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Requirements of the cytosolic iron—
sulfur cluster assembly pathway
in Arabidopsis
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lDepartment of Plant Sciences, University of Cambridge, Downing Street, Cambridge (B2 3EA, UK
2Core Fality for Protein Spectroscopy, Institute for Cytobiology and Cytopathology, Philipps University Marburg,
Robert-Koch Str. 6, 35032 Marburg, Germany

The assembly of iron—sulfur (Fe—S) clusters requires dedicated protein factors
inside the living cell. Striking similarities between prokaryotic and eukaryotic
assembly proteins suggest that plant cells inherited two different pathways
through endosymbiosis: the ISC pathway in mitochondria and the SUF
pathway in plastids. Fe—S proteins are also found in the cytosol and nucleus,
but little is known about how they are assembled in plant cells. Here, we show
that neither plastid assembly proteins nor the cytosolic cysteine desulfurase
ABAS3 are required for the activity of cytosolic aconitase, which depends on
a [4Fe—4S] cluster. In contrast, cytosolic aconitase activity depended on the
mitochondrial cysteine desulfurase NFS1 and the mitochondrial transporter
ATMS3. In addition, we were able to complement a yeast mutant in the cytoso-
lic Fe-S cluster assembly pathway, dre2, with the Arabidopsis homologue
AtDRE2, but only when expressed together with the diflavin reductase
AtTAH1S. Spectroscopic characterization showed that purified AtDRE2
could bind up to two Fe-S clusters. Purified AtTAH18 bound one flavin
per molecule and was able to accept electrons from NAD(P)H. These results
suggest that the proteins involved in cytosolic Fe-S cluster assembly are
highly conserved, and that dependence on the mitochondria arose before
the second endosymbiosis event leading to plastids.

1. Introduction

Iron-sulfur (Fe-S) clusters are cofactors found in a large number of essential
proteins [1,2]. Their versatile chemical properties enable enzymes to carry out
electron transfer, Lewis acid catalysis, radical chemistry or to provide stability
to protein folds. Fe—S-rich sediment may have functioned as a catalytic surface
to form the first building blocks of life [3], but when primordial life became
dependent on Fe—S chemistry, the catalyst needed to be assembled inside the
cell. Whereas simple rhombic and cubane Fe-S clusters can form spon-
taneously under anaerobic conditions in a test tube, a significant number of
dedicated assembly proteins have been uncovered over the past 15 years
(reviewed in [4-6]). These are the nif pathway in nitrogen fixing bacteria,
which bears similarity to the isc (iron—sulfur cluster) pathway in bacteria and
mitochondria. The suf (sulfur mobilization) pathway operates in (cyano)bacteria
under oxidative stress and in chloroplasts, while suf BC genes are also com-
monly found in Archaea. In eukaryotes, the CIA pathway (cytosolic iron—
sulfur protein assembly) is involved in the maturation of cytosolic and nuclear
Fe—S proteins.

Based on extensive biochemical and cell biological studies, the assembly pro-
teins are needed for controlled delivery of sulfur in the form of persulfide s%,
reduction to sulfide (S*7), pre-assembly together with Fe on a scaffold protein
and ATP-dependent transfer of the Fe—S cluster to a target protein. In most
bacteria and in organelles, the source of sulfur for Fe—S clusters is cysteine,
which is converted to alanine and S° by a pyridoxal phosphate-dependent
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cysteine desulfurase. Phylogenetically, the cysteine desul-
furases fall into two groups, type I and type II [7]. The
mitochondrial cysteine desulfurase NFS1 is type I, whereas
the chloroplast CpNifS (also known as SUFS or NFS2) is a
type-Il enzyme. A third cysteine desulfurase found in
the cytosol, named ABAS3 for its role in the synthesis of the
plant hormone abscisic acid, also belongs to type IL
The two types differ in the level of surface exposure of the
active site, as well as in the requirement of helper proteins.

While it is clear that the mitochondrial NFS1 and the plas-
tid CpNifS provide sulfur for the assembly of clusters in the
mitochondria and plastids, respectively, the source of sulfur
for cytosolic/nuclear Fe-S proteins is more enigmatic. In
yeast, a small pool of the single NFSI gene product is localized
in the nucleus [8], but does not play a role in Fe—S protein
assembly [9]. In human cell lines, a mitochondrial and a cyto-
solic/nuclear isoform of the NFS1 homologue (called ISCS)
have been observed [10,11], but only the mitochondrial form
contributes functionally to the assembly of cellular Fe-S pro-
teins [11]. In Arabidopsis, two independent studies found
that NFS1:GFP fusion proteins are exclusively targeted to
the mitochondria [12,13], although the existence of a minor
non-mitochondrial pool can as yet not be ruled out. If the
mitochondprial pool of NFS1 provides a sulfur-containing pre-
cursor for the CIA pathway, then this needs to be exported to
the cytosol via a transporter. A probable candidate is the ABC
transporter of the mitochondria, Atm1 in yeast [14,15]. The
orthologues in mammals (ABCB7) and plants (ATM3) are
also required for the activity of cytosolic Fe—S enzymes [16-
18]. However, disruption of Arabidopsis ATM3 is not lethal,
although growth is severely compromised [18]. Therefore, in
plants the possibility exists that either the plastid CpNifS or
the cytosolic ABA3 can provide persulfide to cytosolic Fe-S
proteins.

