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ABSTRACT
The A-type proteins are a class of [Fe-S]-cluster biogenesis proteins which are
found in all domains of life. However, the specific function(s) of these A-type proteins
within the mitochondrial and bacterial Fe/S-protein biogenesis are still unknown. The
ability of Azotobacter vinelandii(Av) IscA and Arabidopsis thaliana(At) SufAl to bind Fe
and [Fe-S]-cluster has been investigated to assess the potential role(s) of A-type proteins
in [Fe-S]-cluster biogenesis. Both A-type proteins have been shown to bind one Fe(lll)
per homodimer with an intermediate-spin (S = 3/2) Fe(lll) center that is most likely 5-
coordinate with two or three cysteinate ligands. Further, AtSufAl is shown to bind one
[2Fe-2S]%*-cluster with complete cysteinyl ligation. In addition, in vitro UV-visible CD
studies of rapid cluster transfer from AtGrxS14 to AtSufAl yielding a rate constant of
50000 M™*min™ and >95% completion within 3min indicate that these two classes of

proteins work together in cellular [Fe-S]-cluster trafficking.

INDEX WORDS: Iron-sulfur cluster assembly, A-type protein, Monothiol glutaredoxins,

Cluster transfer.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Iron-Sulfur Proteins: Background

Iron-sulfur (Fe-S) clusters are functionally versatile and ancient prosthetic groups
that are found in almost all forms of life (1-3). These clusters are found in a variety of
proteins (such as ferredoxins, NADH dehydrogenase, hydrogenases, succinate, and
nitrogenase) and play a major role in metabolic processes (including respiration,
photosynthesis, biosynthesis of amino acids, vitamins, coenzymes and other cofactors) as
well as in fundamental metabolism of chemical elements (specifically carbon, oxygen,
hydrogen, sulfur, nitrogen, and iron) (2;4-6). Their functions include electron transport in
the respiratory and photosynthetic chains and a wide range of enzyme complexes,
binding and activating substrates in a range of enzymes, regulation of genes expression,
and DNA repair (5). Despite the fact that these clusters play a crucial role in many
biological processes, the detailed mechanism of Fe-S cluster biosynthesis and the
maturation of Fe-S proteins still has many unresolved questions.
Structure and Properties of Iron-Sulfur Clusters

Iron-sulfur clusters are biological cofactors containing non-heme iron and
inorganic sulfide, with the simplest types having [Fex(u2-S)2], [Fes(us-S)(u2-S)s], and
[Fea(us-S)4] cores that are attached to the protein via cysteinyl-S ligation to give
approximately tetrahedral sulfur ligation at each Fe site, see Figure 1.1 (5). These clusters

are abbreviated as [2Fe-2S]", [3Fe-4S]" and [4Fe-4S]", respectively, where n is the core
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oxidation state assuming a -2 oxidation state for sulfide. Depending on the extent of
valence localization or delocalization for each type of cluster in each accessible redox
state, the formal oxidation state on each Fe can be +2, +3 or +2.5.

Mononuclear Fe-centers such as rubredoxins and desulforedoxins with tetrahedral
cysteinyl ligation are considered to be the simplest type of Fe-S centers even though they
lack the inorganic sulfide. These Fe-centers provide fundamental information concerning
the properties of Fe** and Fe*" in a tetrahedral S coordination environment (7).

[2Fe-2S] clusters are the simplest type of Fe-S clusters found in nature and
primarily function in electron transport. Based on structural and electronic properties of
these clusters, they are considered to be the building block of almost all types of Fe-S
clusters. Usually the [2Fe-2S] core is ligated by four cysteinate ligands; however, there
are a few exceptions. For example, the Rieske-type [2Fe-2S] clusters have two histidyl
ligands at one Fe site (8), the [2Fe-2S] clusters in some succinate dehydrogenases and
sulfide dehydrogenases have one aspartate ligand (9;10), the [2Fe-2S] cluster in biotin
synthase has one arginine ligand (11), and the [2Fe-2S] cluster in the MitoNEET protein
has one histidine ligand (12-14). The presence of more electropositive histidine ligands as
opposed to the less electropositive cysteine ligands at the reducible Fe site has a direct
effect on the redox potential. The redox potentials of the all cysteinyl-ligated [2Fe-25]***
centers range from +100 to -460 mV, whereas the Rieske-type [2Fe-2S]*"* centers
generally have higher potentials ranging from +380 to -150 mV. These redox potentials
are reported relative to the normal hydrogen electrode (NHE).

Cubane-type [3Fe-4S] clusters can be visualized as a cubane-type [4Fe-4S] cluster

that had lost one Fe atom. Based on X-ray structures, primary sequences, and in vivo
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detection, cubane-type [3Fe-4S]*° clusters have been shown to be physiologically
relevant electron carriers in numerous redox enzymes and proteins (15). Cubane-type
[4Fe-4S] clusters are one of the most common types of prosthetic groups in biology and

3.2+ 5% and thiols under

represent the thermodynamic sink for the reaction between Fe
strictly anaerobic conditions (16). Although [4Fe-4S] clusters are primarily involved in
electron transfer, they also constitute the active sites of a wide range of redox and non-
redox enzymes. [4Fe-4S] clusters involved in electron transfer usually have all cysteinyl
ligation. However, some exceptions involve a single aspartate ligand in some ferredoxins
that is proposed to play a role in gating electron transfer and a single histidine ligand in
NiFe- and Fe-Fe-hydrogenases and nitrate reductases, which may play a role in coupling
electron and proton transfer (17-20). Fe(SCys)4, [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters
are all commonly found in nature and are known to function as one-electron donors or
acceptors (5). However, there are more complex clusters, such as a double-cubane [8Fe-
7S] P-cluster (see Figure 1.1), which is found only in nitrogenases and has the potential
to mediate two-electron transfer processes.
Biological Roles of Iron-Sulfur Clusters

Initially Fe-S clusters were believed to be involved only in mediating electron
transfer, but it is now apparent that they also have a wide variety of biological roles
including redox and non-redox catalysis, generating radicals, sensing small molecules in
regulatory processes, and locating/repairing damaged DNA along with the electron
transfer (5). The stability that Fe-S clusters exhibit in multiple oxidation states, along

with the possibility of having at least one one-electron redox couple in the physiological



redox potential range, makes these clusters excellent donors and acceptors of electrons in
a variety of biological reactions.

A wide range of enzymes utilize site-specific substrate binding and activation
mediated by active site Fe-S clusters in redox and non-redox catalysis (21). Siroheme-
[4Fe-4S] center in sulfite and nitrite reductases (Figure 1.2A) (22;23), the Fe-Fe-[4Fe-4S]
center in Fe-hydrogenases (Figure 1.2B) (19;24), and the Ni-Ni-[4Fe-4S] center in
acetyl-CoA synthases (Figure 1.2C) (25-27) are some of the examples where the [4Fe-
4S] cluster is directly attached to the substrate-binding active site via a bridging
cysteinyl-S, thereby facilitating rapid electron transfer to or from the substrate. In
addition, there are two major classes of enzymes that utilize a [4Fe-4S] with non-
cysteinyl ligation at a unique Fe site to bind and activate the substrate. The first is the Fe-
S cluster-containing (de)hydratases, such as aconitase (Figure 1.2D), which bind water
and substrate at a unique Fe site to facilitate water insertion or elimination (28). The
second is the radical-SAM superfamily of Fe-S enzymes that initiate a wide range of
radical reactions by binding S-adenosylmethionine at a unique Fe site in order to facilitate
reductive cleavage to yield methioinine and the highly reactive 5’-deoxyadenosyl radical
(Figure 1.2E) (29;30).

Furthermore, Fe-S clusters play a major part in sensing environmental or
intracellular conditions to regulate gene expression at the translational or transcriptional
level (31). Most regulatory Fe-S cluster proteins have a cluster binding domain and a
DNA binding domain. Among the best characterized examples of bacterial transcriptional

regulators are the fumarate-nitrate reduction (FNR) protein which undergo the cluster



conversion in the presence of O, and the SoxR protein which is involved in sensing
oxidative stress conditions by undergoing redox chemistry at the cluster.
Diseases Related to Defects in Iron-Sulfur Biogenesis

Fe-S cluster biosynthesis is vital for many cellular processes such as the citric acid
cycle (via succinate dehydrogenase and aconitase), mitochondrial respiration (via
complexes I-111), and for numerous other enzymes or proteins in the mitochondria,
cytosol and nucleus of mammalian cells (32). The biosysnthesis or repair of these clusters
are governed by highly conserved sets of genes present in both eukaryotes and
prokaryotes known as Fe-S cluster assembly genes (33). Due to the importance of Fe-S
clusters, it is not surprising that disruption of Fe-S cluster biogenesis results in several
human diseases.

For example, reduced expression of the frataxin gene (34;35), which encodes for
the frataxin protein that serves as an iron donor for Fe-S cluster formation in eukaryotes,
causes Friedreich’s ataxia (FRDA). FRDA 1is a neurodegenerative disease which is
characterized by cardiac failure and the death of specific neuronal cell types, including
the dorsal root ganglia, which are responsible for sensory perception and maintenance of
balance (36;37). Splicing mutations of the iscu gene, which encodes for a mitochondrial
protein that serves as a primary scaffold for Fe-S cluster assembly, is the cause of the
IscU myopathy, a disease which almost exclusively affects skeletal muscles (38;39).

Microcytic anemia is linked to defects in glutaredoxin Grx5, which serves as an Fe-
S cluster carrier protein in Fe-S cluster biogenesis (40;41). This is a hematological
disease characterized by deficient hemoglobin synthesis resulting in anemia (41).

