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Abstract

Iron is an essential element for all photosynthetic organisms. The biological
use of this transition metal is as an enzyme cofactor, predominantly in elec-
tron transfer and catalysis. The main forms of iron cofactor are, in order of
decreasing abundance, iron-sulfur clusters, heme, and di-iron or mononu-
clear iron, with a wide functional range. In plants and algae, iron-sulfur
cluster assembly pathways of bacterial origin are localized in the mitochon-
dria and plastids, where there is a high demand for these cofactors. A third
iron-sulfur cluster assembly pathway is present in the cytosol that depends
on the mitochondria but not on plastid assembly proteins. The biosynthesis
of heme takes place mainly in the plastids. The importance of iron-sulfur
cofactors beyond photosynthesis and respiration has become evident with
recent discoveries of novel iron-sulfur proteins involved in epigenetics and
DNA metabolism. In addition, increased understanding of intracellular iron
trafficking is opening up research into how iron is distributed between iron
cofactor assembly pathways and how this distribution is regulated.
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Moco: molybdenum
cofactor
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INTRODUCTION

The iron (Fe) content in food plants generally lies in the range of 0.3 mg per 100 g (in starchy
tubers) to 3 mg per 100 g (for broccoli and peas), and it can be as high as 11 mg per 100 g (in dried
lentils) (30). Vegetables are therefore an important source of nutritional Fe. The amount of Fe in
plants is 5–100-fold higher than that of any other transition metal required for plant life—namely,
molybdenum, manganese, cobalt, nickel, and copper. However, Fe is difficult to extract from the
environment, being insoluble in its oxidized form. Moreover, as a redox-active element, Fe is
potentially very toxic, and its intracellular concentration therefore needs to be tightly regulated.
Clearly, these disadvantages are outweighed by the benefits of Fe for (plant) life, which lie in its
extreme versatility as an enzyme cofactor.

In photosynthetic organisms, iron-sulfur (Fe-S) clusters are arguably the most abundant use of
Fe as a cofactor, much more so than heme. However, no precise figures can be given because the
labile Fe-S clusters are not easy to quantify, and the abundances of Fe-S and heme proteins vary in
different plant tissues. The key role of Fe-S clusters in photosynthesis sparked early interest and
research into these cofactors (27, 108, 115) and raised the question of how they are assembled (61,
109, 110). Despite these efforts, the principal genes involved in Fe-S cluster assembly were identi-
fied in bacteria and yeast only in the last 15 years, almost 50 years after the clusters were discovered
(64, 111, 139). By contrast, heme biosynthesis pathways were unraveled several decades ago, and
research is currently directed to the cell biology and regulation of heme biosynthesis (74, 112).

In this review, we focus on the recently characterized assembly pathways of Fe-S cofactors in
plants, mainly in Arabidopsis. (For more details on heme biosynthesis, see the reviews provided
by References 74 and 112.) We also discuss the intersections of the assembly pathways of Fe-S
clusters, heme, and molybdenum cofactor (Moco). The pathways are placed in a cell-biological
context, which is particularly relevant in plant cells because of the compartmentalization in plastids,
mitochondria, and cytosol. We mainly provide outlines of the Fe-S cluster assembly pathways;
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Fenton reaction:
reaction of ferrous iron
(Fe2+) with hydrogen
peroxide to produce
ferric iron (Fe3+) and a
highly reactive
hydroxyl radical

for more biochemical and biophysical details on the individual proteins involved, we refer readers
to several excellent reviews (23, 65, 97). In addition, we summarize how mutants in Fe-S cluster
assembly affect specific processes in plant growth and development. We also include data from
large-scale systems studies to discuss how the biosynthesis of Fe cofactors may be regulated.

THE CHEMISTRY OF FE, HEME, AND FE-S CLUSTERS

Before we can discuss the cell biology of Fe cofactors, it is necessary to briefly go over the chemical
properties of Fe, either on its own or in complex with sulfur (S) or organic structures. Fe and S
are abundant elements that occurred as soluble Fe2+ and S2− (sulfide) in the early anoxic existence
of our planet. Mineral surfaces of FeS are naturally good catalysts. In some minerals, Fe and
sulfide form rhombs or cubanes similar to those found in biological Fe-S clusters (87). Upon the
dramatic rise in atmospheric oxygen, Fe was oxidized, and it now exists mainly as insoluble Fe3+. S
is present in the environment predominantly as soluble SO2−

4 , and eight reducing equivalents are
required to incorporate S into the amino acids cysteine and methionine, or, via cysteine, into Fe-S
clusters. Fe-S clusters are easily destroyed by O2 or reactive oxygen species, releasing free Fe2+ that
catalyzes the Fenton reaction, generating more reactive oxygen species. Nevertheless, Fe, heme,
and Fe-S-dependent enzymes are widespread in the aerobic world and play many critical roles in
essential metabolic pathways. Only a handful of examples exist in which Fe has been replaced by
copper as a redox center (72) or by different chemical structures altogether. Clearly, the properties
of Fe are unique and irreplaceable, and cells spend a large amount of energy to acquire Fe from
the environment and handle it safely inside the cell.

Fe belongs to the group of transition metals, which can give rise to cations with an incomplete
d subshell of electrons. The more exposed electrons can form π bonds with organic ligands. The
accessible oxidation states are Fe2+ with six d electrons and Fe3+ with five d electrons. Organic
structures, ligands, and protein folds can extend the range of redox potentials of Fe cofactors from
−650 mV to +450 mV. Generally, Fe-S enzymes tend to have more negative redox potentials,
and heme and other Fe proteins tend to have more positive redox potentials (11).

In heme, Fe is coordinated in a tetrapyrrole ring with four nitrogens as ligands. Heme is a flat,
rigid structure that is highly stable (Figure 1a). The function of Fe in heme depends on the axial
ligands perpendicular to the tetrapyrrole ring. If one axial ligand is unoccupied, Fe can bind oxygen
and serve as an oxygen carrier, as in hemoglobin and myoglobin. In cytochrome P450 enzymes,
the free site binds water to catalyze hydroxylations and other reactions. In cytochromes with an
electron transfer function, the axial ligands are commonly two histidines or one histidine and
one methionine. In the siroheme proteins sulfite reductase and nitrite reductase, a cysteine ligand
bridges to an Fe4S4 cluster (Figure 1b). Heme can occur as free heme, but it is highly insoluble
and its concentration inside the cell is extremely low. Heme is transported across membranes, but
the current knowledge of heme transporters is fragmented and in some cases ambiguous (39).

In Fe-S clusters, Fe2+/3+ is combined with S2−, which is inserted in the sulfane (S0) form and
subsequently reduced. Once incorporated in a cluster, the S2− does not undergo redox transitions,
but the d electrons of Fe become delocalized. Therefore, the valency of the cluster as a whole is
indicated using square brackets: [2Fe-2S]2+ + e ↔ [2Fe-2S]+. The Fe atoms are usually bound
by cysteinyl ligands of the protein. Other ligands also occur, such as histidine in the Rieske-type
cluster, increasing the redox potential to +300 mV. Most common are rhombic Fe2S2 and cubane
Fe4S4 clusters (Figure 1c). Interconversions of cluster types have been demonstrated in vitro and
in vivo, illustrating the modular nature of the clusters (12, 138). The Fe4S4 cluster is less stable than
Fe2S2. Although, as mentioned above, Fe-S clusters are easily destabilized by oxygen, it should be
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Figure 1
Structures of Fe cofactors. (a) Heme is a planar structure consisting of a tetrapyrrole ring ( gray) and Fe (red ).
Fe is inserted in the center and bound by four nitrogen ligands. The axial ligands of heme bind the cofactor
to the protein backbone (histidine residue in blue) or, when unoccupied, are involved in substrate binding.
(b) In siroheme, a protein-bound cysteinyl residue forms a bridge between heme Fe and an Fe4S4 cluster.
(c) Fe-S clusters are modular structures. Two Fe2S2 clusters (left) can be converted into an Fe4S4 cluster
(right) by reductive coupling. Fe4S4 clusters are the most common form of Fe-S cluster. The Fe atoms bind
the protein cysteinyl groups as depicted here, but other amino acid residues are also found as ligands, for
instance, histidine in Rieske protein. (d ) Strings of Fe-S clusters channel electrons across protein complexes,
such as in photosystem I and respiratory complex I. Indicated are the P700 reaction center of photosystem I
and the organic cofactors NADH, flavin mononucleotide (FMN), and ubiquinone (Q) for complex I. The
distances between clusters (in angstroms) are indicated for complex I. Panels were drawn manually from
available 3D models based on crystal structures.
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Holoprotein:
a protein combined
with its prosthetic
group, including
cofactors or metal ions
(cf. apoprotein,
defined below)

TAT: twin-arginine
transport

Iron-sulfur cluster
(ISC): an assembly
pathway in
mitochondria or
bacteria

Sulfur mobilization
(SUF): an Fe-S
assembly pathway in
the plastids or
(cyano)bacteria

noted that Fe2S2 ferredoxins are remarkably stable when purified in the presence of atmospheric
oxygen levels.