The reduction of S° to S*~, and possibly the reductive coup-
ling of two rhombic [2Fe-2S] clusters to [4Fe—4S], require
electrons. NAD(P)H, ferredoxin reductase and ferredoxin
form an electron transfer chain that provides electrons to the
mitochondprial ISC pathway in all eukaryotes, including plants
[19-21]. In plastids, electrons for the assembly of Fe—S clusters
are derived from light or NADPH [22], probably via ferredox-
ins, but the latter remains to be shown. In the yeast cytosol,
the diflavin reductase Tah18 and its partner Dre2 form an
electron input module for the CIA pathway [23]. The Tahl8
and Dre2 proteins were recently described in Arabidopsis,
as ATR3, a homologue of ATR1 and ATR2 (Arabidopsis thaliana
P450 reductases), and AtCIAPIN1 (Arabidopsis thaliana homol-
ogue of the human cytokine-induced apoptosis inhibitor 1)
[24]. In this paper, we use the yeast gene names for the
Arabidopsis homologues, with the prefix At for Arabidopsis
thaliana. Varadarajan et al. [24] found that AtTAH18 interacted
specifically with AtDRE2 identified in a yeast two-hybrid
screen. Moreover, cell fractions of yeast or Nicotiana benthamiana
overexpressing AtTAH18::GFP were shown to have NADPH-
dependent cytochrome c¢ reductase activity. However, the
biological role of AtTAH18 and AtDRE2, particularly regard-
ing Fe-S protein biogenesis, was not established, partly
owing to lack of viable loss-of-function mutants and
incomplete characterization of the yeast proteins at the time.

To investigate the assembly of Fe—S proteins in the plant
cytosol, we have addressed the issues of sulfur source and
electron input. Arabidopsis mutants in the three cysteine desul-
furase genes, encoding the plastid CpNifS, cytosolic ABA3

and mitochondrial NFS1, were analysed for cytosolic Fe-S n

enzyme activities. Our results show that CpNifS is required
for plastid Fe—S enzymes and that ABA3 function is restricted
to Molybdenum cofactor (Moco) maturation. For activity of the
[4Fe—4S]-dependent enzyme aconitase in the cytosol, NFS1 was
required. We also show that AtTAH18 and AtDRE2 could
functionally complement the yeast dre2 mutant only when
expressed together, indicating that AtDRE2—-AtTAH18 complex
formation is of functional importance.

2. Methods

(a) Plant materials and growth

T-DNA insertion mutants in DRE2 (SAIL_1222_B12) and NFS1
(SALK_083681 and WiscDsLox445D06) were obtained from the
Nottingham Arabidopsis Stock Centre. nfs1-1/nfs1-2 hemizy-
gous knock-down individuals were obtained by crossing the
homozygous SALK_083681 line (nfs1-1/nfs1-1) with hetero-
zygous individuals (nfs1-2/NFS1) of the WiscDsLox445D06
line, followed by PCR genotyping of the F1. The other
mutant lines were as previously described: CpNifS [25]; nfu2-1
(SALK_039254) [26,27]; the sir3-3 allele of ABA3 [28]; atm3-1
and atm3-4 [18]. Plants were grown on compost in a controlled
growth cabinet at 21°C, 16h light:8h dark, humidity 65
per cent. For 3-day-old seedlings, seeds were germinated in
3 Murashige and Skoog medium.

