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Abstract

This chapter is focused on the iron metallome in eukaryotes at the cellular and subcellular level,
including properties, utilization in metalloproteins, trafficking, storage, and regulation of these
processes. Studies in the model eukaryote Saccharomyces cerevisiae and mammalian cells will be
highlighted. The discussion of iron properties will center on the speciation and localization of
intracellular iron as well as the cellular and molecular mechanisms for coping with both low iron
bioavailability and iron toxicity. The section on iron metalloproteins will emphasize heme, iron-
sulfur cluster, and non-heme iron centers, particularly their cellular roles and mechanisms of
assembly. The section on iron uptake, trafficking, and storage will compare methods used by yeast
and mammalian cells to import iron, how this iron is brought into various organelles, and types of
iron storage proteins. Regulation of these processes will be compared between yeast and
mammalian cells at the transcriptional, post-transcriptional, and post-translational levels.
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1 Introduction

Organisms use a variety of transition metals as catalytic centers in proteins, including iron,
copper, manganese, and zinc. Iron is well suited to redox reactions due to its capability to act
as both an electron donor and acceptor. In eukaryotic cells, iron is a cofactor for a wide
variety of metalloproteins involved in energy metabolism, oxygen binding, DNA
biosynthesis and repair, synthesis of biopolymers, cofactors, and vitamins, drug metabolism,
antioxidant function, and many others. Because iron is so important for survival, organisms
utilize several techniques to optimize uptake and storage to ensure maintenance of sufficient
levels for cellular requirements. However, the redox properties of iron also make it
extremely toxic if cells have excessive amounts. Free iron can catalyze the formation of
reactive oxygen species such as the hydroxyl radical, which in turn can damage proteins,
lipids, membranes, and DNA. Cells must maintain a delicate balance between iron
deficiency and iron overload that involves coordinated control at the transcriptional, post-
transcriptional, and post-translational levels to help fine tune iron utilization and iron
trafficking.

This review will focus on the iron metallome in eukaryotes from uptake to regulation. The
physicochemical properties will be investigated, including bioavailability for uptake,
chemical forms and subcellular locations of intracellular iron, and mechanisms of toxicity.
In addition, the function and formation of iron metalloproteins such as heme and iron-sulfur
clusters will be considered. Uptake systems, iron chaperones, and storage systems in yeast
and mammalian cells will be compared. Regulation of these processes at the gene, mMRNA,
and proteins levels will be examined, again comparing yeast and mammalian cells.
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2 Physicochemical Properties of the Iron Metallome

2.1 Intracellular Concentrations, Oxidation State, and Speciation
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Iron is the most abundant metal on Earth, thus it is not surprising that almost all organisms
have evolved to exploit the unique chemical properties of this ubiquitous transition metal.
Iron primarily exists in either the ferrous (Fe2*) or ferric (Fe3*) oxidation state in biological
systems. Due to its critical role in cell metabolism, iron constitutes a significant portion of
the eukaryotic metallome [1]. Intracellular iron concentrations vary with cell type,
environmental conditions, and disease state. The iron concentration of human erythroid cells
was measured at 300-400 pM [2], while isolated rat hepatocytes maintain iron
concentrations close to 1 mM [3]. Iron overload diseases caused by mutations in iron
handling proteins can lead to 10- to 20-fold increases in these intracellular iron levels in
specific tissues [4-6]. The local bioavailability of iron also strongly influences intracellular
concentrations. For example, analysis of the single-celled model eukaryote S. cerevisiae
demonstrated intracellular iron concentrations ranging from 250 pM to 600 1M depending
on the iron content of the growth medium [1,7].

To better study the iron metallome, biophysical probes such as Méssbauer and electron
paramagnetic resonance (EPR) have been recently employed to measure not only the
absolute iron concentration, but also the types of iron and how this varies within specific
organelles [8]. Lindahl and colleagues have used an integrated biophysical approach to
characterize the iron speciation in S. cerevisiae whole cells and organelles under several
growth conditions [7,9-11]. These studies clearly demonstrate that the mitochondria and
vacuole are the two central hubs of iron metabolism in this organism. In general, yeast
mitochondria contain 700-800 M Fe. In respiring cells, most of this mitochondrial iron is
present as the prosthetic groups of the respiratory complexes (~70% [4Fe-4S]2* clusters and
heme centers), with the remaining iron present as [2Fe-2S]1* clusters in enzymes and as
non-heme, high spin Fe2* ions. Conversely, in fermenting cells the iron from respiratory
complexes is reduced to ~30% of the total iron, there is an increase in non-heme iron, and
the appearance of ferric phosphate nanoparticles. Mutations in Fe-S cluster assembly and
trafficking proteins leads to increased concentration of these nanoparticles with a
concomitant rise in reactive oxygen species [7,11]. The differences in iron speciation in each
of these different situations are readily apparent from the Mdssbauer spectra (Figure 1). The
other major iron repository in yeast is the vacuole. Vacuoles isolated from fermenting yeast
contain an average of 220 pM Fe in the ferric iron, which is expected given the acidic
environment of this organelle (pH ~ 5). Vacuolar iron is present in both a soluble Fe(l11)
complex and insoluble, magnetically-interacting Fe(l11) nanoparticles, which interconvert
based on changes in pH [9].

Characterization of iron speciation in other organelles and organisms is still in the initial
stages as most published studies are based on a single technique, instead of verification by
several methods. In addition, various techniques have been used to study different
organisms, making comparison of results challenging. Iron can be found in a variety of
different forms based on location (and thus pH and redox potential), available ligands, and
cellular need. The integrated approach described above is one of the most promising for
studying the iron metallome: by combining Mdssbauer, EPR, X-ray absorption spectroscopy
(XADS), electronic absorption spectroscopy, and electron microscopy, one can resolve
different groups of iron species (such as Fe-S clusters, hemes, and nanoparticles) at a
relatively low concentration. In particular, XAS techniques such as X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) give
information about oxidation state, geometry, and ligation. All forms of iron can be detected
and quantified, so changing levels of species can also be monitored [12].
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Another promising method for future studies is X-ray fluorescence microscopy (XRFM),
which provides information about metal distribution, oxidation state, and coordination.
XRFM offers high spatial resolution of biological samples by detection of emitted X-rays
from the sample after irradiation. Pairing this with XANES can provide more information
about iron speciation and subcellular distribution. A combination of XRFM and XAS studies
on brain tissue from Alzheimer’s disease patients showed an increased concentration of iron
found mainly in the oxidized form [13]. Fluorescence intensity from XRFM studies is
directly proportional to the element concentration, providing some quantitative analysis of
samples. Quantification of transition metals in cells and organelles can also be accomplished
using particle-induced X-ray emission (PIXE). Like XRFM, PIXE analysis detects X-rays
that are emitted which are characteristic of elements in the sample. This technique is capable
of detecting and quantifying trace elements (including Fe, Mn, Zn, and Cu) in the j.g/g range
[12].

2.2 Subcellular Distribution

As mentioned above, the majority of cellular iron is found in the mitochondria and the
cytosol for utilization in iron-dependent proteins. While yeast store excess iron in the
vacuole, mammals express iron storage proteins such as ferritin and mitochondrial ferritin
for this purpose. In addition, iron is recycled in lysosomes after iron-containing proteins are
degraded. For example, human liver and spleen cells from patients with hemochromatosis
(an iron overload disease) were found to contain iron-loaded lysosomes (siderosomes),
hemosiderin (a degradation product of ferritin), and ferritin [14]. There has not been a
significant amount of research focused on the concentration and chemical nature of iron in
the endoplasmic reticulum (ER). However, the existence of iron pools in this organelle is
likely since a number of heme and non-heme iron proteins are located in the ER. For more
information on iron-containing organelles and iron storage proteins, refer to Sections 4.2 and
4.3.

2.3 Bioavailability, Intracellular Labile Iron Pools

2.3.1 Iron Bioavailability—Although iron is one of the most abundant elements on Earth,
the environment is usually oxygenated, non-acidic, and aqueous. Under these conditions,
extracellular iron is predominantly found in the poorly soluble ferric (Fe3*) state. One way
that organisms such as yeast improve iron bioavailability is by acidifying the local
environment. The solubility of ferric iron is pH-dependent, changing from 10718 M at pH 7
to 1073 M at pH 2. By lowering the pH of the surrounding environment, organisms facilitate
solubilization and uptake of iron. ATP-driven proton transporters move H* ions from the
cytosol across the plasma membrane to control the pH at the cell surface [15]. Humans also
use an acidic environment to facilitate uptake of dietary iron. Uptake mainly occurs though
enterocytes in the duodenum, which receives the acidic contents of the stomach. Iron can
then be absorbed for storage in intestinal cells or delivery to other cells [15,16].

Many microorganisms, including some fungi, also secrete low molecular weight compounds
known as siderophores into their surroundings, which form high-affinity (~10733 M)
complexes with ferric iron to make it bioavailable for uptake. Transporters on the cell
surface then recapture the Fe3*-siderophores complexes. For infectious microorganisms,
these molecules help the invading pathogen acquire iron from the host for survival.
Interestingly, two recent reports suggest that mammalian cells may also synthesize their own
siderophores [17,18]. In both cases, the siderophore-like compound was isolated by
screening for molecules that bound to siderocalins, a class of lipocalins that specifically bind
exogenous siderophores. Siderocalins are weapons in the immune system arsenal, designed
to prevent the invading organisms from acquiring iron by sequestering Fe3*-bound
siderophores [19]. However, these new studies suggest that siderocalins may also bind Fe3*
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complexed with endogenous siderophores to facilitate iron trafficking. The candidate
endogenous siderophore-like compounds isolated include catechol and catechol-like
compounds [17], as well as a molecule with a 2,5-dihydroxybenzoic acid (2,5-DHBA) iron-
binding moiety, which is isomeric to 2,3-DHBA found in the bacterial siderophore
enterobactin (Figure 2) [18]. BDH2, a homologue of bacterial EntA (which catalyzes 2,3-
DHBA production), was found to be responsible for 2,5-DHBA production. Knockdowns of
BDH2 suggested that the 2,5-DHBA-containing mammalian siderophore is involved in
regulating both cytosolic and mitochondrial iron levels [18].