Most Fe-S clusters have an electron transfer function (11). A string of clusters with individual
distances of less than 14 Å can transfer electrons across a protein complex, such as in photosystem I
and respiratory complex I (Figure 1d ). Electron transfer chains often bridge flavin cofactors with
ubiquinone or hemes.

Fe-S clusters can also have catalytic functions. For example, the Fe4S4 cluster in aconitase
acts as a Lewis acid: One of the nonliganded Fe atoms of the cluster binds the substrate citrate
and removes a proton and a hydroxyl group, which is followed by rehydration of the substrate
to form isocitrate. In radical S-adenosyl methionine enzymes such as biotin synthase and lipoate
synthase, an Fe4S4 cluster is employed to stabilize an S-adenosyl radical, and a second cluster
serves as an S donor. In helicases and DNA-binding proteins, Fe4S4 clusters appear to provide
stability to a protein fold (129). However, why Fe-S clusters are chosen over zinc centers in certain
proteins remains to be established. The labile nature of Fe4S4 clusters has been exploited in several
regulatory proteins, mainly in bacteria—for example, in redox-sensitive transcription factors (29).
Thus far, no examples of regulatory Fe-S proteins have been found in plants or algae.

COMPARTMENTALIZATION OF FE COFACTOR
ASSEMBLY IN PLANT CELLS

Mitochondria and chloroplasts harbor many abundant Fe proteins and are the principal sites of Fe
cofactor assembly. Heme biosynthesis, in particular tetrapyrrole biosynthesis, is localized in the
plastids, but some reports have indicated that the last step, Fe insertion by ferrochelatase, may also
take place in the mitochondria (74, 112). By contrast, Fe-S cluster assembly is mediated by distinct
pathways in different cell compartments, in line with the cellular distribution of Fe-S proteins
and the instability of Fe-S clusters. In addition to being in the chloroplasts and mitochondria,
Fe-S proteins are found in the cytosol and nucleus, but they are likely to be absent from the
endomembrane system (endoplasmic reticulum) and peroxisomes. In the endoplasmic reticulum,
redox reactions and hydroxylations are carried out by thiol oxidases and heme enzymes. In the case
of peroxisomes, it is thought that the H2O2 generated in this compartment would destroy Fe-S
clusters. As a consequence, one step of the glyoxylate cycle, the conversion of citrate to isocitrate
by aconitase, is located in the cytosol, necessitating the transport of citrate out of the peroxisome
and isocitrate back into it (42).

Protein localization data showed that proteins involved in the assembly of Fe-S clusters are
present in the plastid stroma, mitochondrial matrix, and cytosol (Figure 2a). Those Fe-S pro-
teins with a nuclear destination are likely to be transported as holoproteins across the nuclear
envelopes through the nuclear pores. Within the organelles, the Rieske proteins are found in
subcompartments and are therefore separated from the assembly machinery by a membrane. The
Rieske proteins in the thylakoids of plastids are thought to be transported by the twin-arginine
transport (TAT) system (38). The TAT system is well studied in bacteria and mediates the mem-
brane transport of completely folded proteins with their cofactors (91). The universal occurrence
of a TatC homolog in plant mitochondrial genomes and a twin arginine in the N terminus of the
Rieske protein of cytochrome bc1 is suggestive of TAT-mediated transport of this protein in plant
mitochondria, but this remains to be investigated.

The Fe-S cluster assembly pathways in plant mitochondria and chloroplasts are similar to those
found in bacteria. In Escherichia coli, two different genetic systems for Fe-S cluster assembly have
been identified and well characterized: the iron-sulfur cluster (isc) gene cluster (comprising seven
core genes) and the sulfur mobilization (suf ) operon (comprising six genes) (97). Systems in other
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Figure 2
Outline of Fe-S cluster assembly pathways in plant cells. (a) Localization of the sulfur mobilization (SUF)
pathway in plastids (stroma), the iron-sulfur cluster (ISC) pathway in mitochondria (matrix), and cytosolic
iron-sulfur protein assembly (CIA) proteins in the cytosol. Iron (red ) enters the cell via the plasma
membrane and is then distributed between the different Fe cofactor assembly pathways. The amount of iron
allocated to each assembly pathway depends on requirements in the cell, but, especially in leaves, most of the
iron goes to the plastids (thicker arrow). Assembly of Fe-S proteins in the cytosol depends on the
ATP-binding cassette (ABC) transporter ATM3, which transports an unknown compound. (b) The basic
steps in the SUF and ISC pathways. After cluster assembly on the scaffold (SUFBCD and ISU1,
respectively), the cluster can be transferred to different carrier proteins (NFU, etc.), indicated by gray
arrows. Both systems also need electrons and electron donors, but for simplicity, these are not depicted.

organisms bear significant similarity to one of these two systems. For example, the nifS and nifU
genes in nitrogen-fixing bacteria have clear homology to the iscS, iscU, and fdx genes of the isc gene
cluster in E. coli (139). Gram-positive bacteria and cyanobacteria have suf-like systems, whereas
archaea have homologs of at least one sufB and one sufC gene (111).
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CIA: cytosolic
iron-sulfur protein
assembly

ABC transporter:
ATP-binding cassette
transporter

KEY DIFFERENCES IN FE-S CLUSTER ASSEMBLY PATHWAYS BETWEEN PLANTS
AND FUNGI/METAZOA

Studies of Arabidopsis genes and mutant alleles involved in Fe-S cluster assembly have identified several key differ-
ences compared with fungi and metazoa:

� Plants have an additional Fe-S cluster assembly pathway in the plastids, including a complete set of SUF
proteins and additional NFU proteins, similar to the pathway in cyanobacteria.

� Specialized SUFE proteins characterized by different C-terminal domains are present in higher plants but not
in algae.

� The ABC transporter of the mitochondria (ATM3 in Arabidopsis) is required for Fe-S protein assembly in the
cytosol but plays no role in Fe signaling. This suggests that the Fe sensor, or the Fe-sensing mechanism in
plants, is different from that in yeast or mammals (see sidebar Fe-Sensing Mechanisms in Yeast and Mammals,
below).

� Plants and algae do not have a CFD1 homolog in the cytosolic assembly pathway. The NBP35 protein is thought
to function as a dimer, in contrast to the Nbp35-Cfd1 heterotetrameric complex in yeast and mammals.

From the Arabidopsis genome sequence released in 2000 (4) it became clear that plants have
complete sets of homologs for both the ISC and SUF systems (6, 48). All ISC and SUF homologs
are encoded by the nuclear genome, but most have N-terminal sequences with signatures for
organellar targeting. Bioinformatics algorithms predict that all SUF homologs are targeted to the
plastids and all ISC homologs are targeted to the mitochondria (Figure 2a, Table 1). A decade
of gene characterization studies using fluorescent protein fusions or immunolabeling has indeed
confirmed the predicted localization of most key components. Large-scale proteomics studies
support these results (Table 2).

The presence of essential Fe-S proteins in the cytosol and nucleus indicates that the cy-
tosol has the capacity to assemble and repair Fe-S clusters. Proteins involved in cytosolic/nuclear
Fe-S cluster assembly have been identified in yeast and placed together in the so-called cytosolic
iron-sulfur protein assembly (CIA) pathway (64). Five of the six CIA protein members are highly
conserved in all eukaryotes, but they bear no sequence similarity to proteins of the ISC and SUF
pathways. Nevertheless, functional parallels (electron transfer, scaffolds) can be drawn to some
extent with the ISC system (Table 1). The cytosolic pathway appears to depend on the mito-
chondrial assembly pathway and an ATP-binding cassette (ABC) transporter protein in the inner
mitochondrial membrane (see below and Figure 2a).

Genome analysis of Chlamydomonas (37), rice (63), and alveolates with secondary plastids such
as diatoms (17) and Plasmodium (41) suggests that the pathways of Fe-S cluster assembly are
highly conserved in the green lineage. The main differences compared with fungi and metazoa are
summarized in the sidebar Key Differences in Fe-S Cluster Assembly Pathways Between Plants
and Fungi/Metazoa.