(b) Yeast strains, growth and plasmids

Saccharomyces cerevisine W303-1A (MATa, ura3-1, ade2-1, trpl-1,
his3-11,15 and leu2-3,112) was used as wild-type (WT) strain.
The Gal-DRE2 and Gal-TAHI8 strains (carrying the Gall-10
promoter) in this study were constructed using the plasmid
PYM-N23 [29] as the template for PCR amplification of linear
DNA for homologous recombination of the WT strain using
nourseothricin selection. A strain having both DRE2 and
TAH18 genes under the control of the Gall-10 promoter was
constructed from Gal-DRE2 in a similar fashion, but using the
PYM-N23 plasmid in which the NAT gene was replaced by
the Schizosaccharomyces pombe HIS5 gene. Correct promoter
insertion was confirmed by PCR of chromosomal DNA
with primers hybridizing to flanking regions and the inserted
cassette. The AtTAH18 coding region was previously isolated
[24] and the AtDRE2 coding region was PCR amplified
from Arabidopsis thaliana ¢cDNA with gene-specific primers.
AtTAH18 and AtDRE2 were cloned into p414 and p416 yeast
vectors, respectively [30]. For constructs with natural promoters
(NPs) of yeast, 450 bp or 518 bp 5" of the startcodons of DRE2 or
TAH18, respectively, were used. All cloned regions in the
plasmids were confirmed by sequencing. Yeast methods were
according to [23].

() Enzyme assays and spectroscopic analysis

In-gel assays for aldehyde oxidases, xanthine dehydrogenase
and aconitases were as previously described [18]; isopro-
pylmalate isomerase (Leul) activity in yeast cell extracts was
determined according to [14]. Spectroscopy and kinetic analysis
of horse heart cytochrome ¢ reduction by AtTAHI18 was
performed as described in [23].

(d) Protein expression and purification

AtDRE2 or AtTAH18 were cloned into the Sacl and Ncol sites of
the pASK-IBA43plus vector, generating a N-terminal 6xHis-
and C-terminal Strep-tag in fusion with the encoded protein.
Expression of AtDRE2 or AtTAHI18 in E. coli HMS174 was
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started by inoculation of Terrific Broth medium with 1 per cent
(v/v) of an overnight culture. For AtDRE2, the culture at 37 °C
was shifted to 25°C at an ODggonm of 0.5, followed by the
addition of 0.2 mg1~! anhydrotetracylin. Cells were harvested
after 3 h. In the case of AtTAH18, growth was at 20 °C, induc-
tion was at ODgggnm = 0.3 and the harvest was after 16 h.
Extracts were prepared from defrosted cells with an Avestin
liquidizer and clarified by centrifugation for 2 h at 100000 x g
(4 °C). Purification according to the manufacturers” protocols
was with IBA Streptactin Agarose superflow (AtDRE2) or
with Ni-NTA HP Sepharose with 20 mM imidazol in the
lysis/wash buffer (AtTAH18). AtTAH18 was further purified
by Superdex 200pg gel filtration in 25 mM Tris—HCI pH 8.0,
300 mM NaCl buffer using an Akta system.

3. Results

(a) Plant mitochondria, but not plastids, are required
for cytosolic Fe—S enzyme activities

Because plant cells have two functional pathways for Fe—S
cluster assembly, ISC in mitochondria and SUF in plastids,
each could potentially contribute to the assembly of Fe—S
clusters in the cytosol. We have previously shown that
the mitochondrial cysteine desulfurase NFS1 is required for
activity of cytosolic aldehyde oxidases (AO), which
bind two [2Fe-2S] clusters, FAD and Moco [13]. In addi-
tion, we have demonstrated that the mitochondrial ABC
transporter ATM3 is required for the activities of at least
three cytosolic Fe-S enzymes, AO, the structurally related
xanthine dehydrogenase (XDH) and the [4Fe-4S] enzyme
aconitase (ACO) [18]. To investigate whether the plastid
Fe-S assembly pathway also contributes to cytosolic Fe—S
cluster assembly, we analysed the activities of cytosolic
Fe-S enzymes in two mutants of plastid assembly proteins.
Knockout of the cysteine desulfurase CpNifS is lethal, whereas
silencing of its expression leads to decreased activity and/or
protein stability of all resident plastid Fe—S proteins tested
[25]. In contrast, plants lacking the Fe-S scaffold protein
NFU2 are viable, but have severely decreased levels of Photo-
system I and ferredoxin, while plastid Fe—S proteins such as
sulfite reductase (SiR) and nitrite reductase were less
affected, and glutamate synthase and Rieske protein not at
all [26,27]. Plants expressing an ethanol-inducible
RNAIi fragment complementary to CpNifS were grown for
two weeks and treated with 2 per cent (v/v) ethanol to
downregulate CpNifS expression, as previously described
[25]. After two weeks, the plants were dwarfed and chloro-
tic compared with normal growth of WT plants that had
undergone the same treatment (figure 1a). In CpNiFS
silenced leaves, the levels of SiR and the Fe-S subunit of
cytochrome besf complex (CpRieske) were decreased, but
activities of cytosolic AO, XDH and ACO were normal
(figure 1b,c). nfu2-1 mutant plants also had normal activities
of cytosolic Fe—S enzymes. For comparison, AO, XDH and
cytosolic ACO activities were very low or undetectable in
plants homozygous for either a weak or strong allele of
atm3. Despite the chlorotic appearance and severe growth
phenotype of atm3-1 mutant plants, the SiR protein was
stable.

