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The mitochondrial proteins Atm1p and Nfs1p are
essential for biogenesis of cytosolic Fe/S proteins
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Iron—sulfur (Fe/S) cluster-containing proteins catalyse
a number of electron transfer and metabolic reactions.
Little is known about the biogenesis of Fe/S clusters
in the eukaryotic cell. Here, we demonstrate that
mitochondria perform an essential role in the synthesis
of both intra- and extra-mitochondrial Fe/S proteins.
Nfslp represents the yeast orthologue of the bacterial
cysteine desulfurase NifS that initiates biogenesis by
producing elemental sulfur. The matrix-localized pro-
tein is required for synthesis of both mitochondrial
and cytosolic Fe/S proteins. The ATP-binding cassette
(ABC) transporter Atm1p of the mitochondrial inner
membrane performs an essential function only in the
generation of cytosolic Fe/S proteins by mediating
export of Fe/S cluster precursors synthesized by Nfslp
and other mitochondrial proteins. Assembly of cellular
Fe/S clusters constitutes an indispensable biosynthetic
task of mitochondria with potential relevance for an
iron-storage disease and the control of cellular iron
uptake.

Keywords ABC transporter/iron homeostasis/iron—sulfur
protein/mitochondria/sideroblastic anemia

Introduction

recently identified Isc operon contains several genes that
are homologous to genes of the Nif operon, and the
encoded proteins may perform a housekeeping function
in the assembly of cellular Fe/S proteins (Zhegtgal.,
1998). Only a few proteins encoded by the Nif, Isc and
related operons have been functionally investigated. The
pyridoxal phosphate-dependent protein NifS has been
shown to produce elemental sulfur for Fe/S cluster syn-
thesis by functioning as a cysteine desulfurase (Zheng
et al, 1993; Zheng and Dean, 1994). Even though NifS
is sufficient for synthesis of an Fe/S clustervitro, the

in vivo assembly pathway is much more complex and
involves the assistance of additional components encoded
by the Nif operon.

In eukaryotes, most known Fe/S proteins are localized
within the mitochondria, but an increasing number of
Fe/S cluster components have been identified residing
outside this organelle. These proteins include the iron
regulatory protein 1 involved in the translational control
of iron uptake into higher eukaryotes (Hentze and Kuhn,
1996; Rouault and Klausner, 1996), enzymes with biosyn-
thetic functions in amino acid anabolism (Kohlhaw,
1988c), an ATP binding cassette (ABC) protein with
proposed function as an inhibitor of RNase L (Bisbal
et al, 1995), and an endonuclease (Augetrial., 1997).
Currently, little is known of how and where the synthesis
of cellular Fe/S clusters and their assembly into apoproteins
takes place and which proteins catalyse the process. Only
recently a mutation in the protein Nfslp, the eukaryotic
homologue of bacterial NifS, has been shown to have
some influence on the activity of two mitochondrial Fe/S
proteins (Strainet al, 1998). Stronger effects were
observed for mutants in two mitochondrial heat shock
proteins (Jaclp and Ssqlp) providing a first indication
that mitochondria may synthesize their own Fe/S clusters.

We became interested in the biogenesis of cellular

Iron—sulfur (Fe/S) cluster-containing proteins are involved Fe/S proteins in the course of our functional investigation
in numerous metabolic processes such as isomerizationof the mitochondrial ABC transporter Atmlp (Leighton
and dehydration reactions and they serve as electronand Schatz, 1995; Kispadt al, 1997). The protein is
carriers in various redox reactions (Cammack, 1992; localized in the inner membrane with its ABC domains
Johnson, 1998). The structure and function of these clustersfacing the matrix space and is thus predicted to function
and their associated proteins have been intensely studiedas an exporter. Deletion of th&TM1 gene of the yeast

in the past two decades (Beinat al., 1997). Likewise, Saccharomyces cerevisiaesults in defects in cyto-
the chemical synthesis and properties of the various chromes, respiration-incompetent mitochondria, increased
Fe/S clusters have been well documented. However, ourglutathione levels indicating an oxidative stress, and an
knowledge about the components and mechanismsaccumulation of iron in mitochondria (Leighton and
involved in Fe/S protein biosynthesis inside a living cell Schatz, 1995; Kispadt al., 1997). A mutation in hABC7,

is still scarce. The process of Fe/S cluster assembly hasthe human functional orthologue of Atmlp, has been
been studied almost exclusively in bacteria (see Zhengreported to cause X-linked sideroblastic anemia and ataxia
et al,, 1998). The genomes of prokaryotes contain operons (XLSA/A) in which mitochondria accumulate iron (Csere
in which genes involved in Fe/S biogenesis are clustered. et al., 1998; Allikmetset al., 1999). The dramatic influence
The best-characterized operon is the Nif operon required of defects in Atmlp and hABC7 on mitochondrial iron
for the synthesis of nitrogenase, a complex enzyme con-levels suggests an important role for these ABC trans-
taining several Fe/S clusters (Petatsal, 1995). The porters in mitochondrial iron metabolism, but their precise
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function has remained elusive. Clearly, elucidation of the
function of yeast Atm1p would help understanding of the
molecular basis of the iron-storage disease.