Another disease associated with impairment in the Fe-S cluster transport pathway
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involving the mitochondrial ABC7 transporter is X-linked sideroblastic anemia with
ataxia (XLSA/A) (42-44). Moreover, defects in Fe-S cluster biogenesis have also been
linked to reduction of the virulence in bacterial pathogens (45). In addition, recent studies
discovered the cause of respiratory complex 1 deficiency, which leads into mitochondrial
encephalomyopathy, is mutation of the protein, NUBPL (32;46) (aka Ind1), which is
involved in transferring Fe-S clusters to respiratory chain complex | (32;47;48).
Furthermore, mutations in Nful or BolA3 were found to specifically interfere with the
activity of the Fe-S enzyme lipoate synthase leading to a disease called multiple
mitochondrial dysfunctions syndrome. This enzyme plays a major role in lipoic acid
modifications of some specific enzymes, such as the E2 subunits of pyruvate
dehydrogenase, a-ketoglutarate dehydrogenase (49;50). Therefore, understanding the
basic steps in Fe-S cluster biogenesis is important in order to gain molecular level insight
into several human diseases.
Iron-Sulfur Cluster Assembly Systems

Three distinct types of biosynthetic machinery for Fe-S cluster biogenesis have
been discovered in prokaryotes (Figure 1.3), termed the ISC (iron sulfur cluster), NIF
(nitrogen fixation), and SUF (sulfur utilization factor) systems (33;51). Even though
these three systems are used by different organisms under different conditions to
synthesze Fe-S clusters, they share a common fundamental mechanism involving
cysteine-desulfurase mediated Fe-S cluster assembly on a primary scaffold protein
followed by intact cluster transfer to apo acceptor or carrier proteins. In addition, they
share highly homologous A-type proteins (IscA, “fIscA, and SufA) which are the subject

of this dissertation and will be discussed separately below. The roles of each of the other
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components of the ISC, NIF, and SUF Fe-S cluster biogenesis machineries are discussed
below.
ISC System

The ISC system is involved in general Fe-S cluster biosynthesis in numerous
bacteria and constitutes the heart of the mitochondrial system for Fe-S cluster biogenesis
in eukaryotes (52-56). This system is known as the house-keeping Fe-S cluster assembly
machinery due to its ability to operate under normal growth conditions. The genes
encoding these Fe-S assembly proteins (IscR, IscS, IscU, IscA, HscA, HscB, and
ferredoxin) are organized in a cluster isSCRSUA-hscBA-fdx (5;52). IscS a PLP dependent
cysteine desulfurase, which acts as a sulfur donor for Fe-S cluster biosynthesis by
transferring the sulfur directly to the primary Fe-S cluster scaffold protein, IscU (57). As
discussed below, IscA has been proposed to function as an alternative scaffold protein, a
carrier protein for delivery of clusters assembled on IscU, and an Fe donor for cluster
assembly on IscU (58-65).

IscU has three conserved cysteines that serve as ligands for de novo biosynthesis
of Fe-S clusters and has been proven to be essential for the general Fe-S cluster
biogenesis in cells (52;66). Extensive spectroscopic and analytical characterization
revealed that IscS-mediated cluster assembly on Azotobacter vinelandii (Av) IscU
resulted in the sequential formation of [2Fe-2S] and [4Fe-4S] clusters under anaerobic
conditions (58;67). Initially, the IscU homodimer assembles a single [2Fe-2S]*" cluster,
and consequently, a second transient [2Fe-2S]** cluster is assembled (51;67). Then two
adjacent [2Fe-2S]** clusters at the subunit interface undergo a two-electron reductive

coupling to form a [4Fe-4S]* cluster on each IscU dimer using electron donors such as
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dithionite or reduced Isc Fdx (68). This provided evidence that one of the roles of IscFdx
IS to act as the reductant for this cluster conversion. Spectroscopic studies further
revealed that upon O, exposure, the [4Fe-4S]** cluster-bound form converts back to the
one [2Fe-2S]** cluster-bound form of IscU with the loss of one cluster (68).

The iscR gene encodes for a DNA- and cluster-binding regulatory protein IscR
(iron-sulfur cluster regulator). In its cluster-bound form, IscR is a transcriptional
repressor of the entire isc operon (69). HscA (heat-shock-cognate) and HscB co-
chaperons and their eukaryotic homologs (Ssp1/Jacl in yeast) play a crucial role in the
efficient maturation of Fe-S cluster proteins in both prokaryotic and eukaryotic organisms
(33;55;70). HscA and Ssql have been shown to interact with both the apo and cluster-
bound forms of IscU. However, this interaction is highly selective as they only bind to
the highly conserved LPPVK motif located adjacent to the cluster-binding site of IscU
(71-77). HscB binds and escorts cluster-bound IscU to HscA, which greatly stimulates
the ATPase activity of HscA, thereby facilitating ATP-dependent intact Fe-S cluster
transfer from IscU to acceptor proteins. Using in vitro cluster transfer studies,
Chandramouli and Johnson (78) demonstrated that both HscA and HscB bind
independently to the [2Fe-2S] cluster-bound form of IscU, and that the trimeric complex
involving [2Fe-2S]-IscU/HscA/HscB greatly enhanced the rates of cluster transfer from
holo-IscU to apo-IscFdx in the presence of MgATP.

NIF System
The NIF system was the first Fe-S cluster biogenesis system to be discovered, and it
is specific for the maturation of Fe-S cluster proteins involved in nitrogen fixation in

organisms like Av (33;79). However, some non-nitrogen fixing organisms such as
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Helicobacter pylori and Campylobacter jejuni have only the NIF system for Fe-S cluster
assembly, which indicates that these organisms utilize the NIF system for the assembly of
non-nitrogenase Fe-S clusters (80). The nif operon consists of genes which encoded for
NIscA, NifS, and NifU.

NfiscA is the A-type protein homolog of IscA, whereas the NifS is the homolog of
IscS. NifU is a modular homodimeric protein with three separate domains, namely, the
N- and C- terminal domains and the central domain. Each of these domains can assemble
Fe-S clusters. The N-terminal domain is homologous to the IscU, and it assembles a
transient [4Fe-4S]?* cluster via a reductive coupling of [2Fe-2S]*" clusters, whereas the
C-terminal domain directly assembles a transient [4Fe-4S]** cluster (81). However, in
vitro, both these [4Fe-4S]** clusters can be transferred to apo-nitrogenase Fe protein, to
form the active protein (81;82). Many eukaryotic and prokaryotic systems have separate
proteins or domains with sequence homology to the C-terminal domain, termed NifU-like
or Nfu-type proteins, and have been shown to function in Fe-S cluster biogenesis. The

2+ +

central domain contains a permanent redox-active [2Fe-2S]“"" cluster and has sequence
homology to the bacterial ferritin associated ferredoxin (82). NifS and NifU are essential
for the assembly of the nitrogenase Fe-S centers in Av (79), and NifS has been shown to
mediate the assembly of Fe-S clusters on NifU that can be transferred to nitrogenase
(57;81;82). Disruption of the nif Fe-S cluster biogenesis genes in Av results in defects in
the maturation of either the Fe-protein or the FeMo protein component of nitrogenase,

and deletion of the nifU and nifS, individually or together, results in a dramatic loss of

activity in both components of nitrogenase (83).



SUF System

The SUF system is encoded by the sufABCDSE operon and represents an
alternative system for Fe-S cluster biogenesis in bacteria (84). It was first discovered in
an Escherichia coli (Ec) variant in which the entire isc operon was deleted (85).
Subsequently, the SUF system was found in many bacteria and archea and constitutes the
heart of the Fe-S cluster biogenesis system found in plant chloroplasts, an O, producing
organelle. This system acts as a backup system for more general ISC systems under
oxidative stress and/or iron limiting conditions. SufS is a cysteine desulfurase
homologous to IscS and NifS. However, the cysteine desulfurase activity of SufS is
greatly increased by the complex formation with the sulfurtransferase SuftE (86;87).
Interestingly, the structural homology shown by SufE to IscU and SufU (in Gram-
positive bacteria) indicate a similar sulfur transfer mechanism for SufS to SufE as with
IscS to IscU and SufS to SufU (87;88). SufA is an A-type protein which is homologous
to IscA.

In vivo studies have shown that SufB, SufC, and SufD forms a unique offyy
heterotetrameric complex, SufBC,D, which has been shown to further enhance the
desulfurase activity of the SUfSE complex (89) and to assemble a [4Fe-4S] cluster on Suf
B via in vitro cluster reconstitution (90;91). Furthermore, it has been demonstrated that
this complex could be purified containing one equivalent of FADH, and one [4Fe-4S]
cluster (92). Moreover, recent studies have shown that when Ec SufA is coexpressed in
vivo with its cognate partner proteins from the suf operon (SuUfBCDSE), it purifies with a
[2Fe-2S]* cluster rather than with Fe-bound (93). Furthermore, in vitro and in vivo

studies have shown that the SUfBCD complex assembles clusters on SufB that can be
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transferred to SufA for maturation of Fe-S proteins under oxidative stress conditions
(90;92). SufB is believed to be the primary scaffold of the SUF system with four highly
conserved cysteine residues (94). The role of SufB as the primary scaffold protein in the
SUF system is further supported by the evidence illustrating the capability of SufB to
assemble a [4Fe-4S] cluster in vitro under anaerobic reconstitution conditions as well as
its ability to interact with SufE and accept sulfur for Fe-S cluster assembly (94). SufC is
an ATPase which interacts with SufB and SufD to form the SufBCD complex (86).
Except the lack of conserved cysteines on SufD, it is homologous to SufB. These two
interact with SufC to form the SufBC,D complex. Mutational studies on SufD have
revealed residues near the C-terminus (414-423) that are critical for protein stabilization.

Furthermore, the presence of highly conserved His®®

was shown to be important for the
function of SufD for recruiting Fe for Fe-S cluster assembly on SufB (95).