In addition to the mitochondrial and plastid cysteine
desulfurases, plants also contain a cysteine desulfurase in
the cytosol, ABA3. The ABA3 protein consists of two

domains: an N-terminal cysteine desulfurase domain which n

transfers a sulfur to Moco bound to the C-terminal domain,
prior to transfer and insertion of sulfurated Moco into AO
and XDH [31]. Using the same in-gel activity assays, we
found that the sir3-3 allele of ABA3 has strongly decreased
activities of AO and XDH, but that the cytosolic ACO activity
is unaffected (figure 1b,c). These results are in agreement with
previous in vitro data suggesting that activity of ABA3 is
specific for Moco sulfuration [31,32]. Moreover, the phenoty-
pic features of aba3 mutants, which include a darker green
leaf colour and wilty leaves, are very different from atm3
mutants [18,33], also suggesting that ABA3 is not involved
in cytosolic Fe—S cluster assembly.

To confirm that the mitochondrial NFS1 is not only
required for Fe—-S/Moco enzymes like AO [13], but also
for cytosolic Fe—S enzymes, we analysed ACO activity in
an nfsl mutant. A previously reported line in which NFS1
was downregulated by transgenic expression of the coding
sequence in antisense direction was genetically unstable,
whereas T-DNA insertions in the NFS1 coding sequence
cause embryo lethality [13]. Therefore, to obtain a viable
mutant with consistently decreased NFSI expression
levels, we isolated a mutant with a T-DNA insertion in the
5 untranslated region of NFSI1 (nfsl1-1, SALK_083681).
Although transcript levels of NFS1 were decreased by
approximately 50 per cent in homozygous plants, they had
no obvious visual or biochemical phenotypes (data not
shown). However, in combination with a knock-out allele
(nfs1-2), the hemizygous knock-down seedlings showed
delayed germination. During germination of WT Arabidopsis,
high activity of cytosolic aconitase (see the electronic
supplementary material, figure S1) supports a modified
glyoxylate cycle involved in mobilization of storage
lipids (Hooks & Balk, manuscript in preparation). In 3-day-old
nfs1-1/nfs1-2 seedlings, however, aconitase activity is strongly
decreased compared with WT, while the level of aconitase
protein is unaffected (figure 1d). These results indicate a
deficiency in Fe-S cofactor assembly on cytosolic aconitase
and suggest that the mitochondrial cysteine desulfurase is
the source of sulfur for cytosolic Fe—S proteins in plants. More-
over, our data show that neither the plastid Fe—S cluster
assembly machinery, nor the cytosolic cysteine desulfurase
ABA3 play a role in the maturation of Fe—S proteins in the
plant cytosol.

(b) The Arabidopsis homologue of DRE2 is essential for

embryo development

To investigate proteins downstream of NFS1 and ATM3 that
could be involved in the assembly of Fe-S clusters in the
plant cytosol, we have previously annotated Arabidopsis and
Chlamydomonas homologues of the yeast CIA genes [3,34].
All CIA genes were easily identified, except for CFD1, which
is absent in the green lineage [35]. AfDRE2, AtTAHIS,
AtNBP35, AtNARI1, AtCIA1 and AtMETI8 occur as single
genes, whereas three genes with homology to CIA2 are found
in Arabidopsis (table 1). T-DNA insertion mutants are available
for most genes. It has been shown that AtfTAH18, AtNBP35,
AtNARI1, AtCIAT and one of the AfCIA2 genes (named AE7)
are each essential for embryo development (see table 1 and
references). In contrast, Arabidopsis met18 knock-out mutants
have no obvious phenotype [37].
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Figure 1. Fe—S enzyme activities in Arabidopsis mutants in Fe—S duster and Moco assembly genes. (a) Growth phenotypes of wild-type (WT) and mutants in the
following genes: the plastid cysteine desulfurase CpNifS, downregulated by expression of an ethanol-inducible RNAi; the plastid Fe—S duster scaffold NFU2; the Moco
sulfurase ABA3 (sir3-3 allele); the mitochondrial ABC transporter ATM3, of which a weak allele (atm3-4) and strong allele (atm3-7) are shown. (b) Leaf extracts from
4-week-old plants of WT and the indicated Arabidopsis mutants were separated by native gel electrophoresis and stained for activity of aldehyde oxidases (A0) and xanthine
dehydrogenase (XDH). Protein samples of the same extracts (20 j.g) were separated by SDS—PAGE, blotted and labelled with antibodies against sulfite reductase (SiR). The
blots were stained with Ponceau S to confirm equal protein loading. (c) Leaf extracts from four-week-old WT and mutant plants were separated on native starch-poly
acrylamide gels and stained for aconitase activities (ACO) localized in the cytosol (cyt) or mitochondria (mit). Aliquots of 20 g protein were also separated on denaturing
gels, blotted and immuno-labelled for the Rieske Fe—S subunit of cytochrome bef complex (CpRieske). Ponceau S staining confirmed equal protein loading. (d) Total extracts
of 3-day-old seedlings from WT and nfs7 (a mutant in the mitochondrial cysteine desulfurase NFS1) were separated by native gel electrophoresis and stained for aconitase
activity. At this developmental stage, only one dominant, cytosolic aconitase isoform is expressed; see the electronic supplementary material, figure S1. Protein of the same
extracts (20 ug) were separated by SDS—PAGE, blotted and labelled with antibodies against aconitase, after staining with Ponceau S to confirm equal protein loading.

