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Abstract

The synthesis and trafficking of iron-sulfur (Fe-S) clusters in both prokaryotes and eukaryotes
requires coordination within an expanding network of proteins that function in the cytosol,
nucleus, mitochondria, and chloroplasts in order to assemble and deliver these ancient and
essential cofactors to a wide variety of Fe-S-dependent enzymes and proteins. This review focuses
on the evolving roles of two ubiquitous classes of proteins that operate in this network: CGFS
glutaredoxins and BolA proteins. Monothiol or CGFS glutaredoxins possess a Cys-Gly-Phe-Ser
active site that coordinates an Fe-S cluster in a homodimeric complex. CGFS glutaredoxins also
form [2Fe-2S]-bridged heterocomplexes with BolA proteins, which possess an invariant His and
an additional His or Cys residue that serve as cluster ligands. Here we focus on recent discoveries
in bacteria, fungi, humans, and plants that highlight the shared and distinct roles of CGFS
glutaredoxins and BolA proteins in Fe-S cluster biogenesis, Fe-S cluster storage and trafficking,
and Fe-S cluster signaling to transcriptional factors that control iron metabolism.
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1. Introduction

Transition metal trafficking, utilization, and regulation are critical processes for all
organisms because transition metals serve as cofactors for a wide variety of essential
pathways. In particular, iron is one of the most common cofactors for metalloenzymes owing
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to its abundance in nature and its favorable chemical properties [1]. This versatile redox-
active metal can achieve multiple oxidation states, coordination geometries, and cofactor
configurations in biological systems, in the form of mono- and di-iron centers, heme, and
iron-sulfur (Fe-S) clusters. As such, iron metalloproteins play diverse, indispensable roles in
cellular respiration, oxygen transport, nucleotide biosynthesis and repair, drug metabolism,
biosynthesis of amino acids, proteins, cofactors, and vitamins, and many others [2].
Organisms must acquire and store iron in order to maintain sufficient levels to supply these
iron-dependent pathways while minimizing harmful side reactions and mismetallation events
that can occur with iron overaccumulation. The pathways for trafficking and storing iron as
well as assembling iron cofactors involves coordination within an ever-growing network of
proteins. Here we focus on two widespread protein families, the CGFS-type monothiol
glutaredoxin (Grx) proteins and the BolA proteins, that specifically function in Fe-S cluster
biogenesis, Fe-S cluster trafficking and storage, and iron sensing and regulation.

I monothiol CGFS glutaredoxins bind Fe-S clusters

Grxs are members of the ubiquitous thioredoxin (Trx) superfamily found in all domains of
life. All Grxs harbor the canonical Trx fold consisting of a four-stranded anti-parallel p-
sheet flanked by three a-helices (Fig. 1). Grxs can be classified into two main groups based
on their active site motifs that are highly conserved between prokaryotes and eukaryotes.
Additional less common Grx classes exist that are specific to terrestrial plants (Class IlI),
eukaryotes (Class 1V), or cyanobacteria (Classes V-VI) [3]. Class | Grxs with a classical
dithiol CPY/FC motif catalyze reversible thiol-disulfide exchange reactions using the redox-
active tripeptide glutathione (GSH) as a substrate (Fig. 1A). As such, they catalyze oxidation
and reduction of disulfide bonds as well as mixed disulfides between protein thiols and GSH
[4]. Dithiol Grxs thus have important roles in thiol redox control, redox signaling, and
oxidative stress responses. Class 1l Grxs are also known as monothiol or CGFS-type Grxs
since they harbor one or more Grx folds with a conserved Cys-Gly-Phe-Ser active site motif.
The Grx domain in CGFS Grxs has two additional a-helices at the N- and C-termini (Fig.
1B). In contrast to Class | Grxs, Class Il Grxs are enzymatically inactive in standard thiol-
disulfide oxidoreductase assays [5]. Instead, these Grxs are implicated in iron metabolism
due to their ability to reversibly bind Fe-S clusters. Two Grx monomers typically ligate a
[2Fe-2S]2* cluster at their interface using Cys ligands provided by the CGFS active sites and
two GSH molecules. The GSH bound to the Fe-S cluster is nestled in the same GSH binding
pocket that serves to hold GSH in the Grx1-GSH mixed disulfide [6]. This structural
arrangement is demonstrated by the X-ray crystal structure of Escherichia coli Grx4 in its
[2Fe-2S]-bridged homodimeric form (Fig. 1B, right). Interestingly, a recent report using a
combination of structural analysis, mutagenesis, enzymatic assays, and /n vivo functional
complementation studies to evaluate the structure/function differences between Class | and
Class 11 Grxs, revealed that the CGFS Grxs bind GSH in a slightly different orientation that
favors [2Fe-2S] cluster binding over oxidoreductase activity [7]. These authors established
that the GSH binding mode is dictated by the active site residues and the length of the loop
region located between a conserved Lys group at the end of the first R-sheet and the N-
terminal active site Cys (Fig. 1). Class Il Grxs have a longer loop than Class | Grxs, which
subtly alters the orientation of the Lys residue and its interactions with GSH, which in turn
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influences the reactivity of the GSH thiol, the position of the bound Fe-S cluster, and the
relative orientation of the protein monomers in the [2Fe-2S]-bridged homodimer [7]. Some
CGFS Grxs may also bind cubane [4Fe-4S]2* and linear [3Fe-4S]2* clusters under certain
conditions [8], although three-dimensional structures of these forms are lacking. Of note,
formation of the cubane [4Fe-4S]2* cluster has only been demonstrated for Saccharomyces
cerevisiae Grx5 via in vitro reconstitution in the absence of GSH. Presumably, an additional
Cys near the C-terminus that is partially conserved in some CGFS Grxs (e.g. Cys84 in E.
coli Grx4, Fig. 1B and Fig. 2) serves as a cluster ligand in this conformation [8].

CGFS Grxs can be further classified into single and multidomain Grxs (Fig. 2). Single
domain Grxs are found in bacteria, archaea, and the mitochondria and chloroplasts of
eukaryotes (Fig. 3). Multidomain Grxs, which are typically localized to the cytosol and/or
nucleus of eukaryotic organisms, have one Trx-like domain fused with one or more Grx
domains, although other Grx fusion combinations are found in specific organisms [9]. For
example, chloroplast-localized GRXS16 proteins in photosynthetic organisms have an N-
terminal endonuclease domain fused to the C-terminal Grx-like domain [10]. The Trx-like
domain in Trx-Grx fusions usually includes a variation of the classical WCGPC Trx active
site motif (Fig. 2).

3. BOIA proteins are functional partners for CGFS Grxs

A strong connection between CGFS Grxs and the BolA protein family was first discovered
using bioinformatics to mine genomes and functional genomics databases. Comparative
genome analyses revealed that CGFS Grxs and BolA proteins co-occur in almost all
sequenced genomes and are often found in close proximity in bacterial genomes, suggesting
a cooperative function [11, 12]. Furthermore, proteomics approaches such as comprehensive
yeast-two hybrid analyses and mass spectrometry of native protein complexes have
identified physical interactions between these proteins in a wide variety of organisms [13—
27]. Similar to the CGFS Grxs, BolA proteins are common in both prokaryotes and
eukaryotes [25, 28]. All BolA proteins share a similar a1f1poa,a3pza4 fold with four a-
helices and three B-sheets (Fig. 4A). Two of these a-helices (a, and a3) are involved in a
helix-turn-helix motif that is commonly found in nucleic acid binding proteins [29].
Phylogenetic analyses led to classification of BolA proteins into four main groups: BolAl,
BolA2, BolA3, and BolA4 classes [25]. The BolAl class is the most widespread and found
in all organisms analyzed, with the exception of archaea and cyanobacteria. This class
includes the first characterized member of this family, the £. co/i BolA protein, which was
named due the round, ball-like cell shape induced by its overexpression [30]. The BolA2 and
BolA3 classes are exclusively limited to eukaryotes and can be distinguished by differences
in conserved residues implicated in Fe-S cluster binding. The BolA4 class is found only in
photosynthetic eukaryotes and prokaryotes including archaea and cyanobacteria [25]. In
eukaryotes, BolA proteins are co-localized to the same subcellular compartments as CGFS
Grxs. BolA2 proteins are typically found in the nucleo-cytoplasmic compartment, while
BolAl, BolA3, and BolA4 proteins are localized in the mitochondria and/or chloroplast

(Fig. 3).
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4. Structural Studies of Grx-BolA Interactions

