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ABSTRACT
The overall objectives of this research project were to investigate the properties and function of
late-acting iron-sulfur cluster assembly proteins in plant mitochondria and plastids. To this end,
proteins from Arabidopsis thaliana (At), namely mitochondrial monothiol GRXS15, ISCAla/1b/2
and NFU4/5 and plastidial HCF101 and NFU2, were heterologously expressed in E. coli and
purified to homogeneity. The combination of UV-visible absorption and circular dichroism,
electron paramagnetic resonance and resonance Raman spectroscopy was used to elucidate the
nature and properties of the iron-sulfur clusters assembled on these proteins and their interactions
with physiological partner proteins. The results demonstrate that GRXS15 assembles one [2Fe-
2S]?* cluster per homodimer and is an effective [2Fe-2S]?* cluster donor for maturation of
mitochondrial apo ferredoxin. Co-expression of ISCA1a/2 resulted in samples with one [2Fe-2S]%*
cluster per heterodimer, which can be converted to a form containing one [4Fe-4S]?* cluster per
heterodimer by anaerobic Fe-S cluster reconstitution. Moreover, the [4Fe-4S]%* cluster-bound
ISCA1a/2 heterodimer was formed via rapid [2Fe-2S]?* cluster transfer from [2Fe-2S]-GRXS15

to apo At ISCAla/2, in the absence of exogenous glutathione or dithiotreitol. This result supports



the proposed role of ISCA1/2 heterodimers as effectors of [2Fe-2S]?* to [4Fe-4S]?* cluster
conversions in mitochondrial Fe-S cluster biosynthesis. Both NFU4 and NFU5 were shown to
assemble one [4Fe-4S]?* cluster per homodimer after cluster reconstitution. Moreover, ISCAla/2,
NFU4 and NFU5 were all found to be effective [4Fe-4S]?* cluster donors for maturation of apo
mitochondrial aconitase, and ISCAla/2 was found to be a competent and efficient [4Fe-4S]%*
cluster donor for both NFU4 and NFU5. These cluster transfer processes are all rapid,
unidirectional and quantitative, and demonstrate an Fe-S cluster trafficking shuttle involving
GRXS15, ISCAla/2 and NFU4 or NFUS for the maturation of client [4Fe-4S] cluster-containing
proteins in plants.

Plastidial HCF101 was shown to contain a sub-stoichiometric mixture of [4Fe-4S]** and
linear [3Fe-4S]** cluster as purified under anaerobic conditions. However, as-purified HCF101
was converted to a form containing one [4Fe-4S]?* cluster per monomer after anaerobic Fe-S
cluster reconstitution. Nevertheless, the high affinity of HCF101 for binding linear [3Fe-4S]'*
clusters is evident by the observation that [4Fe-4S]?* cluster transfer from NFU2 to apo HCF101
is a very rapid and unidirectional process, resulting in transient [4Fe-4S]-HCF101, that gradually
decays with time to yield linear [3Fe-4S]** cluster-bound HCF101. These results, coupled with
observation that linear [3Fe-4S]** cluster-bound HCF101 is rapidly converted into [4Fe-4S]-
HCF101 on addition of Fe?* ions under anaerobic conditions, raise the possibility that both cluster-

bound forms of HCF101 may be present in plastids under dark and light conditions.

INDEX WORDS: Iron-sulfur cluster, Fe-S cluster biogenesis, ISCA protein, NFU protein,
monothiol glutaredoxin, ferredoxin, cluster trafficking, circular dichroism, electron paramagnetic

resonance, resonance Raman
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Background

Iron-sulfur (Fe-S) clusters are one of the most ancient and ubiquitous inorganic cofactors
and are found in all kingdoms of life (1). Proteins utilizing iron-sulfur clusters participate in
fundamental life processes, including energy production, respiration, photosynthesis, DNA
maintenance, metabolic conversions, regulation of gene expression, protein translation, and
antiviral response (1-3). In addition to one-electron transfer, Fe-S clusters also function in Lewis
acid catalysis, sulfur atom transfer, mediating disulfide reduction and iron or Fe-S cluster storage
(2,4-9). The maturation of Fe-S proteins in living cells is a complex process which requires several
dedicated biogenesis pathways each comprising sets of highly conserved proteins. Research in
molecular biology, genetics and cell biology over the past two decades have revealed three
different Fe-S cluster biogenesis systems in bacteria, namely NIF (nitrogen fixation specific), SUF
(sulfur mobilization) and ISC (iron-sulfur cluster assembly) (10). Plant chloroplasts inherited the
SUF system from cyanobacteria, due to the SUF system’s high tolerance for oxidative stress
(11,12). Similarly, plant mitochondria inherited the ISC system from bacteria due to the ISC
system’s low tolerance for oxidative stress (12). In addition, two types of machinery specific to
eukaryotes, the mitochondrial ISC export apparatus, and the CIA system (cytosolic iron-sulfur

cluster assembly), have also been identified (12).