2.3.2 Intracellular Labile Iron Pools—The vast majority of iron is bound to proteins
and enzymes for use as a cofactor (for more information, see Section 3) and stored in
ferritin, vacuoles, and lysosomes. The remaining iron in the cell is proposed to be part of a
labile iron pool (LIP), also known as chelatable or free iron, which is most likely present as
ferrous complexes given the neutral pH and reducing conditions inside the cell. The LIP is
thought to constitute only 0.2-3% of total cellular iron [20]. Studies suggest that the LIP acts
as a crossroads in iron trafficking, providing iron for incorporation into metalloenzymes,
feeding pathways for heme and Fe-S biosynthesis, and directing excess iron towards storage
or export proteins [21]. The LIP is also assumed to be dynamic in nature, shrinking and
growing in response to the needs of the cell. Only recently has research focused on
uncovering the chemical nature of iron in the cytosolic LIP [22]. At physiological
conditions, small molecular weight ligands such as phosphates, citrate, cysteine, and
glutathione (GSH) are available to bind Fe(ll) [20]. While the predominant ligand for the
LIP remains an open question, potentiometric and binding affinity studies suggest that only
GSH is present at high enough concentrations with sufficient binding affinity to buffer the
labile Fe(Il) pool, forming the proposed pentaaqua-Fe(l1)-GSH complex shown in Figure 3.
This iron-GSH complex is suggested to be a way for cells to distinguish between Fe(ll) and
Mn(11), which have similar intracellular concentrations. In addition, the Fe(l1)-GSH complex
may play a role in iron trafficking based on the interaction of GSH with monothiol
glutaredoxins, which are essential for iron regulation and trafficking (see Section 4.1) [23].

There is some evidence that a labile iron pool exists in individual organelles as well as the
cytosol. Using fluorescent indicators, the LIP in mammalian mitochondria was measured
between 1 and 16 pM depending on the cell type, which constitutes <0.4% of total
mitochondrial iron [24-26]. Studies on mitochondrial iron speciation in yeast suggest that a
somewhat larger pool of non-heme, high spin Fe2* is used in assembly of hemes and Fe-S
clusters. The exact nature of this iron is still unknown, although it is presumably loosely
bound by low molecular weight ligands similar to the cytosol. In actively respiring
mitochondria, this pool constitutes ~2% of total mitochondrial iron, but grows to 20%
during fermentation when the rate of Fe-S cluster and heme biosynthesis decreases. Since
the total mitochondrial iron in yeast is nearly identical in respiring vs. fermenting cells, these
results demonstrate dynamic shifts in subcellular iron speciation rather than mitochondrial
iron import in response to changes in energy metabolism [10].

2.4 Mechanisms of Iron Toxicity

2.4.1 Oxidative Stress and Formation of ROS—Although iron is required for many
cellular processes, excess iron levels can be toxic to cells. Iron has a central role in the
production of one of the most reactive oxygen species (ROS) found in the cell, namely the
hydroxyl radical (HO"). Intracellular iron catalyzes formation of HO® non-enzymatically by
reacting with the superoxide anion (O,*") (Eg. 1) and hydrogen peroxide (H,0,) (Eq. 2)
[27].
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Fe’T4+05™ — Fe’™+0, (1)

Fe’T+H,05 — Fe*™ +HO™+HO®  (Fentonrxn) (2)

Net rxn (1) + (2):

05 +H202 — O2+HO +HO®* (Haber—Weissrxn) (3)

ROS such as H,0, and O," are produced naturally in vivo through enzymatic reactions and
auto-oxidation from endogenous compounds and have well-documented roles in signal
transduction pathways and immune cell response [28]. However, when left unchecked, these
molecules together with HO® have the ability to initiate oxidative damage to DNA, lipids,
and proteins, all of which contribute to cell death, aging, and various diseases. Thus iron
overload diseases are often characterized by elevated levels of biomarkers for oxidative
stress, including protein carbonyls, DNA oxidation products, lipid peroxidation, advanced
glycation end products, and malondialdehyde formation. Accumulation of iron in the brain
coupled with oxidative stress is also a common feature of neurodegenerative diseases such
as Alzheimer’s and Parkinson’s disease [29].

2.4.2 Iron Interference in Other Metal Trafficking Pathways—Recent studies also
suggest that iron toxicity may not be solely due to iron-catalyzed ROS formation. Kaplan
and coworkers demonstrated that toxicity is not dependent on the presence of oxygen, since
iron is toxic to yeast even under anaerobic growth conditions [30]. Alternatively iron
toxicity may stem from the interference of excess iron in other metal trafficking pathways.
Strong evidence for this hypothesis is the effect of excess iron on manganese trafficking to
the antioxidant enzyme superoxide dismutase (SOD). Eukaryotic cells express an SOD in
the mitochondria, SOD2, which preferentially binds manganese over iron under normal
conditions. SOD2 is an essential antioxidant enzyme since deletion of the SOD2 gene leads
to neonatal lethality in mouse models [31,32]. SOD2 activity requires the correct insertion of
manganese into the enzyme, while misincorporation of iron renders it inactive [33,34].
Studies of SOD2 mismetallation in yeast revealed the presence of two distinct iron pools in
the mitochondria, one being “SOD2-inert” and the other “SOD2-reactive”. Disruption of
iron homeostasis increases the reactive pool (without significantly affecting total
mitochondrial iron), allowing for iron incorporation into SOD2. In particular, disruptions in
the late stages of mitochondrial Fe-S cluster biogenesis led to diversion of iron to SOD2 (see
Section 3.2.2). A somewhat similar situation was observed in a mouse model of the iron
overload disease hereditary hemochromatosis, albeit via a different mechanism. In this case,
cytosolic iron overaccumulation was found to disrupt trafficking of copper, zinc, and
manganese to mitochondria, leading to deficiencies of these essential metals in this
organelle. Consequently, Mn-SOD?2 activity was significantly reduced leading to lower
respiratory activity and increased lipid peroxidation [35].

3 Iron Metalloproteins

3.1 Types of Iron Metalloproteins

3.1.1 Heme-Containing Proteins—Organisms utilize heme-containing proteins for a
variety of processes, including sensing and transport of oxygen, energy metabolism,
transcriptional regulation, and protein stability. Heme consists of iron bound to a porphyrin
ring (shown in Figure 4), where the iron can act as an electron source or sink for redox and
electron transfer processes. In mammals, heme is one of the most important iron cofactors. It
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is best known as an oxygen carrier when bound to hemoglobin in red blood cells.
Cytochromes are hemoproteins involved in electron transfer reactions. For example,
cytochrome c transfers electrons between Complexes Il and 1V in the electron transport
chain of the mitochondria. The cytochrome P450 enzyme family catalyzes the oxidation of
many organic compounds, including lipids, hormones, and xenobiotics. Catalases and
peroxidases are both hemoprotein families that protect against peroxide damage. Catalase
prevents H,O, damage by catalyzing its decomposition to H,O and O,. Peroxidases use
heme to convert peroxides into alcohols using electron donors and protons, again to prevent
damage caused by reactive peroxides. Recently, it was shown that the nuclear receptor Rev-
erba binds heme and regulates circadian rhythmicity as well as other metabolic pathways
[36].

3.1.2 Iron-Sulfur Cluster-Containing Proteins—Similar to the heme cofactor,
organisms employ iron in the iron-sulfur cluster cofactor for its versatility in electron
transfer reactions, with redox potentials ranging from =500 to +300 mV. Iron sulfur clusters
form as complexes of iron (FeZ* or Fe3*) and inorganic sulfide (S27) in various
arrangements, with two of the most common being [2Fe-2S] and [4Fe-4S] clusters (Figure
5). Certain prokaryotes and cyanobacteria also utilize larger, more complex clusters that
incorporate additional metals such as molybdenum, nickel, and vanadium. For example, the
nitrogenase enzyme contains a FeMoco cofactor cluster (MoFe;Sg) and a P cluster (FegS7)
in addition to a [4Fe-4S] cluster in the heterodimer form [37]. Evidence for these types of
complex clusters in higher eukaryotes is lacking. Fe-S proteins can also convert between
cluster forms. The enzyme aconitase is active in the [4Fe-4S] cluster form, while partial
disassembly to a [3Fe-4S] cluster renders it reversibly inactive. Fe-S clusters are usually
bound to proteins via coordination of the iron to sulfur from cysteine and nitrogen from
histidine, although serine and arginine have also been shown to ligate Fe-S clusters. In
addition to binding to protein residues, the iron can bind other small molecules such as GSH,
homocitrate, CO, and CN™. Recent studies also demonstrate that a carbon atom coordinates
all 6 Fe at the core of the FeMoco cluster in nitrogenase from nitrogen-fixing bacteria
[38,39]. In addition to their well-known redox function in electron transfer reactions, Fe-S
clusters are also involved in heme biosynthesis, DNA synthesis and repair, ribosome
assembly, tRNA maodification, nucleotide and amino acid metabolism, and biogenesis of Fe-
S proteins [40].