Since the phenotype of atdre2 mutants has not been
described, we screened the stock centres for T-DNA insertion
mutants. Several lines were obtained, but only one line in the
SAIL collection [40] displayed a phenotype. The T-DNA is
inserted in the fifth exon, which is likely to cause complete dis-
ruption of expression. No homozygous mutant plants were
found among the offspring of heterozygous parents. Further
inspection of the seed pods revealed inviable seeds among
healthy-looking seeds (see the electronic supplementary
material, figure S2), at a ratio of 75:190 (n =6 siliques), or
approximately 1:3 ( X°=1.634; x%s=3.841). Based on the
small size of aborted seeds, embryo development is arrested
at an early stage, similar to mutants in AfTAH18, AtNBP35,
AE7, AtCIA1 and AtNARI1 [37]. Evidently, the CIA genes
perform a fundamental function in plants.

(c) AtDRE2 and AtTAH18 fully complement a yeast dre2

mutant when expressed together
To further investigate the function of AtDRE2, the Arabi-
dopsis gene was cloned and expressed from a plasmid in
the yeast Gall-10-DRE2 regulatable mutant (abbreviated
Gal-DRE2). Upon downregulation of DRE2 by changing the
carbon source to glucose, the Gal-DRE2 cells stopped grow-
ing (figure 2a). While constitutive expression of ScDRE2
was able to rescue growth, expression of AtDRE2 from
either the natural yeast DRE2 promoter (NP) or the strong
TDH promoter did not rescue.

We also investigated whether AtTAH18 could complement
a yeast Gall-10-TAH18 mutant (abbreviated Gal-TAH1S).
Upon downregulation of the yeast TAHI8 gene, constitutive
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Table 1. Arabidopsis genes of the (/4 pathway and their mutant phenotypes.

yeast respectively

locus gene name human homologues

At5¢18400 DRE2, CIAPINT DRE2, CIAPINT/

anamorsin

ACQDE0 WIS, AR TAHIS NOORT
At5g50960 NBP3S NBP35, NUBP2
Atdg16440 NART NART, 10P1/NARF
e o anae
At1g68310 AE7 (142, MIP18
s s
(ABgO0 - AEFike2(ARL)
At5g48120 MET18 METI8, MMS19

expression of the Arabidopsis homologue could only partially
rescue growth when the expression level was increased using
the MET25 promoter (figure 24). Because Dre2 and Tah18 pro-
teins in yeast, human and Arabidopsis are known to form a
protein—protein interaction [23,24,41], we tested whether co-
expression of AtTAHI8 and AtDRE2 could complement dre2
yeast. When expressed from either the NP or MET25 promoter
for AtTAH18, the combined expression of the plant genes
almost fully complemented growth of a Gal-DRE2 single- and
Gal-TAH18/Gal-DRE2 double mutant.

To confirm that yeast growth in the complemented strains
was owing to restoration of Fe—S protein biogenesis, the
activity of the cytosolic Fe-S enzyme isopropylmalate iso-
merase (Leul protein) was measured. Co-expression of
Arabidopsis TAH18 and DRE2 did restore approximately 30
per cent of the Leul activity measured in control cells
(figure 2b). These data indicate that the AtTAHI8 and
AtDRE2 proteins form a functional unit that can serve the
same function as the respective yeast homologues.