In addition, there are some Gram-positive bacteria, such as T. maritima (see
Figure 1.3) and E. faecalis, which utilize an altered SUF system with a sufBUSDC
operon. This system encodes for SufU rather than SufA and does not have a SufE (66).
Even though SufU has the three conserved cysteine residues and the protein structure
resembling IscU, it does not engage the co-chaperones for the maturation of Fe-S proteins
due to the lack of LPPVK motif. In Synechocystis and many cyanobacterial species, the
suf system has a sufR gene located directly upstream to the SufBCDS operon. The sufR
gene encodes a transcriptional factor SufR, which functions as a transcriptional repressor
of the SufBCDS operon and as an autoregulator for SufR. SufR is a homodimer with each

monomer having an N-terminal helix-loop-helix DNA binding domain and an Fe-S

cluster binding domain that binds a [4Fe-4S] cluster (96).
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A-type Proteins

As indicated in Figure 1.3, all three cluster assembly systems contain A-type
proteins, “"fIscA in the NIF system, IscA in the ISC system, and SufA in the SUF system.
In addition eukaryotic mitochondria generally contain Isal, a homolog of bacterial ISCA,
and Isa2, a unique A-type protein specific to eukaryotes with a 21 residue insert between
the first and second conserved cysteines. Many bacteria including Av and Ec have a
separate, stand-alone A—type protein termed ErpA (97).

However, despite the involvement of A-type proteins in all the bacterial Fe-S
cluster biogenesis systems, as well as in eukaryotic mitochondria and chloroplasts, their
specific role(s) in Fe-S cluster biogenesis remain elusive. Most organisms contain several
A-type proteins, i.e. Ec has three A-type proteins: IscA, SufA and ErpA. In vivo genetic
studies demonstrate that the inactivation of IscA or SufA had no effect on growth under
aerobic or anaerobic conditions, whereas an IscA/SufA double mutant was found to
strongly inhibit growth, but only under aerobic growth conditions, due to deficient
maturation of [4Fe-4S] cluster-containing proteins (98). However, under aerobic
conditions ErpA mutation was found to be lethal (98). ErpA has been shown to play a
specific and essential role in the maturation of the key [4Fe-4S] cluster-containing
enzymes (IspH and IspG) in the bacterial isoprenoid biosynthesis pathway (97).
Furthermore, in Av which contains MIscA and IscA, deletion of NfIscA had no effect on
Mo-dependent diazotropic growth (83), whereas deletion of IscA was shown to be lethal
only under elevated oxygen conditions (99). These in vivo studies point out that A-type
proteins demonstrate some functional redundancy and are only required under aerobic or

oxidative stress conditions.
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Bacterial A-type proteins have three conserved cysteine residues in the sequence
motif Cys-Xg3.65-Cys-X-Cys (see Figure 1.4) and have been proposed to function as
alternative scaffolds for assembling Fe-S clusters under oxidative stress conditions, as
metallochaperones for delivering Fe to U-type primary scaffolds proteins, and as cluster
chaperones for delivering preformed clusters from primary scaffold proteins to apo
acceptor proteins (59;61;62;98). In vivo and in vitro studies have shown that the three
conserved cysteine residues are critical for the above mentioned functions of A-type
proteins (62). Crystallographic structural data is only available for the apo forms of Ec
IscA and SufA and IscA and a [2Fe-2S] cluster-bound form of Thermosynechococcus
elongatus (Te) IscA (100). In the latter, the [2Fe-2S] cluster is coordinated by two
conformationally distinct IscA protomers, termed o and . As shown in Figure 1.5, the
cluster is asymmetrically coordinated by four cysteinyl residues at the subunit interface.
The ligation by Cys37, Cys101, and Cys103 from the o protomer and by Cys103 from the
[ protomer suggests that cluster transfer is mediated by dissociation of the B protomer to
facilitate interaction with the apo acceptor protein (100).

Evidence of a role for A-type proteins function in the delivery of Fe for Fe-S
cluster assembly stems from the work of Ding and coworkers on the ability of A-type
proteins to bind mononuclear Fe(l11) with high affinity (60-62;101;102). Recombinant Ec
IscA and SufA were purified with trace amounts of intermediate-spin Fe(l11) bound to the
protein (60;62;101). Furthermore, they showed that, in the presence of dithiothreitol
(DTT) or catalytic amounts of thioredoxin reductase and thioredoxins, the incubation of
either IscA or SufA with Fe(lI1) ion under aerobic conditions yields the same ferric-bound

species. More recently, these studies were extended to the human homolog of IScA, Hs

13



IscAl, which also binds Fe(lll) with high affinity. In the presence of L-cysteine, the
ferric-bound Hs IscAl, Ec IscA, and Ec SufA were shown to be competent iron donors
for cluster assembly on Ec IscU. These results have been confirmed and extended by
studies of Av MfIscA (103), which showed binding of both mononuclear Fe(l1) or Fe(ll1)
in a predominantly cysteinyl-ligated coordination environment. The iron in Fe(ll) and
Fe(111)-bound forms of M'IscA is released as Fe(ll) by L-cysteine. Moreover, both forms
were competent iron donors for cluster assembly on NifU. However, they are unlikely to
be specific iron donors as the rates of cluster assembly on NifU using Fe-loaded M*IscA
are the same as that observed using equivalent concentrations of free Fe(ll) under
comparable conditions (103), indicating that the rate limiting step is the release of free
Fe(I1) in the presence of L-cysteine . Recent in vivo analysis of the role of Saccharomyces
cerevisiae (Sc) Isal and Isa2 shows that these two form an Fe-bound complex which is
required for the maturation of mitochondrial [4Fe-4S] proteins including aconitase and
homoaconitase (104). However, Isal-Isa2 was not necessary for the generation of
mitochondrial [2Fe-2S] proteins and cytosolic [4Fe-4S] proteins (104). Furthermore,
absence of aconitase, a major mitochondrial [4Fe-4S] enzyme, and depletion of 1ba57,
which interacts directly with the Fe-bound Isal-lsa2 complex and promotes Fe release,
results in accumulation of iron on the Isa protein (104). These findings suggest that the
Fe-bound Isal-1sa2 complex and 1ba57 constitute a late-acting system that is specifically
dedicated to the maturation of mitochondrial [4Fe-4S] proteins (104). The bacterial
homolog of Iba57, YgfZ, is an E. coli protein whose crystal structure is highly similar to
aminomethyl transferase, dimethylglycine oxidase, and related tetrahydrofolate-binding

enzymes (105). E. coli YgfZ is a folate-dependent protein and proposed to participate in
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the synthesis and repair of Fe-S clusters (106). Recent evidence for its involvment in Fe-
S cluster biogenesis came from the mutational studies of ygfZ gene, which resulted in
reduced growth, increased sensitivity to oxidative stress and decreased activities of MiaB
and other Fe-S enzymes (106). Though it seems likely that the bacterial homolog of
Iba57 also plays a specific role in Fe/S protein biogenesis, its role has not yet been
identified (105). However, a molecular level understanding of how A-type proteins
facilitate [4Fe-4S] cluster maturation and whether this involves the mononuclear Fe or
Fe-S cluster bound forms or both are still unresolved.

The combination of UV-visible absorption, resonance Raman and Madssbauer
spectroscopic techniques has demonstrated that as purified apo-forms of these A-type
proteins, such as Ec IscA and SufA, can function as a scaffold for cysteine desulfurase-
mediated assembly of labile Fe-S clusters which can be transferred to apo-acceptor
proteins such as Isc Fdx and biotin synthase in the presence of DTT (59;65;107;108).
However, preliminary evidence involving mixing [2Fe-2S] cluster bound Ec IscU with
apo Ec IscA and repurifying and assessing the cluster content of each protein after a fixed
time interval, suggested that [2Fe-2S] clusters are transferred from IscU to IScA ,but not
vice-versa (64). This raised the possibility that IscA functions as a cluster chaperone for
delivery of clusters assembled on IscU rather than an alternative scaffold for cluster
assembly. Furthermore, recent in vivo studies have shown that Ec SufA coexpressed with
its cognate partner proteins from the suf operon (SufBCDSE), purifies with a bound [2Fe-
2S]** cluster (93). More recently, studies of Av N"IscA showed that forms containing one
[2Fe-2S]* per homodimer and one [4Fe-4S]** cluster per homodimer can be reversibly

interconverted with aerobic conditions favoring the former, and anaerobic conditions in
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the presence of apo- NiscA and dithiol reagents favoring the latter (109) . This suggests
that the cluster composition of A-type proteins in vivo is dependent on cellular growth
conditions and may provide a rationalization for the observation that this class of Fe-S
cluster assembly proteins is only required for the maturation of [4Fe-4S] cluster-
containing proteins under oxidative stress conditions (109).
Roles and Properties of Monothiol Glutaredoxins (Grxs) in Fe-S Cluster Biogenesis

Glutaredoxins (Grxs) have long been known to function as thiol-disulfide
oxidoreductases, similar to thioredoxins (Trx) which share a similar protein fold (110).
These small ubiquitous proteins are dependent on glutathione (GSH) and have been
shown to be involved in many functions such as GSH-dependent electron donation,
glutathionylation, which has a major role in protecting the cell against oxidative damage
(111-113), cellular iron homeostasis, and Fe-S cluster biogenesis (114;115). Initially
Grxs were divided into two classes, monthiol and dithiol, based on their active-site
sequences, but recent advances have led to classification of six classes of Grxs (116;117).
However, among these six classes, two classes have been found in most prokaryotic and
eukaryotic organisms, namely, Class | Grxs with CxxC/S active sites (also known as the
dithiol Grxs), and Class Il Grxs with CGFS active sites (also known as the monothiol
Grxs). Figure 1.6 shows the domain organization of distinct types of class Il Grxs which
are relevant to this study.