This literature review will begin with the phenotypes associated with ‘Fe-S diseases’ in

humans followed by a brief introduction of general structures, properties, and physiological



functions of Fe-S clusters, and concluding with a discussion of current knowledge concerning Fe-
S cluster biogenesis using the ISC and SUF machineries in plants. A summary of the research

results presented in this work will be included at the end of this chapter.
Diseases and disorders associated with the impairment of Fe-S cluster biogenesis

Fe-S cluster biogenesis is an extremely complicated process involving the proper assembly
and trafficking of Fe-S cluster followed by the insertion of the cluster in specific target apo-
proteins. A growing number of human diseases and disorders have been attributed to the impaired
biogenesis of Fe-S cluster. In particular, the genetic mutation or instability of the proteins involved
in Fe-S cluster biogenesis can cause neurological, metabolic, systemic, and hematological

diseases.

Friedreich’s ataxia (FRDA) is a common neurodegenerative disease that causes impaired
Fe-S cluster biogenesis (13,14). Cardiomyopathy is a clinical manifestation of FRDA; and other
manifestations include Gait ataxia, Babinski signs, dysmetria of arms and legs, dysarthria, head
titubation, atrophy and weakness of the distal extremities, absence of muscle stretch reflexes, loss
of joint and vibratory senses, and superimposed stocking-and-glove type sensory neuropathy
(13,15). In atypical FRDA case, a GAA-triplet expansion mutation in the first intron of the frataxin
gene (FXN) interferes with transcription, resulting in frataxin protein levels decreased by 70% to
95% (16). Frataxin regulates the activity of the mitochondrial Fe-S cluster assembly complex and
may provide a channel for delivery of Fe?* ions. Deficiency of frataxin is considered to be the

primary cause for all clinical and morphological manifestations of FRDA (15,16).

Other neurodegenerative diseases such as Parkinson’s, Alzheimer’s, and Huntington’s are

also associated with impaired Fe-S cluster biogenesis (17,18). For instance, Parkinson’s disease is



mainly caused by mitochondrial dysfunction, iron accumulation, and oxidative stress.
Mitochondrial dysfunction is likely to increase the production of reactive oxygen species, which
in turn decreases the biosynthesis of hemes and Fe-S clusters, resulting in iron regulatory protein
(IRP) activation and iron overload (18). Recently, GRX2, which is a member of the monothiol
glutaredoxin family of Fe-S cluster trafficking proteins, was also implicated in the accumulation
of iron in Parkinson’s disease (19,20). In addition, misregulation of iron homeostasis by IRP,
defects in ISC synthesis, and partial inhibition of complex 1 in the respiratory chain have been
found in Parkinson’s patients, all irregularities that affect the motor functions such as rigidity,

resting tremor, and postural instability (20).

Hereditary myopathy with lactic acidosis (HML), a myopathy that results from a deficiency
of the ISCU Fe-S cluster scaffolding protein, is a rare but recessively inherited disease
characterized by lifelong exercise intolerance (21,22). ISCU deficiency is caused by the splice
mutation in intron 4 of the ISCU gene (23,24). Fe-S clusters are assembled on ISCU in the
mitochondrial ISC assembly complex (25,26). ISCU deficiency has several critical consequences,
such as decreasing the activity of mitochondrial Fe-S cluster enzymes, increasing iron deposits,
and impairing the steady-state protein levels of the desulfurase components (NFS1-1SD11) in the
mitochondrial ISC assembly complex (23,27). FDX2 myopathy is another kind of mitochondrial
myopathy found in patients and is caused by the disruption of the FDX1L gene (28). FDX2
functions as the electron donor for the mitochondrial ISC assembly complex. Disrupted ATG
initiation code produced by the mutation (c.1A > T) lowers the levels of FDX2 in muscle and
fibroblasts and decreases the activities of respiratory complex I-111 and mitochondrial aconitase.

Though their symptoms are similar, the symptoms of ISCU deficiency are more severe compared



to the symptoms of FDX2 deficiency and include severe exercise intolerance, weakness, and pain

in active muscles (21,22).

Multiple mitochondrial dysfunction syndromes (MMDS) are also caused by the mutations
of proteins involved in mitochondrial Fe-S cluster biogenesis. Four types of MMDS have been
identified—MMDS1, MMDS2, MMDS3, and MMDS4—each caused by the mutation of a

different Fe-S cluster assembly protein: NFU, BOLA3, IBA57, and ISCA2, respectively (29-32).

Infantile mitochondrial complex 11/111 deficiency is caused by the mutation of the cysteine
desulfurase, NFS1, that is part of the mitochondrial Fe-S cluster assembly complex (33). ISD11
(human LYRMA4) is required to stabilize NFS1 and mutation of ISD11 is likely to cause combined
oxidative phosphorylation deficiency 19 (COXPD19) (34,35). Patients with ISD11 mutation

exhibited further complications with deficiencies of complex I, 11 and 111 (34).