Here, we present evidence for a function of Atml1p in
the mitochondrial export of components required for
Fe/S cluster incorporation into apoproteins located in the
eukaryotic cytosol. Biosynthesis of the Fe/S clusters is
initiated in the mitochondrial matrix by the cysteine
desulfurase Nfslp, which provides elemental sulfur for
biogenesis. Nfslp is essential for the assembly of Fe/S
proteins both inside and outside of the mitochondria, while
Atm1p is specific for cytosolic Fe/S cluster-containing
proteins. Our study suggests that mitochondria are the
primary site of Fe/S cluster synthesis in the eukaryotic
cell. The findings ascribe a novel biosynthetic function to
mitochondria in the assembly of Fe/S proteins outside the
organelle.
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The ABC transporter Atm1p is required for
generation of extra-mitochondrial Fe/S proteins
In our attempts to elucidate the function of the mitochon-
drial ABC transporter Atm1p, we noted a leucine auxo-
trophy of mutant yeast cells defective in Atmlp. We
therefore tested which of the three specific steps of leucine
biosynthesis might be responsible for this defect (Jones and
Fink, 1982; Hinnebusch, 1992). The enzynsesopropyl
malate synthase (Leu4p, Beltzetr al, 1988; and Leu9p
proteins, W.Pelzer and R.Lill, unpublished) and
B-isopropyl malate dehydrogenase (Leu2p) catalysing the
first and third steps of leucine biosynthesis displayed wild-
type activities in extracts isolated from cells in which the
ATM1gene was deleted\atml cells; Kispakt al., 1997;
see Materials and methods; Figure 1A). On the contrary,
extracts ofAatm1 cells contained no detectable activity of
the enzyme isopropyl malate isomerase (Leulp; Kohlhaw,
1988c). This defect was not due to defective synthesis
of the Leulp polypeptide chain, since wild-type levels of
Leulp were detected by immunostaining analysis of
extracts derived fromdatm1 cells (Figure 1A, insert).
Leulp contains an Fe/S cluster and shares sequenc
homology with the Fe/S proteins aconitase and ‘iron
regulatory protein’. Our findings made it likely that the
defect of Leulp inAatml cells is due to an impaired
formation of the Fe/S cluster in this protein which is
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Fig. 1. Deletion of ATM1 encoding a mitochondrial ABC transporter
auses a defect in the assembly of the cytosolic Fe/S protein Leulp.
A) Impairment of isopropyl malate isomerase (Leulp) activity is
responsible for the leucine auxotrophy &dtm1 cells. The enzyme
activities of the three specific steps of leucine biogenesis were
measured using cell extracts prepared from wild-type (WTAam1
cells after growth in glucose-containing minimal media in the presence

of leucine. The insert shows an immunostaining of Leulp present in

localized in the cytosol (Kohlhaw, 1988c; see below). To
study directly the assembly of the Fe/S cluster of Leulp,
we employed a novel approach to follow the incorporation
of radioactive®Fe into Leulpin vivo. Yeast cells were
radiolabelled with>Fe for 1 h and cell lysates were
prepared. Leulp was immunoprecipitated under native

conditions using specific antibodies, and the Leulp-associ-

ated radioactivity was quantitated by liquid scintillation
counting. Using wild-type cells, significant amounts of
55Fe were immunoprecipitated with the Leulp-specific
antiserum, whereas hardly any radioactivity was precipit-
ated employing antibodies derived from preimmune serum
(Figure 1B). WithAatm1 cells, no specific labelling of
Leulp with5Fe was detectable, even though the uptake
of 5%Fe byAatm1 cells was comparable to wild-type cells
(left panel). The procedure is highly specific for Leulp,
as no significant amounts of radioactive iron were precipit-
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these extracts. IPMSy-isopropyl malate synthase; IPM-DH,
B-isopropyl malate dehydrogenase. N.D., not detectable, i.e.