(d) AtTAH18 is a flavoprotein and AtDRE2 binds

Fe—S dusters
To characterize the cofactors and activities of AtTAH18 and
AtDRE2, we expressed these proteins in E. coli. Upon
expression at 30°C the majority of AtTAH18 was found in
inclusion bodies. Induction at 20 °C resulted in soluble full-
length AtTAH18, which could be purified by Ni-NTA affinity
chromatography and gel filtration (0.1 mgg ' E. coli cells).
The yellow monomeric protein contained approximately 1
flavin per molecule, as calculated from the characteristic absor-
bance maxima at 365 and 450 nm (figure 3a). Electron transfer
from NADPH and NADH (0.074 and 0.046 ™", respectively)
to the commonly used electron acceptor cytochrome c (see
figure 3b and electronic supplementary material, figure S3)
occurred at a rate typical for other diflavin reductases from

mutant allele(s) phenotype references
T-DNA insertion embryo lethal this study
~ T-DNA insertion ” er'n'brvyo' lethal [24] v
o embryo s [3536] I
T-DNA insertion  ovule abortion or early 3738
embryo lethal
oA e o embryolethal S [37] v
S embryo wl [37] R
va5v1va v o vsm'aillv, chlvorotivc,v alféred vlea'fv [3739]
architecture; increased DNA
damage; aconitase activity
decreased, but not
aldehyde oxidase
T N/A S Aottt vsaboet s [37] R
oA e nophenotype e [37] R

the same family [2342]. K,,, values for cytochrome ¢, NADPH
and NADH were 10, 50 and 28 M, respectively. The specificity
constants (Viax/ Ky) are thus almost identical, indicating that in
vivo both reduced coenzymes can act as an electron donor.

AtDRE2 could be obtained in moderate yield following
purification on a Strep-tactin column (0.3 mg g~ ' E. coli cells).
The red-brownish protein had a UV-visible absorbance spec-
trum with maxima at 315 and 420 nm, suggesting it binds a
[2Fe-2S] centre (figure 3c). Reduction of the protein sample
revealed an electron paramagnetic resonance (EPR) spectrum
characteristic of a rhombic [2Fe-2S]'* cluster, which was
detectable up to 84 K (figure 3d). The g values as determined
by simulation of the EPR spectrum (1.998, 1.959 and 1.916)
are similar to those reported for the purified yeast Dre2 protein
[43,44]. Since chemical analysis detected approximately 1.3 Fe
and S per polypeptide, we anaerobically reconstituted
AtDRE2. As seen in figure 3¢, the amount of visible Fe—S chro-
mophores bound to AtDRE2 increased approximately
sevenfold. The intensity of the contribution of the [2Fe-2S1**"
cluster increased and was accompanied by a general increase
of less-structured absorbance in the 400-700 nm region.
These results indicate that a [4Fe—4S] cluster is present in the
holo-form in addition to the [2Fe-2S] cluster.

4. Discussion

The cells of plants and green algae have both mitochondria
and plastids, each with an evolutionarily distinct pathway
for the assembly of Fe-S clusters, termed ISC and SUF,
respectively [6]. Previous reports showed that the pathways
act independently: downregulation of the plastid cysteine
desulfurase CpNifS did not impact on mitochondprial respirat-
ory function [25]. Mutants in the mitochondrial ABC
transporter ATM3 affected cytosolic Fe—S enzymes, but not
plastid Fe—S proteins such as Photosystem I, nitrite reductase
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Figure 2. Arabidopsis TAH78 and DRE2 complement yeast dre2 when expressed together. (a) The indicated yeast strains were transformed with the listed plasmids.
After growth for 40 h on liquid glucose-containing minimal medium, successive 10-fold dilutions of a cell suspension with ODggg oy = 0.5 were spotted on agar plates.
Photographs were taken after 40 h of growth at 30 °C. (b) Isopropylmalate isomerase (LeuT) specific activities of cell extracts of yeast strains as in (a). Extracts were
prepared from cells grown for 40 h on liquid glucose-containing minimal medium. —, no plasmid; @, empty plasmid.

and chlorophyllide a oxygenase [18]. Here, we extend these
observations to include evidence that the cytosolic Fe—S
enzymes depend on the mitochondrial assembly pathway,
but not the plastid assembly machinery. The findings suggest
that the dependence of the cytosolic Fe—S clusters on the
mitochondria was established before the second endosymbio-
sis event leading to plastids, and that this situation was
maintained after the introduction of the SUF Fe-S cluster
assembly pathway into the cell.