Cystic fibrosis has been found to be caused by the deficiency of mitoNEET RNA (36,37).
MitoNEET, a mitochondrial outer membrane protein, controls lipid and glucose metabolism and
overall mitochondrial bioenergetics by regulating Fe or Fe-S cluster homeostasis (38,39).
Accordingly, mitoNEET has been considered as a target for drug development in treating cancer
and diabetes. However, the specific involvement of the mitoNEET protein in Fe-S cluster

biosynthesis is not well understood.

There are two forms of sideroblastic anemias associated with the defects of Fe-S cluster
biogenesis. Mutations in the mitochondrial transporter protein ABCB7, which transports an
unknown signal molecule into the cytosol in order to initiate the CIA Fe-S cluster assembly
machinery, result in the misregulation of iron, which causes X-linked sideroblastic anemia (XLSA)

(40). XLSA patients are characterized by ataxia, iron overload, cerebellar ataxia and ringed



sideroblasts (40,41). Another type of sideroblastic anemia, identified by microcytic anemia and
severe iron overload, is caused by a homozygous mutation in the monothiol glutaredoxin GRX5

gene that decreases its level of mMRNA (42).

The connection between impaired Fe-S cluster biogenesis and neurodegenerative,
hematological disorders and tumors highlights the importance of Fe-S clusters to human health.
Moreover, understanding the mechanism of Fe-S cluster biogenesis, from the assembly of Fe-S
clusters on scaffold proteins to the transfer and insertion of Fe-S clusters into specific apo target

proteins, has the potential to identify opportunities for intervention and treatment.
General structures and properties of Fe-S clusters

Fe-S proteins were first discovered in 1960 by Helmut Beinert (43). They are most
generally defined as proteins in which, non-heme iron is coordinated with cysteine sulfur and/or
inorganic sulfur. While the majority of Fe-S clusters are attached to the polypeptide by cysteinyl
sulfide-ligated Fe atoms, partial non-cysteinyl ligation involving His, Arg, Asp, Glu, and Ser Fe

ligands has been identified, particularly in more complex Fe-S clusters (Figure 1.1 and 1.2).

The most common Fe-S centers employed in proteins are Fe(SCys)s, Fea(12-S)2(SCys)a,
Fes(uz-S)3(us-S)(SCys)s, and Fes(us-S)a(SCys)s, as depicted in Figure 1.1. The electronic,
vibrational, magnetic and redox properties of four Fe-S clusters are discussed in this section. In
Fe-S clusters, the formal charge on the iron is 2+/ 3+/2.5+ depending on the extent of valance
localization/delocalization and the formal charge on the bridging inorganic sulfur is 2— (shown in
Figure 1.3). Fe-S clusters are represented by the stoichiometry of Fe and inorganic-S core in square
brackets with the formal charge of the core indicated by superscripts, such as [2Fe-2S]?***, [3Fe-

48]0 and [4Fe-4S]3*2%1+0 Understanding the extent of valance delocalization is important for



understanding the electronic, magnetic, and redox properties of Fe-S clusters, as valance-
delocalized Fex(u2-S). fragments are the fundamental building blocks of all higher nuclearity
clusters. Valance delocalization is also important for increasing the rates of redox reactions by
minimizing reorganization energy(44,45). Ranges of midpoint potentials (mV vs. SHE) for the
most common Fe-S centers in both complex and simple Fe-S proteins are summarized in Figure
1.4. The reduction potential of a specific center is dependent on a number of physicochemical
factors, such as center type, cluster ligand, solvent exposure, backbone proximity and orientation,
and side chain dipoles (46,47). For example, Rieske type [2Fe-2S]%" 1* centers, for example, have
two histidyl ligands at the reducible Fe site, thereby producing higher midpoint potentials (En> -

100 mV) than all cysteinyl ligated [2Fe-2S]>** centers, (Figure 1.1).

Mononuclear Fe-S centers: Mononuclear Fe-S centers comprising high-spin Fe?* or
Fe3*ligated by four cysteinyl-S in a distorted tetrahedral arrangement are the simplest type of Fe-
S center. They are mainly found in rubredoxin (Rd) and desulforedoxin (Dx)(48). Rd centers are
also found in two class of non-heme peroxidases, i.e., rubrerthrin and nigerythrin, together with an
oxo-bridged dinuclear Fe center, and Dx centers are also found in 2Fe superoxide reductase
(SORs) along with a mononuclear Fe active site (49). The mononuclear Fe-S centers in Rds, Dxs
and 2Fe SOR have midpoint potentials in the range of +20 to -87 mV, whereas significantly higher
potentials are observed for the mononuclear Fe-S centers in the peroxidases (rubrerthrin +281 mV
and nigerythrin +213 mV) (50). Site-directed mutagenesis studies have shown that replacing a Cys
with a Ser ligand in Rd type centers decreases the reduction potential by 100-200 mV, in accord
with the ability of oxygenic ligands to stabilize the ferric state (51). The Fe sites in all Rds,
including the Rd-type centers in non-heme peroxidases, are ligated by highly conserved Cys-Xs-

Cys motifs near the C- and N-termini. However, one of the C-X2-C motifs is replaced by a C-C



motif in Dx and the Dx-type center in 2Fe SOR, which results in a more axially distorted

tetrahedral structure.