3.1.3 Mono- and Dinuclear Non-Heme Iron Proteins—While heme iron and Fe-S
clusters are two of the most common ways that proteins use iron as a cofactor, it is found in
other forms. Non-heme iron cofactors can be bound directly to proteins as mononuclear and
dinuclear iron centers with a variety of amino acid ligands and bridging atoms adapted for
specific roles. Many non-heme iron centers catalyze similar reactions to heme enzymes. For
example, both heme and non-heme diiron enzymes can act as monooxygenases that insert
oxygen atoms into substrate molecules. Non-heme iron proteins catalyze a wide array of
reactions, such as converting nucleoside diphosphates (NDP) to deoxyNDPs (ribonucleotide
reductase), catalyzing biomineralization of iron for intracellular storage (ferritin), sensing
oxygen (prolyl hydroxylases), synthesizing eicosanoids (lipoxygenases), and modifying
histones (lysine demethylases).

3.2 Assembly and Insertion of Iron Cofactors

3.2.1 Assembly and Insertion of Heme Cofactors—The steps involved in the
synthesis of heme are well conserved from prokaryotes to eukaryotes (Figure 6). As
mentioned previously, free iron is toxic to cells due to generation of ROS. Both porphyrin
and heme are also toxic, generating oxygen radicals and peroxidase activity, respectively. To
reduce the risk of these potentially toxic molecules, heme biogenesis is linked to
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intracellular iron concentrations and synthesis of hemoprotein precursors. The heme
synthesis machinery is distributed in both the cytosol and the mitochondria, requiring
intermediates in this pathway to be shuttled across membranes. Transport of these porphyrin
intermediates must be tightly regulated, again to reduce the risk of toxic components
accumulating in the cell [41].

The first phase in heme biosynthesis is formation of the pyrrole. Initially, ALA synthase
(ALAS) catalyzes this condensation reaction between succinyl-CoA and glycine to form 5-
aminolevulinic acid (ALA) in the mitochondrial matrix. ALA is then transported to the
cytosol, possibly via exchange for glycine by the mitochondrial carrier protein SLC25A38,
where aminolevulinate dehydratase (ALAD) catalyzes the condensation of two ALA
molecules to form monopyrrole porphobilinogen. After formation of the monopyrrole is
complete, porphobilinogen deaminase (PBGD) catalyzes assembly of the unstable
tetrapyrrole hydroxymethylbilane (HMB) from four molecules of porphobilinogen.
Formation of the tetrapyrrole macrocycle is completed by uroporphyrinogen 111 synthase
(URO3S), which catalyzes the ring inversion and closure of HMB to make
uroporphyrinogen 111 (UPgenlll) [42,43]. Once the tetrapyrrole is formed, the side chains
need to be modified to form the correct porphyrin before insertion of iron.
Uroporphyrinogen decarboxylase (UROD) catalyzes the removal of carboxyl groups from
the acetic acid side chains of UPgenlll to form coproporphyrinogen I11 (CPgenlll).
Coproporphyrinogen oxidase (CPOX) catalyzes the conversion of CPgenlll to
protoporphyrinogen 1X (PPgenlX) via oxidative decarboxylation of the pyrrole ring
propionate groups to vinyl groups. CPOX is cytosolic in yeast, and located in the
mitochondrial intermembrane space (IMS) in higher eukaryotes. Several studies suggest that
the ATP-binding cassette transporter protein ABCBS is either the CPgenlll transporter, or is
somehow involved in the transport of CPgenlll to the IMS in mammals [44].
Protoporphyrinogen oxidase (PPOX) located on the outer surface of the mitochondrial inner
membrane catalyzes oxidation of PPgenlX to protoporphyrin IX (PP1X) in the IMS [42].

The final step in forming heme is the insertion of ferrous iron into PPIX by ferrochelatase
(FECH) in the mitochondrial matrix. There is some evidence that FECH physically interacts
with PPOX across the mitochondrial inner membrane to allow substrate channeling of PP1X
between these two enzymes [45]. Human and S. pombe forms of FECH contain a structural
[2Fe-2S] cluster that is sensitive to nitric oxide, while S. cerevisiae and bacterial
ferrochelatases lack the Fe-S cluster [46]. Studies indicate that ferrous iron may be imported
into the matrix by Mrs3/4 importers (Mfrn1/2 or mitoferrin in mammalian cells). The yeast
homologue of human frataxin, Yfh1, is proposed to act as an iron chaperone and donate
Fe(ll) to ferrochelatase for heme biosynthesis [47]. However, human frataxin does not seem
to be involved in heme biosynthesis, although it may have a role in Fe-S protein assembly
[40,48].

Once heme is fully assembled, it must be transported from FECH in the matrix across one or
more membranes to target hemoproteins found in various organelles, such as the IMS,
cytosol, nucleus, ER, and lysosomes [49]. FECH may act as a heme shuttle for proteins in
the matrix that are in the same vicinity, such as cytochrome P450. For proteins outside the
matrix, there is no known heme chaperone in mammals, although heme chaperones for
cytochrome c have been identified in plants and bacteria [50]. Some cytosolic heme-binding
proteins have also been suggested to have a role in heme transport, including glutathione S-
transferases (GSTs) from liver and red blood cells [51]. Hemoproteins found in the secretory
pathway may obtain heme in the ER, indicating a role for the ER in heme delivery. The ER
and mitochondria have been shown to physically interact via a tethering complex that may
provide a path for heme transport from the mitochondria [45].
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3.2.2 Assembly and Insertion of Iron-Sulfur Clusters—There are two identified
systems in eukaryotes for assembly of iron-sulfur clusters: the mitochondrial iron-sulfur
cluster (ISC) assembly machinery and the cytosolic Fe-S protein assembly (CIA) machinery
(Figure 7). In the mitochondria, Fe-S protein maturation occurs via two distinct stages. First,
Fe(I1) and sulfur are combined on a homodimeric scaffold protein (Isu) to form a labile Fe-S
cluster. Once formed, the nascent Fe-S cluster is then transferred to its ultimate target
protein via additional accessory proteins. In the initial stage, sulfur is obtained from free
cysteine via the pyridoxal phosphate-dependent cysteine desulfurase Nfs1. Both yeast and
human Nfs1 are mainly mitochondrial, although a portion of Nfs1 localizes to the nucleus
and cytosol in both systems. In yeast, the mitochondrial form is essential for both
mitochondrial and cytosolic cluster assembly, while the cytosolic form may act as a sulfur
donor for other pathways requiring mobilized sulfur, such as cytosolic tRNA thio-
modification [52]. Nfs1 function is dependent on formation of a stable complex with a
partner protein named Isd11, although the specific role of I1sd11 is not clear. The Nfs1-1sd11
complex produces sulfane sulfur (S°) via persulfide formation, thus a source of electrons is
required to reduce this molecule to sulfide (S27) for Fe-S cluster synthesis. This electron
transfer is most likely performed by the ferredoxin-ferredoxin reductase pair Yahl and Arhl
in yeast (FDX1/2 and FDXR in humans) using electrons from NADH [48,53].

It is clear that the Nfs1-Isd11 complex transfers sulfur to the Isu scaffold proteins (Isul and
Isu2 in yeast, ISCU in humans). Similar to Nfs1, a small amount of human ISCU exhibits
cytosolic localization where it may function as a scaffold for extramitochondrial Fe-S cluster
biogenesis [48,53]. The mechanisms of cluster assembly on scaffold proteins, including the
order of Fe and S binding and the sources of iron, remain open questions. As far as iron
delivery, one proposal is that Yfh1, the yeast homologue of human frataxin, delivers iron to
the Isu proteins. Yfh1 was shown to bind iron in vitro, and to bind Isu1/Nfsl in an iron-
dependent manner in the mitochondria, possibly enabling iron transfer [54]. More recently,
frataxin was proposed to stabilize the active form of the Nfs1-l1sd11-1su complex thereby
promoting sulfur transfer and enhancing Fe-S cluster formation [55].

Once the cluster is assembled, it must be transferred from the scaffold to the target
apoprotein. Bacterial U-type scaffolds (IscU, NifU) are capable of making and transferring
both [2Fe-2S] and [4Fe-4S] clusters, thus eukaryotic Isu proteins may also be able to
assemble both types of clusters. The cluster transfer system is formed by the chaperone Ssql
(an Hsp70 chaperone), a J-type accessory chaperone, Jacl, and the chaperone/nucleotide
release factor, Mgel. While not required for cluster assembly on Isu proteins, depletion of
these chaperones results in cluster accumulation on Isul. This system most likely takes the
transiently bound cluster from the Isu scaffold and inserts it into the target protein. The
monothiol glutaredoxin Grx5 also may play a role in cluster transfer, as Grx5 depletion
results in cluster accumulation on Isul, although a specific role has not yet been determined.
Studies on zebrafish and human forms of Grx5 show that it is important for cytosolic Fe-S
assembly, and thus may regulate heme synthesis by facilitating Fe-S cluster assembly on
IRP1 (see Section 5.2.2) [48,53]. Additional mitochondrial Fe-S biogenesis assembly factors
(e.g. Isal, Isa2, 1ba57, BolA3, Nful, Indl) are proposed to function as intermediate scaffold/
delivery proteins between ISCU and specific subsets of target proteins [40].