The monothiol Grxs with CGFS active site (GCFS Grxs) can be either single-
domain or multi-domain structured. Gene knockout studies carried out on Grx5 from the
yeast S. cerevisiae provided the initial proof that established roles for monothiol Grxs in

Fe-S biogenesis. These knockout studies resulted in a mutant that exhibits increased
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sensitivity to oxidative stress as a result of iron accumulation in the cell and deficient
cluster assembly in at least two Fe—S cluster-containing proteins (aconitase and succinate
dehydrogenase) leading to impaired respiratory growth (118;119). Furthermore,
radiolabelled *°Fe immunoprecipitation studies carried on this mutant revealed
accumulation of iron on Isul, thereby suggesting a role for Grx5 as a cluster carrier or
storage protein for clusters assembled on the U-type scaffold protein in order to facilitate
delivery to apo acceptor proteins (120;121). In addition, specific interaction observed
between Grx5 and the A-type protein Isal in S. cerevisiae (122) as well as in both Isal
and Isa2 in S. pombe further supported a role in Fe-S cluster biogenesis for monothiol
Grxs (123). In addition, recent studies have shown regulation of Fe levels in Sc occurs by
sensing the level of [2Fe-2S] cluster-bound monothiol Grxs in the cytosol by displacing
one of the Grx monomers with a BolA-like protein (termed Fra2) to form a [2Fe-2S]
cluster bound Grx3/Fra2 or Grx4/Fra2 heterodimer which interacts with the activator of
ferrous transport (Aft) protein (124). Moreover, recent studies using [2Fe-2S] cluster-
bound complexes of Ec Grx4 and the cytosolic homologs of ScGrx3/4 with BolA-type
proteins in Schizosaccharomyces pombe and humans indicates this is likely to be of
general importance in cellular iron metabolism (125-127).

The in vivo evidence for a role of monothiol Grxs in cluster trafficking and
storage is further supported by a wide variety of in vitro studies. Monothiol CGFS Grxs
have been shown to contain bound [2Fe-2S] clusters as purified and the apo forms readily
incorporate labile [2Fe-2S] clusters during cysteine desulfurase-mediated cluster
assembly under anaerobic conditions in the presence of glutathione (GSH) (128-130).

Analytical and spectroscopic studies revealed that monothiol CGFS Grxs incorporate one
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subunit-bridging [2Fe-2S] cluster per homodimer with complete cysteinyl ligation (129).
Subsequent crystallographic studies of Ec Grx4 revealed a subunit-bridging [2Fe-2S]
cluster, which is ligated by the CGFS active-sites cysteine residues of the two Grx
monomers and the cysteines of two GSHs (131), see Figure 1.7. Similar [2Fe-2S] cluster
coordination had been previously observed in crystallographic studies of two dithiol
Grxs, plant Grx C1 and Human Grx2 (132;133). Furthermore, the observation that the
[2Fe-2S] cluster-bound form of At GrxS14 (a plant chloroplast monothiol Grx) is capable
of rapid and efficient maturation of apo plant chloroplast ferredoxin (Fdx) via intact
cluster transfer (129), along with the most recent in vitro studies demonstrating rapid,
unidirectional and quantitative [2Fe-2S] cluster transfer from the Av IscU to Av Grx5
only in the presence of the dedicated HscA/HscB co-chaperone system and MgATP
(134), has provided convincing evidence of a cluster carrier or storage role for monothiol
Grxs.
Summary of Presented Work

The above discussion suggests that A-type proteins may serve a dual role, as an
iron donor for maturation of [4Fe-4S] clusters on acceptor proteins, and as a chaperone
that works together with monothiol Grxs for the delivery of clusters assembled on
primary scaffold proteins to apo Fe-S proteins. Support for this dual role has recently
been provided by in vitro studies of Av M"IscA using the NIF system for Fe-S cluster
biogenesis and relevant nitrogen fixation acceptor proteins (103;109). The objective of
this work is to extend these studies to Av IscA using ISC proteins and relevant apo
acceptor proteins, and to At SufAl using the SUF proteins and relevant chloroplastic

acceptor proteins. Chapter 2 reports the spectroscopic characterization of both the Fe(l1)-
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bound At SufAl and Av IscA as well as [2Fe-2S] cluster-bound At SufAl by UV-visible
absorption, CD, EPR, and resonance Raman spectroscopies. Fe and protein assays carried
on Fe(l1)-bound A-type protein illustrate that both At SufAl and Av IscA are able to bind
one Fe per homodimer, and spectroscopic results indicate that they bind Fe** ions in a
tetrahedral, predominantly cysteinyl-ligated coordination environment. Furthermore, Fe
and protein assays carried on cluster-bound At SufA demonstrate that it binds one [2Fe-
2S]-cluster per homodimer, and spectroscopic results indicate that [2Fe-2S] cluster on At
SufAl has the stable all cysteinyl-ligated coordination environment. This chapter also
reports UV-visible CD studies that demonstrate rapid and quantitative transfer of a [2Fe-
2S] cluster from At [2Fe-2S]-GrxS14 to At apo-SufAl. In vitro experiments indicate that
these two classes of proteins work together in cellular Fe-S cluster trafficking.
Abbreviations

Nitrogen fixation, nif; iron sulfur cluster, isc; sulfur utilization factor, suf;
pyridoxal phosphate, PLP; glutaredoxin, Grx; ferredoxin, Fdx; Azotobacter vinelandii,
Av; Arabidopsis thaliana, At; Aquifex aeolicus, Aa; Escherichia coli, Ec; Saccharomyces

cerevisiae, Sc; Schizosaccharomyces pombe, Sp; Thermosynechococcus elongates, Te;
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Figure 1.1: Structures of Fe-S centers as determined by X-ray crystallography. Structures
are taken from the coordinates deposited in the Protein Data Bank: A. Fe Rd, PDB ID#
18RXN, rubredoxin from Desulfovibrio vulgaris; B. [2Fe-2S], PDB ID# 1FRD,
Anabaena pcc 7120 Fd; C. [2Fe-2S]r, PDB ID# 1JM1, Sulfolobus acidocaldaius Rieske
protein; D. [3Fe-4S], PDB ID# 6FDR, Azotobacter vinelandii Fdl; E. [4Fe-4S], PDB ID#
6FDR, Azotobacter vinelandii Fdl. Color code: purple, Fe; yellow, S; grey, C; violet, N.

Adapted from reference 5.
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Figure 1.2: Structures of Fe-S centers primarily involved in substrate binding and
activation, as determined by X-ray crystallography. Structures are taken from coordinates
deposited in the Protein Data Bank: (A) siroheme-[4Fe-4S], sulfite-bound form of sulfite
reductase from E. coli; (B) Fe-Fe-[4Fe-4S], Fe-hydrogenase from Desulfovibrio vulgaris,
PDB ID# 1HFE;PDB ID # 2GEP; (C) Ni-Ni-[4Fe-4S], acetyl-CoA synthase from
Carboxydothermus hydrogenoformans, PDB ID# 1RU3; (D) [4Fe-4S] -isocitrate,
isocitrate-bound form of porcine heart aconitase, PDB ID#7ACN; (E) [4Fe-4S]-SAM,
SAM-bound form of HemN from E. coli, PDB ID# 10LT. Color code: magenta, Fe;
yellow S; gray, C; red, O; green, Ni; black, unknown low Z atom (O/C/N). Unlabeled S
atoms correspond to bridging sulfides and BAN indicates backbone amide N. Adapted

from reference 5.
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Figure 1.3: Schematic representation of the three distinct Fe-S cluster biogenesis operons
in prokaryotic organisms. Genes producing homologous protein products with the same

function have the same color. Adapted from reference 33
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Figure 1.4: Primary sequences alignment of selected A-type proteins. Te,
Thermosynechococcus elongatus; At, Arabadopsis thaliana; Ec, Escherichia coli; Av,
Azotobacter vinelandii. The conserved cysteine residues proposed to be critical for the
roles of A-type proteins in Fe-S cluster biogenesis are shown in red. Other highly

conserved residues are shown in blue.
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Figure 1.5: Crystal structure of [2Fe-2S] cluster-bound Thermosynechococcus elongatus
IscA, at 2.5 A resolution, PDB ID# 1X0G. A. Ribbon view of the domain-swapped ofsw
o’ B sw tetramer as crystallized. B. Coordination environment of the [2Fe-2S] cluster
illustrating the asymmetric ligation. The cluster is coordinated by three cysteine residues
from a protomer and one cysteine residue from § protomer. Each protomer has a different
color and the S of the Cys residues are shown in yellow. The Fe and bridging sulfides of
the [2Fe-2S] clusters are shown as orange and yellow balls, respectively. Adapted from

reference 100.
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Figure 1.6: Schematic representation of classification and domain organization of class Il
glutaredoxins (Grxs) in different photosynthetic organisms (terrestrial plants, algae,
cyanobacteria) and other organisms such as Ec, Escherichia coli; Hs, Homo sapiens; Sc,

Saccharomyces cerevisiae. Adapted from reference 117.
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Figure 1.7: Crystal structure of monothiol Grx taken from Protein Data Bank. (A) E. coli
monothiol Grx4. PDB ID# 2WCI. (B) Coordination environment of the [2Fe-2S] cluster
illustrating the complete cysteinyl ligation. Structure is colored by protomer. The active
site cysteine residues, the [2Fe-2S] cluster and the GSH are shown in sticks using the

following color code: Orange, Fe; yellow, S; grey, C; blue, N; red, O. Adapted from the

reference 129.
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CHAPTER 2
POTENTIAL ROLES OF A-TYPE PROTEINS AS IRON DONORS AND
IRON-SULFUR CLUSTER CARRIERS IN Fe-S CLUSTER BIOSYNTHESIS
Introduction

Iron-sulfur (Fe-S) clusters are ubiquitous protein cofactors involving iron and
bridging acid-labile sulfide (1-3). However, they are very versatile in their functions and
required to maintain fundamental life processes such as photosynthesis, respiration,
nitrogen fixation, DNA repair and various metabolic pathways (2;4-8). While the initial
work conducted on Fe-S cluster biosynthesis mainly focused on bacterial, yeast, and
mammalian systems, information concerning the biosynthesis of Fe-S clusters in plants
has recently emerged (7;9;10). Plant cells contain both mitochondria and chloroplasts,
which have separate Fe-S cluster biosynthesis machineries (7;11). Operons containing
highly conserved genes whose gene products are involved in Fe-S cluster biogenesis were
originally identified in prokaryotes and this led to the discovery of homologous proteins
in eukaryotic chloroplasts and mitochondria (7;12-14). Hence Fe-S cluster biogenesis is a
highly conserved process throughout biology (12).