[2Fe-2S] clusters: [2Fe-2S] clusters are generally ligated by four cysteine residues. Figure
1.1A presents an all-cysteinyl ligated [2Fe-2S] cluster in ferredoxin (Fdx). Meanwhile, [2Fe-2S]
clusters with two histidyl ligands at one Fe site (52), constitute a large group of [2Fe-2S] clusters
called Rieske-type centers [2Fe-2S]r, (Figure 1.1B). In addition, there are a few examples with
one non-cysteinyl ligand, such as aspartate in succinate dehydrogenase (Asp) (53) and sulfide
dehydrogenase (54), arginine in biotin synthase (55), and histidine in the mitoNEET protein (56-
58). Different types of folds are present in [2Fe-2S]-cluster proteins or domains. For instance, the
Fdx-fold containing a Cys-Xa5-Cys-X2-Cys-Xze 37-Cys motif is common to plant, hydroxylase- or
mammalian-type, as well as Isc-type 2Fe Fdx (59). The thioredoxin (Trx)-fold containing a Cys-
Xanoin2-Cys-Xog-35-Cys-X3-Cys motif, is common in NADH dehydrogenases and hydrogenases,
and the thioredoxin-like class of 2Fe Fdxs (60). The Rieske-fold with a Cys-X-His-X15 47-Cys-Xo-
His motif, where the [2Fe-2S] is coordinated to the Cys and His residues, is common to all Rieske-
type centers (52). Other unique coordination environments associated with [2Fe-2S] centers are
present in biotin synthase (55) and members of the xanthine oxidase family of molybdoenzymes
(61). In all cases, the overall [2Fe-2S] cluster core structure, the tetrahedral coordination at each

Fe site, Fe-S bond lengths and Fe-S-Fe bond angles are essentially invariable.

The [2Fe-2S] clusters in proteins and numerous metalloenzymes undergo redox cycling
between 2+ and 1+ core oxidation states, with a range of redox potentials spanning from +380 mV
to -460 mV. The Rieske type centers generally have higher potential (+380 to -150 mV) than all-
cysteinyl-ligated cluster centers (+100 to -460 mV), as shown in Figure 1.4. Site-directed

mutagenesis studies have also revealed that individual substitution of Cys by Ser/Asp decreases

7



the redox potentials of [2Fe-2S]>"'*, indicating that this decrease corresponds with increasing
ligand nucleophilicity (i.e., histidine>cysteinate>serinate~aspartate) (62,63). UV-visible
absorption/circular dichroism (CD)/variable temperature magnetic circular dichroism (VTMCD),
Maossbauer, nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR) and
resonance Raman spectroscopies have been employed to provide a detailed characterization of the
electronic, vibrational and magnetic properties of [2Fe-2S]>** clusters. An oxidized [2Fe-2S]?*
cluster has a diamagnetic S = 0 ground state due to the antiferromagnetic coupling between the
two (S = 5/2) Fe** centers. Whereas in the valance-localized reduced [2Fe-2S]** form, (S = 5/2)
Fe3*and (S = 2) Fe?" centers are antiferromagnetically coupled to give S = 1/2 ground state (64).
However, there are two examples of valance-delocalized [2Fe-2S]** centers in the equivalent Cys-
to-Ser variants of the thioredoxin-type 2Fe Fdxs from Clostridium pasteurianum and Aquifer
aeolicus. In variants where Cys56 and Cys60 are replaced with Ser, the two Fe sites in the [2Fe-
2S]** Fdx are ferromagnetically coupled. Ferromagnetic coupling enables the anti-parallel electron
to switch between sites without undergoing a spin flip (65-69). Valance-delocalized S = 9/2 [2Fe-
2S]'* fragments are found in all higher nuclearity Fe-S centers and facilitate rationalization of the

ground and excited state magnetic and electronic properties (68-70).