Although there are currently no X-ray crystal structures available for any Grx-BolA
complexes, a number of other structural, spectroscopic, biophysical, and biochemical
techniques have been used to probe the dynamic physical interactions between these
functional partners. Earlier studies relied on spectroscopic tools such as UV-visible
absorption, circular dichroism (CD), resonance Raman, electron paramagnetic resonance
(EPR), and Mossbauer spectroscopy to interrogate the coordination geometry, oxidative
state, ligand identity, and stability of the Fe-S clusters bound by Grx-BolA heterocomplexes
(reviewed in [11, 31, 32]). Moreover, titrations monitored via optical spectroscopy and gel
filtration chromatography revealed that almost all BolA proteins can rapidly form 1:1
[2Fe-2S]-bridged complexes with individual Grx domains by displacing a Grx monomer and
GSH from the Fe-S coordination sphere in Grx homodimers [11, 33, 34]. These
spectroscopic approaches coupled with site-directed mutagenesis helped pinpoint the
specific residues utilized by both Grx and BolA proteins to ligate the cluster. In all cases, the
Grx partner binds the cluster using the strictly conserved Cys in the CGFS active site and a
Cys from GSH. Likewise, all BolA proteins possess an invariant His located at the N-
terminal end of the 3rd B-sheet that serves as a cluster ligand (Table 1, Fig. 4A). The other
ligand provided by BolA is located in a loop between the 15t and 2"d B-sheet (known as the
H/C loop) and is either a Cys or His depending on the specific BolA class. For homologs in
the BolAl and BolA4 classes, this loop contains a His, while proteins in the BolA2 and
BolA3 classes all have a Cys [25, 28, 29, 35]. In several cases, substitution of this variable
BolA ligand does not strongly impact the spectroscopic signature of the Grx-BolA complex
[33, 35, 36] nor disrupt the function of the BolA protein /n vivo [19, 36], suggesting that this
ligand may be weakly coordinated and/or more easily exchangeable. Nevertheless, in most
cases, the [2Fe-2S] bound in Grx-BolA heterocomplexes is less labile and more stable to
reduction than the corresponding Grx [2Fe-2S]-bridged homodimers (Table 1). Although a
few exceptions exist, including the £. coli [2Fe-2S]-Grx4-1baG complex (discussed in
section 5) [33] and the human [2Fe-2S]-GLRX5-BOLA3 complex (discussed below) [35], in
which the [2Fe-2S] cluster is less stable compared to Grx4 or GLRX5 [2Fe-2S]-bridged
homodimers, respectively.

More recently, several NMR studies have mapped the specific interaction faces between
BolA proteins and CGFS Grxs in the presence or absence of the [2Fe-2S] cluster. The first
study examined the atomic-level interactions between the A. thaliana chloroplastic proteins
GRXS14 and BOLAL1 and revealed for the first time the Rieske-type Cys,His, Fe-S
coordination found in Grx-BolA heterodimers involving BolAl and BolA4 class proteins
[29]. Interestingly, this study concluded that the interaction surfaces for the apo heterodimers
are different from the holo heterodimers. The apo proteins exhibit a low pM binding affinity
and chemical shift mapping revealed that the helix-turn-helix motif of apo-BolA interacts
with the C-terminal region of apo-GRXS14. These regions do not include the Fe-S cluster
ligands from either protein suggesting that the binding interfaces for the apo heterodimers
are distinct from the interfaces for the holo heterodimers [29]. A similar conclusion was
drawn from NMR studies examining the interaction between the cytosolic S. cerevisiae
proteins Grx3 and Fra2 (recently renamed Bol2). Two independent surface plasmon
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resonance (SPR) analyses measured a 20-30 UM binding affinity between the two apo
proteins [33, 37]. The interaction face for Fra2/Bol2 was identified by chemical shift
mapping as the helix-turn-helix motif, similar to the plant BolA homolog. The Grx3 binding
face for the apo complex was not reciprocally mapped by NMR; however, binding affinity
measurements of Grx3 mutants suggested that the C-terminal a-helix was required for
formation of the apo complex, again similar to the plant homolog [37].

In contrast, NMR analysis of the human mitochondrial binding partners GLRX5-BOLA1
and GLRX5-BOLA3 demonstrated that the apo proteins in each heterodimer pair interacted
via similar regions involved in Fe-S cluster binding [38]. Apo-BOLAL and apo-BOLAS3 both
bound to apo-GLRXS5 with low UM affinity via an interaction surface that is centered around
the invariant His [19, 38]. Likewise, the GLRX5 region involved in binding apo-BOLAL and
apo-BOLA3 was mapped to the region surrounding the GSH binding site, rather than the C-
terminus as demonstrated for the plant and yeast homologs. These authors also mapped
chemical shift changes upon formation of the holo-heterocomplexes. Similar changes were
noted for the region around the BOLA1/BOLA3 invariant His upon holo-complex formation
compared to the apo-complexes, with additional chemical shift changes detected for His67
of BOLA1 and Cys59 of BOLA3 in the holo-complexes. From the 1°N-labeled GLRX5
spectra, they concluded that the same regions shifted in the apo interactions were altered in
the holo-complexes with the addition of the conserved Cys67. Furthermore, these regions
were identical to the interacting residues in GLRX5 homodimers, demonstrating that the
same GLRX5 cluster ligands and binding surfaces are utilized for both homo and
heterodimers [19, 38].

Although BOLA1 and BOLA3 use similar binding surfaces to interact with GLRX5,
structural models of the holo-heterocomplexes based on the NMR data demonstrate that the
two BOLA homologs have somewhat different orientations relative to the GLRX5 binding
partner (Fig. 4B). Further analysis of the redox properties and Fe-S cluster stabilities of
GLRX5-BOLAL and GLRX5-BOLA3 holo-heterocomplexes revealed significant
differences between the two mitochondrial BOLA homologs. Relative to the [2Fe-2S]-
GLRX5 homodimer, BOLAL binding stabilizes the cluster while BOLA3 binding
destabilizes the cluster [38]. These observations are reminiscent of the opposing effects of
bacterial BolA and IbaG proteins on £. coli [2Fe-2S]-Grx4 stability (see section 5 below).
The high stability of [2Fe-2S]-GLRX5-BOLAL is attributed to the relative inaccessibility (~
3% accessible) of the bound cluster (Fig. 4B) [35]. Surprisingly, the reconstituted cluster in
GLRX5-BOLAL is found in the S = 1/2 reduced state ([2Fe-2S]1%), in contrast with all other
purified and reconstituted Grx-BolA heterocomplexes that are isolated in the S = 0 oxidized
state ([2Fe-2S]2*). The significance of this unique redox state is not clear, but based on these
findings and /n vivo analysis of BOLAL function in human cells [28], the [2Fe-2S]-GLRX5-
BOLA1 complex is proposed to perform a redox or electron transfer function in mammalian
cells (discussed further in section 6.2). In contrast, the [2Fe-2S]%* cluster in the GLRX5-
BOLA3 heterodimer is more solvent exposed (~ 20% accessible) (Fig. 4B) and significantly
more labile than the cluster in the GLRX5-BOLA1 complex [35].
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5. Roles for CGFS Grxs and BolA proteins in bacteria

Genetic studies in £. coli provided the first functional connection between CGFS Grxs,
BolA-like proteins, and bacterial Fe-S cluster biogenesis pathways (reviewed in [11, 12]).
The E. coli genome includes a single CGFS Grx, namely Grx4 (encoded by the grxD gene),
and two BolA proteins BolA and IbaG (formerly known as YrbA), which are classified as
BolAl and BolA4 proteins, respectively. AgrxD and AibaG strains each display synthetic
lethality with mutations in the /sc (fron sulfur duster) operon, which encodes the
housekeeping Fe-S cluster assembly pathway in £. coli (recently reviewed in [39]). The Isc
pathway is composed of proteins that function together to assemble and deliver [2Fe-2S] and
[4Fe-4S] cluster cofactors to target proteins. The /isc operon encodes the core components of
this assembly system, including the cysteine desulfurase IscS that mobilizes sulfide, the
ferredoxin Fdx that donates electrons for sulfur reduction on IscS, the scaffold protein IscU
on which the cluster is built, the HscAB chaperone system that facilitates ATP-dependent
cluster release from IscU, and the carrier protein IscA that delivers clusters to target
proteins. The E. coli genome also encodes a parallel pathway for Fe-S cluster assembly
known as the Suf (sulfur utilization factor) system, which operates during oxidative stress
and iron starvation conditions in which the Isc system is more vulnerable (reviewed in [40,
41]). Either the Isc or the Suf pathway must be functional for £. colisurvival. The fact that
AgrxD and AibaG strains exhibit aggravating genetic interactions with /7sc components
suggests that the products of these genes function in the parallel Suf pathway for Fe-S
cluster assembly. Furthermore, AgrxD strains are hypersensitive to iron depletion similar to
sufmutants, and the grxD gene is upregulated during iron starvation [6, 11, 12].
Synthetically lethal genetic interactions for AbolA strains have not been reported; however,
BolA was shown to interact with Grx4 /n vivo [42].