Among these Fe-S biosynthesis systems, the nif system which is dedicated to
nitrogenase maturation in azototrophic bacteria was the first to be discovered (12).
Subsequently more general purpose Fe-S cluster assembly systems, the isc and suf
systems, were discovered (12;15;16). In many bacteria, the isc system is known as the

house keeping Fe-S cluster assembly machinery and is utilized under normal growth
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conditions (17), whereas the suf system operates as a backup system which utilize under
iron limitation and oxidative stress conditions (18-20). The isc system constitutes the
heart of the Fe-S cluster biogenesis system found in the eukaryote mitochondrial system
(13;21-24), whereas the suf system constitutes the heart of the Fe-S cluster biogenesis
system found in many archaea as well as cyanobacteria and plant chloroplasts, an O,
producing organelle (7;13).

The Fe-S cluster assembly process carried out by these systems can be separated
into two stages, first, de novo assembly of the cluster on a primary scaffold protein and
second, the insertion of preformed clusters into target apo-proteins. During the first stage,
sulfur is mobilized from cysteine by a pyridoxal-dependent cysteine desufurase, i.e.,
NifS, IscS, SufS, to the primary scaffold protein, i.e., IscU, NifU, SufBCD, where it
combines with iron to form an Fe-S cluster. The nature of the immediate iron donor for
Fe-S cluster assembly remains unclear in spite of several in vivo and in vitro studies, but
eukaryotic frataxin and the bacterial homologue, CyaY, have been implicated as the iron
donors for the isc system (13;25;26). The second stage of Fe-S cluster assembly, transfer
of the cluster to a target apo-protein requires molecular chaperones and ATP to facilitate
cluster release from IscU, as well as the use of specific carrier proteins. A-type proteins
(e.g. IscA, MMIscA and SufA), Nfu (related to NifU) and monothiol glutaredoxins (Grxs)
have been proposed as possible carrier proteins (27-32).

A-type proteins (IscA, SufA, NfIscA, ErpA, Isal, and Isa2) are a class of small of
proteins with about 110 amino acids residues and three highly conserved cysteine
residues in the sequence motif Cys-X,-Cys-X-Cys (n = 60-80), which was shown to be

critical for the function of these proteins (33;34). They have been proposed to function as

46



alternate scaffold proteins (11;33;35-37), Fe-carriers (38-40), or cluster carriers that
mediate the transfer of preformed clusters from primary scaffold proteins to acceptor
proteins (27;35;36). Even though these proteins are highly conserved from bacteria to
yeast (33), plants (11) and humans (37), their precise role in Fe-S cluster assembly
remains unclear, in part due to the functional redundancy exhibited by A-type proteins.
Studies have shown that mutation of IscA or SufA in Escherichia coli has only mild
effects on cell growth while mutation of both IscA and SufA results in a null growth
phenotype under aerobic conditions (41). Furthermore, the E. coli iscA/sufA double
mutant was shown to affect the assembly of [4Fe-4S] clusters in dihydroxyacid
dehydratase (involved in branched chain amino acid biosynthesis), ThiC of the thiamine
biosynthesis pathway, aconitase B of the citric acid cycle, and endonuclease Il of the
DNA base excision repair pathway under aerobic growth conditions (42). However, this
double mutant had little or no effect on the [2Fe-2S] clusters of the redox transcriptional
factor SoxR, the siderophore-iron reductase FhuF, and ferredoxin. Furthermore, under
anaerobic growth conditions, [4Fe-4S] and [2Fe-2S] cluster assembly in E. coli were not
affected in the iscA/sufA double mutant.

Recent studies on Azotobacter vinelandii (Av) “IscA illustrate that these A-type

proteins are able to bind mononuclear Fe?***

(43), as well as accept clusters formed on
primary scaffold proteins and reversibly convert between [2Fe-2S] and [4Fe-4S] cluster-
bound forms in response to cellular redox status and/or oxygen levels (44). In addition in
vivo studies on S. cerevisiae reveal that the Fe-bound Isal/Isa2/Iba57 complex constitutes

a late-acting system that is specifically dedicated to the maturation of mitochondrial [4Fe-

4S] proteins (45). These studies indicate that these A-type proteins are likely to be
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involved in the maturation or repair of [4Fe-4S] clusters in mitochondrial proteins (45-
47) and in bacterial proteins under aerobic growth or oxidative stress conditions (42;48).
The objective of this work is to extend these studies to the chloroplastic SufAl
from Arabidopsis thaliana (At) and Av IscA, in order to investigate the possible role(s) of
A-type proteins. This work focuses on characterizing Fe(ll1l)-bound forms of At SufAl
and Av IscA as well as the [2Fe-2S] cluster-bound form of At SufAl. Furthermore,
evidence is presented for rapid, intact and quantitative cluster transfer from the [2Fe-2S]
cluster-bound form of At GrxS14, a choroplastic monothiol glutaredoxin with a CGFS
active site (CGFS Grx), to At SufAl using UV-visible CD spectroscopy. CGFS Grxs are
proposed to function in the storage or transfer of Fe-S clusters and are widely present in
all organisms (28;49-52). In yeast (Saccharomyces cerevisiae), studies on CGFS Grx
knockouts have suggested a role for these proteins in Fe-S cluster biogenesis (53;54). The
grx5 gene mutation is accompanied by iron accumulation on Isul(eukaryotic homologue
of IscU), implying a role for Grx5 in facilitating the transfer of pre-assembled clusters on
the U-type scaffold protein to apo-acceptor proteins (29;30). This evidence were further
supported by more recent in vitro studies, which demonstrate rapid, unidirectional and
quantitative [2Fe-2S] cluster transfer from Av IscU to Av Grx5 only in the presence of the
dedicated HscA/HscB co-chaperone system and Mg-ATP (55). Moreover, the physical
interactions observed in CGFS Grx5 with Isal(eukaryotic homologue of IscA) in S.
cerevisiae (50) as well as with both Isal and Isa2 in S. pombe (56) indicate that this
CGFS Grxs and A-type proteins might act together in Fe-S cluster biogenesis. The results

presented in this work, coupled with the in vivo evidence for interaction between CGFS
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Grxs and A-type proteins (50;56), indicate that these two classes of proteins work
together in cellular Fe-S cluster trafficking.
Materials and Methods

Materials: Materials used in this work were of reagent grade and purchased from
Fisher Scientific, Sigma-Aldrich Chemical Co, Invitrogen, or VWR International, unless
otherwise stated.

Expression of A-type Proteins: A plasmid containing At SufAl and Av ISCA was
transformed into E.coli BL21 (DE3) and protein expression was induced according to the
following procedure. The At SufAl and Av IscA cells were grown in LB media at 37 °C
containing 1 mg/mL ampicillin until ODgy reached 0.6 - 0.8. Then protein expression
was induced by the addition of isopropyl 1-thio-B-D-galactopyranoside (IPTG) to a final
concentration of 0.8 mM. The cells were allowed to grow for 5 additional hours at 35 °C
before harvesting by centrifugation. All the cells were stored at -80 °C.

Purification of At SufAl and Av IscA Proteins: The overexpressed protein was
purified aerobically. During aerobic purification, cells (~15 g) were resuspended in 100
mM Tris-HCI, 2 mM DTT, pH 7.8 (buffer A) with 10 ug/mL phenylmethyl sulphonyl
fluoride (PMSF), 15 pg/mL DNase, and 5x10°° pg/mL RNase. The cells were lysed by
sonication on ice and the cell debris were removed by the centrifugation at 17000 rpm for
1 hour at 4 °C. Soluble proteins were then precipitated with 40% of ammonium sulfate
saturation and centrifuged as above. The resulting pellet was resuspended in buffer A and
loaded onto a 25 mL Q-Sepharose anion exchange column, equilibrated with the buffer
A. Elution of the protein of interest was achieved with a 0-1 M NaCl gradient in 100 mM

Tris-HCI, 2 mM DTT pH 7.8. Furthermore, based on the SDS-PAGE (sodium dodecyl
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sulfate polyacrylamide gel electrophoresis) analysis the fractions containing the protein
of interest were collected and, concentrated down to 3 mL using a YM-10 Amicon and
loaded onto a Superdex-75 size exclusion column, which was equilibrated with 100 mM
Tris-HCI, 150 mM NacCl, pH 7.8. The purity of this fraction was estimated to be 95% by
SDS-PAGE analysis. Expression and purification of At GrxS14, a CGFS Grx in A.
thaliana chloroplasts, was carried out as previously described (28).

Chemical Analyses: Concentrations of all the proteins were determined using the
Bio-Rad DC protein assay with bovine serum albumin as a standard (Roche) according to
the microscale modified procedure of Brown et al. (57). All concentrations are based on
protein monomer unless otherwise stated. Iron concentrations were determined after
KMnO4/HCI protein digestion as described by Fish (58), using a 1000 ppm atomic
absorption iron standard to prepare standard solutions of known Fe concentrations
(Fluka). Metal analyses of as purified SufAl and IscA samples was carried out by Dr.
Sunil Kumar using the ICP-MS in Dr. Michael Adams’s laboratory at the University of
Georgia.