[3Fe-4S] clusters: There are two types of [3Fe-4S] clusters, cubane-type Fes (us-S) (12-S)3
and linear Fe(u2-S)2Fe(u2-S)2Fe. Although both have been observed in biological systems, only
the cubane-type has been demonstrated to be physiologically relevant thus far. The cubane-type
[3Fe-4S] is structurally analogous to a cubane [4Fe-4S] cluster that is missing one Fe, as shown in
Figure 1.1C. This similarity led to the speculation that cubane-type [3Fe-4S] clusters may all be
artifacts of aerobic protein isolation procedures, as a result of oxidative loss of one Fe from an

[4Fe-4S] cluster (71). This scenario was found to apply to several dehydratases, such as aconitase



and several Fdxs, particularly those containing [4Fe-4S] clusters with one unique Fe site ligated to
a non-cysteinyl residue. However, based on the primary sequence, X-ray structure and
spectroscopic evidence, cubane-type [3Fe-4S] clusters have been shown to be intrinsic prosthetic
groups in 3Fe and 7Fe Fdxs, succinate dehydrogenase, fumarate reductase, nitrate reductase, NiFe-
hydrogenase, arsenite oxidase, and Fdx- and NAD(P)H-dependent glutamate synthase (72). In
contrast, linear [3Fe-4S]** clusters have only been observed in alkaline or denatured forms of

aconitase (73,74) and monothiol glutaredoxins (75).

Cubane-type [3Fe-4S] clusters have accessible 1+, 0, 2— redox states (76). [3Fe-4S]**°
can participate in mediating biological electron transport with redox potentials ranging from +90
to —460 mV (Figure 1.4) (76). At pH 7, the midpoint potential of [3Fe-45]%% redox couple is ~700
mV, and is strongly pH dependent. These characteristics have been interpreted in terms of the two-
electron-reduction occurring with the uptake of three protons, most likely on the three doubly-
bridged sulfides (77). X-ray crystal structures of cubane-type [3Fe-4S] centers with complete
cysteine ligation have revealed that they have Cs, symmetry, indicating that the coordination
geometry of each Fe site is approximately tetrahedral. The primary sequence arrangement of
coordinating cysteines mainly involves two closely spaced and one remote cysteine, such as Cys-
Xo-Cys (e.g., aconitase), Cys-Xs-Cys (e.g., 3Fe and 7Fe Fdxs, succinate hydrogenase, fumarate
reductase, nitrate reductase), and Cys-X7-Cys (e.g., some 3Fe and 7Fe Fds) (78). In bacterial Fds,
[4Fe-4S] clusters are coordinated by a remote Cys and three closely spaced Cys, or two Cys and
one Asp, in a Cys-X>-Cys (or Asp)-X2-Cys sequence that facilitates facile [3Fe-4S] < [4Fe-4S]

interconversion.

Absorption, VTMCD, EPR, ENDOR, NMR, saturation magnetization, Mdssbauer and

resonance Raman have been used to characterize the electronic, vibrational and magnetic
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properties of [3Fe-4S] in their accessible redox states. Cubane-type [3Fe-4S]** clusters have an S
= 1/2 ground state due to the antiferromagnetically coupling of three S = 5/2 Fe** ions. For cubane-
type [3Fe-4S]** clusters, NMR and saturated magnetization studies have demonstrated that
exchange interactions among the three Fe centers are nearly equivalent (Ji2 ~ Jiz~ J2s~ 300 cm™)
(79). Cubane-type [3Fe-4S]° clusters have an S = 2 ground state due to the antiferromagnetic
interaction between a valance delocalized Fe?*/Fe3* pair (S = 9/2) and a valance trapped Fe®" site
(S = 5/2). However, linear [3Fe-4S]** clusters with an S = 5/2 ground state exhibit asymmetric
exchange interactions among the three Fe®* ions (Ji12 ~ J23 > 2J13) in accordance with the linear

arrangement (73).

[4Fe-4S] clusters: Cubane [4Fe-4S] clusters with an Fes(us-S)4 core are among the most
common prosthetic groups in nature and one of the most pervasive electron transfer centers in
biology (Figure 1.1D). Most [4Fe-4S] clusters have complete cysteinyl-S ligation involving three
closely spaced Cys residues in either a Cys-X>-Cys-X2-Cys motif with one remote cysteine residue
as observed in Fd-type proteins or a Cys-Xz-Cys-Xs.16-Cys-X11-15-Cys motif as observed in high
potential iron-sulfur proteins (HiPIPs) (80). There are also a few examples of [4Fe-4S] clusters
with non-cysteinyl ligation at one Fe site such as histidine in NiFe- and Fe-hydrogenases (81,82),
nitrate reductase (83), and aspartate in some ferredoxins (84). At the same time, [4Fe-4S] clusters
with one non-cysteinyl ligand are also observed in aconitase, other (de)hydratases (85), and
radical-S-adenosylmethionine (SAM) enzymes (86), which are involved in substrate binding and
activation. Crystallographic studies of protein-bound [4Fe-4S] clusters revealed that they have
approximately D2¢ symmetry, a characteristic that indicates a tetragonally compressed
conformation with four shorter Fe-S bonds (2.24 to 2.28 A) and eight longer Fe-S bonds (2.29-