Interestingly, from yeast to human cells to plants, the
assembly of cytosolic/nuclear Fe—S proteins depends on a
cysteine desulfurase that is localized in the mitochondria.
Are there constraints to re-localize certain steps of the cluster
assembly process, or is there a specific, biochemical reason for

NFS1 to be in the mitochondria? Examples of assembly pro-
teins in unexpected locations have been reported. The
Arabidopsis SUFE protein fused to GFP localized to both
plastids and mitochondria [45]. The unicellular eukaryote
Blastocystis, which has rudimentary mitochondria and no
plastids, appears to have acquired a functional SufC-SufB
fusion protein by lateral gene transfer. The SufCB protein is
localized in the cytosol, alongside putative CIA proteins
[46]. Also, as mentioned earlier, the mitochondrial cysteine
desulfurase is found in the cytosol/nucleus of yeast and
human cells, although this pool does not serve extra-mito-
chondrial Fe-S protein biogenesis. So given that targeting
of a protein is subject to evolutionary change, there must
be another reason why the source of sulfide for cytosolic
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Figure 3. Cofactors and activity of AtTAH18 and AtDRE2. (a) UV-visible absorbance spectrum of purified AtTAH18 (3 M) in 25 mM Tris—HCl, pH 8.0, 150 mM NaCl.
(b) Electron transfer from NADPH to horse heart cytochrome ¢ (41 M) by purified AtTAH18. Best fits of experimental points to the Michaelis Menten equation (solid
lines) are for a turnover number of 0.074 or 0.046 s~ ' (at infinite cytochrome ¢ concentration) and Ky, of 50 M or 28 M for NADPH and NADH, respectively.
Buffer as in (a). () UV-visible absorbance spectra of 30 M purified AtDRE2 before (as isolated) and after chemical reconstitution and desalting (reconstituted).
Buffer as in (a). (d) X band EPR spectra of purified (as isolated) AtDRE2 (100 M) reduced with 2 mM sodium dithionite in buffer. EPR conditions: microwave
frequency, 9.458 GHz; microwave power, 1.3 mW (10 K) or 20 mW (84 K); modulation amplitude, 1.25 mT; modulation frequency, 100 kHz. Simulation parameters
for the EPR signal: g, g, and g,; 1.998, 1.959 and 1.916 with line widths of 2.3, 4.1 and 3.4 mT, respectively.

Fe-S clusters is restricted to the mitochondrial matrix. It has
been suggested that the ISC pathway is oxygen sensitive, and
can only function in the matrix because of lower oxygen
partial pressure in this compartment.

The biochemical characterization of Arabidopsis TAH18
and DRE2 reported here, together with other recent studies
of plant homologues of the yeast CIA proteins (table 1),
allow a first draft of the cytosolic Fe—S cluster assembly path-
way in plants (figure 4) as well as comparison with other
eukaryotes. Successful complementation of the yeast dre2
mutant with the Arabidopsis TAH18-DRE2 module and
characterization of their redox-active cofactors suggest that
these proteins also act as an electron transfer chain in the
plant CIA machinery. Based on *°Fe incorporation studies
in yeast, TAH18-DRE2 act early in the pathway before
NBP35, whereas the CIA targeting complex acts late. In
plants, NBP35 forms a dimer carrying a stable N-terminal
cluster, and a labile C-terminal cluster that spans the two pro-
tomers [35,36]. Because of its labile nature, the C-terminal
cluster is probably the cluster that is transferred to target apo-
proteins. The presence of a nucleotide binding domain

indicates that NBP35 function needs ATP or GTP, most prob-
ably for loading of the Fe—S cluster on the scaffold, as shown
in yeast [47]. In fungi and metazoa NBP35 forms a hetero-
tetramer with Cfd1/NUBP1. Cfdl has sequence similarity
to the C-terminus of Nbp35, including the nucleotide binding
domain and the CxxC motif binding a labile Fe—S cluster. As
mentioned before, Cfd1 is absent in the green lineage [35].
The CIA targeting complex consists of four proteins:
NARI has intriguing similarity to [Fe—Fe] hydrogenases;
the CIA1 protein is thought to act as a protein binding plat-
form of the complex; the AE7 protein has an hyper-reactive
thiol; and the MET18 protein belongs to the HEAT repeat
proteins (figure 4). Although the precise molecular functions
of these proteins remain to be determined, the formation of
the complex and its biological function is conserved from
yeast to humans and plants [37,48,49]. A universal pheno-
type of cin mutants is the loss of nuclear genome integrity.
Interestingly, early observations in Arabidopsis already
pointed to altered nuclear morphology and increased
expression of DNA repair proteins in an atm3 mutant [12].
Also, AtTAHI18 was suggested to have a role in DNA
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Figure 4. Diagram summarizing proteins required for the assembly of cytosolic and nuclear Fe—S protein in plants. The mitochondrial cysteine desulfurase NFS1 and
its partner protein ISD11 are providing sulfur, which is exported from the mitochondria in an as yet unknown form. The requirement of other mitochondrial ISC
proteins remains to be demonstrated in plants. The ABC transporter ATM3 is likely to be involved in transport of the sulfur compound, and also supports the
biosynthesis of molybdenum cofactor (Moco). Fe—S cofactors are depicted by a cluster of two yellow and two red balls. Labile clusters that are thought to
be transferred during the assembly process are enlarged relative to the stable/permanent clusters. Solid arrows indicate steps for which there is experimental
evidence; broken arrows with e indicate electron transfer; dotted arrows indicate steps in the process for which there is as yet little or no experimental evidence.
Protein interactions are based on Refs. [24,37]. There is no CFD1 homologue in the green lineage.