<25 mU/mg protein. B andC) Aatm1 cells display a specific defect
in the in vivo assembly of the Fe/S cluster of cytosolic Leulp.
Wild-type, Aatm1, leul andicyt2 cells were radiolabelled witPPFe,

cell lysates were prepared, afiFe uptake was quantitated by liquid
scintillation counting. Immunoprecipitation using anti-Leulp
(a-Leulp) antibodies or preimmune serum (PIS) was performed and
co-precipitated®Fe was estimated by liquid scintillation counting.

ated by anti-Leulp antibodies using extracts prepared from
cells in which theLEU1 gene was inactivated (leul cells;
Figure 1C). Hardly any difference in the assembly of the
FelS cluster of Leulp was observed in cells defective in
other mitochondrial proteins, e.g. in cytochromeheme
lyase (encoded by th€YT2gene; Zollneret al., 1992;
Figure 1C). Together, ouin vivo and in vitro data
demonstrate a defect in the assembly of the Fe/S cluster
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Fig. 2. Depletion of Atm1p impairs the assembly of cytosolic, but not of mitochondrial Fe/S cluster-containing pra@ifran{unostaining

analysis for the indicated proteins using mitochondria isolated from wild-type (WT) or Gal-ATM1 cells containiAdMiegene under control of a
galactose-inducible promoter. Cells were grown for 40 h in YP medium containing galactose (Gal) or lactate medium containing 0.1% glucose (Glu).
Cyt ¢4, cytochromec,; Rieske, Rieske Fe/S protein of respiratory complex Bl) Assembly of the Fe/S cluster of Leulp vivo was estimated as

in Figure 1B using Gal-ATM1 cells grown in medium A containing galactose or gluc@yeTl{e enzyme activities of Leulp, glucose-6-phosphate
dehydrogenase (G6P-DH) and alcohol dehydrogenase (ADH) were measured employing cell extracts of Gal-ATM1 cells after growth as in (A).

(D) Mitochondria were isolated from cells grown as in (A) and the enzyme activities indicated were measured. DH, dehydrogenase.

of cytosolic Leulp in cells lacking the mitochondrial ABC assembly of the Fe/S cluster of cytosolic Leulp. A 2-fold
transporter Atm1p. This suggests a crucial function of higher incorporation of5Fe into Leulp compared with
Atmlp in the biosynthesis of cytosolic Fe/S cluster- wild-type cells was observed after growth of Gal-ATM1
containing proteins. cells in the presence of galactose (Figure 2B). On the

To exclude the possibility that the defective biosynthesis contrary, hardly any®>Fe was precipitated by Leulp-
of the Fe/S cluster of Leulp in the absence of functional specific antibodies after depletion of Atm1p by growth of
Atmlpis a secondary consequence of the severe phenotyp&al-ATM1 cells in the absence of galactose. Comparable
of Aatml cells, we constructed a mutant carrying the results were obtained for the enzyme activity of isopropyl
ATM1 gene under the control of a galactose-inducible malate isomerase (Leulp) in extracts isolated from Atm1p-
promoter (Gal-ATM1 cells). Atmlp was depleted below depleted Gal-ATM1 cells (Figure 2C). Other cytosolic
the detection limit of our immunostaining analysis after enzyme activities such as glucose-6-phosphate dehydro-
40 h of growth of Gal-ATM1 cells on glucose-containing genase and alcohol dehydrogenase were not significantly
media (Figure 2A) without causing a detectable decreaseinfluenced by the lack of Atmlp. When Leulp was
in the growth rate (not shown). After longer periods of overexpressed in Gal-ATML1 cells, 4-fold higher Leulp
cultivation, growth of Gal-ATM1 cells was considerably enzyme activities were measured in cells containing
retarded, but not as strongly as thatZsdtm1 cells. No Atm1p, but no activity was detectable upon depletion of
significant effects of Atmlp depletion (for 40 h) were Atmlp (data not shown). We conclude from these results
observed on the amounts of other mitochondrial proteins that the mitochondrial ABC transporter Atm1p is required
including cytochromes (Figure 2A; data not shown) or of for efficient formation of Fe/S proteins in the cytosol. The
cytosolic Leulp (Figure 2B, insert). Furthermore, mito- phenotypical differences noted fatml1 and Gal-ATM1
chondria isolated from Gal-ATM1 cells did not contain cells are likely to be due to leaky expression known to
increased levels of iron as had been observed for organellesoccur from the galactose-regulated promoter in the absence
prepared frondatm1 cells (data not shown). Thus, Atmlp of this sugar. This may allow synthesis of small amounts
can be severely depleted in Gal-ATML1 cells without the of Atmlp, sustain some Atmlp-mediated transport and
strong phenotypical consequences arising from disruption hence preserve residual function of extra-mitochondrial
of the gene. FelS proteins.