To better understand the potential roles of Grx4, BolA, and IbaG in bacterial Fe-S cluster
biogenesis, several biochemical studies have examined their protein-protein and metal-
protein interactions. In addition to a [2Fe-2S]-bridged homodimer (see Fig. 1), Grx4 also
forms [2Fe-2S]-bridged heterodimers with both BolA and 1baG [33, 42]. The heterodimers
can be formed by titration of [2Fe-2S]-Grx4 with either apo-BolA or apo-IbaG. In addition,
both BolA and IbaG bind apo-Grx4 with 3-5 uM affinity in the absence of Fe-S cluster
coordination, suggesting a possible undefined function for the apo complexes. While the
specific ligands utilized by BolA for cluster binding were not identified, 1baG is proposed to
employ two conserved His ligands to bind the cluster [33]. Interestingly, interaction of BolA
or IbaG with Grx4 has opposite effects on the Fe-S cluster stability. BolA binding to Grx4
stabilizes the [2Fe-2S] cluster [42], while IbaG binding destabilizes it, especially in the
presence of GSH [33]. The significance of these differing biophysical properties is unclear.
In vitro Fe-S cluster transfer assays have demonstrated that both £. co/i Grx4 homodimer
and Grx4-BolA heterodimer are able to donate Fe-S clusters to apo-Fdx [42]. However, the
Grx4 homodimer, which binds the Fe-S cluster less stably than the Grx4-BolA heterodimer,
is significantly more efficient at this process. More recently, fluorescently labelled £. coli
Grx4 was used to investigate its function as an intermediate carrier in Fe-S cluster transfer
reactions [43]. In this study, the multi-step process of Fe-S cluster biosynthesis and
trafficking was examined using the IscS-IscU complex to synthesize [2Fe-2S] clusters with
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Grx4 serving as a fluorescent reporter to provide real-time kinetic information on cluster
trafficking. These results demonstrated that Grx4 mediates rapid and efficient cluster transfer
from the IscS-IscU complex to multiple target proteins via direct ligand exchange that does
not involve a GSH-bound cluster intermediate. These findings support earlier biochemical
studies revealing that a CGFS Grx from Azofobacter vinlandii serves as an intermediate
carrier accepting a [2Fe-2S] cluster from the IscU scaffold (facilitated by the HscAB
chaperone system in this case) and rapidly delivering this cluster to IscA [44, 45]. IscA, in
turn, is proposed to deliver Fe-S clusters to apo target proteins. Interestingly, these authors
also noted that cluster transfer between A-type Fe-S assembly proteins (e.g. IscA) and CGFS
Grxs is reversed in the presence of a BolA protein. More specifically, they showed that S.
cerevisiae apo Bol2-Grx3 can receive a [2Fe-2S] cluster from A. vinlandii VscA [44].
Although these donor:acceptor proteins are not physiological partners, these findings echo
the E£. coli Grx4/BolA/IbaG biochemical studies mentioned above demonstrating that BolA
proteins modulate the cluster binding and transfer properties of CGFS Grxs [33, 42].

Apart from the synthetic lethality studies and low iron hypersensitivity of AgrxD strains
mentioned above, additional strong genetic evidence for the roles of Grx4, BolA, and/or
IbaG in £. coliFe-S cluster biogenesis has been somewhat lacking. One recent study
suggests that BolA plays a role in insertion of the N1b [2Fe-2S] cluster into E. coli
respiratory complex | because this particular cluster is undetectable in electron paramagnetic
resonance (EPR) analysis of membrane preparations from Abo/A strains [46]. However, loss
of this cluster only slightly impacts the measured NADH:ubiquinone oxidoreductase activity
of this complex in AbolA strains. Similarly, /baG deletion does not significantly alter
complex | activity, but does lead to a measurable decrease in the stability of respiratory
complex | in membrane preparations. In contrast, grxD deletion has no effect on complex |
activity but does lead to a 25% reduction of the succinate oxidase activity of respiratory
complex I, which contains three Fe-S clusters. This activity is further reduced by deletion of
bolA. Furthermore, AbolA and AibaG single mutants possess normal succinate oxidase
activity, while the AbolA AibaG double mutant exhibits a 50% reduction in activity. Taken
together, these results suggest that BolA, 1baG, and Grx4 may have overlapping and
interdependent roles in the insertion of Fe-S clusters into £. coli respiratory complex 11 [46].

Additional genetic and biochemical studies have been performed with a variety of bacteria to
unlock the specific functions of BolA proteins independent of Grx4. Earlier studies in £. coli
indicated that BolA served as a transcriptional regulator with pleiotropic effects that
impacted cell morphology, stress responses, biofilm formation, membrane permeability, and
cell motility [30, 47, 48]. Similar roles have also been proposed in a variety of other
bacteria. For example, in the filamentous cyanobacterium Fremyella diplosiphon, bolA
depletion impacts cell morphology and leads to increased ROS levels, while bolA
overexpression decreases ROS levels and increases filament length [49, 50]. In Shewanella
onefdensis, bolA overexpression increases biofilm formation but does not impact cell
morphology [51]. In addition, bo/A deletion leads to decreased virulence of the enteric
pathogen Salmonella enterica serovar Typhimurium, [52], while bo/A overexpression
triggered an increase in metabolites involved in stress response and virulence [53].
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In contrast, neither bolA deletion nor overexpression was found to impact cellular
morphology in the gram-negative pathogen Vibrio cholerae. Instead, a strong connection
between IbaG function, cellular morphology, and Fe-S cluster metabolism was recently
discovered, shedding new light on the specific function of this BolA homolog [54]. Similar
to the E. coli ibaG gene, the V/ cholerae ibaG gene is located near genes involved in
peptidoglycan synthesis and cellular envelope maintenance. Accordingly, V. cholerae AibaG
strains exhibit distorted cell shapes, intestinal colonization defects, and marked sensitivity to
cell envelope stressors. These phenotypes are all attributed to alterations in the
peptidoglycan and lipopolysaccharide levels in the cell envelope. Affinity-tagged 1baG was
also found to copurify with at least 19 different Fe-S-cluster binding proteins, including the
Fe-S cluster assembly factors IscU, IscS, NfuA, and ErpA. Most intriguingly, a physical
interaction between IbaG and IspG was revealed by both copurification and bacterial two-
hybrid analysis [54]. IspG is a [4Fe-4S]-containing enzyme that catalyzes an essential step
in the synthesis of isoprenoids required for peptidoglycan precursor assembly. This
discovery suggests that IbaG functions in assembly or trafficking of clusters to I1spG.
Although E. coli AibaG strains have not been characterized with similar cell envelope
deficiencies [55], the synthetic lethality observed between 7ibaG and Fe-S assembly
pathways and the confirmed Fe-S cluster binding ability of £. coli 1baG [33] supports this
hypothesis. Whether or not Grx4 partners with 1baG in this function is unknown.

6. Roles for CGFS Grxs and BolA proteins in mitochondria

6.1. Grx5, Boll, and Bol3 function in mitochondrial Fe-S assembly and trafficking in

yeast.

In eukaryotes, single-domain Grxs are co-localized to the mitochondrial matrix with BolA
proteins from the BolAl, BolA3, and/or BolA4 classes (Fig. 3). Since mitochondria are
descendants of endosymbiotic bacteria, they inherited many components of the iron-sulfur
cluster assembly (ISC) machinery described in section 5. Genetic studies in the model yeast
S. cerevisiae first identified Grx5 as a critical component of the mitochondrial ISC system
(recently reviewed in [56, 57]). Deletion of grx5led to reduced activity of Fe-S-dependent
enzymes, oxidative damage, and dysregulation of iron homeostasis causing mitochondrial
iron overaccumulation. Complementation of these phenotypes could be achieved with Grx5
homologs from both prokaryotes and eukaryotes, revealing that the function of CGFS Grxs
is evolutionarily conserved from bacteria to humans. Similar phenotypes were noted in
grx50 mutants from the fission yeast Schizosaccharomyces pombe, while in vivo
interactions analysis identified a physical interaction between S. pombe Grx5 and the A-type
scaffold proteins Isal and Isa2. Putting together information gleaned from both in vivo and
in vitro studies, the current model for the mitochondrial Fe-S cluster assembly pathway
places Grx5 as a central player linking the early and late-acting ISC machinery [56, 57]. The
early ISC machinery initially assembles a [2Fe-2S] cluster on the scaffold protein Isul using
iron, sulfide released from cysteine, and electrons donated from a ferredoxin (Fig. 5). The
[2Fe-2S] cluster is then released from Isul via the Hsp40-Hsp70 chaperone system (Jacl
and Ssql), which interacts with both Isul and Grx5 to facilitate cluster transfer [58].
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The [2Fe-2S]-bridged Grx5 homodimer is thought to direct the cluster to a variety of
different pathways (Fig. 5). [2Fe-2S]-Grx5 may deliver the cluster to specific [2Fe-2S] target
proteins, although this particular pathway is not well defined [56]. The early ISC machinery
and Grx5 are also required for formation of an undefined sulfur-containing compound,
known as XS, that is exported from the mitochondria and required for nuclear/cytosolic Fe-S
cluster assembly via the CIA pathway, as well as for signaling iron bioavailability to the
transcription factors that control iron metabolism (Fig. 5 and see section 8.1) [56, 59].
Finally, experimental evidence suggests that Grx5 delivers [2Fe-2S] clusters to the late
acting ISC machinery (Isal, Isa2, and 1ba57), which is required for the maturation of
mitochondrial [4Fe-4S] cluster-containing proteins [56] as well as some [2Fe-2S] clusters
proteins [60]. To generate a [4Fe-4S] cluster, the Isal/lsa2/l1ba57 complex is proposed to
combine two [2Fe-2S] clusters via reductive coupling, as demonstrated for the human
homologs [61]. [4Fe-4S] clusters generated by the late ISC machinery are then delivered to
specific apo targets by a variety of targeting factors that include Nful, Ind1, Boll, and Bol3.