Spectroscopic Methods: Samples for all spectroscopic investigations were
prepared under an argon atmosphere in a glovebox (Vacuum Atmospheres, Hawthorne,
CA) at oxygen levels < 1 ppm. UV-visible absorption spectra were recorded under
anaerobic conditions in septum-sealed quartz 1 mm cuvettes or small-volume 1 cm
cuvettes at room temperature, using a Shimadzu UV-3101 PC scanning
spectrophotometer fitted with a TCC-260 temperature controller. CD spectra were
recorded under anaerobic conditions in the same cuvettes using a JASCO J-715

spectropolarimeter (Jasco, Easton, MD). Resonance Raman spectra were recorded at 17
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K as previously described (59), using a Ramanor U1000 spectrometer (Instruments SA,
Edison, NJ) coupled with a Sabre argon ion laser (Coherent, Santa Clara, CA), with 17
ML frozen droplets of sample mounted on the cold finger of a Displex Model CSA-202E
closed cycle refrigerator (Air Products, Allentown, PA). X-band (~ 9.6 GHz) EPR spectra
were recorded using a ESP-300E spectrometer (Bruker, Billerica, MA), equipped with an
ER-4116 dual mode cavity and an ESR-900 helium flow cryostat (Oxford Instruments,
Concord, MA).

Preparation of Fe-bound A-type Proteins: All sample preparation procedures
were carried out under strictly anaerobic conditions inside a Vacuum Atmospheres glove
box under argon (< 2 ppm Oy), unless otherwise noted. Fe(lll)-bound A-type protein was
prepared according to a previously reported method (43), where A-type protein (1.4 mM)
in 100 mM Tris-HCI buffer, pH 7.8, with 150 mM NaCl with 100 mM
Tris(hydroxypropyl)phosphine (THP) was titrated with ferric ammonium citrate at room
temperature (Figure 2.1). Fe(lll)-loaded A-type protein was then passed through a 5.0 mL
desalting column to remove any adventitiously bound iron. The fraction containing the
Fe-bound A-type protein was then concentrated by ultrafiltration using an Amicon YM-
10 membrane. Fe(111)-bound A-type protein was quantified for both Fe and protein before
being spectroscopically characterized.

Cysteine desulfurase-mediated Fe-S Cluster Assembly on SufAl: All steps were
carried out anaerobically under argon in a glove box. In order to cleave the disulfides or
polysulfides, as-purified apo- At SufAl was treated with 40 mM tris(2-
carboxyethyl)phosphine (TCEP), a reducing agent that cleaves disulfide bonds, for 30

min in 100 mM Tris-HCI buffer at pH 7.8 (buffer B). Excess TCEP was removed by
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repeated concentration/dilution cycles with buffer B containing 150 mM NaCl (10 mL 4
times) in a YM-10 Amicon ultrafiltration device. Subsequently, the TCEP-treated At
SufAl (1 mM) was incubated with ferrous ammonium sulfate (FAS) (4 mM) and L-
cysteine (16 mM) and a catalytic amount of cysteine desulfurase (6.27 uM) in the same
buffer for 45 min in an ice bath. The time course of cluster reconstitution was monitored
over time using UV-visible absorption and CD spectroscopy in septum-sealed 1 mm
quartz cuvettes at room temperature. Protein concentrations of SufAl and NifS are
reported as monomers. The reconstitution mixture was loaded onto two concatenated 5
mL High-trap Q-Sepharose columns (GE Healthcare) previously equilibrated with buffer
100 mM Tris-HCI buffer, pH 7.8. Finally, the protein was eluted with a 0-1 M NaCl
gradient in buffer 100 mM Tris-HCI buffer, pH 7.8 to purify cluster-bound SufAl from
excess reagents. The [2Fe-2S] cluster-bound form of SufA1l eluted between 0.45 and 0.55
M NaCl and was concentrated using a YM-10 Amicon ultrafiltration membrane.

Holo GrxS14 to apo-SufAl cluster transfer: [2Fe-2S] cluster-bound At GrxS14
(100 pL, 0.058 mM in [2Fe-2S] cluster concentration) was added into 548 pL of 100 mM
Tris-HCI buffer, pH 7.8 with 5 mM DTT. Fe-S cluster transfer from [2Fe-2S] cluster-
bound At Grx S14 was initiated by adding apo- At SufAl (150 pL, 0.120 mM in apo-
SufAl protein monomer), pre-treated with TCEP, and was monitored anaerobically for
50 min using CD spectrometry in septum-sealed small-volume 1 cm cuvette at room
temperature. Reactions were carried out in buffer 100 mM Tris-HCI buffer, pH 7.8, with
150 mM NaCl and [2Fe-2S] cluster-bound GrxS14 was prepared as described previously

(28).
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Results

Fe(I11)-binding on A-type Proteins: Contrary to the reports by Ding et al. for E.
coli IscA and SufA (40;62), Av IscA and At SufAl were not purified under aerobic
conditions in the Fe(l1l)-bound form according to ICP-MS analysis (< 0.03 Fe/monomer
as purified). However, as purified At SufAl and Av IscA exhibit a 320 nm band in the
UV-visible absorption spectrum which has been attributed to the Fe(lll)-bound forms of
E. coli IscA and SufA (41;60). Furthermore, the addition of EDTA or DTT did not
decrease the intensity of the 320 nm band. Addition of an alternative, non-thiol-based
disulfide/polysulfide cleaving reagent, tris(hydroxypropyl)phosphine (THP), however,
resulted in substantial loss of the 320 nm band suggesting that this band originates from
polysulfides that cannot be accessed or reduced by DTT.

However, both At SufAl and Av IscA were found to bind Fe(lIl) in the presence
of THP. Figure 2.1 shows a titration of At SufAl (Figure 2.1A) and Av IscA (Figure
2.1B) with ferric ammonium citrate under aerobic conditions in the presence of 100 mM
THP. For both proteins, the inserts indicate tight binding with a stoichiometry of ~0.5
Fe/monomer. Moreover, the Fe(l11)-bound form of At SufAl and Av IscA obtained from
this titration can be purified without losing iron, again demonstrating tight binding of
Fe(lll) to these A-type proteins. Iron and protein determinations indicate that after
removal of excess Fe, both At SufAl and Av IscA contain 0.50 +0.2 Fe per At SufAl or
Av IscA monomer, indicating 1.0 £0.4 Fe per At SufAl or Av IscA dimer. Figure 2.2
shows the UV-visible absorption and CD spectra of repurified Fe(lll)-bound At SufAl
(Figure 2.2A) and Av IscA (Figure 2.2B). UV-visible absorption spectra of the Fe(lll)-

bound At SufAl and Av IscA look similar to that of Fe(I11)-bound Av NfIscA with broad
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CysS-to-Fe(lll) charge transfer bands centered near 320, 440 and 520 nm (43). As
illustrated in Figure 2.3, UV-visible CD spectra of Fe(lll)-bound At SufAl and Av IscA
are also similar to that of Fe(111)-bound Av N*IscA (43).

Electronic ground state properties of Fe(lll)-bound A-type Proteins: The ground
state properties of the Fe(ll1)-bound form of At SufAl (Figure 2.4A) and Av IscA (Figure
2.4B) were investigated by EPR spectroscopy. In both cases the spectra exhibit an
isotropic resonance at g = 4.3, which originates from a trace contaminant of
adventitiously bound high spin (S = 5/2) Fe(lll). However, the dominant low-field
component is a broad resonance centered at g = 5.5 for At SufAl and at g = 5.2 for Av
IscA. Both are indicative of an intermediate spin (S = 3/2) Fe(lll) center with the former
very similar to that observed for Fe(l11)-bound “IscA, rhombic intermediate spin Fe(I11)
centers (S = 3/2 and E/D ~ 0.33) (43), and the latter more similar to the less well-defined
intermediate spin Fe(l1l) centers reported in E. coli IscA/SufA and human IscAl (41;60).

Vibrational properties of Fe(lll)-bound A-type Proteins: Resonance Raman was
used to investigate Fe-S stretching modes in Fe(l11)-bound SufAl using visible excitation
into S(Cys)-to-Fe(lll) charge transfer bands. Figure 2.5 shows a comparison of the
resonance Raman spectra of Fe(lll)-bound At SufAl and Av “flscA with that of
Clostridium pasteurianum C6D rubredoxin in the Fe-S stretching region. The spectra of
Fe(I11)-bound At SufAl and Av “fIscA are clearly very similar, with the sharp intense
bands at 333/338 cm™ and the weaker broad band at 397 cm™ assigned to symmetric and
asymmetric Fe-S(Cys) stretching modes of two or three ligated cysteine residues (43).
The broad and weak band at 296 cm™ is assigned to the S-C-C bending mode of the

coordinated cysteines. Support for these assignments comes from the similarity to the
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spectra observed for Cys-to-Asp rubredoxin variants that are coordinated by three
cysteines and one monodentate or bidentate aspartate, although the asymmetric Fe-S
stretching mode is clearly split into two well-resolved and bands in this case. The data
therefore indicate that the coordination environment of Fe(111)-bound Av “fIscA is 4- or
5-coordinate with only two or three cysteinate ligands. 5-coordinate with two of three
cysteinate ligands seems most likely, since the vast majority of intermediate spin Fe(l11)
complexes are 5-coordinate (43).

Cysteine desulfurase-mediated Fe-S cluster assembly on SufAl: Cysteine-
desulfurase mediated cluster assembly on SufAl was initiated by adding a catalytic
amount of cysteine-desulfurase to a mixture containing TCEP-treated At SufAl, FAS and
L-cysteine and was monitored anaerobically for 50 min using UV-visible absorption and
CD spectroscopies. The UV-visible absorption spectrum of Fe-S cluster-reconstituted At
SufAl, after purification to remove excess reagents, is shown in Figure 2.6A. The
absorption spectrum shows a pronounced shoulder centered at 320 nm and a band at 415
nm with low-energy shoulders centered at 460 and 540 nm, see Figure 2.6A, which are
characteristic bands corresponding to S-to-Fe charge-transfer transitions of a [2Fe-2S]
cluster (61-63). Furthermore, in the visible CD, positive bands centered at 348, 456, 522,
and 625 nm and negative bands centered at 318, 393 and 563 nm were also observed, see
Figure 2.6B. As previously reported, these are the characteristic bands of a [2Fe-2S]
cluster (63-65). Fe and protein analysis data indicate that the reconstituted At SufAl
contain 0.62 + 0.05 Fe per SufA1 monomer. Assuming all the Fe in the sample is present
as [2Fe-2S]** clusters, the Fe and protein data should correspond to 0.62 + 0.05 [2Fe-

2S]?* clusters per homodimeric SufAl. Recent studies of repurified reconstituted Av
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NfiscA reported 0.79 + 0.10 [2Fe-2S]** clusters per homodimeric “fIscA (43) indicating
that At SufAl has slightly less [2Fe-2S] clusters per homodimer. Figure 2.7 illustrates the
similarities in UV-visible CD spectra of [2Fe-2S] cluster-bound At SufAl and Av “iscA.