The Gal-ATML1 cells were used to measure iheivo Is Atm1p also required for the biogenesis of mitochon-
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drial Fe/S cluster-containing proteins? The enzyme activi- A
ties of aconitase and of succinate dehydrogenase (which Nfsip | e
contains the Fe/S subunit Sdh2p; Lombaedal., 1990) Pl
were measured using mitochondria isolated from wild- Acolp o= - —
type or Gal-ATM1 cells grown in the presence of galactose
or glucose. The deficiency in functional Atm1p hardly Rieske . -
affected the activities (Figure 2D) and the amounts
(Figure 2A) of these mitochondrial Fe/S proteins or, as a Sdh2p | emn =\
control, of citrate synthase and malate dehydrogenase. TomT70p | s —
Similarly, no detectable influence of the presence or Tim44p '““‘“"":h"-_"
absence of Atmlp was noted on the level of the Rieske
Fe/S protein of the mitochondrial respiratory complex Ill Mgelp ——— —
(Figure 2A). Taken together, Atmlp is not required for e
biosynthesis of mitochondrial Fe/S proteins, but rather Leulp M"
appears to be specifically involved in the generation of - —_
cytosolic Fe/S proteins. This strongly suggests that the L bllgs]]f Egsl?l
ABC transporter Atmlp functions in the export from B
mitochondria of components required for Fe/S cluster
assembly in the cytosol. Our findings predict the function 5.6
of other mitochondrial proteins in the synthesis of cytosolic £ ‘E
Fe/S proteins. - R

c £
Nfs1p is required for the biosynthesis of intra- and £ E 20
extra-mitochondrial Fe/S proteins =
In bacteria, biosynthesis of Fe/S clusters is initiated by 03T NELF Aatml
the protein NifS which functions as a cysteine desulfurase 45}1
liberating elemental sulfur from cysteine (Zheeg al.,
1993; Zheng and Dean, 1994). A highly homologous
protein termed Nfsl is present in eukaryotic cells (Land
and Rouault, 1998; Nakadt al, 1998). InScerevisiag 40 Aconitase | 7 Succinate DH]

the Nfslp protein was found exclusively in isolated
mitochondria, and was not detectable in post-mitochondrial
supernatants (Nakat al., 1998; data not shown). Frac-
tionation of mitochondria isolated from wild-type cells
revealed that Nfslp was located in the matrix and behaved
as a soluble, protease-sensitive protein (data not shown).
Nfslp was highly enriched in density gradient-purified
mitochondria (Schlenstedt al., 1995) excluding localiz-
ation in other organelles such as the endoplasmic reticulum
(data not shown).

Does mitochondrial Nfslp perform a function as a
cysteine desulfurase in the biogenesis of cellular Fe/S
clusters? The essential nature of Nfslp for cell viability
made it necessary to construct a mutant in which the
NFS1gene is under the control of a galactose-inducible
promoter. The resulting yeast strain (Gal-NFS1) grew at 0
wild-type rates in the presence of galactose and cells WT Nfsl¥ Nfsl¥| WT Nfsly Nfsiy
contained 2-fold higher amounts of mitochondrial Nfs1p 16h  40h 16h 40h
compared with the wild-type strain (not shown). Upon gig 3 pepletion of Nfsip results in a defect of mitochondrial Fe/S
cultivation of Gal-NFS1 cells in the absence of galactose, proteins. ) Immunostaining of the indicated proteins using
Nfslp was rapidly depleted and was not detectable by mitochondria or cell extracts (for Leulp) derived from wild-type (WT)
immunostaining analysis after grovvth for 16 h (corres- or Gal-NFS1 cells grown in the presence of lactate medium for 16 or

; ; : . 40 h (corresponding to four and six cell doublings, respectively).
pondlng to approxlmately four cell doublings; Figure 3A). (B) Non-heme non-Fe/S (‘free’) iron associated with isolated
After six generations (40 h) Gal-NFS1 cells ceased t0 mitochondria was measured by the bathophenantroline method

duplicate (not shown). Growth of Gal-NFS1 cells in the (Tangerast al, 1980). C) The enzyme activities indicated were
absence of ga|actose was restored upon transformationmeasured u_sing isolated mitochondria. DH, dehydrogenase. N.D., not
with a plasmid carrying the coding information for a getedab'e' 1.e<0.05 (aconitase) or 0.005 (succinate

. . .7 . ehydrogenase) U/mg protein.
fusion protein consisting of the presequence of subunit 9
of mitochondrial F-ATPase andEscherichia coliNifS
(not shown). Without the presequence, no restoration of noted a strong accumulation of ‘free’ iron (i.e. iron which
growth was noticed. These data show that bacterial NifS is not bound to heme or Fe/S clusters) in mitochondria
can functionally replace yeast Nfslp, but only when it is (Figure 3B). A similar iron accumulation within mitochon-
imported into mitochondria. Upon depletion of Nfslp we dria has been reported for cells lacking the mitochondrial
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Fig. 4. Mitochondria-localized Nfslp is required for the generation of the Fe/S cluster of cytosolic L&)1ph¢ enzyme activities of Leulp,
glucose-6-phosphate dehydrogenase (G6P-DH) and alcohol dehydrogenase (ADH) were measured in post-mitochondrial supernatants of wild-type
(WT) or Gal-NFS1 cells grown as in Figure 3A. N.D., not detectal®y.The assembly of the Fe/S cluster of Leuhpvivo was determined as in