In addition to the mitochondrial ISC system, yeast and mammalian cells have cytosolic iron-
sulfur assembly (CIA) components that build clusters for cytosolic and nuclear proteins.
Since the mitochondrial form of yeast Nfsl is essential for both mitochondrial and cytosolic
Fe-S cluster assembly, one theory is that the mitochondria exports a sulfur-containing
substrate produced by the ISC machinery that is used by the CIA machinery to build and/or
insert Fe-S clusters [40]. In yeast, the ABC transporter Atm1 (ABCB7 in humans) is
proposed to export the unidentified sulfur-containing substrate from the mitochondria to the
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cytosol since depletion of Atm1 inhibits cytosolic Fe-S assembly. A recent study also
implicates the mammalian ABC transporter ABCB8 in export of mitochondrial iron for
cytosolic Fe-S cluster biogenesis [56]. The mitochondrial IMS-localized sulfhydryl oxidase
Erv1 and the ubiquitous tripeptide GSH are also implicated in export of the sulfur-
containing substrate from the mitochondria for cytosolic Fe-S cluster assembly, although
their specific roles are nebulous [40]. However, a recent study reported that the cytosolic Fe-
S assembly defect reported for Atm1-depleted strains was an artifact of the strain
background used in the initial report, indicating that Atm1 activity is not required for
cytosolic Fe-S cluster assembly in yeast [57]. In addition, studies in human cells suggest that
the cytosolic Fe-S cluster assembly machinery is independent of the mitochondrial system
[48].

Regardless of the specific details regarding initial Fe-S cluster assembly in the cytosol and
the requirement of the mitochondrial ISC system, it is clear that a number of additional
proteins are essential for assembling Fe-S clusters for cytosolic/nuclear proteins. Two
potential scaffold proteins are the P-loop NTPases Cfd1 and Nbp35 that form a [4Fe-4S]-
bridged heterotetramer. Yeast Narl (IOP1 and IOP2 in humans) is similar to bacterial iron
hydrogenases, although it has no hydrogenase activity. Narl has two Fe-S clusters whose
assembly requires the mitochondrial ISC systems, as well as Cfd1 and Nbp35. Depletion of
mammalian 10P1 disrupts cytosolic Fe-S cluster assembly, and homology of Nar1/10P1/2 to
other hydrogenases has led to the suggestion that these proteins may act as electron donors
in the CIA system, either in assembly or transfer of a cluster. A fourth member of the CIA
machinery is Cial, which might play a role late in biogenesis after Nbp35 and Nar1,
possibly in cluster transfer to target proteins. In addition, Dre2, which is localized to both
the cytosol and the mitochondrial intermembrane space, was recently found to be a possible
link between the mitochondrial ISC and cytosolic CIA systems. Dre2 can be purified with
both a [4Fe-4S] and a [2Fe-2S] cluster that seem to play catalytic or structural roles based on
cluster stability. Since depletion of Dre2 impairs cytosolic Fe-S cluster assembly, it may
work early in the CIA pathway and deliver the ISC system substrate necessary for cytosolic
cluster assembly. The human homologue of Dre2, anamorsin (or CIAPIN1) is proposed to
function in electron transfer in the CIA system, similar to Dre2. While the function appears
conserved between yeast and humans, anamorsin only binds a [2Fe-2S] cluster [58].
Currently, the only proteins known to require the CIA system bind [4Fe-4S] clusters [40,59],
thus there may exist a parallel pathway for assembly of cytosolic [2Fe-2S] clusters such as
those found on the Grx3/4 proteins (more in Section 5.3) [60].

3.2.3 Assembly and Insertion of Non-Heme Iron Cofactors—Due to the multitude
of different non-heme iron centers, there is not a singular system for assembly and insertion
of these cofactors. In most cases, a specific set of proteins are required: a chaperone for iron
delivery, redox proteins to maintain the oxidation state of iron, and enzymes involved in
protein folding that allow for proper insertion of the metal. For metalloproteins that merely
need their cofactor inserted (such as mononuclear iron), cells can minimize metal
misincorporation by compartmentalizing proteins and using metal chaperones. The metal
concentrations in different subcellular compartments can vary, and a metalloprotein’s metal
affinity is usually tailored to these specific ranges. Here, we focus on one of the better-
characterized assembly systems for incorporation and maturation of the dinuclear iron center
of class la ribonucleotide reductases (RNRS).

Class | RNRs are divided into subgroups based on their metallocofactor. Class la RNRs
contain a diferric-tyrosyl radical (Fe3*Fe3*-Y+) that is involved in the oxidation of a
conserved active site cysteine to a thiyl radical (Se), which in turn reduces the substrate.
FeZ* first needs access to the metal binding site of the RNR that is buried in the protein. One
hypothesis is that one subunit of the RNR acts as an iron chaperone to another subunit, then
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becomes part of the functional enzyme. Once the protein contains a diferrous center
(FeZ*Fe2"), this can react with O, to form a diferric peroxide. A conserved Trp residue
reduces the diiron center to an Fe**Fe3* intermediate, producing a Trp cation radical
(Trp*e). The intermediate can then oxidize the active site Tyr(Y), forming Fe3*Fe3* and the
Tyr radical (Y*) needed for catalysis [61]. Figure 8 shows diferric-tyrosyl radical cofactor
formation (a) and proteins involved in the biosynthesis pathway (b).

Recent studies on the cytosolic monothiol glutaredoxins, Grx3 and Grx4, and cytosolic Fe-S
biogenesis factor Dre2 have revealed a possible role for these proteins in cofactor assembly
on yeast Rnr2. Grx3/4 is involved in intracellular iron trafficking for the assembly of many
iron cofactors, including Fe-S loading onto Dre2. Dre2 and the reductase Tah18 are
postulated to act as an electron source for cytosolic Fe-S cluster assembly (analogous to the
Yah1-Arhl pair in the mitochondrial ISC system). Grx3/4 was shown to be the source of
iron in RNR cofactor synthesis, either directly donating the iron, or indirectly by making it
bioavailable for assembly. Dre2 also plays a role in RNR cofactor formation that seems to
be separate from the role of Grx3/4. Although this specific function has not yet been
determined, the Dre2-Tah18 pair may provide reducing equivalents to maintain the iron in
its reduced state for delivery [62].

4 Iron Uptake, Trafficking, and Storage

4.1 Iron Uptake and Transport

4.1.1 Iron Uptake and Transport in S. cerevisiae—The yeast S cerevisiae expresses
an extensive system of membrane transporters for uptake of environmental iron (Figure 9).
As previously mentioned, yeast have the ability to scavenge iron-loaded siderophores from
their surroundings. Arnl, Tafl, Sitl, and Enb1 (also known as Arnl-4, respectively) are
transporters specific for Fe3*-siderophore complexes. Environmental Fe3* is reduced to the
more soluble Fe2* by the ferrireductases Frel and Fre2, which are also capable of reducing
Cu2*, Once reduced, Fe2* can be imported by the high-affinity uptake system encoded by
FET3 and FTRL. Fet3 is a multicopper oxidase that oxidizes the Fre1/2-produced Fe2* to
Fe3*, which is then transferred across the plasma membrane by the transmembrane
permease Ftrl. In addition, S. cerevisiae possesses low-affinity iron transporters (Fet4 and
Smf1) that can also transport other transition metals. Fet4, in addition to being a low-affinity
iron transporter, can import copper and zinc, and is responsible for most of the uptake under
iron-replete conditions. Smf1, a member of the NRAMP transporter family found in both
prokaryotes and eukaryotes, is a H*/M* symporter that uses a pH gradient to import
transition metals such as Fe2*, Mn?*, and Zn2*. Yeast express two other NRAMP proteins,
Smf2 and Smf3, although they do not seem to play a significant role in environmental iron
uptake. In addition to these uptake systems, the yeast genome encodes transmembrane ATP-
driven H* transporters to acidify the environment, which increases the solubility of Fe3*
[15,63].

After cells have imported iron, it needs to be transported either for storage or utilization.
Since free iron is redox-active and can damage proteins and membranes, it seems likely that
cells would use a chaperone to bind and transport iron through the cell. In yeast, the
cytosolic monothiol Grxs with a signature CGFS active site, Grx3 and Grx4, are suggested
to have an essential role in cellular iron trafficking. Depletion of Grx3/4 leads to defects in
iron-dependent proteins independent of induction of the Aftl iron uptake system (see
Regulation in Section 5.3 for more). Although these cells had excess cytosolic iron, iron
delivery is impaired. Grx3/4 have previously been shown to bind a [2Fe-2S] cluster in a
homodimeric complex. Not only is this Fe-S cluster essential for their role in iron
trafficking, it is also required in iron sensing and regulation of the transcription factors Aftl
and Aft2 [23,64,65].
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4.1.2 Iron Uptake and Transport in Mammalian Cells—In mammalian cells,
absorption of dietary iron occurs in the intestine through the brush border of duodenal
enterocytes. Inorganic iron mainly comes from vegetables, while heme iron comes from
degradation of hemoglobin and myoglobin in red meat. The divalent metal transporter 1
(DMT1) also known as SLC11A1, is an NRAMP family protein that carries inorganic iron
across the apical membrane into enterocytes. The ferric reductase Dcytb (duodenal
cytochrome b) is required to reduce Fe3* to Fe2* prior to uptake by DMT1 since dietary
inorganic iron is primarily in the oxidized form in the acidic environment of the duodenum.
The mechanisms for uptake of dietary heme, which is absorbed more efficiently that
inorganic iron, are somewhat nebulous. One possible candidate for dietary heme uptake is
heme carrier protein HCP1 [66]. After internalization, heme iron is released into the
enterocyte cytosol by heme oxygenase-1 (HO-1) via degradation of the heme molecule.
Cytosolic iron is either stored in ferritin (see below) or exported across the basolateral
membrane into the circulation by the ferrous iron exporter ferroportin (FPN). In enterocytes,
FPN functions in concert with the multicopper oxidase hephaestin, which oxidizes exported
FeZ* to Fe3* to facilitate iron loading onto the plasma iron carrier transferrin [15]. Many
other mammalian cell types also have the ability to export iron via FPN, including
macrophages and hepatocytes. The plasma multicopper oxidase ceruloplasmin functions
with FPN in these cell types in an analogous manner to hephaestin [67].