Additional details about the specific function of Boll and Bol3 in mitochondrial Fe-S cluster
trafficking were unveiled in two recent reports [19, 38]. Unlike the severe Fe-S deficiency
phenotypes observed for grx5A strains, single deletion of the bo/1 or bol/3 gene has little or
no effect on Fe-S cluster enzyme activity nor growth on respiratory media [19]. However,
the Bol1/3 proteins apparently have partially overlapping functions because the bo/14b0/3A
double mutant exhibits a respiratory growth defect caused by reduced activity and deficient
Fe-S cluster incorporation into succinate dehydrogenase [38]. In addition, this mutant
exhibits markedly decreased lipoylation of mitochondrial enzymes, reflecting a defect in the
[4Fe-4S]-binding protein lipoic acid synthase (LIAS) [19, 38]. Proteomic analysis of affinity
purified proteins demonstrated that Bol3 forms a complex with the Fe-S cluster maturation
factor Nful, and both Bol3 and Nful interact with the same specific [4Fe-4S] target
proteins, including aconitase, succinate dehydrogenase, and lipoic acid synthase [19]. Taken
together, these results suggest that Bol3 functions with Nful in the later steps of the ISC
pathway by moving [4Fe-4S] clusters from the Isal/lsa2 complex to specific mitochondrial
target proteins. In contrast, Boll interacts with Grx5 but not Nful nor Fe-S client proteins /in
vivo, reflecting somewhat divergent structural and/or functional features. Nevertheless, the
functional interactions of both Bol proteins are dependent on an invariant His residue
identified as a critical Fe-S binding ligand in all BolA homologs (His 93 in Bol1 and His101
in Bol3) [11, 29, 33, 35], supporting the proposal that Fe-S binding is essential to their
function [19].

6.2 Defects in human mitochondrial BOLA3 and GLRX5 cause rare neurological and
hematological disorders.

The pathway for assembling Fe-S clusters in the mitochondria of human cells shares many
parallels with the yeast system described in section 6.1. All of the critical ISC components
identified in yeast have human orthologs that are shown to perform similar functions
(recently reviewed in [57, 62]). As such, human GLRX5 is proposed to have a central role
accepting [2Fe-2S] clusters from the early ISC machinery and delivering these cofactors to
[2Fe-2S] target proteins or the late acting Fe-S cluster carrier proteins ISCAL and ISCA2
(human orthologs of yeast Isal and Isa2) [61]. Likewise, BOLAS3 is proposed to function as
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a secondary carrier that mediates delivery of [4Fe-4S] clusters to LIAS. Another model
proposes that the [2Fe-2S] GLRX5-BOLA3 complex shown in Figure 4B transfers two
clusters to apo-NFU1 forming a [4Fe-4S]-bridged NFU1 homodimer that bypasses the
ISCA1/ISCA2 complex to deliver [4Fe-4S] clusters to specific targets such as aconitase and
LIAS [63]. The specific role of BOLAL is less clear than BOLAS since knockdown of
BOLAZin mammalian cells did not yield a clear Fe-S cluster biogenesis defect, but did have
a measurable impact on the redox state of mitochondrial GSH pools [28]. Based on this
result and the unusual redox state and stability of the purified, reconstituted [2Fe-2S]*
GLRX5-BOLAL complex, BOLA1 is proposed to function with GLRXS5 in redox
homeostasis or electron transfer [35]. More clues are available to delineate the specific
functions of GLRX5and BOLAS3in mitochondria due to their causative role in the
development of some rare human diseases.

6.2.1 Consequences of human GLRX5 deficiency.—Due to its critical function in
Fe-S cluster biogenesis, mutations in the GLRX5 gene have been shown to cause two rare
autosomal recessive diseases with divergent phenotypes: sideroblastic anemia-3 (SIDBA-3)
and childhood onset spasticity with hyperglycinemia (SPAHGC) (Table 2). Three cases of
SIDBA-3 have been reported in the literature with clinical symptoms centered around the
inability of erythrocytes to produce heme, resulting in adult-onset sideroblastic anemia [64—
67]. Sideroblasts are red blood cell precursors with iron-overloaded mitochondria that
appear as a ring around the nucleus. Additional symptoms include enlargement of the liver
and spleen, type Il diabetes, and systemic iron overload that manifests as increased
transferrin saturation and serum ferritin levels, and liver iron accumulation.

The biochemical basis of this disease can be explained by GLRX5’s role in mitochondrial
Fe-S cluster biogenesis. Patients with this disease have no detectible GLRX5 protein or
express mutant forms that are apparently unable to fully support Fe-S cluster biogenesis
[65-67]. As a result, mitochondrial aconitase and complex | activities in the respiratory
chain are decreased, and the enzyme ferrochelatase, which catalyzes the last iron insertion
step in heme biosynthesis, is destabilized in the absence of its bound [2Fe-2S] cluster [68].
Furthermore, low production of Fe-S clusters triggers an iron starvation response because
the [4Fe-4S]-binding cytosolic aconitase is predominantly shifted to the apo form that
possesses MRNA binding activity, known as iron regulatory protein 1 (IRP1). IRP1 together
with its homolog IRP2 function to regulate intracellular iron homeostasis via post-
transcriptional regulation of genes involved iron trafficking and metabolism [69]. IRP
binding blocks translation of MRNA encoding the iron storage protein ferritin, while
stabilizing transcripts encoding the transferrin receptor TfR1, thereby promoting iron uptake
and mobilization leading to systemic iron overload. In addition, IRP binding destabilizes
mRNA encoding the erythroid-specific heme biosynthetic enzyme d-aminolevulinic acid
synthase 2 (ALAS2), further hindering heme production and causing mitochondrial iron
accumulation. The GLRX5 defect is thought to specifically impact erythroid cells because
these cells have high heme requirements, express relatively high levels of GLRXS5 [65, 70],
and are the only cell type that expresses the IRP-regulated ALAS2.

The other autosomal recessive human disorder linked to GLRX5 mutations is known as
childhood onset spasticity with hyperglycinemia (SPAHGC), which is a form of variant non-
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ketotic hyperglycinemia (Table 2) [71-73]. Unlike the hematological symptoms associated
with SIDBA-3, this disease primarily impacts the central nervous system. Three patients
with this disease have been identified, each exhibiting slowly progressive spasticity in
childhood that gives rise to walking difficulties. Brain and spinal cord imaging revealed
leukodystrophy (myelin sheath defects) and lesions in the upper spinal cord. One patient
also exhibited vision problems and another had mild learning and concentration difficulties
[72, 73]. Laboratory tests for all patients revealed increased glycine levels in the serum with
mildly increased or normal levels in the cerebrospinal fluid, and normal serum lactate levels.
The biochemical basis of the neurological symptoms and test results for SPAHGC has been
identified as a deficiency in mitochondrial lipoic acid biosynthesis [72]. Lipoic acid is an
essential cofactor for the multiprotein glycine cleavage system (GCS), which allows the
degradation of glycine in the liver, kidney, and brain. In the absence of this activity, glycine
accumulates to toxic levels causing neurological damage. The activities of GCS and the
lipoic acid-dependent enzyme pyruvate dehydrogenase complex (PDHc) were both
markedly reduced in patients with SPAHCG due to defective lipoylation of these enzymes
[73]. As mentioned earlier, the link between lipoic acid deficiency and GLRX5 function lies
in the mitochondrial enzyme LIAS. LIAS is a member of the radical SAM (s-adenosyl
methionine) enzyme family and requires two [4Fe-4S] clusters for its activity. The fact that
GLRX5 mutations apparently impact LIAS maturation suggests that GLRX5 has a specific
role in delivery of Fe-S clusters to this mitochondrial protein.