Figure 1B. Nfslp was depleted by cultivation of Gal-NFS1 cells as described in Figur€2Bnifunostaining of Nfslp using isolated

mitochondria (Mito) or post-mitochondrial supernatants (PMS) derived from Gal-NFS1 cells. The cells harbored plasmids with either no DNA
insert (-), the full-length (NFS1) or the N-terminally truncatéiN(NFS1) NFS1gene. Growth was for 16 h in the presence of glucoBg.The

assembly of the Fe/S cluster of Leulp in the cells described in (C) was estimated as in Figure 1B after growth in medium A.

proteins Atmlp fAatml cells; Figure 3B), frataxin and proteins the enzyme activity of Leulp was measured. Cell
Ssqlp (Babcoclet al, 1997; Foury and Cazzalini, 1997; extracts isolated from Gal-NFS1 cells depleted in Nfslp
Kispal et al., 1997; Knightet al., 1998). contained no detectable Leulp enzyme activity, while
Using Gal-NFS1 cells we tested the influence of Nfslp the activities of two other cytosolic enzymes (glucose-
depletion on the function of mitochondrial Fe/S proteins. 6-phosphate dehydrogenase and alcohol dehydrogenase)
The activities of aconitase and succinate dehydrogenasewere hardly affected (Figure 4A). The level of Leulp was
were slightly decreased compared with wild-type samples lowered 2- to 3-fold upon depletion of Nfslp (Figure 3A).
after growth for 16 h in glucose-containing media, and Most likely, this slight decrease results from proteolytic
not detectable after growth for 40 h (Figure 3C). In degradation of Leulp in Gal-NFS1 cells (which have
contrast, the function of other mitochondrial enzymes such stopped duplicating under these conditions) rather than
as citrate synthase or malate dehydrogenase was virtuallyfrom the impaired synthesis of the Leulp polypeptide. At
unchanged. The inactivation of aconitase and succinateany rate, decreased expression of Leulp can only partially
dehydrogenase in Nfslp-depleted cells was accompaniedaccount for the defect in Leulp enzyme activity. Taken
by a strong decrease in the amounts of these proteinstogether, these data suggest that Nfslp is essential for
(Figure 3A). A similar reduction was observed in the level generation of functional Leulp in the cytosol.
of the Rieske Fe/S protein, while other mitochondrial ~ To prove directly the function of Nfslp in the assembly
proteins did not change significantly in their amounts of the Fe/S cluster in cytosolic Leulp, the incorporation
(Figure 3A). The decrease of the mitochondrial Fe/S of radiolabellecP®Fe into this protein was followeid vivo.
proteins was specific for cells depleted in Nfslp, as no Wild-type cells or Gal-NFS1 cells depleted in Nfslp by
such effect was observed for yeast mutant cells lacking growth on glucose-containing media were labelled with
other mitochondrial proteins such as cytochrotpéeme radioactive®>Fe and Leulp was immunoprecipitated under
lyase (not shown). These findings suggest that Nfs1p playsnative conditions. Using wild-type cells (Figure 4B) or
a crucial role in the biosynthesis and/or maintenance of Gal-NFS1 cells grown in the presence of galactose (not
mitochondrial Fe/S proteins. Presumably, the impaired shown),5%Fe could be efficiently incorporated into Leulp.
formation and/or repair of the mitochondrial Fe/S clusters No specific labelling of Leulp with radioactiv@Fe was
result in apoproteins that are susceptible to proteolytic detectable after depletion of Nfslp by growth for 16 or
degradation. 40 h in glucose-containing media. The iron uptake by the
To investigate the potential function of Nfslp in the yeast cells was not affected by the deficiency of Nfslp
de novoformation of cytosolic Fe/S cluster-containing (Figure 4B, left panel). These results indicate that Nfslp
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performs a crucial role in the synthesis of cytosolic Fe/S
cluster-containing proteins. In contrast to Atmlp, this
protein is also required for generation of mitochondrial
FelS clusters.

Nfs1p must be localized within mitochondria to
perform its essential function in cellular Fe/S

cluster biogenesis

The requirement for Nfslp function in the synthesis of
cytosolic Fe/S proteins could be due to minute amounts
of this protein present in the cytosol. These amounts may

have escaped detection by immunostaining analysis. To &~

examine whether Nfslp performs its function in the
formation of cytosolic Fe/S proteins within mitochondria
or the cytosol, we expressed Nfslp with and without its
N-terminal mitochondrial targeting sequence in Gal-NFS1
cells. Plasmids carrying either no DNA insert, the entire
NFS1gene or a truncated version dfFS1lacking the
DNA segment encoding the N-terminus of Nfs1p including
its presequenceA(N-NFS1) were transformed into Gal—
NFS1 cells. The plasmid containing the entiES1gene
was able to retain viability of the Gal-NFS1 cells in the
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Fig. 5. Incorporation of an Fe/S cluster into a cytosolic protein
requires a mitochondrial membrane potential. The assembly of the
Fe/S cluster of Leuln vivo was measured as in Figure 1B using
wild-type cells that were treated with M CCCP during
radiolabelling with>>Fe. Control cells () received CCCP after
radiolabelling.