Transferrin (Tf) binds two ferric ions with high affinity, providing iron for most human cell
types (Figure 10). Iron-bound Tf is imported into the cell through the cell surface Tf
receptor 1 (TfR1), forming a complex that is internalized by endocytosis. ATP-dependent
proton pumps acidify the resulting endosome so iron is released from Tf, although this
release likely also requires reduction of the iron to Fe2*. Members of the STEAP (six-
transmembrane epithelial antigen of the prostate) protein family are ferric reductases that
catalyze this reaction. Apo-Tf is reutilized after delivery to the plasma membrane and
released back into the circulation. The freed ferrous iron is then transported from the
endosome to the cytoplasm via DMT1 [67]. In addition to Tf-iron, some mammalian cells
can utilize hemoglobin iron from degraded erythrocytes. Senescent red bloods cells (RBCs)
are phagocytosed by macrophages in order to recycle body iron. Hemoglobin binds to the
plasma protein haptoglobin, which then binds to CD163 on the surface of monocytes and
macrophages. Similar to uptake of Tf-iron, this complex undergoes endocytosis before being
broken down for iron release. The released heme iron can then bind to another plasma
protein, hemopexin, which is endocytosed following binding to the CD91 receptor of certain
cells [45]. The transmembrane protein HRG-1 has also been implicated in heme import [68].

Once iron is delivered to the cytoplasm, it must be transferred to various sites for utilization
and storage. When iron concentrations exceed cellular need, iron is deposited in the iron
storage protein ferritin (see below). Iron is most likely trafficked via a chaperone so that it
cannot prematurely react with cellular components. While no general iron chaperone has
been confirmed yet, several possible candidates have been identified. Poly (rC) binding
protein 1 (PCBP1) was shown to facilitate iron loading to ferritin; however, the exact
mechanism of delivery is not yet characterized [54]. In addition, PCBP1 and its homologue
PCBP2 were shown to act as iron chaperones to the iron-dependent enzymes HIF prolyl
hydroxylases and factor inhibiting HIF (FIH1). As with the ferritin-PCBP1 interaction, the
mechanism of iron delivery is not known; however, it seems likely that the PCBPs interact
with their targets post-translationally for iron incorporation. Whether this takes place in the
nucleus or the cytosol remains to be seen [69]. Cellular iron trafficking in yeast by [2Fe-2S]-
bridged Grx3/4 homodimers has already been described (see above) [23]. The human
ortholog of yeast Grx3/4, namely GLRX3, shares high sequence similarity with its yeast
counterparts and forms analogous [2Fe-2S] bridged homodimers [70,71], thus human
GLRX3 may play a similar role as an iron chaperone.
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4.2 Iron Storage Proteins

Intracellular iron that is not immediately utilized is directed to the cytosolic iron storage
protein ferritin. Ferritin self-assembles into a protein nanocage composed of 24 heavy (H)
and light (L) subunits housing ferric oxide biominerals, with an average of 1000-1500 iron
atoms stored per ferritin cage. During intracellular iron overload, ferritin iron levels can
reach 3000-4000 iron atoms/nanocage, leading to formation of insoluble material from
damaged ferritin known as hemosiderin. Several recent studies have unveiled the unique
structural properties of ferritin that facilitate mineral nucleation during iron entry [72]. Each
H subunit binds two ferrous ions in the active site that combine with O to form the di-
Fe(I11)O mineral precursor. Crystal growth is achieved as the mineral precursors from each
active site coalesce during movement into the central cavity. Release of ferritin iron back
into bioavailable cytosolic pools occurs via proteasomal or lysosomal degradation of the
ferritin nanocage [73]. In addition, iron may also be released from ferritin via a non-
destructive pathway involving reduction and dissolution of the ferric oxide biomineral [72].

A mitochondrial version of ferritin is also expressed in some human cell types.
Mitochondrial ferritin is similar in sequence and structure to ferritin, but possesses relatively
weak ferroxidase activity [74]. Nevertheless, mitochondrial ferritin overexpression was
shown to reduce production of reactive oxygen species while promoting mitochondrial iron
loading and cytosolic iron depletion [75]. However, the increased mitochondrial iron in cells
overexpressing mitochondrial ferritin is less bioavailable for heme and Fe-S cluster
biogenesis [76]. Interestingly, mitochondrial ferritin transcription does not seem to be
regulated by iron, but rather by the oxidative metabolic activity demand. Taken together,
these studies thus suggest that mitochondrial ferritin functions to sequester redox-active iron
in this organelle and highlight the importance of the mitochondrion in regulation of whole
cell iron metabolism [76,77].

4.3 Iron Entry and Exit into Extramitochondrial Organelles

4.3.1 Yeast Vacuoles—As mentioned earlier, in addition to mitochondria, the vacuole is
the other major hub of iron metabolism in S. cerevisiae. As yeast do not possess ferritin for
iron storage, the vacuole is designed to serve this purpose. The acidic pH in vacuoles, which
ranges from 4.5-5.5, permits increased iron solubility, and is regulated by ATP-driven
proton pumps. Iron is imported from the cytosol to the vacuole through the transporter Cccl,
found in the vacuolar membrane. In addition to being an iron (and manganese) storage
organelle, vacuoles help protect cells from the toxic effects of excess iron by sequestering it
in an unreactive form. The protein complexes involved in iron export from the vacuole are
comparable to the cell surface iron import machinery. A member of the FRE family, Fre6, is
localized to the vacuole where it acts as a ferrireductase in exporting iron from the vacuole.
Fre6 works in combination with the Fet5-Fth1 ferrous iron transport complex, which is
analogous to the cell surface Fet3-Ftrl import complex. Smf3, another member of the
NRAMP family and homologous to Smfl, is also found in the vacuolar membrane. Smf3
and Fet5-Fth1 all work downstream from Fre6 in iron export from the vacuole [63,78-80].

4.3.2 Lysosomes—In mammalian cells, lysosomes play a significant role in iron
recycling as the primary site for degradation of cytosolic ferritin. These organelles
containing acidic hydrolases that store and degrade biological waste produced by the cell,
including damaged proteins and organelles. Much of the material taken up by lysosomes
contains iron, mainly derived from ferritin and respiratory complexes. Iron concentrations in
lysosomes can vary greatly depending on how much material has been taken up, and if iron-
rich compounds have recently been degraded. Lysosomes with higher iron content tend to be
more susceptible to oxidative stress and destabilization. Fenton chemistry becomes more
likely under the favorable lysosomal conditions of an acidic pH and the availability of
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reducing equivalents. Oxidative damage to membranes can cause leaky lysosomes, which
exposes other cellular components to the harmful materials contained in this organelle [81].

4.3.3 Endoplasmic Reticulum—As mentioned earlier, studies suggest that the ER may
acquire heme via direct contact with the mitochondrion [45]. The existence of non-heme
iron enzymes in the mammalian ER, such as prolyl and lysyl hydroxylases, suggests that
ionic iron is also transported into the ER and/or Golgi. Although the yeast genome does not
encode homologues for these enzymes, prolyl hydroxylases heterologously expressed in S,
cerevisiae are correctly targeted and enzymatically active, demonstrating iron delivery to the
secretory pathway [82]. In addition, iron-free ferritin monomers are translocated into the ER
in yeast and mammalian cells [83], and iron-loaded ferritin is detected in the secretory
pathway of Drosophila cells [84]. Taken together, these studies provide evidence that ionic
iron is transported into the ER/Golgi compartment in both lower and higher eukaryotes [83].
However, specific ER iron transporters for either yeast or mammalian cells have not yet
been identified.

4.3.4 Nucleus—Numerous nuclear proteins contain heme, non-heme iron, or Fe-S cluster
cofactors that are necessary for their activity. Examples of heme-binding nuclear proteins
include the nuclear receptor Rev-erva and the transcriptional repressor Bachl [49], while
diiron-binding nuclear proteins include RNRs and HIF prolyl hydroxylases. A growing list
of Fe-S proteins involved in DNA repair, DNA replication, and transcriptional elongation
are also localized to the nucleus [40]. In each of these cases, it is not known whether iron
cofactor acquisition and assembly occurs before or after entry in the nucleus. Nevertheless, a
chelatable, labile iron pool similar in concentration to the cytosolic labile iron pool has been
detected in mammalian nuclei [20], thus nuclear iron is bioavailable for insertion into iron
metalloproteins if necessary. Nuclear ferritin has also been detected in some mammalian
cells types, demonstrating the capacity of this organelle to store and sequester DNA-
damaging, redox-active iron [85]. The specific mechanisms by which iron enters the nucleus
are unclear. Labile iron bound to low molecular weight ligands may freely diffuse through
nuclear pores. Alternatively, there is evidence that iron is actively transported across the
nuclear membrane via an ATP-dependent transport system [86].