MOLECULAR STEPS OF THE ISC AND SUF ASSEMBLY PATHWAYS

Functional analyses of the ISC and SUF proteins in Arabidopsis indicate that the pathways operate
similarly to the well-studied systems in bacteria (ISC and SUF) and yeast mitochondria (ISC).
Therefore, we provide a brief overview of the key steps in the assembly process here, and refer
readers to other excellent reviews for further details (23, 65, 97).
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Table 1 Proteins involved in Fe-S cluster assembly and the last step of heme biosynthesis

Plastids Mitochondria Cytosol

Fe-S cluster assembly

SUF pathway ISC pathway CIA pathway

Proposed function

NFS2/CpNifS/SUFS
(AT1G08490)

NFS1 (AT5G65720) Donated by NFS1 via
ATM3/STA1/ABCB25
(AT5G58270)?

Cysteine desulfurase
(Persulfide generation)

SUFE1-BolAa (AT4G26500)
SUFE2 (AT1G67810)
SUFE3-NADAa  

ISD11 (AT5G61220)
SUFE1-BolAb (AT4G26500)

Necessary for NFS2 and
NFS1 activity,
respectively

FAD cofactor of the SUFBC2D
complex

ADXR/MFDR
(AT4G32360)

TAH18/ATR3 (AT3G02280) Reductase      Electron
                         donation

ADX1/MDFX2
(AT4G21090)

ADX2/MDFX1
(AT4G05450)

DRE2/CIAPIN (AT5G18400) Electron
 transfer

SUFBC2D complex
(AT4G04770, AT3G10670,
AT1G32500)

ISU1 (AT4G22220)
ISU2 (AT3G01020)
ISU3 (AT4G04080)

NBP35 (AT5G50960) Fe-S cluster scaffold

FH/frataxin (AT4G03240) Putative Fe donor,
regulator of NFS1

HSCA1 (AT4G37910)
HSCA2 (AT5G09590)

Chaperone

HSCB (AT5G06410) Cochaperone
NFU1 (AT4G01940)
NFU2 (AT5G49940)
NFU3 (AT4G25910)

NFU4 (AT3G20970)
NFU5 (AT1G51390)

Fe-S carrier

SUFA/CpIscA (AT1G10500) ISA1/ISCA2 (AT2G16710)
ISCA3 (AT2G36260)
ISCA4 (AT5G03905)

Fe-S carrier (A-type),
Fe donor?

CIA1 (AT2G26060)
AE7/CIA2 (AT1G68310)
MET18/MMS19

(AT3G02280)
NAR1/GOLLUM
(AT4G16440)

Formation of a complex
and association with
target Fe-S proteins

GRXS14 (AT3G54900)
GRXS16 (AT2G38270)

GRXS15 (AT3G15660) GRX?c Glutathione-dependent
redoxins

BolA domain of SUFE1 BolA?c BolA?c Interaction with
glutaredoxins

HCF101 (AT3G24430) INDH (AT4G19540) Assembly of Fe-S clusters
on selected proteins,
ATP dependent

IBA57 (AT4G12130) Assembly of Fe-S clusters
on aconitase and radical
SAM proteins in yeast

HydEF, HydG (Chlamydomonas) Assembly of H-type Fe-S
clusters in hydrogenase

(AT5G50210)

(Continued )
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Table 1 (Continued)

Plastids Mitochondria Cytosol Proposed function

Ferrochelatase I (AT5G26030)
Ferrochelatase II (AT2G30390)

Ferrochelatase I? (AT5G26030) Insertion of Fe in heme

SIRB (AT1G50170) Insertion of Fe in
siroheme

The principal Fe cofactor assembly proteins found in higher-plant species, based on Arabidopsis studies and genome analyses of other species, are in
bold. Paralogs present in the Arabidopsis genome are also listed. The Arabidopsis AGI numbers are in parentheses. Because of space limitations, not all
proteins are discussed and referenced in this review, but further details can be found in References 9 and 23. The colors match those used in Figure 2b.
aBolA and NADA are protein domains of SUFE1 and SUFE3, respectively.
bMitochondrial localization of SUFE1 is reported in References 100 and 134 (see also Table 2).
cThe existence of this putative assembly protein is based on studies in yeast or human cells and the presence of candidate genes in the Arabidopsis
genome.

Heme biosynthesis

The ISC and SUF systems have clear homologies with respect to the proteins involved in S
transfer and those involved in cluster transfer to target proteins. However, the scaffolds for cluster
assembly of each system consist of a different set of proteins (Figure 2b, Table 1).

Persulfide Transfer

S is provided by a cysteine desulfurase (EC 2.8.1.7), a pyridoxal phosphate–dependent enzyme
that catalyzes the removal of S from L-cysteine. The sulfane S (S0) is bound to the active site of the
enzyme as a persulfide (R-S-S0H) and transferred in this form to the accepting scaffold protein.
Although S2− is the form of S in the clusters, H2S or other forms of S2− cannot be used effectively
for Fe-S cluster assembly in vivo. For instance, mutants in sulfite reductase do not have defects in
Fe-S protein biogenesis (http://www.yeastgenome.org).

Plants have three cysteine desulfurases, NFS1, NFS2, and ABA3, which have been characterized
in vivo and in vitro in Arabidopsis (reviewed in 9, 23). NFS1 has extensive sequence homology
with bacterial IscS and is localized in the mitochondria. NFS2 is more closely related to SufS in
(cyano)bacteria and functions in the plastids. ABA3 consists of a sulfurtransferase domain and a
C-terminal Moco-binding domain (127). The function of ABA3 is dedicated to the sulfuration of
Moco in the cytosol and is not involved in Fe-S cluster assembly (14).

NFS1 and NFS2 differ in various aspects, such as their partner proteins, oxygen sensitivity, and
enzyme kinetics. Yeast NFS1 requires the ISD11 protein for its stability and activity (2, 92, 126).
ISD11 is highly conserved in all eukaryotes, including Arabidopsis, but is absent from bacteria.
Several attempts to express Arabidopsis NFS1 in E. coli resulted in insoluble protein, but refolding
of purified inclusion bodies yielded small amounts of functional enzyme with low activity (32, 94,
117, 134). Coexpression of ISD11 may improve stability of Arabidopsis NFS1, but this has not
been tested.

Arabidopsis NFS2 (also named CpNifS) has been expressed at high levels in E. coli and purified.
The cysteine desulfurase activity is >40-fold stimulated by SUFE1 (134, 137), similar to the
activation of SufS by SufE in E. coli (90). Three forms of the SUFE protein are encoded in higher-
plant genomes, compared with one form in cyanobacteria and green algae (23, 37, 81). SUFE1 has
an additional C-terminal domain with sequence homology to bacterial BolA proteins, so called
because overexpression of BolA in E. coli influences the stability of the bacterial cytoskeleton and
induces the bacteria to become ball-shaped (33). SUFE2 has no extra C-terminal domain, whereas
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Table 2 Proteomics data for Fe cofactor assembly proteins in Arabidopsis and potato mitochondria

Protein names AGI number
Arabidopsis mitochondria

(SUBA3, MS/MS)a
Potato

mitochondriab

Mitochondrial proteins required for mitochondrial Fe-S cluster assembly
NFS1 AT5G65720 Yes (4 independent studies) Yes
ISD11
SUFE1

AT5G61220
AT4G26500

Yes
Yes (!)

ADXR/MFDR
ADX1/MDFX2
ADX2/MDFX1

AT4G32360
AT4G21090
AT4G05450

Yes (52) Yes
Yes
Two other Fdx
proteins with
homology to
AT3G07480 were
found

ISU1
ISU2
ISU3

AT4G22220
AT3G01020
AT4G04080

Yes

FH AT4G03240 Yes
NFU4
NFU5

AT3G20970
AT1G51390

Yes (52) Yes

HSCA1
HSCA2
HSCB

AT4G37910
AT5G09590
AT5G06410

Yes (7 independent studies)
Yes (6 independent studies) Yes

Yes

INDH AT4G19540 Yes (52) Yes
ISA AT2G16710

AT2G36260
AT5G03905

Yes (2 homologs)

Yes
IBA57 AT4G12130 Yes (113) Yes
GRXS15 AT3G15660 Yes (5 independent studies) Yes
Ferritins Yes
Mitochondrial proteins required for cytosolic Fe-S cluster assembly
ATM3/STA1/ABCB25 AT5G58270 Yes (3 independent studies)c Yes
ERV1 AT1G49880
Cytosolic proteins (CIA pathway)
TAH18/ATR3
DRE2/CIAPIN1

AT3G02280
AT5G18400

No CIA proteins
were found in
purified potato
mitochondria

NBP35 AT5G50960

NAR1 AT4G16440 Yes, in cytosol (47)

CIA1 AT2G26060

AE7/CIA2 AT1G68310
AT3G50845

HSCB AT5G06410
(Continued )
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Table 2 (Continued)

Protein names AGI number
Arabidopsis plastids
(SUBA3, MS/MS)a

Potato
mitochondriab

Plastid proteins (SUF pathway)
NFS2/CpNifS/CpSufS AT1G08490 Yes (2 independent studies)
SUFE1
SUFE2
SUFE3

AT4G26500
AT1G67810
AT5G50210

Yes (4 independent studies)
Yes

Yes

SUFB/NAP1
SUFC/NAP7
SUFD/NAP6

AT4G04770
AT3G10670
AT1G32500

Yes (3 independent studies)
Yes (4 independent studies)
Yes (2 independent studies)

NFU1
NFU2/CnfU
NFU3

AT4G01940
AT5G49940
AT4G25910

Yes (2 independent studies)
Yes

SUFA/CpIscA AT1G10500
HCF101 AT3G24430 Yes (3 independent studies)
GRXS14
GRXS16

AT3G54900
AT2G38270

Yes (3 independent studies)
Yes (5 independent studies)

Ferrochelatase I
Ferrochelatase II

AT5G26030
AT2G30390

Yes
Yes (3 independent studies)

A blank space denotes that the protein has not been found so far using proteomics; for Arabidopsis, the localization has generally been confirmed by other
experimental techniques.
aTandem mass spectrometry data, 2013 (except where a separate reference has been given).
bData from Salvato et al. (100).
cATM3 has also been identified in plastid membranes and the plasma membrane. For a discussion of these data, see Reference 13.