2.31 A) (87-91). In biology, [4Fe-4S] clusters have been characterized in the 3+, 2+, 1+, and 0
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core oxidation states. Fd-type centers undergo redox cycling between the 2+ and 1+ core oxidation
states with a midpoint potential between +80 and -715 mV, whereas HiPIP-type centers cycle
between the 3+ and 2+ core oxidation states with a midpoint potential between +50 and +500 mV
(Figure 1.4). The unique nitrogenase Fe protein which has a subunit bridging [4Fe-4S] cluster
ligated by two Cys in each subunit can access three core oxidation states, i.e. 2+, 1+ and 0, thereby
giving it the potential to act as a two-electron donor. The all ferrous [4Fe-4S]° center was prepared
by reduction with Ti(ll1) citrate (92-94), and it was suggested that increased solvent exposure and
NH---S hydrogen bonding stabilize all ferrous [4Fe-4S] forms (94). However, an [4Fe-4S]**°

center may not be physiologically relevant due to its lower reduction potential (=790 mV)

compared to that of an [4Fe-4S]?***couple (=350 mV) (95).

EPR, Mdssbauer and VTMCD spectroscopies have been used to understand the magnetic
and electronic properties of [4Fe-4S] centers. These spectroscopic studies have been interpreted in
terms of antiferromagnetic coupling between ferromagnetically coupled diferric, diferrous and
valence-delocalized [2Fe-2S] fragments (Figure 1.3). For example, (S = 1/2) [4Fe-4S]3* clusters
result from the coupling of a (S = 5) Fe3*/Fe®* pair and a valance-delocalized (S = 9/2) Fe?*/Fe3*
pair; (S = 0) [4Fe-4S]** clusters result from the coupling of two valance-delocalized (S = 9/2)
Fe?*/Fe®" pairs, (S = 1/2) [4Fe-4S]** clusters result from the coupling of a (S = 4) Fe**/Fe?" pair
and a valance-delocalized (S = 9/2) Fe?*/Fe®* pair. In addition, more complicated coupling systems
have been reported. The location of a valance-delocalized pair is dynamic on the NMR time scale
as the cluster exists in rapid equilibrium in different forms (96,97). Some [4Fe-4S]** clusters have
S = 3/2 ground states or exist as mixtures of S = 1/2 and S = 3/2 ground states indicating a small
energy difference between the S = 1/2 and S = 3/2 configurations (98-100). The S = 3/2 ground

state is readily rationalized in terms of antiferromagnetic coupling of a (S = 4) Fe?*/Fe?" pair and
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a valance-delocalized (S = 7/2) Fe?*/Fe®* pair. Based on EPR and Mdssbauer studies, the ground
state of the all ferrous [4Fe-4S]° cluster in a nitrogenase Fe protein has been shown to be S = 4.
However, the details of this magnetic coupling scheme have yet to be fully elucidated. The
coupling scheme seems to be quite different from the scheme characterized in the three higher

oxidation states (101).
Functions of Biological Iron-Sulfur Centers

Fe-S clusters participate in a wide range of physiological functions such as electron
transport, regulation of gene expression, enzyme activity, substrate binding and activation,
disulfide reduction, radical generation, DNA damage recognition and repair, iron/electron/cluster
storage, and sulfur donation. While each of these functions has been reviewed in-depth (2), a brief

discussion of each is presented below.

Electron transport: Electron transfer chains containing one or more Fe-S centers play
important roles in a wide variety of biological processes such as respiratory and photosynthetic
energy conversion. In addition, many proteins (e.g., Fdxs, Rds, and HiPIPs) serve as either electron
donors or acceptors, and they represent one of the largest groups of mobile electron transfer
carriers. Fe-S centers are normally arranged in chains, so they can connect sites of catalysis and
interprotein electron transfer. The close proximity of the clusters in these electron transfer chains
enables them to tunnel electrons faster than substrate redox reactions. At the same time, the intra-
cluster distances and the redox potentials and/or conformation of Fe-S centers in other
oxidoreductases are modulated with external affecters, which facilitate rapid and thermally
activated tunneling, as observed by MgATP in nitrogenase (102) and benzoyl-CoA reductase

(103). There are many metalloenzymes where Fe-S clusters participate in coupled electron/proton
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transfer reactions (e.g., NADH-quinone oxidoreductase, quinol-cytochrome ¢ oxidoreductases,
and nitrogenases). A few metalloenzymes have been reported in the literature where [4Fe-4S]
clusters are directly attached to the substrate binding site via a bridging cysteinyl-S to facilitate
rapid electron transfer to or from the substrate. Examples include the Fe-Fe-[4Fe-4S] center in Fe-
hydrogenases (Figure 1.2C) (82,104), as well as the Ni-Ni-[4Fe-4S] center in acetyl-CoA synthase

(Figure 1.2D) (105-107).