5 Regulation of the Iron Metallome

5.1 Regulation at the Transcriptional Level

5.1.1 Yeast Iron-Responsive Transcription Factors

5.1.1.1 S. cerevisiae Hapl: S cerevisiae regulate iron homeostasis via transcriptional, post-
transcriptional, and post-translational mechanisms. At the transcriptional level, yeast utilize
several regulatory factors that respond not only to cellular iron status, but also oxygen
levels. Yeast use heme as an oxygen sensor to differentiate between aerobic and anaerobic
growth conditions. Heme is well-suited to this role since it not only binds to oxygen, but the
synthesis of porphyrin for heme depends on oxygen availability. Lower oxygen levels lead
to decreased heme synthesis, which in turn decreases synthesis of respiratory proteins. The
transcriptional activator Hapl controls this process in S. cerevisiae. Hapl is a heme-binding
protein that activates transcription of respiratory proteins under normal oxygen levels, as
well as the repressor Rox1. Rox1 then represses transcription of genes involved in anaerobic
growth. Under low or no oxygen conditions when heme synthesis is attenuated, Hapl is
inactive, thus aerobic metabolism genes are turned off and anaerobic genes are turned on.
Neither Hap1 nor Rox1 has any effect on transcription of the iron regulon (more below)
[87].
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5.1.1.2 S. cerevisiae Aft1/Aft2: In Saccharomyces cerevisiae, expression of high affinity
ionic iron and siderophore transporters is primarily controlled by the transcriptional activator
Aftl and to a lesser extent, its paralog Aft2. In addition to these transporters, Aftl and Aft2
control several other genes that together comprise the iron regulon. The iron regulon
includes genes encoding the high affinity iron transport system (FET3, FTR1, CCC2, ATX1,
FRE1-FRESG), the siderophore transport system (ARN1-4, FIT1-3), and vacuolar iron export
systems (SMF3, FET5, FTH1) [15]. Aft1/2 nuclear localization is controlled by the cellular
iron status: in iron-starved cells, Aft1/2 accumulates in the nucleus, while under iron-replete
conditions, Aft1/2 is shuttled to the cytosol by the exportin Msn5. Aft1/2 localization is
regulated by a complex formed of Grx3/4, Fral, and Fra2 proteins, which transmits an
inhibitory signal that is dependent on the synthesis of mitochondrial Fe-S clusters (for more,
see Section 5.3.1) [87]. Aft mutants are unable to grow on iron-poor media, although this is
not primarily due to a malfunctioning iron uptake system, but rather the lack of control of
intracellular iron use. This misuse of iron also renders cells more sensitive to oxidative
stress, most likely due to metal toxicity and formation of ROS [88-90].

Aftl and Aft2 have both overlapping and independent functions. Many iron regulon genes
are induced by both Aftl and Aft2; although in most cases, Aftl activation elicits a stronger
response. Aftl and Aft2 regulate gene expression by binding to iron-responsive elements
(FeREs) with the conserved sequence 5-CACCC-3’. However, Aftl binds more selectively
than Aft2 since it preferentially binds 5-TGCACC-3/, while Aft2 prefers 5-G/ACACC-3'.
Transcriptional analysis of Aftl and Aft2 target genes suggest that Aftl is primarily
involved in cellular iron uptake, while Aft2 specifically regulates intracellular trafficking to
vacuoles and mitochondria [90,91]. However, biophysical analysis of iron speciation in
yeast mutants that express constitutively active forms of Aftl or Aft2 suggests that the Aft
proteins do not regulate trafficking of cytosolic iron into mitochondria and vacuoles [7].

5.1.1.3 S. cerevisiae Yap5: The regulatory functions of the low iron-sensing transcriptional
activators Aftl/Aft2 are also complemented by a high iron-sensing transcriptional activator
named Yap5. Under high iron conditions, Yap5 activates expression of the vacuolar iron
transporter Cccl resulting in increased iron transport into the vacuole, which effectively
lowers cytosolic iron levels [92]. Yap5 binds to the CCC1 promoter independent of iron
levels, but only induces expression under high-iron conditions via formation of an
intramolecular disulfide bond [92,93]. A recent microarray study identified a handful of
Yap5-regulated genes, including TYW1, GRX4, and CUP1. Tyw1 is an Fe-S enzyme
involved in modification of tRNA bases; however, the catalytic function of Tyw1 is not
implicated in iron response. Instead, the data suggests that Yap5 protects the cell from
excess iron by increasing Tywl levels, which sequesters iron into Fe-S clusters. It is
possible that upregulation of Grx4 expression has a similar effect since this [2Fe-2S]-
binding protein is implicated in iron trafficking [23]. CUP1 encodes a Cu-binding
metallothionein that is important for resistance to copper toxicity [94]. Interestingly,
biophysical studies indicate that Cup1 also binds four Fe2* atoms/monomer in vitro [95],
and thus may also play a role in iron sequestration under toxic iron conditions. Taken
together, these studies suggest that Yap5 responds to high cellular iron levels by decreasing
free cytosolic iron through sequestration in vacuoles or incorporation into Fe- or Fe-S
cluster-binding proteins [92].

5.1.2 Mammalian HIF-2a—Unlike the transcriptional regulation of iron uptake and
storage genes in yeast, studies suggest that mammalian cellular iron homeostasis is primarily
regulated by post-transcriptional control of mMRNA translation and stability (see Section
5.2.2). However, iron-dependent regulation at the transcriptional level was recently
implicated in control of intestinal iron absorption. As described in Section 4.2.1, mammalian
enterocytes control iron import and export by regulating levels of the ferric reductase DcytB
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and iron importer DMT1 located at the apical membrane, as well as the basolateral iron
exporter FPN. While the peptide hormone hepcidin is the main regulator of FPN (see
Section 5.3.2.1), the hypoxia-inducible factor HIF-2a (also known as EPAS1) controls
expression of DctyB and DMT1. Under iron deficiency or hypoxic conditions, HIF-2a
forms a heterodimeric complex with HIF-1p, also known as aryl hydrocarbon nuclear
receptor (ARNT), that induces transcription of both DcytB and DMT1. When iron levels are
sufficient, HIF-2a is degraded (see Section 5.3.2.2) and does not activate expression of the
iron absorption genes [96,97].

5.2 Regulation at the Post-Transcriptional Level

5.2.1 Iron-Responsive mRNA-Binding Proteins in Yeast—In addition to activation
of iron uptake and transport genes by Aftl and Aft2, iron deficiency in S. cerevisiae also
leads to reprogramming of iron-dependent metabolic pathways in order to preserve limited
iron pools for essential pathways [15,98]. This metabolic reprogramming is primarily
accomplished by two mRNA binding proteins, Cthl and Cth2, whose expression is
upregulated by Aft1/2 under low iron conditions. Both proteins bind to the 3’ untranslated
regions of mMRNAs encoding iron-utilizing proteins in non-essential pathways, thereby
facilitating their degradation [99,100]. Cth1 and its paralog Cth2 are tandem zinc finger
(TZF) proteins related to the mammalian protein tristetraprolin (TTP). Similar to TTP,
Cth1/2 binds to AU-rich elements (ARE) in target mMRNAs. Cth2 binds to mMRNAs that
encode enzymes in heme biosynthesis, Fe-S cluster biosynthesis, the TCA cycle, the
electron transport chain, and components of fatty acid metabolism pathways. Gene targets of
Cth1 are mainly mitochondrial proteins involved in respiration and amino acid synthesis.
Cth1 shares a subset of target genes with Cth2, including some involved in oxidative
phosphorylation [99-101].

Cth1 and Cth2 regulation helps to redistribute iron to vital processes under iron starvation.
One of the enzymes that receives the limited iron is ribonucleotide reductase (RNR). RNR is
composed of a large R1 subunit that houses the catalytic site and a small R2 subunit that
contains the diferric tyrosyl radical cofactor. One facet of RNR regulation in yeast involves
subcellular localization, since the R1 subunit is primarily localized to the cytosol while the
R2 subunit residues in the nucleus under normal conditions. During genotoxic stress, the
iron-containing R2 subunit is exported to the cytosol allowing assembly of the active, holo
enzyme [102]. Nuclear localization of the R2 subunit depends on an interaction with the
nuclear protein Wtm1. Interestingly, the R2 subunit is also shuttled to the cytoplasm under
iron deficient conditions, suggesting that the limited available iron is partly funneled to this
essential enzyme. Iron-responsive transport of R2 to the cytoplasm is dependent on Cthl and
Cth2, which are responsible for binding to AREs in the WTM1 mRNA and degrading it in
response to low iron. Cth1 and Cth2 enhance RNR activity not only by facilitating
relocalization, but also by degrading mRNA of nonessential iron-dependent pathways to
increase available iron. In addition, Cth1 and Cth2 degrade new RNR transcripts to optimize
the use of the limited iron available in the redistributed RNR enzymes [103].

5.2.2 Iron-Responsive mRNA-Binding Proteins in Mammalian Cells—In contrast
to yeast, iron uptake and storage in mammalian cells is mainly regulated at the post-
transcriptional level through two iron regulatory proteins, IRP1 and IRP2 [73,104,105].
Under iron-depleted conditions, IRP1 and IRP2 bind to iron response elements (IREs) that
form hairpin structures in the 5" or 3’ untranslated regions (UTRs) of their target mMRNAs.
IREs are found in mRNASs encoding a variety of proteins involved in iron metabolism,
including ferritin, TfR, heme synthesis, DMT1, and FPN. IRP binding to mRNA either
stabilizes it or sterically blocks its translation depending on the location of the IRE. When
IREs are found in the 3’ UTR, such as in TfR, IRP binding protects the mMRNA from
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degradation, allowing transcription and subsequent iron uptake. When IREs are found in the
5 UTR, such as with ferritin mRNA, IRP binding blocks translation and thus decreases iron
storage. Under iron replete conditions when IRP1 and IRP2 lose their IRE-binding activity,
mRNAs with IREs in the 3’ UTR are degraded while mRNAs with IREs in the 5 UTR are
stable and freely translated [105]. Figure 11 illustrates how various target mMRNAs are
regulated by IRPs.

