitors. The different fractions were analyzed by
the standard western blotting with antibodies against hHSC20
(1:1000) and compartment-specific proteins. Mitochondria:
Monoclonal a-mitochondrial HSP70 (HSPA9/mortalin)
(Abcam, 1:1000) and monoclonal a-SOD2 (Abcam16956,
1:1000). Cytosol: a-NFkB (Santa Cruz; 1:500) and a-IRP1
(82) (1:5000).

Enzymatic assays

Aconitase, ICDH, CS and SDH activities were measured
according to the published methods (59,83,84) with modifi-
cations. All enzymatic assays were carried out on the
96-well plates. A Multiscan MCC plate reader (Fisher) was
used for data acquisition. For aconitase, ICDH and CS, cells
were washed once with 1× PBS and lysed in 40 ml of
ice-cold L1-buffer [50 mM Tris–HCl at pH 8.0, containing
1% (v/v) NP-40 (Fluka)] and EDTA-free protease inhibitor.

Total aconitase activity was determined by following the
reduction in NADP+ at 340 nm in the subsequent ICDH reac-
tion. Ten microliters of the lysate were added to 50 ml of
R1-buffer [50 mM Tris-HCl, pH 8.0, with 50 mM NaCl, 5 mM

MgCl2, 0.5 mM NADP+, 0.01 U ICDH (NADP+-dependent)
from porcine heart (Sigma)]. The reaction was started by the
addition of 40 ml of R2-buffer (R1 w/o NADP+ and ICDH,
with 2.5 mM cis-aconitate). Activity was expressed as DE
(340 nm)/Dt and was normalized for protein concentration.

ICDH activity was determined by following the reduction in
NADP+ at 340 nm (see above). Five microliters of lysate were
added to 45 ml of R3-buffer (R1 w/o ICDH). The reaction was
initiated by the addition of 50 ml of R4-buffer (R3 w/o
NADP+, with 5 mM isocitrate). Activity was expressed as
described above.

CS activity was monitored by following the formation of
5-mercapto-2-nitrobenzoic acid at 412 nm. Five microliters of
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lysate were added to 45 ml of R5-buffer (100 mM Tris–HCl, pH
7.5, with 2.5 mM oxaloacetate). The reaction started by the
addition of 45 ml of R6-buffer (100 mM Tris–HCl, with 0.2 mM

DTNB [5,5′-dithiobis-(2-nitrobenzoic acid)], 0.25 mM acetyl-
CoA). Activity was defined as DE (412 nm)/Dt and normalized
for protein concentration.

SDH activity was evaluated based on the succinate-
dependent reduction in iodonitrotetrazolium chloride (INT).
After washing with 1× PBS, 50 ml of L2-buffer (50 mM

Tris–HCl, pH 7.5, containing 7.5 mM KCN, 20 mM sodium
azide, 0.075% (w/v) digitonin, 15 g/l of CremophorREL and
EDTA-free protease inhibitor were added to each well, and
the cells were resuspended by aspiration. After 10 min
pre-incubation at RT, 50 ml of R7-buffer (50 mM Tris–HCl,
pH 7.5, with 4 mM INT, 15 g/l CremophorREL, with or
without 50 mM Na2-succinate) were added to each well.
After incubation at 378 C for 60 min, the samples were resus-
pended, and subsequently the plates were centrifuged (1000g,
2 min). Fifty microliters of the respective supernatants were
transferred to a new well, and the absorbance at 492 nm was
determined. Activity was defined as E(492 nm) sample with
substrate –E(492 nm) sample without substrate and was nor-
malized for protein concentration.

Aconitase gel assay

For in-gel aconitase assays, cells were lysed in buffer contain-
ing 20 mM Tris–HCl, pH 7.5, 40 mM KCl, 2 mM Na3-citrate,
1 mM DTT, 0.6 mM MnCl2, 1% (v/v) Triton X-100 and EDTA-
free proteinase inhibitor. Assays were performed as previously
described (50).

Electro-mobility assay

Gel retardation assays were performed as described (82).

Assay for cell viability

Cell viability was evaluated by MTT [3-(4,5-dimehylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] reduction (85). After
specific treatment, cells were incubated at 378C in 1× HANKS
solution, which contained 5 mM glucose and 0.5 mg/ml of
MTT. After 30 min, the mixture was taken off and cells were
lysed in acidified isopropanol. After 30 min at 48C, formazan
formation was determined in the 96-well plates at 540 nm
using a Multiscan MCC plate reader (Fisher).

qRT–PCR analysis

Total RNA from HeLa was isolated and purified by means of
the RNAeasy Mini kit and RNase-free DNase set (QIAGEN)
following the manufacturer’s instructions. A total RNA
and random primers of 0.5–1.0 mg were used for reverse tran-
scription reactions (High-Capacity cDNA RT kit, Applied
Biosystems, #4368814). qRT–PCR analysis was performed
in triplicates on AlfPrizm6000 (Applied Biosystems). Gene-
specific primers (Supplementary Material, Table S1) were
developed using the GeneRunner program. Five microliters
of diluted cDNA (5-fold in ultrapure water) and 62.5 nM

forward and reverse primers were used in a final volume of

25 ml using a 2× RT–PCR master mix (Platinum SYBR
Green qPCR SuperMix-UDG with ROX, Invitrogen,
#11744). Thermal cycling conditions were as follows: 508C
for 2 min (incubation for the AmpErase UNG) preceding the
first denaturation step at 958C for 2 min, followed by 40
cycles of 958C for 15 s and 608C for 1.5 min.

Miscellaneous

Protein concentrations were determined by the Micro BCA kit
(Pierce). SDS–PAGE was carried out according to Laemmli
(86). Primary structures were compared with respective
sequences in the available databases by BLAST search (87).
For the prediction of the putative mitochondrial-targeting
sequence and cleavage site, the algorithms TargetP and
SignalP were employed (88). Sequences were aligned by
using the program CLUSTAL X (version 1.64b) (89). The
PSIPRED Protein Structure Prediction Server (http://bioinf4.
cs.ucl.ac.uk:3000/psipred/) was used for the secondary predic-
tion. Crystal structures were visualized with Swiss-PDB
viewer (90).

Data are expressed as the mean and standard deviation
(SD). Statistical analysis was performed using the Student’s
t-test. P-values of ,0.05 were considered statistically signifi-
cant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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