and products of synthesis across the mitochondrial inner
membrane. We therefore tested whether the generation of

absence of galactose (not shown). Cells expressing thecytosolic Fe/S proteins depends on energized mitochon-

truncated version of Nfs1p (termed Nf$ipdid not grow
under these conditions. Growth was restored to wild-type
rates when the N-terminally truncatedFS1 gene was

dria. Wild-type cells were treated with the uncoupler
carbonyl cyanide m-chlorophenylhydrazone (CCCP)
during labelling with%%Fe to deplete the mitochondrial

fused to a DNA segment encoding the presequence ofmembrane potential (Wienhues al., 1991). Hardly any

subunit 9 of B-ATPase mediating mitochondrial import
of the fusion protein (not shown). The Nfslp protein
derived from the plasmid-encoded full-lendti-S1gene
was exclusively localized within mitochondria, while the
N-terminally truncated Nfs19* was detectable only in the
post-mitochondrial supernatant (Figure 4C). This indicated
that mitochondrial localization of Nfslp is crucial for its
essential function. These results are consistent with our
findings of functional complementation by bacterial NifS
(see above).

To examine whether the cytosolic form of Nfslp can
support the synthesis of Fe/S clusters in the cytosol, the
incorporation of radioactive®’Fe into Leulp was measured
employing Gal-NFS1 cells transformed with the three
plasmids described above. Expression of the nucleus-
encoded Nfslp was inhibited by growth in the presence
of glucose. Mitochondrial Nfslp synthesized from the
plasmid-encoded full-lengtNFS1gene allowed efficient
synthesis of the Fe/S cluster of Leulp as evident from
the efficient immunoprecipitation of radioactivéFe by
Leulp-specific antiserum (Figure 4D). Conversely, no
significant formation of°Fe-labelled Leulp was detectable
upon expression of Nfstfj from theAN-NFS DNA insert
or without expression of any Nfslp protein. Cell extracts
prepared from the three strains contained similar amounts
of total radioactive®®Fe (Figure 4D, left panel), i.e. the
cellular uptake of°Fe was not affected by the different

radiolabelled®>Fe above background could be immuno-
precipitated with the Leulp-specific antiserum using
extracts from CCCP-treated cells (Figure 5). This was not
due to impaired uptake of radioactive iron upon treatment
with CCCP, as even slightly higher amounts®efe were
present in the lysate derived from these cells compared
with untreated cells (left panel). These findings indicated
that energized mitochondria are crucial for incorporation
of an Fe/S cluster into a cytosolic protein. This result
provides a further criterion for the central role that
mitochondria play in the biogenesis of cytosolic Fe/S
proteins.

Discussion

The results presented here demonstrate a central role for
mitochondria in the biosynthesis of both intra- and extra-
mitochondrial Fe/S cluster-containing proteins. The un-
expected requirement for mitochondria in the generation
of cytosolic Fe/S proteins was seen either by measuring
the enzyme activity of isopropyl malate isomerase (Leulp)
or by the novel approach of directly assessing the incorpor-
ation of the Fe/S cluster into Leulp through co-immuno-
precipitation of radioactive iron with Leulp-specific
antibodies. Our study represents the first investigation into
the biogenesis of Fe/S proteins in the eukaryotic cytosol
and establishes the basis for further molecular analyses of

plasmids. These results provide strong evidence that Nfs1pthis fundamental biosynthetic process.

performs its essential function in the synthesis of cytosolic
and mitochondrial Fe/S proteins only when it is localized
within mitochondria.

A mitochondrial membrane potential is required
for biosynthesis of cytosolic Fe/S proteins
The production of precursors of cytosolic Fe/S clusters

Two mitochondrial proteins perform a decisive role in
cellular Fe/S cluster formation. The matrix protein Nfslp,
as the functional orthologue of bacterial NifS, initiates
the process by liberating elemental sulfur from cysteine
(Figure 6). Its activity is required for the synthesis of both
mitochondrial and cytosolic Fe/S clusters. Nfslp executes
its crucial function in the assembly of cytosolic Fe/S

within mitochondria necessitates the transport of substratesclusters only when it is localized within mitochondria.
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extra-mitochondrial site of Fe/S cluster assembly in the eukaryotic cell.
Fe/S-Proteins In addition to Nfslp and Atmlp, other mitochondrial
'y components may participate in this biosynthetic pathway
: (Figure 6). Two such proteins are the heat shock proteins
Cytosolic helper proteins Jaclp and Ssqlp, which have been shown to be required
. for efficient function of two intra-mitochondrial Fe/S
: pmf proteins (Strainet al, 1998). It will be interesting to
Atmlp 2" investigate whether these proteins also participate in the
e biogenesis of cytosolic Fe/S clusters. The function of a
Ssqlp Jaclp 1‘ iiltockondriar minimum of six additional proteins in Fe/S cluster bio-
Isalp Isa2p Fe/S-Proteins genesis in the eukaryotic cell may be inferred from their
sequence similarity to bacterial proteins encoded by the