Substrate binding and activation: Fe-S clusters are involved in substrate binding and
activation via one or more of the following: a) by having a unique ligation at a specific Fe site, b)

by incorporating a heterometal into the cluster, and c¢) by attaching a metal site at a unique Fe site.

Non-redox enzymes: The largest classes of non-redox enzymes with substrate-binding Fe-
S centers is the (de)hydratase family which includes aconitase, phosphogluconate dehydratase,
maleate hydratase, lactyl-coenzyme A dehydratase, 2-hydroxyglutaryl-coenzyme A dehydratase,
tartarate dehydratase, serine dehydratase, isopropylmalate isomerase, fumarase, and bacterial
dihydroxy-acid dehydratase (108). These contain a [4Fe-4S]?* cluster with a unique, non—cysteine-
ligated Fe site that binds to the substrate and facilitates reversible abstraction of the hydroxyl group
and a proton from adjacent carbons on the substrate. The only exceptions are yeast and plant
dihydroxy-acid dehydratases which contain a [2Fe-2S]%* cluster active site. The best characterized
example is aconitase which catalyzes the dehydration and rehydration steps in the reversible

interconversion of citrate to isocitrate via a cis-aconitate intermediate.

Redox enzymes: The radical-SAM superfamily is the largest group of Fe-S redox enzymes,
containing more than 60 distinct enzymes (109). These enzymes share a common C-X3-C-X>-C

motif that coordinates an oxidative labile [4Fe-4S]?*1* cluster that is responsible for the initiation
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of the radical reaction. This reaction entails binding SAM at the unique Fe site of the cluster and
transferring an electron to SAM to generate a transient 5’-deoxyadenosyl radical (55,110). The 5°-
deoxyadenosyl is a highly reactive radical that generates a substrate or protein radical via hydrogen
abstraction. Radical-SAM enzymes catalyze a wide variety of reactions including unusual
methylations, isomerizations, sulfur insertions, ring formations, and protein radical generation.
Notably, these reactions are the key steps in numerous DNA precursor, vitamin, cofactor,

antibiotic, and herbicide biosynthetic pathways (4,6).

Regulation of gene expression and enzyme activity: Fe-S clusters are responsive to a variety
of environmental stimuli, such as intracellular levels of certain essential ions and/or molecules.
Fe-S clusters in gene regulatory proteins play important sensory roles as they can sense cellular
levels of Fe-S clusters, O2, NO, and reactive oxygen and nitrogen species. The two best-
characterized examples of Fe-S clusters acting in sensory roles are the fumarate nitrate regulatory
protein (FNR) and the SoxR protein. E.coli FNR is an oxygen sensitive protein that acts as a switch
between aerobic and anaerobic respiration by regulating the expression of over 100 genes (111).
The transcriptionally active DNA binding form of FNR is a homodimer containing one [4Fe-4S]?*
cluster per subunit (112). When the active dimeric form of FNR is exposed to O, the FNR [4Fe-
4S)?* cluster rapidly converts to a monomeric [2Fe-2S]?* cluster-bound form via an intermediate
[3Fe-4S]* cluster. This process results in the loss of site-specific DNA binding and the inactivation
of FNR as a transcriptional regulator (113,114). NO is also effective for the inactivation of FNR,
with [4Fe-4S]?* cluster degradation occurring via the formation of monomeric and dimeric
dinitrosyl-iron-dithiol species (115). SoxR functions as a redox-responsive switch to monitor and
control oxidative stress in bacteria (116). The [2Fe-2S]?* cluster-bound SoxR activates soxS gene

expression under oxidative stress conditions, which, in turn, enhances the expression of several

14



genes and results in the removal of superoxide and the repair of oxidative damage (116). In the
absence of oxidative stress, reduced [2Fe-2S]** cluster-bound SoxR binds to the soxS promoter
DNA with the same affinity as the oxidized [2Fe-2S]?* cluster-bound SoxR (117). However, only

the oxidized form is capable of activating soxS gene transcription (118,119).

IscR and iron regulatory proteins (IRP1) are two well characterized Fe-S cluster-containing
regulatory proteins that use sensing mechanisms involving loss or gain of an Fe-S cluster. IScR is
a transcriptional regulator of the Fe-S cluster biosynthesis operon (iScCRSUA-hscBA-fdx). It
contains an Fe-S cluster-binding domain involving a rigorously conserved C-Xs-C-Xs-C-X2-H
motif located between two helix-turn-helix DNA-binding motifs (120). [2Fe-2S]?* cluster-bound
IscR negatively represses of the entire isc operon, thereby providing feedback regulation to control
the supply of Fe-S clusters generated by the ISC machinery. In addition, the apo form of IscR acts
as a global regulator of several Fe-S protein genes. For example, it activates the transcription of
the suf operon, which encodes the bacterial backup Fe-S cluster assembly system which operates
under oxidative stress or iron starvation conditions (121). Apo IscR competes with other apo Fe-
S proteins for [2Fe-2S]%* clusters assembled on IscU or IscA scaffold proteins during IscR-directed
regulation (120,121). Prior research has demonstrated that the DNA-binding domain in IscR can
recognize two different DNA sequences, a capacity suggesting that different types of DNA binding

sites are used by the Fe-S cluster-bound and the Fe-S cluster-depleted forms of IscR (122).