SUFE3 is fused to NADA, or quinolinate synthase, an enzyme in nicotinamide adenine dinucle-
otide (NAD) biosynthesis. Insertion mutants of SUFE1 or SUFE3 are embryo lethal, suggesting
that there is no redundancy in function (81). Mutants in SUFE2 have not been described.

The ISC and SUF systems in E. coli differ in their tolerance to oxidative stress (26). Comparison
of crystal structures of the cysteine desulfurases showed that the active-site cysteine in SufS is
deeply buried and therefore less accessible to oxygen or H2O2, whereas the active site of IscS is
surface-exposed (24, 66). The close proximity of Fe-S cluster assembly to the oxygen-generating
photosystem II may have exerted selective pressure on ancestral cyanobacteria toward the
oxygen-tolerant SUF system, which was then inherited by plastids.

Fe and S Assembly on Scaffolds

The persulfide from NFS1/ISD11 or NFS2/SUFE is transferred to a scaffold protein. In this
step, S0 is reduced to S2−, for which electron donors are required. In the ISC system, electrons
are provided by mitochondrial ferredoxin and a ferredoxin reductase. Exactly how and when Fe
is inserted has remained elusive despite years of investigation focused on the ISC system.

The proteins functioning as Fe-S scaffolds in the ISC and SUF systems are structurally very
different (Figure 2b, Table 1). The scaffold protein in the ISC system, called ISU in plant
mitochondria, forms a homodimer. The Arabidopsis genome encodes three ISU proteins, but most
plant species have only one or two ISU genes. The expression of ISU1 is much higher in most tissues
than that of ISU2 and ISU3 in Arabidopsis, and therefore ISU1 is likely the major scaffold protein
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(32, 58). The bacterial IscU homolog has been proposed to undergo a cycle of conformations:
Interaction with IscS induces IscU to change from a disorganized (unfolded) form to a structured
form on which the cluster is assembled (69). An IscS-IscU complex with an Fe2S2 cluster has been
trapped using a D39A mutant of IscU, and a crystal structure is available (68). The Fe2S2 cluster
can be converted to an Fe4S4 cluster on the IscU scaffold, which requires another two electrons.
Whether specific proteins are needed to mediate cluster interconversion is unknown.

The mature Fe-S cluster is released by the interaction of chaperones and ATP hydrolysis, and
IscU returns to the disorganized form (69). The chaperone interaction cycle is well characterized
in bacteria and yeast mitochondria (65, 97 and references therein), but very little is known in
plants. An initial study on this topic showed protein interaction between the cochaperone HSCB
and ISU1 (132).

The scaffold of the SUF system consists of a complex of three proteins: SUFB, SUFC, and
SUFD, predominantly in a 1:2:1 (BC2D) stoichiometry (90, 128). Available crystal structures of
SufC suggest that the complex shares the overall conserved architecture of ABC transporters, but
without being inserted into a membrane (51, 124). This architecture was predicted from amino
acid sequence analyses and gave rise to the names NAP1, NAP7, and NAP6 (nonintrinsic ABC
protein) for SUFB, SUFC, and SUFD, respectively, when the proteins were first characterized in
Arabidopsis (131, 133). In E. coli, an Fe4S4 cluster can be assembled on SufB (56). SufB also has a
conserved flavin adenine dinucleotide (FADH2)–binding site (128). The flavin cofactor is thought
to play a role in reducing S0 to S2−. More than 20 years ago, Takahashi et al. (109) showed that
NADPH is required for cluster assembly in plastids, so the most likely scenario is that NADPH
directly transfers electrons to FAD on SUFB. Both the SUFB and SUFC proteins in Arabidopsis
have ATPase activity in vitro (131, 133). In analogy with the ISC system, ATP hydrolysis may
induce conformational changes that release the Fe-S cluster.

In mitochondria, a protein called frataxin has been suggested to deliver Fe to ISU by direct
interaction with the NFS1/ISD11/ISU1 complex. Frataxin is highly conserved in all eukaryotes
and is also found in bacteria. The protein is named after the disease Friedreich’s ataxia, which is
caused by mutation of the FRATAXIN gene (93). However, alternative suggestions are that frataxin
plays a direct role in Fe homeostasis, and as such indirectly affects Fe-S cluster assembly, or that
it has a regulatory function in the assembly process (93). The frataxin homolog in Arabidopsis is
essential for embryo development (16, 121). A viable mutant allele resulted in decreased activities
of aconitase and succinate dehydrogenase, an approximately 60% increase in total Fe in cell
extracts, and a 20% increase in Fe in the mitochondrial fraction (16, 70). However, the effect on
Fe homeostasis in Arabidopsis is modest compared with the yeast frataxin mutant (65). In plastids,
ferritin would be an obvious candidate to provide Fe to SUFB. Surprisingly, the triple mutant in
the three major ferritins in Arabidopsis did not affect photosynthesis, which is highly dependent
on Fe-S cluster assembly (96). It has therefore been proposed that the primary role of ferritin is
as an Fe scavenger rather than an Fe donor.

Carrier Proteins and Cluster Insertion into Apoproteins

There are a number of additional genes that either are associated with isc and suf operons
in bacteria, or have functionally been shown to be involved in Fe-S cluster assembly. These
include genes encoding the NFU proteins, the ISCA and SUFA proteins (A-type carriers), the
monothiol glutaredoxins, and the P-loop NTPases HCF101 and INDH (Figure 2b, Table 1).
Each type of protein can assemble an Fe-S cluster in vivo and in vitro, which is transferred to
an apoprotein in vitro within minutes when the two proteins are mixed together (reviewed in
23, 97). By contrast, cluster transfer in the other direction, i.e., from the carrier to the scaffold,
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Apoprotein: a protein
stripped of any
prosthetic group or
metal ion normally
associated with it (cf.
holoprotein, defined
above)

ATM: ABC
transporter of the
mitochondria

does not occur. Carrier proteins have been suggested to provide specificity for a particular
Fe-S target protein or group of targets. However, the functions of several carrier proteins
are redundant, because knockout mutants in each of Arabidopsis NFU2, SUFA, and GRXS14
and GRSX16 (both encoding plastid-localized glutaredoxins) are viable (1, 23, 116, 135, 136).
Therefore, the carrier proteins could form a flexible network to deliver Fe-S clusters, providing
robustness when a plant is challenged by oxidative stress, and clusters need to be replaced rapidly
(23).

HCF101 and INDH are P-loop NTPases with homology to NBP35, the proposed scaffold
protein of the CIA pathway (19; also see below). In contrast to the genes encoding NFU proteins
and A-type carriers, HCF101 and INDH are essential. HCF101 is localized in the plastids and is
required for assembly of photosystem I and ferredoxin-thioredoxin reductase (59, 101). INDH
is localized in the mitochondria and is required for complex I assembly (18, 130). The glutaredoxins
are thought to function as Fe-S cluster carriers, but there is no evidence yet for their role in Fe-S
cluster assembly in planta (for a discussion of in vitro data, see 23).