The IRPs are cytoplasmic proteins that belong to the aconitase family of isomerases. IRP1 is
capable of switching from mRNA-binding activity to aconitase activity by binding a
[4Fe-4S] cluster that prevents IRE binding. When cells are iron-depleted, the cluster is
degraded and IRP1 gains mRNA-binding activity. In addition to being regulated by iron
availability, IRP1 activity is influenced by Fe-S cluster biogenesis: IRE-binding activity is
increased when the Fe-S assembly machinery is impaired. This cluster can also be degraded
by exposure to hydrogen peroxide or nitric oxide. Although IRP1 and IRP2 are 57%
identical, IRP2 does not bind an Fe-S cluster. Instead, it is synthesized and stable under low
iron conditions, and degraded under high iron conditions. In addition to regulation by iron,
IRP2 is also inhibited by ROS, RNS, and phosphorylation. IRP2 appears to be the main
regulator of iron homeostasis as it can compensate for a loss of IRP1, while IRP1 cannot
necessarily compensate for loss of IRP2 [105,106].

5.3 Regulation at the Post-Translational Level

5.3.1 Post-Translational Iron Regulation in S. cerevisiae—Recent studies have
started to unveil the post-translational mechanisms that govern the iron-dependent activity of
the S. cerevisiae transcription factors Aftl and Aft2 (see Section 5.1.1.2 for more on Aft1/2).
Genetic studies suggest that Aft1/2 does not directly sense iron, but rather responds
indirectly to mitochondrial Fe-S cluster assembly [107]. Interpretation of the mitochondrial
Fe-S signal is dependent on a signaling pathway involving four cytosolic proteins: Grx3,
Grx4, Fral, and Fra2, which all have homologues in mammalian cells. Grx3 and Grx4 are
multidomain CGFS monothiol glutaredoxins that form [2Fe-2S] cluster-bound homodimers
with a role in intracellular iron trafficking (see Section 4.1.1) [23,65]. Grx3 and Grx4
perform redundant functions since deletion of GRX3 or GRX4 singly has little or no
phenotypic consequence, while grx3Agrx4A double mutants are severely growth impaired or
inviable [23,108]. Fral is an aminopeptidase P-like protein that is also implicated in
regulation of vacuolar iron uptake [109]. Fra2 is a member of the BolA protein family of
unknown function, although recent work has linked both prokaryotic and eukaryotic BolA
homologues to Fe-S cluster biogenesis [110]. Iron-dependent regulation of Aft1/2 occurs at
the protein level since Aft1/2 consistently localizes to the nucleus and binds its target
promoters in the absence of the Fral/Fra2/Grx3/Grx4 signaling pathway [64].

A variety of protein-protein interactions control signaling in this pathway. Grx3/4 interacts
with Aftl and Aft2 via a conserved CDC motif in Aft1/2. In addition, Grx3/4 and Fral both
bind to Fra2. Biochemical and spectroscopic studies revealed that Grx3/4 and Fra2 form
[2Fe-2S]-bridged heterodimers, while mutagenesis studies confirmed that the amino acids
necessary for cluster binding in vitro were also required for inhibition of Aft1/2 activity in
vivo [60,65]. Thus, Aft1/2 is proposed to sense the cellular iron status based on the ability of
Grx3/4 and Fra2 to bind a [2Fe-2S] cluster [110]. Interestingly, Fe-S binding by Grx3/4 in
vivo does not require the CIA machinery (see Section 3.2.2), indicating that a parallel
pathway exists for insertion of the [2Fe-2S] cluster on Grx3/4. Under Fe replete conditions
when Fra2-Grx3/4 binds an Fe-S cluster, the Fral/Fra2/Grx3/4 signaling pathway is
proposed to induce multimerization of Aft1/2. This conformational change in turn facilitates
interaction with the exportin Msn5, leading to cytosolic localization of Aft1/2 and
deactivation of the iron regulon. If the Fe-S signal is not received (iron-deplete conditions),
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the complex is unable to inhibit Aft1/2 activity, and these transcription factors move to the
nucleus and induce the iron regulon to increase cellular iron levels [60,64]. However, the
iron regulon is not fully activated in iron-sufficient medium in fralA or fra2A mutants or
upon disruption of mitochondrial Fe-S assembly pathways, suggesting that a separate iron
signal may partially inhibit Aft1/2 activity in these mutants. The specific molecular
mechanisms for inhibiting Aft1/2 activity via the Grx3/Grx4/Fral/Fra2 signaling pathway or
an alternate iron signal are still elusive. Figure 12 shows a model for regulation of Aftl and
Aft2 based on the available information for this system.

5.3.2 Post-Translational Iron Regulation in Mammalian Cells

5.3.2.1 Hepcidin: Systemic iron homeostasis in mammals requires communication between
cells that acquire (enterocytes), recycle (macrophages), store (hepatocytes), and utilize iron
(developing erythrocytes). The coordination of systemic iron acquisition and usage is mainly
regulated post-translationally by the peptide hormone hepcidin. Hepcidin is a cysteine-rich,
25-amino acid peptide secreted by the liver and its only known target is the protein FPN.
Hepcidin circulates in the plasma and binds to FPN found on the surface of intestinal
duodenal cells and macrophages, thereby promoting FPN phosphorylation and subsequent
degradation. Since FPN is the only known mammalian iron exporter, its degradation leads to
decreased iron absorption from the intestine and disruption of iron recycling from
macrophages [111]. Hepcidin expression is regulated at the transcriptional level by several
stimuli, including iron availability, inflammation, and hypoxia. Basal transcriptional
expression of the hepcidin gene requires C/EBPa (CCAAT enhancer-binding protein a)
binding to a CCAAT sequence in the hepcidin promoter. Iron-dependent regulation of
hepcidin expression occurs in response to two factors: iron stores and circulating iron.
Hepatic iron stores activate hepcidin expression through bone morphogenic protein (BMP)
signaling via an unknown mechanism. BMP binding to the BMP receptor activates a
cascade that leads to hepcidin transcription. While several BMPs can induce hepcidin
expression, BMP6 seems to be the most relevant as its expression is regulated by hepatic
iron stores. Plasma iron levels can also regulate hepcidin expression through the major
histocompatibility complex class 1-like protein HFE and TfR. HFE is a membrane protein
that interacts with TfR1 and TfR2. When plasma iron levels are low, TfR1 is proposed to
bind HFE. When iron-bound Tf increases, it displaces HFE from TfR1, allowing HFE to
interact with TfR2, which activates a signaling pathway leading to hepcidin expression.
Inflammatory response and ER stress can also induce hepcidin expression through the BMP
and C/EBPa pathways [73,112].

5.3.2.2 PHD Regulation of HIF-2a: As previously mentioned, HIF-2a controls iron
absorption in enterocytes via transcriptional activation of iron uptake genes. The mechanism
of activation is indirectly dependent on intracellular iron levels: HIF-2a protein levels are
controlled by a prolyl hydroxylase (PHD) that requires O, and Fe2* for activity. Under
normoxia conditions with sufficient iron, PHD is active and hydroxylates HIF-2a, resulting
in ubiquitination by the VHL (von Hippel-Lindau) ubiquitin ligase. Ubiquitinated HIF-2a is
subsequently targeted for degradation by the proteasome. In hypoxic conditions and/or
under iron deficiency, PHD is inactive, thus HIF-2a is not hydroxylated and degraded, and
instead forms a heterodimeric complex with HIF-1p that induces transcription of DcytB and
DMT1 [96]. Thus, HIF-2a directly links iron absorption with both oxygen and iron
metabolism. The mRNA for HIF-2q also contains an IRE in the 5 UTR that is a target for
IRP1. HIF-2a is therefore post-transcriptionally regulated in an iron-dependent fashion. The
relationship between PHDs, HIF-2a, and IRP1 demonstrates feedback regulation between
iron and oxygen metabolism that involves transcriptional, post-transcriptional, and post-
translational control mechanisms [113].
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5.3.2.3 FBXL 5 Regulation of IRP2: IRP2 plays a role in iron homeostasis by controlling
the stability of mMRNAs that encode proteins involved in iron trafficking and iron utilization.
While it is clear that IRP2 is degraded under high iron conditions by a ubiquitin ligase, the
identity of this enzyme was only recently uncovered. The SCF (SKP1-CUL1-F-box)
ubiquitin ligases were found to be specific for IRP2 when customized by the F-box protein
FBXL5. FBXL5 forms an SCF complex that physically interacts with IRP2 in an iron-
dependent fashion. This regulation does not occur at the translational level, as FBXL5
MRNA levels were not affected by changes in iron. Rather, the FBXLS5 protein is targeted
for degradation based on iron availability. FBXL5 stability also depends on intracellular
oxygen concentrations since exposure to oxygen leads to degradation. These observations
are explained by the fact that FBXL5 contains a hemerythrin domain that binds iron and
oxygen. Many iron-bound hemerythrin domains function as oxygen sensors and metal
storage sites. The ability of the FBXL5 hemerythrin domain to bind iron seems to be
indicator of stability. If an iron center cannot be bound either due to insufficient iron or
hypoxic conditions, the protein is targeted for degradation. The stability of FBXLS5 in turn
regulates IRP2. Degradation of FBXLS5 prevents formation of the SCF ubiquitin ligase, thus
IRP2 is not targeted for degradation, and can bind IREs. Under iron-replete conditions, the
F-box domain of FBXLS5 can bind its iron cofactor and form the SCF ligase complex, which
then promotes degradation of IRP2 by ubiquitination [114,115].