Interestingly, the contrasting phenotypes observed for SIDBA-3 vs. SPAHCG patients may
be due to the specific GLRX5 mutations that cause each disease [74]. For one patient with
SIDBA-3, the disease was caused by a splicing defect that led to undetectable GLRX5
protein in western blots [64, 65]. The other two patients had compound heterozygous
missense mutations in conserved residues (K101Q/L148S in one patient [66] and C69Y/
M128K in another [67]) which interfere with either Fe-S cluster binding by GLRX5 or
possibly interactions with protein binding partners. The SPAHCG patients all harbored a
deletion of the highly conserved Lys51 residue located on the surface of the protein. This
deletion does not impact GLRXS5 proteins levels nor lead to heme and respiratory chain
defects and iron dysregulation as noted in the SIDBA-3 patients. Rather, the observed
phenotypes suggest that the absence of Lys51 in GLRX5 may specifically impair Fe-S
cluster insertion into LIAS [66, 73].

6.2.2 Consequences of human BOLA3 deficiency.—BOLA3 is the only human
BolA homolog that has been directly linked to human disease. BOLAS3 deficiencies are rare
but produce fatal consequences. Homozygous mutation in the BOLA3 gene causes the
severe autosomal recessive disorder known as multiple mitochondrial dysfunctions
syndrome-2 with hyperglycinemia (MMDS2) (Table 2) [73, 75-81]. Fifteen patients have
been diagnosed with MMDS?2 to date, exhibiting symptoms that resemble SPAHCG patients
with GLRX5 mutations, including spasticity, leukodystrophy, and hyperglycinemia caused
by defects in mitochondrial lipoic acid biosynthesis. However, the pathology of this disease
is usually compounded by more severe symptoms, including seizures, lactic acidosis,
hypotonia, and cardiomyopathy, eventually leading to death in childhood. Biochemical
analysis of patient cells with this disease revealed severe deficiencies of GCS, PDHc and the
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a-ketoglutarate dehydrogenase complex (a KGDHCc) [73, 75-80]. As mentioned above,
GCS, PDHc and a KGDHc are not Fe-S cluster binding proteins, but require lipoic acid as a
cofactor, which in turn is dependent on the [4Fe-4S] cluster binding enzyme LIAS. Most
patients also exhibited reduced complex I and Il activities in the respiratory chain [75-77,
79, 81], which require Fe-S cluster cofactors. However, mitochondrial and cytosolic
aconitase activities are typically normal in this disease, thus dysregulation of iron
metabolism and iron overload due to increased IRP mRNA binding activity are not
observed. Taken together, these results suggest that BOLAS3 is required for specifically
trafficking [4Fe-4S] clusters to complex |, succinate dehydrogenase (complex I1), and LIAS,
which synthesizes lipoic acid as a cofactor for GCS and the a-keto acid dehydrogenase
enzymes PDHc and a KGDHc.

6.3 Fe-S cluster assembly in plant mitochondria

Recent studies in plants have also shed light on the roles of CGFS Grxs and BolA proteins in
mitochondria. The plant mitochondrial CGFS Grx, namely GRXS15, plays a critical role in
plant growth and development since its deficiency causes embryonic lethality in Arabidopsis
thaliana [82]. Furthermore, Arabidopsis GRXS15 partially complements the growth defect
in grx5A yeast cells suggesting a conservation of function across species. Down-regulation
of GRXS15 in plant lines causes a growth defect, decreased respiration, lowered aconitase
activity, a defect in lipoic acid-dependent enzymes, and reduced abundance of mitochondrial
LIAS [83], which mirrors some of the biochemical effects observed for human SPAHCG
patients with GLRX5 deficiencies (section 6.2.1). Recombinant GRXS15 has the ability to
bind a [2Fe-2S] as a homodimer, and transfer the cluster to mitochondrial ferredoxin 1 [25].
Thus, GRXS15 is proposed to be required for trafficking Fe-S clusters to specific targets,
including LIAS. The consequences of deletion or deficiency of mitochondrial BOLA4 have
not yet been established in plants, so the potential function of this BolA homolog is unclear.
However, GRXS15 was also shown to interact with BOLA4 in plant cells via bimolecular
fluorescence complementation, and expression of plant BOLA proteins in yeast can rescue
the respiratory growth defect of bo/1Ab0/3A cells and partially recover the activity of
complex Il and lipoic-acid dependent enzymes (see section 6.1) [84]. Taken together, these
results suggest that GRXS15 and BOLAA4 function together in Fe-S cluster biogenesis as
demonstrated for their yeast and human homologs [25].

7. GRXS14/16 and BOLA1/4 may function with the SUF pathway in
chloroplast Fe-S cluster biogenesis

In lieu of the ISC pathway found in mitochondria, chloroplasts utilize the alternate SUF Fe-
S cluster assembly pathway that bears resemblance to the bacterial Suf system. However, the
basic principles of de novo Fe-S cluster assembly are the same: 1) Fe-S clusters are built on
a scaffold system by combining sulfur mobilized from cysteine with iron and electrons
provided by donors; and 2) clusters are delivered to specific client proteins via a network of
trafficking and maturation factors (recently reviewed in [85]). Plant chloroplasts house two
CGFS Grxs, GRXS14 and GRXS16, and two BolA proteins, BOLAL and BOLAA4 (Fig. 2,
3). In addition, chloroplasts harbor the SUFE1 protein which possesses a sulfurtransferase
domain typical of SufE proteins as well as a C-terminal BolA domain. As a
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sulfurtransferase, SUfE1 activates the cysteine desulfurase activity of Nfs2, which mobilizes
sulfur from cysteine in the first phase of chloroplast Fe-S cluster assembly. The specific
function of the BolA domain in SUFEL is unclear. Both chloroplast Grxs were shown to
interact with both BolA proteins and SUFE1 via bimolecular fluorescence complementation
experiments in plant cells and yeast two-hybrid assays [25]. Similar to their bacterial, yeast,
and human homologs, chloroplast GRXS14 and GRXS16 can form [2Fe-2S] bridged
homodimers [86] or [2Fe-2S]-bridged heterodimers in concert with BolA proteins [29].
Furthermore, anaerobic CD spectroscopy studies confirmed that the chloroplast-specific
intermediate carrier protein Nfu2 can deliver [2Fe-2S] clusters to GRXS14 but not GRXS16
[87], while GRXS14 can rapidly transfer [2Fe-2S] clusters to the Fe-S cluster carrier protein
SufA1l [44] as well as ferredoxin [86]. Nevertheless, the physiological relevance of these /n
vitro findings is still unclear. Due to the likely redundancy between the chloroplast Grxs,
single grxsi4or grxs16 mutants do not yield strong phenotypes under the growth conditions
tested [88]. Parallel studies with bolA1 and bolA4 mutant plants have not yet been published
so the impact of bolA1/4 deficiency on plant growth and function is unknown. However,
similar to the mitochondrial BolAs and Grxs from plants, the chloroplast orthologs can
complement the growth phenotypes of yeast grx54 or bol1Abol3A strains, respectively [84,
86]. These results hint to a conserved function for these proteins in Fe-S cluster targeting
and insertion.

8. Roles for CGFS Grxs and BolA proteins in the eukaryotic cytosol

The eukaryotic cytosol typically houses one BolA homolog and one or two CGFS Grxs.
Cytosolic BolA proteins are classified in the BolA2 subfamily that contain a conserved Cys
residue located in the H/C loop and the invariant His residue near the C-terminus (Fig. 4A).
Unlike their mitochondrial homologs, cytosolic CGFS Grxs are multidomain proteins with a
Trx-like domain at the N-terminus, usually with a modified monothiol active site (WAxxC),
and one to three CGFS Grx domains in tandem at the C-terminus (Fig. 2). Roles for these
nuclear/cytosolic proteins in iron metabolism have been well studied in both yeast and
human cells with recent highlights outlined below.