ASSEMBLY OF FE-S CLUSTERS IN THE CYTOSOL AND NUCLEUS

Based on studies in yeast, a set of seven proteins has been described that is required for assembly of
cytosolic and nuclear, but not mitochondrial, Fe-S clusters. One of these proteins is a transporter
in the mitochondrial membrane; the other six, of which five are conserved in the green lineage,
are localized in the cytosol. The sources of Fe and S have not been established for cytosolic Fe-
S proteins. Analysis of Arabidopsis mutants in each of its three cysteine desulfurases that could
provide S0—mitochondrial NFS1, plastid NFS2, and cytosolic ABA3—showed that the activity
of the cytosolic Fe-S enzyme aconitase was only decreased in a viable nfs1 mutant, and was not
affected in nfs2 and aba3 mutants (14). In yeast, mitochondrial targeting of NFS1 is critical for
Fe-S cluster assembly on cytosolic/nuclear Fe-S proteins (78). In human cells, which have a major
mitochondrial and a minor cytosolic isoform of NFS1 (named ISCS), silencing of the mitochon-
drial isoform affected cytosolic Fe-S enzymes more than silencing of the cytosolic isoform (15,
31, 62). Therefore, it is possible that the mitochondrial cysteine desulfurase provides (per)sulfide
to cytosolic Fe-S proteins.

Function of the ABC Transporter of the Mitochondria ATM3

In addition to NFS1, cytosolic Fe-S cluster assembly requires the activity of an ABC transporter
of the mitochondria (ATM), which is a member of the ABCB superfamily. This was shown first
for Atm1 in Saccharomyces cerevisiae (50) and later for ABCB7 in mammals (95) and ATM3 in
Arabidopsis (13). Atm1 is located in the inner mitochondrial membrane, with the nucleotide-
binding domains facing the matrix (57). The orientation and the fact that transporter mutants
have a specific defect in cytosolic but not mitochondrial Fe-S enzymes suggest that ATMs export
a molecule from the matrix to the intermembrane space. The molecule(s) may cross the outer
mitochondrial membrane through pores. The precise chemical nature of the exported molecule
is not known, but available data make speculation possible (see below). Yeast cells in which ATM1
is deleted (�atm1) accumulate secondary phenotypes, such as loss of mitochondrial DNA (57).
However, controlled downregulation of ATM1 expression revealed two primary phenotypes in
yeast: loss of activity of cytosolic Fe-S enzymes owing to lack of de novo Fe-S cluster assembly,
as shown by 55Fe labeling studies, and Fe accumulation in the mitochondria (50).

Arabidopsis has three ATM genes: ATM1, ATM2, and ATM3. The first two are not critical
for plant growth, maturation of cytosolic Fe-S enzymes, or Moco biosynthesis (13). By contrast,
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Figure 3
Intersections of Fe-S and molybdenum cofactor (Moco) assembly pathways. The first step of Moco biosynthesis
is catalyzed by CNX2 and CNX3 in the mitochondria. CNX2 belongs to the radical S-adenosyl methionine
enzymes, which depend on Fe4S4 as a cofactor. ATM3 is an ATP-binding cassette (ABC) transporter thought
to export a molecule (X) containing persulfide (S, shown in orange), provided by NFS1. atm3 mutants have
decreased activities of both cytosolic Fe-S proteins (aconitase) and Moco enzymes. The enzymes aldehyde
oxidase and xanthine dehydrogenase, which are similar in domain structure, bind two Fe2S2 clusters, flavin
adenine dinucleotide (FAD), and Moco. Arrows with thick lines represent steps in cofactor assembly, arrows
with dotted lines represent tentative steps in cofactor assembly, and thin arrows represent other reactions.

Cyclic pyranopterin
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an insertion mutant of ATM3 exhibited chlorosis and a dwarfed appearance (55). Analysis of
Fe-S enzyme activities showed that the activity of cytosolic—but not mitochondrial—aconitase
isozymes was strongly decreased in atm3 alleles (13). Overexpression of ATM3 can partially reverse
the phenotypes of the �atm1 yeast mutant (21, 55), showing that it is a functional ortholog of
yeast ATM1. However, Fe accumulation in mitochondria was not observed in atm3 mutant plants,
in contrast to yeast cells depleted of Atm1 (13).

Interestingly, two mutant alleles of ATM3 were isolated in genetic screens for sirtinol resistance
designed to isolate mutants in auxin biosynthesis or signaling (13). The biochemical basis for this
screen is that sirtinol mimics the effects of auxin after it is metabolized in several steps to 2-
hydroxy-1-naphthoic acid (25). The last step is catalyzed by aldehyde oxidase, an enzyme with
two Fe2S2 clusters, one FAD molecule, and a Moco cofactor (71) (see Figure 3). The aldehyde
oxidase activity of all four isozymes was indeed decreased in atm3 mutants (13, 114).

Additionally, activities of the Moco enzymes nitrate reductase and sulfite oxidase decreased
by 50%, but only in stronger atm3 alleles, correlating with an approximate 50% drop in Moco
levels. By contrast, the Moco precursor cyclic pyranopterin monophosphate (cPMP) accumulated
in mitochondria from the atm3-1 mutant allele (114). These data indicate that ATM3 is also
involved in Moco biosynthesis, downstream of cPMP biosynthesis. The findings also confirm
that ATM3 is not required for maturation of mitochondrial Fe-S enzymes as synthesis of cPMP
requires the Fe-S enzyme CNX2.

The requirement of ATM3 for both Fe-S clusters and Moco connects the two biosynthetic
pathways and provides new insights into the substrate of ATMs, an outstanding question for
almost 20 years (50, 57). The current data suggest that cPMP might be a substrate for ATM3
(114). However, cPMP may also cross the membrane by passive diffusion, which is corroborated
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by the fact that treatment of Moco deficiency in human patients can be achieved by intravenous
cPMP injection (43). Moreover, cPMP is unlikely to be the sole substrate of ATM3, because Moco
enzymes are not involved in Fe-S cluster assembly (71).

Fe accumulation in mitochondria from yeast atm1 mutants has been taken as evidence that
Atm1 exports a preassembled Fe-S cluster (49, 50). However, mitochondria of atm3 mutants
do not accumulate Fe (13), and studies in ABCB7 mouse models showed that the observed Fe
accumulation in liver cells is not associated with mitochondrial Fe overload (95). Moreover, all
yeast mutants in the ISC pathway accumulate Fe in the mitochondria, and it is therefore not an
atm1-specific phenotype (65). Additionally, mitochondrial Fe overload is not observed when yeast
cells are grown in anaerobic conditions (73). Rather, it has recently been shown that cellular and
mitochondrial Fe accumulation occurs because the Fe sensor in yeast depends on an Fe-S cluster,
and therefore lack of assembly of this cluster disrupts Fe homeostasis (60, 79) (see below).

The arguments outlined above suggest that ATMs transport a chemical form of S0, which is
required for both Fe-S and Moco assembly. ATMs may also transport cPMP (Figure 3). Another
compound involved in ATM function is the tripeptide glutathione. In yeast, glutathione depletion
in the �gsh1 mutant resulted in strongly decreased activities of cytosolic Fe-S enzymes. Combi-
nation of �gsh1 and downregulation of ATM1 was synthetic lethal in yeast (103). In Arabidopsis,
atm3 mutants are sensitive to buthionine sulfoximine, an inhibitor of glutathione biosynthesis (T.A.
Schaedler & J. Balk, unpublished results). Therefore, the S0 may be transported as a glutathione-
bound persulfide. In vitro and in vivo studies will hopefully identify the substrate of ATMs in the
near future.

The CIA Pathway

The CIA pathway as described in yeast is essential for Fe-S cluster assembly on cytosolic and
nuclear proteins and depends on an intact ISC machinery and a functional ATM. CIA proteins
are highly conserved in eukaryotes and can be divided into three functional units based on protein
interactions:

1. The diflavin reductase TAH18 and the Fe-S protein DRE2 form a short electron transfer
chain (14, 86). In plants, yeast two-hybrid studies and pulldown assays showed that TAH18
(also called ATR3) interacts with Arabidopsis DRE2 (CIAPIN). TAH18 was able to transfer
electrons from NAD(P)H to cytochrome c as a generic electron acceptor (14, 120). AtDRE2
can complement a yeast dre2 mutant, but only when coexpressed with AtTAH18, providing
further evidence that interaction between TAH18 and DRE2 is necessary for their function
in the CIA pathway (14).

2. NBP35 is a nucleotide-binding protein thought to function as an Fe-S cluster scaffold be-
cause it can transfer a cluster to an acceptor protein in vitro (19). NBP35 occurs predom-
inantly as a homodimer in vitro, and the fully reconstituted protein binds a stable Fe4S4

cluster at the N terminus of each protomer and a labile Fe4S4 cluster bridging the two
protomers at the C terminus (19, 54). By contrast, in yeast and mammals, Nbp35 forms
a heterotetrameric complex with Cfd1 (84, 85), a protein with homology to Nbp35 ex-
cept that Cfd1 lacks the N-terminal Fe-S cluster–binding domain (40, 98). Cfd1 is not
found in the green lineage, however (19, 54). The role of the nucleotide-binding domains
of the Nbp35 and Cfd1 scaffold protein(s) is not understood, but it has been suggested
that ATP hydrolysis is important for cluster loading on the Nbp35-Cfd1 complex in yeast
(84).