Vibrational properties of [2Fe-2S] cluster-bound At SufAl: In order to
characterize the vibrational properties of the [2Fe-2S] cluster in At SufA1l, the resonance
Raman spectrum of [2Fe-2S] cluster-bound SufAl in the Fe-S stretching region (240 -
450 cm'l), was obtained using 457.9, 487.9 and 514.5 nm laser excitation, see Figure 2.8.
The spectra obtained for the Fe-S stretching region are very similar to those previously
reported for the [2Fe-2S] cluster-bound form of NiflscA, comprising an intense band at
290 cm™ and additional bands at 338, 358, 396, and 421 cm™ (Figure 2.9) (63).
Furthermore, the similarities in the Fe-S stretching frequencies and resonance Raman
spectra for the [2Fe-2S] center in At SufAl to structurally well-characterized all-cysteine
ligated [2Fe-2S] centers in simple ferredoxins, such as S. oleracea ferredoxin, bovine
adrenodoxin, and P. putida putidaredoxin (66), strongly suggest analogous cluster
ligation in At SufAl. This is in accord with the crystallographic data for [2Fe-2S]*
cluster-bound Thermosynechococcus elongatus IscA (67), which shows an all cysteinyl
ligated [2Fe-2S] cluster bound at the interface of an asymmetric homodimer, by the three
conserved cysteines from one subunit and the C-terminal conserved cysteine of the other
subunit.

In vitro cluster transfer from [2Fe-2S] cluster-bound At GrxS14 to apo- At SufAl:
In order to investigate the role of chloroplastic SufAl and GrxS14 in cellular Fe-S cluster
transfer or trafficking, cluster transfer experiments from one of the two monothiol

glutaredoxins in plant chloroplasts GrxS14 to SufAl were conducted. The visible CD
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spectrum of [2Fe-2S] cluster GrxS14 is very intense and quite distinct compared to that
of [2Fe-2S] cluster SufAl (Figure 2.10). Thus visible CD was used to monitor the cluster
transfer reaction. Figure 2.11 shows simulated spectra corresponding to 0-100% cluster
transfer in 10% increments based on the spectra of the individual [2Fe-2S] cluster-bound
proteins. Figure 2.12 shows the observed UV-visible CD time course of cluster transfer
from At GrxS14 to At SufAl. The CD spectrum taken at zero time (red line) corresponds
to [2Fe-2S] cluster-bound GrxS14 with 5 mM DTT before the addition of apo-SufAl.
Other UV-visible CD spectra (gray lines) were recorded at 3, 6, 9, 12, 15, 18 and 21 min
after adding apo-SufAl in a 1:1 ratio based on [2Fe-2S] cluster concentration of the
individual proteins (50 uM in apo-SufAl protein homodimer and 50 uM in GrxS14 [2Fe-
2S] cluster concentration). Based on the simulated CD spectra (see Figure 2.11) for a
stoichiometric cluster transfer reaction, it is evident that the transfer is >95% within the
first 3 min and is complete within 6 min. In order to obtain a more precise measure the
rate of cluster transfer, CD intensity was monitored at 348 nm as function of time. This
yielded a second-order rate constant of ~50,000 M™*min™, see Figure 2.13.
Discussion

A-type proteins involved in Fe-S cluster biogenesis are found in all domains of
life. However, the specific function(s) of these A-type proteins in mitochondrial,
chloroplastic, and bacterial Fe/S cluster biogenesis are only now starting to emerge.
Recent studies suggest that A-type proteins may serve a dual role. First, as an iron donor
either for assembling Fe-S clusters on primary scaffold proteins (IscU, NifU, and SufB)

(38-40) or for the de novo assembly or repair of [4Fe-4S] clusters on acceptor proteins
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(43;45). Second, as a cluster carrier to deliver clusters assembled on primary scaffolds to
apo-Fe-S proteins (27;36;44).

The results presented in this work indicate that both At SufAl and Av IscA are
able to bind mononuclear Fe(lll) in an intermediate spin state (S = 3/2), with a
predominantly cysteinate-ligated coordination environment similar to that characterized
in Fe(111)-bound Av IscA (43). Previous studies on E. coli IscA, SufA and human IscA
(hlscAl) have also shown that A-type proteins can bind iron that can be used for Fe-S
cluster assembly on the IscU scaffold protein in the presence of L-cysteine (60;68)
However, the recent studies of iron-bound Av M'IscA suggest that the release of iron in
the presence of L-cysteine does not require specific interaction between the primary
scaffold and iron-bound A-type protein (43). Rather, L-cysteine specifically facilitates the
release of Fe(ll) that can be used in cysteine desulfurase-mediated cluster assembly. Due
to cellular toxicity of free Fe(ll), via Fenton chemistry, it seems unlikely that a non-
specific Fe-donor functions as the Fe donor to IscU. Moreover, this conclusion is
supported by in vivo studies using S. cerevisiae which showed that deletion of Isal and
Isa2 resulted in a small increase in cluster loaded Isul (45). However, these in vivo
studies did clearly demonstrate the presence of an Fe-bound Isal/lIsa2/l1ba57 complex that
required for the maturation of mitochondrial [4Fe-4S] clusters, but not [2Fe-2S] clusters,
and thereby constitutes a late-acting system that is specifically dedicated to the assembly
or repair of mitochondrial [4Fe-4S] proteins (45). 1ba57 is a tetrahydrofolate-dependent
protein that appears to be specifically required for release of Fe from Fe-bound Isal/lsa2
to facilitate assembly or [4Fe-4S] clusters on acceptor proteins. Homologs of 1ba57, e.g.

E. coli YgfZ, are found in almost all bacteria, and have been proposed to participate in
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the synthesis and repair of Fe-S clusters (69). The YgfZ/Iba57 family of enzymes has a
crystal structure analogous to those of aminomethyl transferase, dimethylglycine oxidase,
and related tetrahydrofolate-binding enzymes (47). In E. coli, mutation of ygfZ gene
resulted in reduced growth, increased sensitivity to oxidative stress and decreased
activities of MiaB and other Fe-S enzymes implying a role in Fe/S protein biogenesis or
repair under oxidative stress conditions (69). However, the involvement of this class of
proteins with Fe(l11)-bound IscA has not yet been identified in bacteria (47).

In addition to a role for Fe-bound A-type proteins in the maturation of [4Fe-4S]
clusters on acceptor proteins, there is a substantial body of in vitro evidence that they
may also play a role in trafficking [2Fe-2S] and [4Fe-4S] clusters. For example,
recombinant A-type proteins have been purified in [2Fe-2S] and [4Fe-4S] cluster-bound
forms (70;71), recent studies of “'IscA have shown that A-type proteins can cycle
between [2Fe-2S] and [4Fe-4S] cluster-bound forms in response to cellular conditions
(44), see Figure 2.14, and “"IscA, IscA and SufA have all been shown to accept Fe-S
clusters from their respective scaffolds, NifU (44), IscU (27) and the SufBCD complex
(72). Furthermore, A-type proteins have been shown to transfer [4Fe-4S] or [2Fe-2S]
clusters to acceptor apo-proteins such as the nitrogenase Fe protein (44) and Fdx (70).

A cluster trafficking role for At SufAl in chloroplasts is also indicated by the
work presented herein. Although At SufAl is purified as an apo protein under aerobic
conditions, in vitro cysteine desulfurase-mediated cluster reconstitution under anaerobic
conditions yields a stable [2Fe-2S] cluster-bound form. Although At SufAl is unlikely to
act as a primary scaffold in chloroplasts, our observation that apo At SufAl can rapidly

accept [2Fe-2S] clusters from At GrxS14 via intact cluster transfer, suggests a viable

59



mechanism for cluster incorporation. Indeed this observation contributes to an emerging
hypothesis that monothiol Grxs and A-type proteins are partners in cluster trafficking in
all organisms (73). For example, a similar unidirectional, rapid and intact [2Fe-2S]
cluster transfer from Av Grx-nif (a nif-specific monothiol Grx) to “fIscA has been
observed and there is in vivo yeast two-hybrid and bimolecular fluorescence
complementation evidence for a direct interaction between mitochondrial monothiol Grxs
and lIsa proteins in yeast (50;56). Moreover, the recent observation that IscU rapidly
transfers [2Fe-2S] clusters to monothiol Grxs in bacteria in the presence of the dedicated
HscA/HscB co-chaperone system and ATP (55) suggests that monothiol Grxs are
primary [2Fe-2S] cluster storage and carrier proteins in bacteria. Hence our current
working hypothesis is that A-type proteins receive [2Fe-2S] clusters from [2Fe-2S]
cluster-bound forms of monothiol Grxs, see Figure 2.14