8.1 Grx3/4 and Bol2 function in regulation of iron metabolism in yeasts and other fungi.

The first connection between cytosolic CGFS, BolA proteins, and iron regulation arose from
genetic studies in S. cerevisiae (reviewed in [11, 89, 90]). The cytosolic CGFS paralogs
Grx3 and Grx4 were identified as intracellular iron trafficking factors that function with the
BolA2 protein Fra2 (recently renamed Bol2) to control the activity of the low iron sensing
transcription factor Aftl and its paralog Aft2. Aftl and Aft2 undergo nucleocytoplasmic
shuttling in response to iron, binding DNA and activating expression of iron uptake and
storage gene when iron is low (Fig. 6A, top), then dissociating from DNA and moving to the
cytosol when iron levels are sufficient (Fig. 6A, bottom). Grx3 and Grx4 form [2Fe-2S]-
bridged heterodimers with Bol2 that specifically transfer a [2Fe-2S] cluster to Aft2 that
alters its oligomeric state from monomer to dimer [91, 92]. Bol2 plays a clear role in
facilitating this cluster transfer since [2Fe-2S]-bridged Grx3 homodimers are unable to
quantitatively deliver the cluster to Aft2 under the same conditions. DNA binding assays
revealed that [2Fe-2S]-bridged Aft2 homodimers formed after cluster transfer have lower
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DNA binding affinity than apo Aft2 monomers, which presumably leads to deactivation of
Aft2 target genes [92]. Due to the high sequence homology and overlapping functions of
Aftl and Aft2, a similar mechanism is proposed for control of Aftl activity. /n vivo Fe-S
cluster binding to Grx3/4-Bol2 heterodimers, in turn, is dependent on the mitochondrial ISC
pathway, GSH, and the mitochondrial ABC transporter Atm1 in order to export the
undefined sulfur-containing X-S species required for synthesis of nuclear/cytosolic Fe-S
clusters. Interestingly, the CIA pathway is not required for signaling iron bioavailability to
Aftl or Aft2, suggesting that Fe-S clusters are assembled or delivered to Grx3/4-BolA
complexes via an alternate pathway [93, 94].

The fission yeast S. pombe is evolutionary divergent from S. cerevisiae, utilizing a different
set of iron-responsive transcription factors that do not share homology with Aft1/Aft2 (Fig.
6B). Nevertheless, a cytosolic CGFS Grx and/or BolA protein control the transcriptional
activity of these DNA binding proteins. Iron homeostasis in S. pombe is primarily regulated
by two repressors, Fepl and Php4, that are responsible for controlling iron acquisition and
iron utilization, respectively (recently reviewed in [89, 95]). Fepl is a GATA-type
transcription factor that binds to GATA-containing sequences in promoters of iron uptake
genes in iron replete conditions, thereby repressing their expression to avoid iron overload.
Php4 binds to a heterotrimeric CCAAT-binding complex composed of Php2, Php3, and
Php5. Under iron replete conditions, the Php2/3/5 complex activates expression of iron
utilization genes by binding to CCAAT sequences in their promoters. When iron levels drop,
Php4 binds to the Php2/3/5 complex, triggering the switch from activator to repressor.
Consequently, non-essential iron utilization pathways are downregulated to conserve
intracellular iron pools. Php4 was shown to form a [2Fe-2S] cluster binding complex with S.
pombe Grx4 via two conserved Cys residues [96], which promotes its dissociation from
Php2/3/5 and subsequent nuclear export (Fig. 6B, bottom) [89]. Whether or not Grx4
maintains an interaction with Php4 under iron deficiency is somewhat unclear. One study
using yeast two-hybrid assays demonstrated that the Trx domain of Grx4 maintains a strong
interaction with Php4 in cells cultured in iron deficiency media [97], while another study
using co-immunoprecipitation found that the Grx4-Php4 interaction is weakened in cells
grown in iron-limited media [23]. In any case, regulation of Php4 activity /in vivois
dependent on mitochondrial Fe-S cluster biogenesis and GSH, similar to Aft1/2 regulation in
S. cerevisiae, which likely reflects the requirement for the GSH-ligated [2Fe-2S]-Grx4
complex to regulate Php4 activity [23, 89, 95]. However, there are conflicting reports
regarding the role of the S. pombe Bol2 ortholog (known as Fra2) in controlling Php4
function. One study found that f7a2 deletion did not impact nucleocytoplasmic shuttling or
transcriptional regulation by Php4, concluding that Fra2 does not function with Grx4 to
inhibit Php4 in response to iron [98]. Meanwhile, another study found that Php4 represses
expression of target genes somewhat more rapidly in fra2A strains compared to WT when
cells are switched to iron deficient conditions, suggesting that Fra2 may play a minor role in
retention of Php4 in the cytosol [23]. However, a direct physical interaction between Fra2
and Php4 has not been demonstrated. Nevertheless, both studies concluded that the activity
of the Fep1l repressor clearly involves post-translational regulation by both Grx4 and Fra2
(Fig. 6B). Grx4 modulates Fepl activity via specific protein-protein interactions and requires
Cys-172 in the CGFS motif to inhibit Fepl activity when iron is scarce [95]. Fra2 also
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coimmunoprecipitates in a complex with Fepl and Grx4 [98] and co-regulates the iron-
dependent inhibition of Fepl activity /n vivo[23, 98]. Furthermore, purified recombinant
Fepl and the Grx4-Fra2 complex possess UV-visible spectra that are suggestive of [2Fe-2S]
binding proteins [23]. Additional EPR analysis confirmed that recombinant S. pombe Fepl
binds Fe-S clusters, although the specific cluster type ([4Fe-4S], [3Fe-4S], or [2Fe-2S]) was
unclear [99]. Based on the genetic studies and DNA binding and Fe-S transfer assays, the
current regulation model suggests that during iron sufficiency, Fepl binds [2Fe-2S] clusters
that favor DNA binding and repression of its target genes (Fig. 6B, bottom) [89, 95]. Grx4
and Fra2 maintain an interaction with Fepl under both low and high iron conditions [98],
but it has not been established whether or not Grx4 or Fra2-Grx4 delivers the Fe-S clusters
to Fepl. However, Fepl binds DNA constitutively in grx4A strains suggesting that Grx4 is
not essential for Fe-S cluster delivery to Fepl [23, 100]. Conversely, iron starvation is
proposed to cause loss of the bridging [2Fe-2S] cluster between Grx4 and Fra2, triggering
[2Fe-2S] cluster transfer from Fepl to Grx4-Fra2 [23], which in turn inactivates the
repressor activity of Fepl (Fig. 6B, top). The role of S. pombe Grx4-Fra2 serving as a
cluster acceptor is reminiscent of previous studies mentioned earlier demonstrating that S.
cerevisiae Grx3-Bol2 accepts a [2Fe-2S] cluster from the A-type carrier protein ViscA [44].

More recently, a number of studies have elucidated the role of cytosolic CGFS Grxs in
controlling iron regulation in pathogenic fungi (recently reviewed in [89, 95, 101]). The
filamentous fungi Aspergillus nidulans and Aspergillus fumigatus possess orthologs of Php4
and Fepl known as HapX and SreA, respectively. Both regulators from A. fumigatus were
shown to physically and functionally interact with the cytosolic CGFS glutaredoxin GrxD to
coordinate the transcriptional response to iron starvation. Furthermore, recombinant HapX
binds a [2Fe-2S] cluster in the presence or absence of GrxD, which is proposed to regulate
its DNA binding activity [102]. The same research group also demonstrated that the
mitochondrial 1SC pathway and GSH are both essential for regulation of iron metabolism
while the CIA pathway is dispensible [102], which parallels similar findings in S. cerevisiae.
Taken together, these studies underscore the importance of CGFS Grxs and Fe-S cluster
biogenesis in regulating iron metabolism in A. fumigatus. Clear connections between Fe-S
cluster biogenesis, CGFS Grxs, and iron regulation have also been made in the opportunistic
pathogen Candida albicans. The phenotypes of a C. albicans grx3A/A mutant demonstrate
that Grx3 is essential for regulation of iron homeostasis and resistance to oxidative stress
[103]. Furthermore, deficiency of the C. albicans mitochondrial ISC pathway causes cellular
iron accumulation, oxidative stress, and decreased virulence, thus linking mitochondrial Fe-
S cluster biogenesis with iron regulation [104]. A more recent comprehensive study using
virulence assays, proteomic profiling, chromatin immunoprecipitation and other methods
further clarified the critical role of C. albicans Grx3 in iron regulation [27]. These authors
showed that Grx3 is required for growth in low iron media and for C. albicans virulence in
mouse models. Grx3-interacting proteins identified by proteomic analysis included Bol2/
Fra2, Fe-S cluster assembly and redox homeostasis factors, and iron-responsive transcription
factors, as well as proteins involved in amino acid biosynthesis and metabolism.
Furthermore, co-immunoprecipitation analysis confirmed that Grx3 interacts with the
GATA-type repressor Sful (an ortholog of S. pombe Fepl) in vivoin an iron-independent
manner and impacted the DNA binding and transcriptional repressor activity of Sful in an
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iron-dependent manner. Grx3 was also shown to interact with Hap43 (an ortholog of S.
pombe Php4) in an iron-independent manner while impacting nucleocytoplasmic shuttling
of this transcription factor in response to iron [27]. These results mirror the functional
interactions reported for the S. pombe orthologs of Grx3, Sful, and Hap43 (S. pombe Grx4,
Fepl, and Php4, respectively), suggesting conserved mechanisms of post-translational
control by CGFS Grxs for these types of iron-responsive transcriptional repressors. Finally,
the fungal pathogen Cryptococcus neoformans also relies on a cytosolic CGFS Grx to
control the activity of its iron-responsive transcriptional repressor Cirl. Cirl is an ortholog
of S. pombe Fepl, Aspergillus SreA, and C. albicans Sful, and thus represses expression of
iron uptake systems during iron sufficiency. C. neoformans Grx4 is essential for the
virulence of this pathogen and was recently shown to physically and functionally interact
with Cirl, serving as a master regulator of iron-responsive genes [105]. The Fe-S binding
domain of Grx4 is essential for this regulatory function, suggesting that Fe-S binding
modulates the activity of Cirl, as proposed for its S. pombe ortholog Fepl (Fig. 6B).
Notably, for each of these pathogenic fungi, the specific roles of cytosolic Bol2 proteins in
iron regulation have not yet been addressed.