3. A protein complex consisting of CIA1, CIA2, NAR1, and MET18/MMS19 acts downstream
in the CIA pathway in yeast (64). Yeast two-hybrid and immunoprecipitation studies have
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confirmed the formation of a protein complex of the four Arabidopsis homologs (CIA1,
AE7/CIA2, NAR1, and MET18). A genetic interaction between a viable ae7 allele, E51K,
and the knockout met18 mutant was also found (67). Cia1 from yeast has been crystallized and
forms a seven-blade propeller structure typical for the WD40 family of proteins, which are
important in mediating protein–protein interactions (7, 104). CIA2 is a 26-kDa protein with
a DUF59 (domain of unknown function 59) protein domain that has a highly conserved,
reactive cysteine residue (125). The DUF59 domain also occurs in the plastid HCF101
protein. NAR1 exhibits 40–50% amino acid sequence similarity to [FeFe] hydrogenases. It
binds two Fe-S clusters but does not have hydrogenase activity (8, 20). MET18/MMS19
was found to interact with cytosolic and nuclear Fe-S apoproteins in human cell extracts
(35, 105). In Arabidopsis, knockout mutant alleles of MET18 have, surprisingly, no obvious
phenotype, whereas knockout mutants in CIA1, CIA2, and NAR1 are embryo lethal (67, 77,
83). These results indicate that the function of MET18 is redundant in plants, although
no closely related paralogs are present in the genome. Currently, none of the molecular
functions of the proteins of this unique complex are known, and their precise role in Fe-S
protein biogenesis remains to be defined.

HOW DEFECTS IN FE-S CLUSTER ASSEMBLY AFFECT
METABOLISM AND DEVELOPMENT

Given the essential functions of Fe-S proteins, it is perhaps no surprise that disruption of most
individual genes involved in Fe-S cluster assembly results in embryo lethality. However, a small
number of viable mutant alleles have been constructed by RNA interference (RNAi), identified in
genetic screens, or selected from T-DNA mutants with an insertion in the promoter or untrans-
lated region (summarized in Table 3). Also, knockout mutants of ATM3 and NFU2 are viable
and have a clear phenotype. The biochemical data and phenotypes of mutants are providing valu-
able insights into the assembly proteins themselves, their downstream target proteins, and the
importance of Fe-S cluster biosynthesis for plant metabolism and development. Currently, there
are approximately 100 known Fe-S proteins in Arabidopsis, which underpin many basic processes
required for photoautotrophic growth (9).

Hormone Biosynthesis and Growth

In an early review covering Fe-S proteins in plants, Imsande (46) pointed out that enzymes con-
taining Fe-S clusters, such as aldehyde oxidases, might play key roles in hormone biosynthesis
and plant development. Indeed, aldehyde oxidase isozymes were later shown to catalyze the last
step in abscisic acid (ABA) biosynthesis (102) and auxin biosynthesis (25), and the activity of these
enzymes is decreased in mutants affected in cytosolic Fe-S cluster assembly (13, 32, 114). In the
atm3-1 mutant allele, ABA levels are approximately 10% of those in wild-type seedlings. Although
ABA levels in atm3-1 mutant plants were induced by drought stress, they reached only 50% of
wild-type levels (114). As mentioned above, mutant alleles of atm3 were also found in screens for
auxin mutants. The lack of auxin could induce the growth of axillary buds, resulting in a bushy ap-
pearance. This phenotype is seen not only in strong atm3 mutants but also in plants with silenced
expression of NFS1 and ISU1, correlating with lower aldehyde oxidase activities (32). By contrast,
altered plant architecture was not evident in mutants in frataxin ( fh-1) or HSCB (16, 132).

Mutants in the mitochondrial Fe-S cluster assembly proteins frataxin, HSCB, and NFS1 have
lower aconitase and succinate dehydrogenase activities (Table 3). Arabidopsis has three aconitase
isoforms, which are localized in the mitochondria and cytosol. In green seedlings and young leaves,
the mitochondrial isoforms represent the dominant activity (5, 13). Therefore, a decrease in total
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Table 3 Comparison of phenotypes of viable mutant alleles of genes involved in Fe-S cluster assembly in Arabidopsis

Viable
mutant
allelea Polymorphism

Fe-S proteins affected
(% activity remaining)

Resulting phenotypes
attributable to defective

Fe-S enzyme

Other
(unexplained)
phenotypes Reference(s)

Plastids
grxS14
(atgrxcp1,
atgrxcp2)

T-DNA in CDS
(Salk_125903,
Salk_056587)

Not investigated Root growth is sensitive to
H2O2

22

hcf101 Premature stop PSI and FTR (Fe4S4) but
not Fd or Rieske (Fe2S2)

Chlorosis, high
chlorophyll fluorescence

59, 106

nfs2 (cpNifS) Inducible RNAi PSI, Fd, Rieske, NiR,
SiR, and GOGAT

Chlorosis, impaired
photosynthesis

119

nfu2 T-DNA in CDS
(SALK_039254)

PSI, Fd, NiR, and SiR
but not Rieske,
GOGAT, or FNR

Chlorosis, impaired
photosynthesis

116, 135

sufa (CpIsca) T-DNA in CDS
(SALK_114467)

None N/A 1, 136

sufb RNAi Chlorosis, fewer
chloroplasts

Decrease in
mitochondrial
membrane
potential or
number

3

sufb (hmc1) Missense Pheophorbide a
oxygenase

Impaired chlorophyll
degradation

82

sufb (laf6) Ds element in
promoter

Accumulation of
protoporphyrin IX; no
response to far-red light

76, 131

sufd T-DNA −8 nt of
AUG
(SALK_055996)

Not investigated Chlorosis, impaired
growth, 30% embryo
abortion

44

Mitochondria
fh-1
(frataxin)

T-DNA in
promoter
(SALK_021263)

Aconitase (10%) and
succinate dehydrogenase
(70%)

Slow growth 16

grxS15
(atgrx4-1,
atgrx4-2)

T-DNA in CDS Not investigated Root growth is sensitive to
H2O2

hscb T-DNA in 3′

UTR
(SALK_085159)

Aconitase (10%) and
succinate dehydrogenase
(10%)

Normal
growth, fewer
trichomes,
waxless, lower
seed set

132

indh T-DNA in CDS
(GK_956A05)

NADH:ubiquinone
oxidoreductase (complex
I, 0%)

Slow germination, delayed
development

Pollen and
ovule abortion

130

(Continued )
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Table 3 (Continued )

Viable
mutant
allelea Polymorphism

Fe-S proteins affected
(% activity remaining)

Resulting phenotypes
attributable to defective

Fe-S enzyme

Other
(unexplained)
phenotypes Reference(s)

isu1, isu2 Antisense RNA Not investigated Slow growth, more axillary
stems

32

nfs1-2 T-DNA in 5′

UTR
(SALK_083681)

Aconitase (30%) Slow growth 14

nfs1 Antisense RNA Aldehyde oxidases and
likely all mitochondrial
Fe-S proteins

Chlorosis, more axillary
stems

32

Cytosol/nucleus
ae7, ae7-1 Missense, E51K Aconitase (cytosol 25%

and mitochondria 40%),
ROS1, and likely DNA
repair enzymes but not
aldehyde oxidases

Slow growth, dwarfed
appearance, DNA
damage, increased
frequency of homologous
recombination

Chlorosis 67

atm3-1b Truncated fusion Cytosolic aconitase
(20%)c

Aldehyde oxidases (0%)c

Xanthine DH (20%)c

NR and SO (Moco,
50%)c

DNA repair enzymes

Dwarfed appearance
Lower ABA levels, bushy

architecture
Enlarged nuclei, DNA

damage, increased
frequency of homologous
recombination

Chlorosis,
fewer
chloroplasts,
no palisade
cells

Serrated leaf
edges
(especially in
atm3-4 ae7-1
double
mutant)

13, 55, 67

atm3-2 T-DNA in CDS
(GK-714C03)

atm3-3 Missense, R612K

atm3-4 39-nt deletion in
promoter

met18-1
met18-2

T-DNA in CDS
(SALK_121963,
SALK_147068)

None 67

nar1-3/+ Premature stop DEMETER? Lower expression of
FWA:GFP

83

nar1-4 T-DNA in 5′

UTR
(SALK_151803)

Germination on
3 μM paraquat

83

nar1 RNAi Dwarfed appearance
Block in cell cycle

Same as wild
type under low
oxygen
pressure

20, 77

Abbreviations: ABA, abscisic acid; CDS, coding sequence; Fd, ferredoxin; FNR, ferredoxin-NADP oxidoreductase; FTR, ferredoxin-thioredoxin
reductase; GOGAT, glutamine:oxoglutarate aminotransferase; Moco, molybdenum cofactor; NiR, nitrite reductase; NR, nitrate reductase; nt,
nucleotide; PSI, photosystem I; RNAi, RNA interference; SiR, sulfite reductase; SO, sulfite oxidase; UTR, untranslated region; xanthine DH, xanthine
dehydrogenase.
aAll mutant alleles are in the Columbia-0 background except for ae7, which is in the Landsberg erecta (Ler) background.
bKnockout mutants of ATM1 and ATM2 have no obvious phenotype.
cIn the knockout allele atm3-2.
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aconitase as well as succinate dehydrogenase activities has a major impact on the tricarboxylic acid
cycle and is expected to affect vegetative growth, as observed in fh-1 and nfs1 mutants. Surprisingly,
plants with the hscb mutant allele were reported to have only 10% aconitase and 10% succinate
dehydrogenase activity but still grew normally (132). The hscb plants displayed phenotypes that so
far have not been observed in any other Fe-S cluster assembly mutants, such as fewer trichomes
and a waxless epidermis. Further investigation of this allele as well as other hscb alleles will be
necessary to establish the role of HSCB in Fe-S protein biogenesis.