The above discussion implicates a role for both Fe-bound and Fe-S cluster bound
forms of A-type proteins in the maturation or repair of [4Fe-4S] clusters in mitochondrial
proteins (45-47) and in bacterial or chloroplast proteins under aerobic growth or oxidative
stress conditions (42;48). In vitro studies have demonstrated intact transfer of [4Fe-4S]
clusters on bacterial primary scaffold proteins and A-type proteins to apo-acceptor
proteins, only under strictly anaerobic conditions (44;74-76). However, since the [4Fe-
4S] clusters on these donor proteins are extremely oxygen sensitive, it seems that
maturation of [4Fe-4S] cluster containing proteins via direct transfer of a [4Fe-4S] cluster
is only applicable under anaerobic conditions, see Figure 2.14. Hence an alternative
mechanism is required for the maturation or repair of [4Fe-4S] clusters under aerobic or

oxidative stress conditions.
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Our current working hypothesis for this alternative mechanism is schematically
depicted in Figure 2.14 (73). In large part, this mechanism is based on two observations.
First, the early work of Beinert and Kennedy which indicated the presence of cysteine
persulfides in the apo forms of oxygen-sensitive [4Fe-4S] cluster-containing proteins
such as aconitase that had been generated by oxygen exposure (77). Second, recent in
vitro studies of the oxygen-sensing fumarate nitrate reduction (FNR) regulatory protein
which is present in many facultative anaerobes (78). Resonance Raman and mass
spectrometry have revealed that the oxygen-sensing mechanism involves [4Fe-4S] cluster
degradation to yield a [2Fe-2S] cluster ligated by two cysteines and two cysteine
persulfides. A similar cluster transformation is also observed in other oxygen sensitive
[4Fe-4S] cluster-containing proteins such as members of the radical S-
adenosylmethionine family of enzymes (78). Moreover, this cluster transformation can be
reversed by addition of Fe(Il) in the presence of a dithiol reagent. Hence under aerobic
conditions, we propose that the [2Fe-2S] cluster-bound form of an A-type protein is
generated by cluster transfer from a monothiol Grx, see Figure 2.14. Under anaerobic
conditions, in the presence of a cellular dithiol reagent, the [2Fe-2S] cluster-bound form
of the A-type protein can be converted to a [4Fe-4S] cluster bound form which can effect
maturation of [4Fe-4S] cluster-containing acceptor proteins via intact [4Fe-4S] cluster
transfer, see Figure 2.14. Under aerobic or oxidative stress conditions, the Fe-bound A-
type protein can directly repair oxygen-damaged [4Fe-4S] clusters that have been
degraded to the level of a [2Fe-2S] cluster with two cysteine persulfide ligands in the
presence of a cellular dithiol reagent. Alternatively, if the [4Fe-4S] cluster is degraded to

an apo form containing cysteine persulfides, the above step is preceded by transfer of a
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[2Fe-2S] cluster from the A-type proteins to yield a [2Fe-2S] cluster with two cysteine
persulfide ligands. This scheme is presented as a working hypothesis that is consistent

with the available data and provides the basis for further experimentation.
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Figure 2.1: Fe(lll) binding to At SufAl (A) and Av IscA (B) monitored by UV-visible
absorption spectroscopy. At SufAl1 (1.4 mM ) / Av IscA (1.6 mM) was titrated with ferric
ammonium citrate under anaerobic conditions in 100 mM Tris/HCI buffer, pH 7.8, in the
presence of 100 mM THP. The insets show plots of the extinction coefficient at 500 nm
as a function of the Fe(l11)/SufA1 monomer or Fe(l11)/IscA monomer ratio. All € values

are based on the concentration of SufA/lIscA monomer.
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Figure 2.2: UV-visible absorption and CD spectra of purified Fe(lll)-bound At SufAl
(A) and Fe(l11)-bound Av IscA (B). Spectra were recorded under anaerobic conditions in
sealed 0.1 cm cuvette in 100 mM Tris-HCI buffer with 250 mM NaCl at pH 7.8. All ¢
values are based on the concentration of A-type protein monomer and Ag values are

based on the Fe concentration.
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Figure 2.3: Comparison of the UV-visible CD spectra of the Fe(l11)-bound Av 'IscA
(black line), At SufAl (red line) and Av IscA (blue line). Spectra were recorded under
anaerobic conditions in sealed 0.1 cm cuvette in 100 mM Tris-HCI buffer with 250 mM

NaCl at pH 7.8. All Ag values are based on the Fe concentrations.
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Figure 2.4: X-band EPR spectra of Fe(lll)-bound At SufAl and Av IscA. (A) EPR
spectrum of Fe(lll) bound SufAl (1.30 mM) recorded at 4.5 K and a microwave
frequency of 9.60 GHz, with modulation amplitude of 0.65 mT and microwave power of
20 mW. (B) EPR spectrum of Fe(lll) bound IscA (1.38 mM) recorded at 5.0 K and a
microwave frequency of 9.60 GHz, with modulation amplitude of 0.65 mT and

microwave power of 20 mW.
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Figure 2.5: Comparison of the resonance Raman spectra of C. pasteurianum C6D
rubredoxin, Fe(111)-bound "IscA, and Fe(I11)-bound SufAl. Spectra were recorded at 17
K with 458-nm excitation, using samples that were 3-4 mM in protein monomer. Each
spectrum is the sum of 100 scans, with each scan involving photon counting for 1 s every
0.5 cm™ with a spectral bandwidth of 7 cm™. Raman bands originating from the frozen

buffer solution have been subtracted from both spectra.
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Figure 2.6: UV-visible absorption and CD spectra of purified [2Fe-2S] cluster-bound
form of At SufAl. Spectra were recorded under anaerobic conditions in sealed 0.1 cm
cuvette in 100 mM Tris-HCI buffer with 250 mM NaCl at pH 7.8. ¢ values are based on
the concentration of At SufA protein monomer where as Ag values are based on [2Fe-2S]

cluster concentrations.
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Figure 2.7: Comparison of the UV—visible CD spectra of [2Fe-2S] cluster-bound Av
NfiscA (black line) and At SufAl (red line). Spectra were recorded under anaerobic
conditions in sealed 0.1 cm cuvette in 100 mM Tris-HCI buffer with 250 mM NacCl at pH

7.8. All the Ag values are based on [2Fe-2S] cluster concentrations.
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Figure 2.8: Resonance Raman spectra of purified [2Fe-2S] cluster-bound form of At
SufAl. Raman spectra were recorded at 17 K with 457.9, 487.9 and 514.5 nm laser
excitation with ~ 200 mW laser power at the sample. The sample (~ 2 mM in At SufAl
monomer) was in 100 mM Tris-HCI buffer, pH 7.8 containing ~ 0.45 M NaCl. Each
spectrum is a sum of 100 scans, with each scan involving counting photons for 1 s at 0.5
cm™ increments, with 6 cm™ spectral resolution. Bands due to lattice modes of ice from

frozen buffer in sample have been subtracted from all spectra.
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Figure 2.9: Comparison of resonance Raman spectra of purified [2Fe-2S] cluster-bound
form of At SufAl (red) with [2Fe-2S] cluster-bound form of ™fIscA (black). Raman
spectra were recorded at 17 K with 457.9, 487.9 and 514.5 nm laser excitation with ~ 200
mW laser power at the sample. The samples (~ 2 mM in At SufA1 monomer and ~ 4 mM
in Av MIscA monomer ) were in 100 mM Tris-HCI buffer, pH 7.8 containing ~ 0.45 M
NaCl. Each spectrum is a sum of 100 scans, with each scan involving counting photons
for 1 s at 0.5 cm™ increments, with 6 cm™ spectral resolution. Bands due to lattice modes

of ice from frozen buffer in sample have been subtracted from all spectra.
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Figure 2.10: Comparison of the UV—visible CD spectra of the [2Fe-2S] cluster-bound At
SufAl (blue line) with [2Fe-2S] cluster-bound At GrxS14 (red line). Spectra were
recorded under anaerobic conditions in sealed 0.1 cm cuvette in 100 mM Tris-HCI buffer

with 250 mM NaCl at pH 7.8. Ag values are based on [2Fe-2S] cluster concentrations.
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Figure 2.11: Simulated CD spectra corresponding to quantitative [2Fe-2S] cluster transfer
from [2Fe-2S] GrxS14 to apo-SufAl. The red and blue lines correspond to [2Fe-2S]
cluster-bound GrxS14 and SufAl, respectively, whereas the thin grey lines correspond to
10-90% intact cluster transfer in 10% increments. Spectra were recorded under anaerobic
conditions in sealed 0.1 cm cuvette in 100 mM Tris-HCI buffer with 250 mM NacCl at pH

7.8. Ag values are based on the [2Fe-2S] cluster concentration.
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Figure 2.12: Time course of cluster transfer from At [2Fe-2S] GrxS14 to apo-At SufAl in
the presence of 5 mM DTT monitored by UV-visible CD spectroscopy at room
temperature. The red spectra correspond to [2Fe-2S] GrxS14 in the presence of DTT
whereas the time course of cluster transfer is shown by thin-line grey spectra. CD spectra
were recorded at 3, 6, 10, 14, 18, 22, 26, 30, 40, 50 and 60 min after the addition of apo-
SufA to the reaction mixture. Spectra were recorded under anaerobic conditions in sealed
1 cm cuvette in 100 mM Tris-HCI buffer with 250 mM NaCl at pH 7.8. Ae values are

based on the initial [2Fe-2S] cluster concentration on GrxS14.
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Figure 2.13: Kinetic analysis of [2Fe-2S] cluster transfer from holo-At GrxS14 to apo-At
SufAl monitored by CD spectroscopy. The conditions are given in Figure 2.12, and the
data points correspond to the extent of [2Fe-2S] SufAl formation as a function of time, as
determined by the CD intensity at 348 nm. Solid line corresponds to the best fit to
second-order kinetics based on the initial [2Fe-2S] cluster concentration on GrxS14
(0.050 mM) and the initial concentration of dimeric apo-SufAl (0.050 mM) with a rate

constant of 50,000 M™* min™.

93



%) TVINS 1y 01 Jajsuel | J191sn|D [Sz-94¢]

10

6
Time (min)

4

94



Figure 2.14: Schematic proposal for the role of A-type proteins in cluster trafficking
leading to the maturation or repair of [4Fe-4S] cluster-containing proteins, see text for

details.

95



[2Fe-2S]-Grxs Apo-Grx

Apo-A-type [4Fe-4S]-A-type [2Fe-2S]-A-type Apo-A-type

Fe-A-type

) ) Apo Fe-S proteins [4Fe-4S] protein
[4Fe-4S]proteins Apo Fe-S proteins with cysteine persulfides

96