replication [24]. These observations are now understood
because replicative DNA polymerases have been shown to
require an Fe-S cluster [50]. However, differences between
eukaryote species have also been observed. For example,
the Arabidopsis met18 mutant has no obvious phenotype,
although in combination with a single allele of a partial ae7
mutant, the phenotype is strongly enhanced compared with
the ae7 homozygote. In contrast, met18 mutants in yeast do
have a slow-growth phenotype and methionine auxotrophy,
whereas mouse embryos lacking the MET18 homologue
MMS19 are embryo lethal [36,47].

Key questions that remain with respect to the assembly of
cytosolic/nuclear Fe—S clusters are (i) what is the sulfur-
containing substrate of the mitochondrial ABC transporters?
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Glossary

ABA3

ABC
ABCB7

ACO

AO

At

Atml1

ATM3

ATR1,
ATR2 or
ATR3

CFD1
CIA genes

CIA
pathway
CIAPIN1

CpNifS

CxxC
DRE2

EPR
Fe-S

cysteine desulfurase enzyme encoded by the
ABA3 gene (ABSCISIC ACID3). The enzyme is
required for sulfuration of Moco in aldehyde oxi-
dases and xanthine dehydrogenases. Aldehyde
oxidase 3 carries out the final step in the biosyn-
thesis of abscisic acid, an important plant

hormone.

ATP-binding cassette

ATP-binding cassette transporter, B group,
number 7

aconitase

aldehyde oxidase

as prefix to gene and protein names, meaning
Arabidopsis thaliana

ATP-binding cassette (ABC) transporter of the
mitochondria in Saccharomyces cerevisiae
ATP-binding cassette (ABC) transporter of the
mitochondria in Arabidopsis thaliana

Arabidopsis thaliana P450 reductase

cytosolic Fe—S cluster deficient

genes identified based on their requirement for
the assembly of Fe-S clusters on cytosolic
and nuclear proteins, but not on mitochondrial
Fe—S proteins

cytosolic iron—sulfur protein assembly pathway

cytokine-induced apoptosis inhibitor 1; human
homologue of DRE2

chloroplast NifS-like (nitrogenase fixation S-like)
protein, the cysteine desulfurase enzyme loca-
lized in chloroplasts

cysteine-x-x-cysteine amino acid sequence, with x
denoting any amino acid

Fe—S binding protein encoded by the DRE2 gene,
derepressed for ribosomal protein 514 expression
electron paramagnetic resonance

iron—sulfur

Gal

GFP
HEAT
repeat

isc gene
cluster

IsC
pathway

ISCS

MET25
Moco
NFS1
NFU2
NP

Sc

SiR
sir3-3

suf operon
SUF
pathway

TAH18

TDH

T-DNA

WT
XDH

galactose; in this text used as an abbreviation for
galactose-inducible promoter

green fluorescent protein

tandemly repeated, 37—-47 amino acid long-module
occurring in a number of cytoplasmic proteins,
including the four name-giving proteins huntingtin,
elongation factor 3, alpha regulatory subunit of
protein phosphatase 2A and TOR1

cluster of seven genes in bacteria required for
iron—sulfur cluster assembly

iron—sulfur cluster (assembly) pathway

human homologue of the bacterial IscS protein,
a type-I cysteine desulfurase

yeast gene involved in methionine synthesis. The
promoter is used in this study to drive constitu-
tive expression of transgenes

molybdenum cofactor

NifS-like gene encoding a cysteine desulfurase
NifU-like protein 2

natural promoter

as prefix to gene and protein names, meaning
Saccharomyces cerevisiae

sulfite reductase

sirtinol resistant allele 3—3 (not to be confused
with sulfite reductase!)

bacterial operon of six genes involved in sulfur
mobilization for the biosynthesis of Fe—S clusters
under oxidative stress and iron limitation.

sulfur mobilization pathway

gene that was first identified in a mutant screen
for Top1T722A Hypersensitivity.

yeast gene encoding a Triose-phosphate DeHydro-
genase. The promoter is used in this study to drive
the expression of transgenes at very high levels.
transfer DNA; large segment of DNA transferred
by Agrobacterium into the plant genome
wild-type

xanthine dehydrogenase
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