DNA Metabolism

Plants with an atm3-1, atm3-2, or ae7 mutant allele have a dwarfed appearance, and the atm3-4
ae7-1 double mutant is even smaller than either of its parent lines (67). RNAi silencing of NAR1
in Arabidopsis also results in plants that are severely limited in growth (20, 77). The activities of
mitochondrial Fe-S enzymes are normal in atm3 mutants, and therefore the growth defect must
be due to impairment of a biological process outside the mitochondria. Both atm3-4 and ae7 mu-
tants have larger cells, increased DNA breakage, induced expression of DNA repair genes, and
a higher frequency of homologous recombination (67). Both ae7 and nar1 mutants displayed an
apparent block in cell cycle progression (67, 77). Interestingly, the induced expression of DNA
repair enzymes was first observed in the atm3-1 allele, along with larger, abnormally shaped nuclei
(55). The enhanced phenotype of the atm3-4 ae7-1 double mutant and the similar phenotypes of
atm3-4 and ae7-1 single mutants present strong evidence that ATM3 and AE7 function in the same
pathway and serve the same downstream target proteins involved in DNA maintenance. Several
proteins required for DNA repair and/or replication contain Fe-S clusters, including Rad3/XPD
(UVH6 in Arabidopsis); DNA helicases for nucleotide excision repair (so far uncharacterized in
plants); endonucleases for base excision repair, such as NTH1 in Arabidopsis; PRI2, a DNA primase
subunit for DNA synthesis and double-strand-break repair; and the eukaryotic DNA polymerases
(for references, see 9, 67). In yeast, mutation of MMS19 (MET18), encoding a protein that in-
teracts with Cia2 (AE7 in Arabidopsis), decreased cluster assembly on DNA repair proteins such
as Rad3 or the human homolog XPD (105). The activity and stability of Rad3/UVH6 have not
been investigated in Arabidopsis Fe-S protein biogenesis mutants; however, the activities of at
least two Fe-S-dependent DNA glycosylases, ROS1 and DEMETER, were decreased in ae7-1
and nar1-3/+ mutants, respectively (67, 83). Both ROS1 and DEMETER excise 5-methyl cy-
tosines to relieve DNA silencing of downstream genes (75). ROS1 regulates the expression of
many genes, and its decreased activity in ae7-1 was shown using a methylation-sensitive restric-
tion enzyme followed by polymerase chain reaction (67). DEMETER activity is required for
expression of the endosperm-specific FWA gene and other maternally imprinted genes. In het-
erozygous nar1-3/+ plants, 50% of the ovules exhibited decreased expression of FWA:GFP in
the central cell, suggesting that DEMETER is not active in the female gametophytes that have
inherited the nar1-3 null allele (83). In summary, several recent studies suggest that assembly of
Fe-S clusters, mediated by the mitochondrial ISC and cytosolic CIA pathways, is critical for DNA
metabolism.

Photosynthesis and Other Plastid Functions

Mutants in plastid-localized Fe-S cluster assembly generally affect photosynthesis. In particular,
the assembly of photosystem I, which has three Fe4S4 clusters, is affected in nfs2, nfu2, and hcf101
mutants. Downregulation of NFS2 led to lower levels and/or activity of all plastid Fe-S proteins
tested, but there was no effect on mitochondrial respiration (119) or cytosolic Fe-S enzymes (14).
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Knockouts of NFS2, SUFB, SUFC, SUFD, and HCF101 die during embryo development and
cannot be rescued with sucrose (59, 106, 119, 131, 133), unlike other photosynthetic mutants.
This finding indicates that the proteins also provide Fe-S clusters to enzymes that are not di-
rectly involved in photosynthesis, for example, ISPG in isoprenoid biosynthesis, isopropyl malate
isomerase in leucine biosynthesis, and phosphomethylpyrimidine synthase (THIC) in thiamine
biosynthesis. The NFS2 and SUF genes have been characterized mainly in reverse genetics studies,
but viable sufb alleles have been found in two independent classical genetic screens. One mutant
in SUFB, long after far-red 6 (laf6 ), was identified in a screen for seedlings that did not respond to
far-red light. The laf6 mutant accumulated protoporphyrin IX, a precursor in chlorophyll biosyn-
thesis involved in light signaling from the chloroplast to the nucleus (76). Another sufb mutant,
called hmc1, was isolated because it accumulated 7-hydroxymethyl chlorophyll a, an intermediate
in chlorophyll breakdown (82). Interestingly, chlorophyll a oxygenase and pheophorbide a oxy-
genase, two enzymes involved in chlorophyll biosynthesis and breakdown, respectively, have a
Rieske-type Fe-S cluster, and other chlorophyll biosynthesis steps depend on ferredoxin. There-
fore, these studies indicate that subtle defects in SUFB function affect growth and development
through Fe-S-dependent steps in chlorophyll metabolism.

A puzzling phenotype of atm3 and ae7 alleles is the observed chlorosis, even though the ac-
tivity of chloroplast Fe-S enzymes such as photosystem I enzymes and nitrite reductase were not
affected in atm3 (13). In atm3-1, the palisade parenchyma is not developed (55). These cells have
a high density of chloroplasts; therefore, the absence of palisade parenchyma appears to be the
main reason for a 50% decrease in chloroplast numbers in the atm3-1 mutant. The chloroplasts
in atm3-1 are slightly larger but contain the same amount of chlorophyll and Fe as the wild type
(13). Interestingly, several of the phenotypes of strong atm3 alleles and ae7 are strikingly similar
to mutants in ribonucleotide reductase (RNR), a di-iron-dependent enzyme (36, 123), but a po-
tential link between the CIA pathway and RNR remains to be investigated. Chlorotic spots were
also observed in NFS1-silenced mutants (32). However, NFS1 is required for many essential pro-
cesses, including respiration, biotin synthesis, and Moco synthesis, which all impact chloroplast
development and photosynthesis.

REGULATION OF FE COFACTOR ASSEMBLY AND FE HOMEOSTASIS

The demand for Fe cofactors in the cell fluctuates depending on the expression levels of abundant
Fe proteins, which vary in different tissues and developmental stages. Also, organisms adapt their
use of Fe once Fe uptake cannot satisfy the Fe demands. In this situation, essential Fe proteins are
prioritized and their levels maintained, whereas nonessential Fe proteins are downregulated when
Fe becomes limiting. This is well documented in bacteria and the green alga Chlamydomonas (118).
In higher plants, the levels of photosystem I (12 Fe) and complex I (22 Fe) are downregulated
upon shifting seedlings from Fe-replete to Fe-deficient conditions (122), and the Fe is presumably
recycled. Fe is also released upon damage to Fe-S clusters as a result of oxidative stress. Because of
toxicity, Fe needs to be captured in a safe place. This role is performed by the multimeric ferritin
protein, which can store Fe3+ in its cavity (96).

The expression patterns and global regulation of genes involved in Fe uptake from the soil and
transport to the shoot are well characterized (53). By contrast, how Fe is distributed between cell
compartments or between the Fe-S and heme biosynthesis pathways is not well studied (88). Even
less is known about recycling of Fe in plant cells. Moreover, the Fe-sensing mechanism in plants
also remains to be unraveled, and is likely to be entirely different from yeast and mammals (see
sidebar Fe-Sensing Mechanisms in Yeast and Mammals).