Isulp Isu2p

Nif/lsc operons (Figure 6). I®.cerevisiag most if not all

E:‘:.lll; Arhlp of these homologues are predicted to be localized in
mitochondria based on their N-termini resembling mito-
Cys—Ala+8§ Iron chondrial targeting sequences. An interesting example is
Nfsip a ferredoxin homologue (Yah1p in Figure 6) which might
co-operate with a mitochondria-localized ferredoxin
Matrix reductase (Arhlp; Lacowt al, 1998) in the reduction of

MIM sulfur and/or iron during the assembly of Fe/S clusters.
Apparently, the biogenesis of cellular Fe/S proteins is

one of the most central biosynthetic tasks of mitochondria.

Mitochondrion

Iron Cytosol At least four mitochondrial proteins (potentially) involved
Fig. 6. Working model for the biogenesis of Fe/S proteins in in this process (Nfs1p, Jaclp, ferredoxin and its reductase;
eukaryotic cells. The central role of mitochondria in Fe/S cluster Lacour et al, 1998; Strainet al, 1998) are essential
biosynthesis is evident from the involvement of the yeast proteins for viability of yeast cells. Almost all other essential

Nfslp, Atmip, Ssqlp and Jaclp in this process. The potential mitochondrial proteins perform a role in the import,
participation of the other components was inferred from their

homology to bacterial proteins involved in Fe/S cluster biogenesis. As Processing or folding of nucleus-encoded proteins
demonstrated in this report, generation of cytosolic Fe/S proteins (reviewed by Lill et al., 1996; Schatz and Dobberstein,
requires Nfs1p, Atmlp and a proton-motive force (pmf). The 1996; Neupert, 1997; Pfannet al., 1997). The frequency
assistance of further components of both mitochondria and the cytosol of essential components participating in Fe/S cluster
is likely. See Discussion for further explanations. MOM, mitochondrial . . . . .
outer membrane; MIM, mitochondrial inner membrane. biosynthesis emphasizes the importance of Fe/S proteins
in the eukaryotic cell. It is therefore surprising that so
little is known to date about the mode of production
of these bio-organic assemblies that are localized in
mitochondria, the cytosol and the nucleus.

The essential role of mitochondria in cytosolic Fe/S clus-
ter assembly and/or repair may have profound implications
on the mode of iron uptake into the cell. In higher

perform such an export function in the biogenesis of eukaryotes, key components controlling ceII_uIar iron
cytosolic Fe/S clusters (Figure 6). The protein is specific- UPtake and storage are the iron regulatory proteins 1 and 2
ally involved in the formation of Fe/S clusters in cytosolic (IRP1 and IRP2; Hentze and Kuhn, 1996; Rouault and
proteins. Neither deletion of t'&TM1gene (Kispakt al., Klausner, 1996). IRP1 senses Fhe cellular iron concentra-
1997) nor depletion of Atm1p in Gal-ATM1 cells (this tion through the dynamic addition and loss of an Fe/S
study) had any significant effect on the function of Fe/s cluster. The apoform of IRP1 binds to the mRNAs of
proteins inside the organelle. Thus, Atm1p mediates the transferrin receptor or of ferritin and thereby regulates
export of components required for Fe/S cluster incorpor- their stab_|I|ty or trgnsllatlon, respectively. The predommant
ation into extra-mitochondrial proteins. Microanalytical OF exclusive localization of human and mouse Nfs1 in the
studies will now have to be employed to elucidate the Mitochondrial matrix (Land and Rouault, 1998; Nakai
chemical nature of the transported substrate. et al, 1998) and the functional overlap of the human
In addition to the sulfur moiety, iron may also be ABC transporter hABC7 with yeast Atmlp (Cseeeal,
exported from mitochondria into the cytosol. In part, this 1998) suggests that in mammalian cells also, cytosolic
expectation is based on the strongly increased mitochon-Fe/S cluster formation is performed mainly by mito-
drial iron levels observed iatmlandnfslyeast mutants. ~ chondria. Thus, the mitochondrial iron concentration may
In the simplest view, iron might accumulate in the organ- directly affect the efficiency of the assembly and regenera-
elles as a result of its decreased consumption due to thetion of the Fe/S cluster in IRP1 and hence play a decisive
impaired production and/or the export of Fe/S clusters or role in the control of cellular iron uptake. Such a potential
its precursors. Interestingly, export of iron from mitochon- cross-talk between mitochondria and the cytosol may
dria has recently been proposed to occur (Askwith and serve to couple the mitochondrion’s need for iron to the
Kaplan, 1998) and may require the function of the matrix general control of iron uptake into the cell, and guarantee
protein frataxin (Radiskget al., 1999; see below). the proper cellular distribution of iron. For yeast cells, a
Our findings suggest that mitochondria are the primary function of Fe/S proteins in the control of cellular iron