6 Concluding Remarks and Future Directions

While a great deal of progress has been made in characterizing the iron metallome of
eukaryotes, there is still more left to uncover. Recent progress in spectroscopic techniques
has aided in revealing the various forms of cellular iron. Future studies will focus on the
nature of labile iron pools, including location, iron ligands, and cellular concentrations. How
does iron vary among eukaryotes, and under different growth conditions? The overall
assembly of heme and Fe-S cluster cofactors is well-established, but there are some holes in
our knowledge here as well. Even though some common iron chaperones have been
identified, these need to be studied in more detail. Future work in this area will determine
how iron is delivered for cofactor assembly, and how the assembled cofactors are trafficked
to target proteins. One intriguing area of study is the identity of the product exported from
the mitochondrial ISC machinery for the cytosolic CIA machinery. In addition, assembly of
non-heme iron cofactors demands more investigation, as it seems this process is unique to
the target protein. Several iron transporters have been identified and categorized to different
organelles, particularly the mitochondria and vacuoles. However, just as chaperones to
transfer iron for cofactor assembly are not well-characterized, neither are chaperones for
intracellular trafficking. In addition, while transport proteins have been identified for iron
import, the mechanisms of import must be further characterized. Iron storage proteins are
another focus for future studies, especially the mechanisms for releasing iron once cellular
need increases. Are there specific enzymes that target storage proteins for degradation or
facilitate dissolution of ferritin biominerals? How is this regulated?

One of the most important topics for future study is regulation of the iron metallome. From
yeast to humans, eukaryotes have several complex mechanisms to maintain iron levels, from
transcriptional to post-transcriptional to post-translational control. There appears to be
connections not only between these different regulatory levels, but also to oxygen
metabolism. For example, hypoxia plays a regulatory role in controlling the expression and
stability of several proteins: the hypoxia-inducible factors control iron uptake, and hypoxic
conditions may induce expression of the hormone hepcidin. Several forms of regulation
depend on indirect sensing of cellular iron levels, such as yeast Aftl and Aft2. What is the
mechanism for interpreting these cellular iron signals and how are Fe-S clusters involved?
Furthermore, failures in regulation have been linked to many iron-related diseases, including

Met lons Life Sci. Author manuscript; available in PMC 2014 February 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dlouhy and Outten

Page 19

hemochromatosis and anemia. A deeper understanding of the regulatory intricacies of iron
metabolism will help in the treatment of these diseases.
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Figure 1.

Massbauer spectra comparing differing iron species found in (a) respiring mitochondria, (b)
fermenting mitochondria, (c) Atm1-depleted mitochondria, and (d) whole fermenting yeast
cells. (reprinted with permission from ref [8])
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Figure 2.
Structural comparison of Fe3*-binding siderophore moieties: (a) catechol and (b) 2,5-DHBA
found in mammalian cells, and (c) 2,3-DHBA found in bacterial enterobactin.
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Figure 3.
Proposed structure of the glutathione-coordinating complex with Fe(ll) found in the labile
iron pool.
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Figure4.
Heme cofactor. Structure of protoporphyrin IX with ferrous iron inserted.

Met lons Life Sci. Author manuscript; available in PMC 2014 February 14.

Page 28



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dlouhy and Outten Page 29

(a) Cys-S S-Cys

Cys-S S-Cys
CyS _ S “\\
NoAT O
Fe | S
Fe—]|—S
/i /
S

Figure5.
Common forms of iron-sulfur cluster cofactors: (a) [2Fe-2S] and (b) [4Fe-4S].
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Heme biosynthesis pathway in eukaryotes. (a) Glycine is transported into the mitochondrial
matrix via an unknown mechanism where it is combined with succinyl-CoA by ALA
synthase (ALAS) to form ALA. (b) ALA is transported out to the cytosol where it is
converted to CPgenlll through four conserved steps. (c) ABCBS is the transporter proposed
to import CPgenlll to the IMS where it is converted first to PPgenlX by CPOX, then to
protoporphyrin IX (PPIX) by PPOX. (d) PPIX is transported to the matrix where iron is
inserted by ferrochelatase (FECH). The proposed Fe(Il) importers are Mrs3/4 (Mfrn1/2 in
mammalian cells). (e) Assembled heme is inserted into target apo proteins to form
hemoproteins in the mitochondria, possibly aided by FECH. (f) Heme is inserted into target
apo proteins in the cytosol, possibly aided by GSTs.
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Figure7.

Mitochondrial and cytosolic Fe-S cluster assembly in yeast (top panel) and mammalian cells
(bottom panel). (a) In the mitochondria, sulfur is obtained from the cysteine desulfurase
Nfsl, interacting with Isd11. Nfsl transfers sulfur as a persulfide to Isu1/2 (ISCU in
humans). (b) Iron is imported to the mitochondria by the transporters Mrs3/4 (mitoferrins or
Mfrn1/2 in humans) and possibly donated to Isul/2 through frataxin (FXN, or Yfhl in
yeast). (c) Electrons are donated by NADH through the ferredoxin-ferredoxin reductase pair
Yah1-Arh1 to reduce SO to S2=. (d) The assembled Fe-S cluster is transferred to target
proteins by a chaperone system consisting of Ssql, Jacl, Mgel, and Grx5 (HSC20, HSC70,
and GLRX5 in humans). (e) Isal/2 specifically delivers clusters to aconitase-like proteins.
(f) An unknown substrate produced by the ISC machinery is exported out to the cytosol by
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the transporter Atm1 (ABCB7 in humans). This process may also include the sulfhydryl
oxidase Ervl (ALR in humans), GSH, and Dre2 (CIAPIN1). (g) Fe-S clusters are assembled
in the cytosol on the scaffold complex formed by Cfd1 and Nbp35 (NUBP2 and NUBP1 in
humans, respectively). (h) The assembled cluster is transferred to target cytosolic and
nuclear proteins by Narl and Cial (IOP1 and CIAO1 in humans). (i) Mammalian cells also
express cytosolic versions of NFS1, ISD11, ISCU, HSC20, and possibly FXN that may also
facilitate de novo assembly of Fe-S clusters outside the mitochondria.
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Formation of the class la RNR diferric-tyrosyl radical cofactor. (a) Formation reaction for
the diferric-tyrosyl radical cofactor. (b) Model for the biosynthesis pathway of active Rnr2.
Tah18 and Dre2 are proposed to donate electrons for diferric-tyrosyl radical formation on
Rnr2. The [2Fe-2S] Grx3/4 homodimer most likely donates iron for the cofactor. Reducing

equivalents from Dre2 may also be required for iron delivery (dashed line).
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Figure9.

Iron uptake systems in S. cerevisiae. Arnl, Sit1, Enb1, and Taf1 are transporters for Fe3*-
siderophore complexes. The ferrireductases Fre1/2 reduce environmental Fe3* to Fe?*. Fet3
and Ftr1 form the high-affinity iron uptake system. Fet3 oxidizes Fe2* to Fe3* and Ftrl
transports this across the plasma membrane. Fet4 is a low-affinity transporter responsible for
uptake under iron-replete conditions. Smfl, a member of the NRAMP family of transporters,
is a H*/M* symporter for some transition metals like Fe2*, Mn2*, and Zn?*. Aftl and Aft2
are transcriptional regulators that activate expression of the iron regulon, including these
iron uptake systems, under low iron conditions.
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Figure 10.

Iron import and export in a generic mammalian cell. The plasma protein transferrin (Tf)
binds 2 ferric ions for uptake by the transferrin receptors (TfR1 and TfR2). TfR1 is found in
all cell types, while TfR2 is limited to liver, intestinal, and red blood cells. Tf(Fe3*),-bound
TfR is internalized by endocytosis and ferric iron is released in the acidic environment of the
endosome. Tf and TfR are recycled to the plasma membrane. DMT1 is involved in release
of Tf iron from the endosome following reduction of Fe3* to Fe2* by STEAP
ferrireductases. Dcytb (cytochrome b-like ferrireductase) reduces dietary Fe3* to Fe2*,
which is imported by DMT1 at the plasma membrane. The plasma proteins haptoglobin and
hemopexin bind hemoglobin and free heme, respectively, produced by erythrocyte
destruction. Haptoglobin-hemoglobin and heme-hemopexin complexes are recognized by
CD163 and CD91 receptors, respectively, for subsequent endocytosis. Heme is also
imported via HCP1 and HRG1. HO-1 (heme oxygenase-1) catalyzes degradation of the
heme to remove iron. Imported iron can be stored in ferritin or trafficked to the
mitochondria for synthesis of heme and Fe-S clusters. FPN is the iron exporter, transporting
FeZ* out of the cell. Ceruloplasmin (Cp) oxidizes this Fe2* to Fe3* for binding to Tf.
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mRNA regulation of iron trafficking and utilization factors by the IRE-IRP system. In iron-
deplete cells, IRP1 lacks the [4Fe-4S] and IRP2 is stabilized, thus both IRPs are able to bind
the target IREs. Translation of mMRNAs with 5" IREs (e.g. ferritin) is blocked, while mMRNAs
with 3’ IREs (e.g. TfR1) are stabilized and translated. In iron-replete cells, IRP1 binds a
[4Fe-4S] cluster that precludes IRE binding, while IRP2 is degraded by the proteasome.
IREs of the target RNAs are unoccupied. mMRNAs with IREs in the 5 UTR are translated,

while RNase degrades mRNAs with IREs in the 3’ UTR.
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Proposed model for regulation of Aft1/2 in S cerevisiae. Under iron replete conditions (left
panel), the [2Fe-2S]-bridged Fra2-Grx3/4 complex (and possibly Fral) relays the cellular
iron status to Aft1/2, leading to Aft1/2 oligomerization. Aft1/2 is consequently shuttled to
the cytosol by the exportin Msn5, deactivating the iron regulon. Under low iron conditions
(right panel), Grx3/4 and Fra2 cannot bind an Fe-S cluster, and Aft1/2 does not receive the
Fe-S signal. Msn5 does not recognize Aft1/2 and it accumulates in the nucleus where it

activates the iron regulon.

Met lons Life Sci. Author manuscript; available in PMC 2014 February 14.