To investigate global expression patterns of Fe cofactor assembly genes, we analyzed
whole-genome microarray data from Arabidopsis, which are available in Genevestigator (45)
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FE-SENSING MECHANISMS IN YEAST AND MAMMALS

The Fe levels inside a cell are tightly controlled, which requires precise coordination of the expression of genes
involved in Fe uptake, distribution, and use—the so-called Fe regulon. Two elements are required for regulation:
an Fe sensor and a response regulator. In bacteria, the sensor and regulator are often combined in one transcription
factor, for example, the Fe-dependent transcriptional repressor Fur. In eukaryotes, different mechanisms seem to
have evolved (reviewed in 65). In yeast, Fe homeostasis is disrupted both in mutants in the ISC pathway and in
atm1 mutants. Recent work has identified a cytosolic complex of glutaredoxin, the Fra1 and Fra2 proteins, and the
transcription factor Aft1 as the Fe sensor (89). The complex binds a bridged Fe2S2 cluster using free glutathione as
one of the ligands. When cellular Fe levels are replete, Aft1 is retained in the cytosol as part of the sensor complex.
However, when cellular Fe levels are low or the biosynthesis of Fe-S clusters is disrupted, the labile Fe2S2 cluster
falls apart, and Aft1 is then released and travels into the nucleus, where it activates the expression of genes involved
in Fe uptake. If Fe-S cluster assembly is impaired but Fe levels are normal, then the cell takes up too much Fe,
which accumulates in the vacuoles and mitochondria (65).

In mammals, a cytosolic aconitase functions as both a sensor and a translational regulator for Fe uptake and
storage. When Fe levels are high, an Fe4S4 cluster is assembled on the protein that has aconitase activity. When
Fe levels are low, the cluster is disassembled and the protein refolds to bind RNA hairpins known as Fe-responsive
elements. The apo form of the protein, which is no longer a functional aconitase, is called iron regulatory protein
1 (IRP1). If the Fe-responsive element is situated at the 5′ end of an open reading frame, then IRP1 binding blocks
translation, as is the case for the Fe storage protein ferritin. However, if the Fe-responsive element is located at the
3′ end, then the transcript is stabilized and translated, as is the case for the transferrin receptor. Therefore, under
Fe-limiting conditions, no Fe is stored, and more Fe is taken up. When Fe-S cluster assembly is impaired, the cell
becomes overloaded with Fe, similar to what occurs in yeast but based on a different mechanism.

Neither the yeast nor the mammalian Fe regulatory mechanism is conserved in plants, and the Fe sensor remains
to be uncovered. All we know is that the Fe-sensing mechanism is unlikely to depend on mitochondrial Fe-S cluster
assembly, because Arabidopsis atm3 mutants do not have an obvious defect in Fe homeostasis (13).

(Supplemental Figure 1; follow the Supplemental Material link from the Annual Reviews
home page at http://www.annualreviews.org). The genes/proteins involved in Fe-S cluster
assembly were listed above (Table 1). We also included ferrochelatase I and II as the last step
of heme biosynthesis. For Fe acquisition genes, we limited our investigation to genes that are
known to be involved in Fe uptake in the organelles (88).

Expression patterns of genes involved in Fe cofactor assembly were clustered using the Hier-
archical Clustering tool in Genevestigator. The maximum number of conditions (anatomy, per-
turbations) was selected to avoid bias. We found that the genes encoding plastid-localized proteins
formed one cluster, and the mitochondrial and cytosolic assembly proteins formed another. In
particular, the SUFA, -B, -C, -D, and -E1 genes clustered together because of high expression in
green tissues. The genes encoding proteins of the ISC and CIA pathways could not be separated
based on expression patterns or by using a narrower data selection. The coclustering of ISC and
CIA genes indicates a strong functional link between the two pathways, which is supported by
experimental studies of NFS1, ATM3, and AE7 (see above).

Three genes did not cluster with either the plastid or the mitochondria/cytosol group: SUFE3-
NADA, ISU2, and ISU3. The different expression profile of SUFE3-NADA is in agreement
with experimental data showing that the protein has a specific function in NAD biosynthesis,
and it is therefore unlikely to have a generic role in Fe-S cluster assembly (81). The expression
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of ISU2 and ISU3 is overall very low but highly induced in pollen, as borne out by both the
microarray data and the experimental data (58). These data suggest that ISU2 and/or ISU3 may
replace the function of ISU1 in pollen, but this remains to be investigated with mutant alleles of
ISU1.

In general, we found that the expression of Fe-S assembly genes is not dramatically altered
by environmental conditions. There was no diurnal pattern, as could be expected for the plastid
assembly proteins. However, ISC and SUF genes were downregulated in response to pathogen
infection (Pseudomonas syringae, FLG22 effector protein) or during hypoxia. Following pathogen
infection, Fe-S clusters tend to be destroyed by oxidative stress. Downregulation of de novo Fe-S
cluster assembly would limit the amount of Fe released from Fe-S clusters and the vicious cycle
of increasing oxidative damage mediated by the Fenton reaction. This idea is supported by the
isolation of mutants in Fe-S cluster assembly as suppressors of a sod1 mutant in yeast (107). Under
hypoxia, the lifetime of Fe-S clusters is longer, and there is likely to be a lower demand for Fe-S
cluster biosynthesis. Interestingly, nar1 mutants in plants, yeast, and nematodes display phenotypes
at normal but not at low oxygen pressure (34, 77).

Only one gene was very responsive to a wide array of conditions: SUFE2. The SUFE2 protein
has a single SUFE domain, unlike SUFE1-BOLA and SUFE3-NADA. Therefore, it is possible
that SUFE2 serves as a regulator, controlling the flux of persulfide between BolA and NADA, the
C-terminal domains of SUFE1 and SUFE3, respectively. This could be tested in vivo with the
overexpressed proteins that are available (81).

Surprisingly, Fe deficiency barely affected the expression levels of ISC and SUF genes, except for
SUFB, which is more than twofold decreased in most Fe-deficient plant samples. Downregulation
of SUFB under Fe-deficient conditions was previously observed in Arabidopsis (131) and is also
evident in rice (63). A decrease in SUFB levels is likely to adjust the overall rate of Fe-S cluster
assembly in the plastids rapidly, because this is the primary scaffold protein. Indeed, mutations
leading to a minor decrease in SUFB function affect Fe-S-dependent processes such as chlorophyll
biosynthesis, as discussed above. In E. coli, the expression of the whole isc gene cluster is suppressed
under low Fe, whereas suf gene expression is induced. However, in bacteria the ISC and SUF
pathways operate in the same cell, whereas in plants these pathways are localized in different cell
compartments and serve different essential Fe-S proteins. Therefore, differential regulation in
response to Fe is unlikely in plant cells, and indeed was not found, although additional regulation
may take place at the posttranscriptional level.

We also investigated the expression patterns of genes involved in Fe delivery to mitochondria
and plastids. Transcript levels of plastid iron carrier 1 (PIC1) (28) and mitochondrial iron trans-
porter 1 and 2 (MIT1 and MIT2, respectively) (10) were unaffected by Fe deficiency. As reported
earlier, the expression of FRO3, a ferric chelate reductase localized to the mitochondria, is strongly
induced under Fe deficiency, whereas the plastid-associated FRO7 is not Fe regulated (80). These
data suggest that Fe delivery to the mitochondrial ISC pathway may be regulated at the level of
transport of Fe into the organelle. By contrast, Fe delivery to heme and Fe-S cluster assembly
in the plastids may be controlled downstream of Fe import into the organelle, for example, by
SUFE2 or SUFB. Interestingly, sirohydrochlorin ferrochelatase in the plastids contains an Fe2S2

cluster, which may be involved in regulating the Fe insertion into siroheme (99).
Taken together, the studies described above suggest that Fe cofactor biosynthesis must be

regulated in conjunction with Fe uptake in the cell because of the toxicity of free Fe. The available
microarray data and a gene expression study in rice (63) offer a first glimpse of this regulation and
identify potential key regulatory steps.
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FUTURE ISSUES

In this review we have endeavored to summarize the current knowledge of, and provide in-
sight into, the biosynthesis of Fe cofactors, with a focus on the recently discovered pathways
of Fe-S cluster assembly. Despite steady progress in our understanding of Fe trafficking and
assembly of Fe cofactors into proteins as catalytic sites, several open questions remain to be
addressed. A short list is given here, which is by no means comprehensive.

1. How is Fe delivered to Fe-S scaffold proteins and ferrochelatases?

2. What is the Fe sensor in higher plants?

3. Do glutaredoxins and BOLA proteins play a role in Fe-S cluster assembly?

4. What is the substrate (or substrates) of the ABC transporter of the mitochondria?

5. What are the molecular functions of proteins of the CIA pathway?
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85. Netz DJ, Pierik AJ, Stümpfig M, Mühlenhoff U, Lill R. 2007. The Cfd1-Nbp35 complex acts as a
scaffold for iron-sulfur protein assembly in the yeast cytosol. Nat. Chem. Biol. 3:278–86
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