8.2 GLRX3 and BOLAZ2 serve as [2Fe-2S] chaperones in mammalian cells

A clear role for trafficking [2Fe-2S] clusters in the cytosol has also been establishing for
human GLRX3 and BOLAZ2. Depletion of GLRX3 in human cell lines was shown to disrupt
cellular iron metabolism, causing defects in cytosolic iron-sulfur cluster assembly that
induce an iron starvation response. Furthermore, Grx3 knockdown in zebrafish impairs heme
biosynthesis, likely reflecting a defect in iron trafficking [6, 106]. Similar to their yeast
counterparts, human GLRX3 and BOLAZ2 can form heterocomplexes, although human
GLRX3 has two tandem GRX domains rather than one (Fig. 2). Consequently, one BolA2
protein binds to each of the GRX domains generating a heterotrimer bridged by two
[2Fe-2S] clusters [107, 108]. GLRX3 and BOLA2 have been shown to deliver [2Fe-2S]
clusters to CIA components in /n vitro studies. Fe-S cluster transfer assays indicate that the
[2Fe-2S],-GLRX3, homodimer and the [2Fe-2S],-GLRX3-BOLA2, heterotrimer are
capable of transferring two [2Fe-2S] clusters to two different Fe-S cluster binding sites in
CIAPIN1 (also known as anamorsin), an essential component of the CIA machinery (Fig. 7).
In both cases, the N-terminal TRX domain of GLRX3 specifically recognizes the N-terminal
region of CIAPIN1, facilitating the transfer [107, 109]. More recently, [2Fe-2S],-GLRX3,
was demonstrated to function /n vitro in the maturation of the Fe-S cluster scaffold protein
NUBP1 in the CIA pathway, delivering [2Fe-2S]?* clusters that are converted to [4Fe-4S]%*
clusters in the presence of GSH [110]. The details of the CIAPIN1-GLRX3-BOLAZ2 binding
interactions were further elucidated in human cell lines [111]. GLRX3-BOLA2 were shown
to form an Fe-S cluster dependent binding interaction in cells that increased 6-8-fold with
increasing cellular iron levels. CIAPIN1 and its functional binding partner NDOR1
coimmunoprecipitate with GLRX3 and with BOLAZ2, although the CIAPIN1-BOLA2
interaction is weaker and dependent on the presence of GLRX3. However, Fe incorporation
into CIAPINL in cells is dependent on the presence of both GLRX3 and BOLAZ2, while the
opposite is not true, i.e. formation of the Fe-S-bridged GLRX3-BOLA2 complex is not
dependent on CIAPIN1. Furthermore, the Fe-S binding residues in GLRX3 are essential for
GLRX3 binding to both CIAPIN1 and BOLAZ2. Taken together, these studies provide strong
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cell-based evidence that the GLRX3-BOLA2 complex functions as a [2Fe-2S] chaperone
that delivers Fe-S clusters to specific targets that include CIAPIN1 in the CIA pathway [111]

(Fig. 7).

The details of cytosolic iron trafficking to Fe-S cluster proteins in human cells were further
elucidated in a recent study that revealed a functional and physical interaction between
BOLAZ2 and the multifunctional poly r(C)-binding protein PCBP1 [112]. PCBP1 was
previously characterized as a metallochaperone that binds and delivers Fe2* to the
intracellular iron storage protein ferritin as well as other cytosolic iron enzymes (recently
reviewed in [113]). Proteomic analysis of PCBP1-interacting proteins and co-
immunoprecipitation studies confirmed an interaction between PCBP1 and BOLAZ2 that is
independent of GLRX3. Moreover, the interaction between PCBP1 and BOLA2 was
enhanced in the absence of GLRX3 suggesting that PCBP1 and GLRX3 compete for
binding to BOLAZ2. Interestingly, both iron and GSH are required to stabilize the PCBP1-
BOLAZ2 complex, while inorganic sulfide and Fe-S cluster binding are not required.
Formation of this complex as well as the [2Fe-2S]-bridged GLRX3-BOLA2 complex is
dependent on the conserved Cys31 and His68 in human BOLA2. Based on this evidence, the
authors propose that the PCBP1-Fe-GSH-BOLA2 complex provides iron for the formation
of the [2Fe-2S],-GLRX3-BOLA2, complex in human cells, linking the cytosolic iron
trafficking and Fe-S cluster biogenesis pathways [112] (Fig. 7). Interestingly, the human
BOLAZ gene maps to a chromosomal region that is prone to duplications, resulting in
variable copy numbers of this gene in the human population, ranging from three to eight
diploid copies [114]. By correlating BOLAZ copy number with blood-related phenotypes, a
recent study discovered that individuals with low BOLAZ copy numbers are more prone to
iron-deficiency anemia, further supporting the model that BOLAZ functions in maintaining
human iron homeostasis [115].

Conclusions and Future Outlook

The past few years have seen a plethora of new studies that have revealed key insights and
crucial details about the molecular structures and functions of CGFS Grxs and BolA proteins
found in prokaryotic organisms and in different subcellular compartments of eukaryotic
organisms. CGFS Grxs and BolA proteins are implicated in Fe-S cluster trafficking and
biogenesis in prokaryotes, although more biochemical and genetic studies are required to
fully reveal the specific functions of these proteins in these organisms. In contrast, strong
physiological evidence exists for the role of CGFS Grxs in mitochondria as central carrier
proteins that link the early and late machinery for Fe-S biogenesis in yeast, plants, and
humans. Similar phenotypes are observed across species when mitochondrial CGFS Grxs
deficient or absent, suggesting a strong conservation of function. In general, mitochondrial
BOLA deletions have somewhat weaker and more diffuse phenotypes (with the exception of
the human BOLAS3 deficiency symptoms), partially owing to the overlapping functions of
multiple mitochondrial BolA paralogs, making the assignment of their specific functions
more difficult. Additional cellular and genetic studies are required to more carefully tease
out the individual roles of mitochondrial BolA proteins. Even less is known about the in vivo
function of chloroplast Grx and BolA proteins due to the redundancy of function between
Grx or BolA paralogs in the same compartment and the lack of specific single and double
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mutants for study. Although the considerable structural and biophysical information
provided by analysis of these plant proteins has certainly driven this field forward. Finally,
recent studies in yeast and human cells have clearly shown essential roles for cytosolic Grx
and BolA proteins in trafficking [2Fe-2S] clusters to Fe-S cluster dependent enzymes and
transcription factors that control iron metabolism. Many of the mechanistic details of these
trafficking pathways are still missing, representing a ripe area of future study. In addition, a
focus on cytosolic CGFS Grxs and BolA proteins controlling iron regulation and virulence
in pathogenic fungi is just recently emerging, with many molecular details about their

functional roles unexamined.
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Highlights
. Glutaredoxins with a CGFS active site and BolA proteins are ubiquitous in
nature
. CGFS glutaredoxins form iron-sulfur bridged complexes with BolA proteins
. BolA proteins function with CGFS glutaredoxins in iron-sulfur cluster
assembly and trafficking
. CGFS glutaredoxin-BolA complexes regulate iron homeostasis in fungi
. Mutations in GLRX5and BOLA3genes cause human mitochondrial diseases
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reduced Grx1 oxidized Grx1 glutathionylated Grx1

apo-Grx4 [2Fe-2S]-Grx4

Figure 1.
Structures of a typical class | dithiol Grx (A) and a class 11 monothiol Grx (B). A, NMR

structures of £. coli Grx1 in the reduced form (PDB entry 1EGR), the disulfide oxidized
form (PDB entry 1EGO), and the glutathionylated form (PDB entry 1GRX). NMR structure
of E. coli Grx4 in the apo form (PDB entry 1YKA) and the X-ray crystal structure of the
[2Fe-2S]-GSH,-bridged homodimer form (PDB entry 2WCI). The variable-length loop
dictating Grx function is located between R1 (in dark blue) and the N-terminal active site
Cys (Cys-11 in Grx1 and Cys 30 in Grx4) [7].
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Figure 2.