When Nfslp or bacterial NifS were expressed in the
cytosol, the Fe/S cluster did not become incorporated
into Leulp. These observations strongly suggest that the
elemental sulfur needed for cytosolic Fe/S clusters is
generated inside the organelles and must be exported.
The mitochondrial ABC transporter Atmlp appears to
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uptake has not yet been reported (see Yamaguchi-lwaiMeasurement of **Fe incorporation into Leulp , ,
et al,, 1996) Cells were grown overnight in medium A (minimal SD medium lacking

- . . . . . added iron chloride) in the presence of the desired carbon source at

Our investigation is relevant to various medical prob- apsc At an optical density of 12 Qg cells (0.5 g wet weight) were
lems. The ABC transporter hABC7, the human orthologue collected and resuspended in 10 ml medium A, and 0.1 mM ascorbate
of Atml1p (Csereet al, 1998), is implicated in X-linked  and 10uCi **Fe (Amersham) were added. Radiolabelling was for 1 h
sideroblastic anemia and ataxia (Alikmetgal, 1999), 2 350°C.- Aﬁ‘gfoagditi?ln of 10QH\1II irondsulfgte anhd ;urthﬁrsgcu,tc/lation

. . : . . or 5 min at 30°C, cells were collected and washed wit mM citrate
an |ron-st_0rage d|s¢ase n WhICh. affected cells harbc.)r ron- 7.4, 1 mM EDTA. A cell lysate was prepared by breaking cells with
loaded mitochondria. The functional complementation of gjass beads (Woonter and Jaehning, 1990). Aliquots of the clarified
ATM12-deletion mutants Xatm1 cells) by expression of lysate (10 min, 12 00@) were used for determination 8fFe uptake
hABC?7 protein (Cseret al., 1998) suggests that hABC7 into cells by liquid scintillation counting, for immunostaining and for

also participates in the biogenesis of cytosolic Fe/S C|ustersimmunoprecipitation employing antibodies raised against Leulp or
antibodies derived from preimmune serum. Radioactivity associated with

in human Ce"_s' It will be interestir?g. to StUdy the, impact immunoprecipitated material was quantitated by liquid scintillation

of mutations in hABC7 on the activity of cytosolic Fe/S  counting. The standard error for detection of Leulp-associz¥ee in

proteins. Furthermore, our findings are important for a cell lysate was 15%; the cellular uptake®dFe varied by 30%.

the molecular understanding of the interaction of the

intracellular bacteriunRickettsia prowazekivith its host ’T"r’]'gcfgfl’g"%‘a"; ';’I?Str’]’e‘:jdﬁn ethods were used: manipulation of DNA and
H H H WI uboli Wi u . lpulati

cell. A.t prese_nt, this organism 1S the Only known pro- PCR (Sambroolet al., 1989); transformation of yeast cells (Gietizal.,

karyotic species that encodes a homologue .Of the_ ABC 1992): isolation of plasmids from yeast (Sambroek al, 1989):

transporter Atm1p (Anderssat al., 1998). TheRickettsia isolation of yeast mitochondria (Dauet al, 1982); sub-fractionation

Atmlp may be proposed to influence the assembly and/of mitochondria (Glick, 1995); whole-cell lysates by breaking cells with

; ; ; glass beads (Woonter and Jaehning, 1990); enzyme activities of citrate
or repair of Fe/S profeins in the host cytoplasm and synthase, malate dehydrogenase, aconitase (Késph) 1997), succinate

gonsequengly maﬁ be mearéln%ful fOii(the Qommllim'(_:at'ohn de_hydrogenase (Robinsaet al, 1991; Robinson a_md Lemire, 1995),

etween the pathogen and the eukaryotic cell via the o-isopropyl malate synthase (Kohlhaw, 1988a), isopropyl malate iso-

activity of some of these proteins. Strikingly, all of the merase (Kohlhaw, 1988c) ang@-isopropyl malate dehydrogenase

relevant Nif/lsc operon-encoded proteins (cf. Figure 6) (AKOh';‘an”mSBb)- For mfeasurgm?”r: OLthe 'a}t_ef enzyme, Wic'jd'ﬁg)segéd

: P H H H atml cells were transformed with the multi-copy plasmid p

f"‘re. contalned within the_genome of thIS simple organism, carrying theLEU2 gene. The standard error of the determination of

indicating that the bacterial pathogen is capable of produc- enzyme activities was between 5 and 15%.

ing its own (and presumably foreign) Fe/S proteins.

Finally, our study raises the interesting question of whether
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