Domain structures of Class Il Grxs from bacteria (Escherichia coli), trypanosomes
(Trypanosoma brucei), yeast (Saccharomyeces cerevisiae), plants (Arabidopsis thaliana), and
mammals (Homo sapiens). The conserved cysteines in the Trx and Grx domains are shown
in red. Additional conserved residues are shown in black. In eukaryotes, mitochondrial
CGFS Grxs are single domain while cytosolic versions are multi-domain. Plants additionally
have both single and multi-domain CGFS Grxs located in the chloroplast. Please note that
the active site motifs of both cytosolic and mitochondrial Class Il Grxs from trypanosomes
(CAYS and CGFT) deviate from the canonical CGFS motif [117].
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Figure 3.

Diagrams depicting the subcellular localization of Grx and BolA homologs (dark red text) in
bacteria, yeast, plant, and human cells.
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Figure 4.
Structures of human apo-BOLA proteins, [2Fe-2S]-GLRX5 homodimer, and [2Fe-2S]-

GLRX5-BOLA1/3 heterodimers. The invariant His in BolA proteins is shown as red text.
(A) Human apo-BOLA2 modeled on NMR structure of mouse BOLA2 (PDB entry 1V9J)
(/ef)) and NMR structures of human apo-BOLA1 (PDB entry 5LCI) (center) and human
apo-BOLAS3 (PDB entry 2NCL) (righd). (B) X-ray crystal structure of human [2Fe-2S]-
GLRX5 homodimer (PDB entry 2WUL) and structural models of [2Fe-2S]-GLRX5-BOLAL
(center) and [2Fe-2S]-GLRX5-BOLA3 (right) heterodimers [35]. The GLRX5 monomers in
the heterodimer structures in the middle and right were aligned with the left protomer of the
[2Fe-2S]-GLRX5 homodimer using PyMol [118].
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Figure 5.
Diagram depicting the ISC pathway in yeast mitochondria highlighting the central role of

Grx5 and the proposed roles of Bol1/Bol3 proteins. A [2Fe-2S] cluster is assembled on the
scaffold protein Isul by the early ISC machinery, which is then delivered to the intermediate
carrier protein Grx5. The chaperone/co-chaperone complex Jac1/Ssql is proposed to assist
in release of the cluster from Isul. Grx5 may deliver [2Fe-2S] clusters to apo targets in the
mitochondria and is also required for formation of an unidentified sulfur-containing species
(X-S) that exported to the cytosol. X-S is used by the CIA machinery for nuclear/cytosolic
Fe-S cluster assembly and is required to relay the cellular iron status to iron-responsive
transcription factors in the nucleus. In addition, Grx5 interacts with and transfers [2Fe-2S]
clusters to the late ISC machinery, a complex composed of Isal, Isa2, and Iba57, which then
synthesizes [4Fe-4S] clusters via coupling of two [2Fe-2S] clusters. Nful, Ind1, Boll, and
Bol3 serve as targeting factors that interact with Grx5 and/or the late ISC machinery to
deliver [4Fe-4S] clusters to specific apo acceptor proteins.
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Figure 6.
Models for iron-responsive transcriptional activation by Aftl/2 in S. cerevisiae (A) and iron-

responsive transcriptional repression by Fepl and Php4 in S. pombe (B). When iron levels
are low in S. cerevisiae (A, top), Aftl and Aft2 bind DNA and activate expression of iron
acquisition genes. During conditions of iron sufficiency (A, bottom), Grx3 and Grx4 form
Fe-S-bridged heterodimers with Bol2 and deliver [2Fe-2S] clusters to Aft1/2, which
promotes their DNA dissociation, dimerization, and export to the cytosol. This change, in
turn, leads to deactivation of Aftl/2-regulated genes. During iron deficiency in S. pombe (B,
top), Php4 binds to Php2/3/5 which represses transcription of genes encoding proteins in
non-essential, iron-utilizing pathways. There are conflicting reports whether or not Grx4
maintains an interaction with Php4 during iron deficiency. In either case, Grx4 does not
interfere in Php4’s association with Php2/3/5. Fepl dissociates from its target genes when
iron is low, leading to the expression of iron acquisition genes. The dissociation of Fepl
from DNA is presumably triggered by [2Fe-2S] cluster transfer from Fepl to the Grx4-
Fra2(Bol2) heterodimer. When iron levels increase (B, bottom), Grx4 and Php4 bind a
[2Fe-2S] cluster that promotes dissociation of Php4 from Php2/3/5 and its nuclear export,
leading to derepression of the Php4 regulon. In parallel, Fepl maintains an interaction with
Grx4-Fra2 and binds [2Fe-2S] clusters that facilitate its DNA binding activity and repression
of its target genes.
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Figure 7.
Model for the roles of GLRX3 and BOLA2 in mammalian cytosolic iron trafficking. The

cytosolic iron chaperone PCBP1 acquires Fe(ll) from the labile iron pool and forms an
Fe(11)-bridged complex with BOLA2 that requires GSH binding for stability. This complex
is proposed to interact with apo-GLRX3 to form a GLRX3-BOLA2 heterocomplex. Each
Grx domain in GLRX3 forms a [2Fe-2S]-binding complex with a BOLA2 monomer and
GSH leading to formation of a [2Fe-2S],-bridged GLRX3-BOLA2,-GSH>, heterotrimer. The
sulfur source required to form the [2Fe-2S] clusters is unclear, possibly provided by the
cytosolic isoform of the cysteine desulfurase NFS1 or exported from the mitochondrial 1SC
pathway. Both the [2Fe-2S],-GLRX3-BOLAZ2, heterotrimer and the [2Fe-2S],-GLRX3,
homodimer can deliver [2Fe-2S] clusters to the CIA Fe-S cluster assembly protein CIAPIN1
in vitro, although both GLRX3 and BOLAZ2 are required for Fe incorporation into CIAPIN1
in cell-based assays. [2Fe-2S],-GLRX3, may also deliver clusters to the CIA scaffold
protein NUBP1, which requires reductive coupling of [2Fe-2S]?* clusters to form
[4Fe-4S]%* clusters. CIAPINL, its functional electron transfer partner NDOR1, and NUBP1
are all components of the CIA machinery that assembles and delivers [4Fe-4S] clusters to
target proteins in the cytosol and nucleus.
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Table 1.
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Grx-BolA [2Fe-2S] complexes analyzed by structural and/or spectroscopic methods. The invariant His in
BolA proteins is shown in bold.

Organism Grx partner | BolA partner [2Fe-25] stabilized or destabilized® BolA ligands Reference
E. coli Grx4 BolA Stabilized NDIJ [42]
(GrxD)
1baG Destabilized His27 [33]
His63
S. cerevisiae Grx3 Bol2 Stabilized Cys66 [36, 37, 116]
(Fra2) His103
Grx4 Stabilized Cys66 [36, 116]
His103
S. pombe Grx4 Fra2 Stabilized ND/J [23]
Human GLRX3 BOLA2 Stabilized Cys31 [107, 108]
(Grx3) His68
GLRX5 BOLA1 Stabilized His67 [35, 38]
(Grx5) His102
BOLA3 Destabilized Cys59 [35, 38]
His96
A. thaliana GRXS14 BOLA1 Stabilized His109 [29]
His144

aRefers to cluster stability in [2Fe-2S] Grx-BolA heterocomplexes relative to corresponding [2Fe-2S] Grx homodimers.

bNot determined
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Table 2.

Diseases linked to mutations in human GLRXand BOLA genes.

Page 36

dysfunctions syndrome-2
with hyperglycinemia
(MMDS2)

seizures, spasticity, and poor head control; hypotonia; lactic
acidosis and elevated glycine levels in serum and
cerebrospinal fluid; optic atrophy, cardiomyopathy, and
leukodystrophy in some patients; death in childhood.

Gene Disease Clinical symptoms Tissues impacted Reference
GLRX5 | Sideroblastic anemia-3 Adult-onset anemia; systemic iron overload,; erythrocytes, liver, [64-67]
(SIDBA-3) hepatosplenomegaly spleen
Childhood onset spasticity Non-Kketotic hyperglycinemia; slowly progressive spasticity; Central nervous [71-73]
with hyperglycinemia leukodystrophy and/or spinal lesions; visual defects and mild system
(SPAHGC) learning disabilities in some patients
BOLA3 | Multiple mitochondrial Severe developmental regression in infancy characterized by Central nervous [73, 75-81]

system
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