The iron regulatory proteins, IRP1, found in both eukaryotic and prokaryotic cells, is
involved in the translational regulation of iron in response to cellular iron availability and the level
of oxidative stress (78,123). When starved for iron, IRP1 exists in an apo form. In this state, it
inhibits the translation of ferritin mMRNAs by binding to iron-responsive elements (IRES) in specific

stem-loop RNA structures within untranslated regions (124,125). However, when iron is abundant,
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IRP1 loses its ability to bind IREs by assembling a [4Fe-4S] cluster and the resulting protein has
aconitase activity. The [4Fe—4S] clusters in both eukaryotic and prokaryotic IRPs respond to other
stimuli associated with reactive oxygen and nitrogen species. This responsiveness enables IRPs to

have both catalytic and regulatory roles in bacteria and eukaryotes (126-129).

A few enzymes have non-catalytic Fe-S clusters that have structural or regulatory roles. A
well-studied enzyme is glutamine phosphoribosylpyrophosphate amidotransferase from Bacillus
subtilis which catalyzes the first step in purine nucleotide biosynthesis (130). An oxygen sensitive
[4Fe-4S] cluster acts as an O2 sensor to regulate purine biosynthesis (131). Ferrochelatases
catalyze the terminal step in heme biosynthesis, namely the insertion of Fe into protoporphyrin.
While bacterial ferrochelatases generally do not contain Fe-S clusters, mammalian ferrochelatases
invariably contain a [2Fe-2S] cluster (132,133), that does not have a specific catalytic role, but is
essential for catalytic activity (134). Since the cluster is sensitive to NO-induced degradation, one
possibility is that the cluster provide a means of locally shutting down heme biosynthesis as a
defense mechanism against bacterial infections (135). However, the recent discovery of some
bacterial ferrochelatases containing [2Fe-2S] clusters raises questions about this hypothesis (136).
An alternative role for the [2Fe-2S] cluster-binding site in mammalian ferrochelatases is that it
provides feedback regulation of heme biosynthesis by sensing the level of available Fe-S clusters

(137).

Disulfide reduction: Typically, the biological disulfide reaction is catalyzed by FAD-
containing pyridine nucleotide-disulfide oxidoreductases via an NADPH-dependent two-electron
process. However, some [4Fe-4S]?* cluster-containing enzymes catalyze disulfide reduction in two
sequential steps using novel site-specific cluster chemistry. For example, ferredoxin-thioredoxin

reductase (FTR), found in plant chloroplasts, functions as the light-mediated activity regulator of
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numerous oxygenic photosynthesis enzymes in plants. FTR is a disc-shaped ap-heterodimer
containing a highly conserved catalytic B-subunit with a [4Fe-4S] cluster close to a redox active
cysteine disulfide (7,8). The proposed mechanism of FTR suggests that the [4Fe-4S] cluster
reduces the disulfide of thioredoxin involving one-electron cluster oxidation of the [4Fe-4S]%*
coupled with two-electron oxidation of the FTR disulfide. This reaction yields an intermediate
comprising S =1/2 [4Fe-4S]3" with two cysteines ligated at a unique Fe (7,8,138). HypD, a NiFe-
hydrogenase maturation protein, has a [4Fe-4S]?* cluster with an environment similar to that of
FTR. Accordingly, HypD initiates a redox cascade of three disulfides similarly to release cyanide
from a cysteine thiocyanate and, in turn, bring about the maturation of the NiFe-hydrogenase active
site (139). Heterodisulfide reductase (HDR), the terminal enzyme in the disulfide respiratory chain
of methanogenic archaea, catalyzes the reduction of CoM-S-S-CoB to Coenzyme M (CoM-SH)
and Coenzyme B (CoB-SH) (140). Initial spectroscopic studies suggested a mechanism similar to
FTR, except that the cluster interacts directly with the substrate. However, a recent crystal structure
revealed the presence of two novel non-cubane [4Fe-4S] clusters composed of fused [3Fe-4S]-
[2Fe-2S] fragments sharing 1 Fe and 1 S (141). Substrate soaking experiments indicated that the
heterosulfide is positioned between the two clusters and homolytically cleaved to yield CoM and

CoB bound to the same Fe in each cluster.

Iron, electron, and cluster storage: An iron/electron storage role for [4Fe-4S] clusters in
8Fe Fdxs containing two [4Fe-4S] was originally proposed by Thauer and co-workers (142). The
discovery of polyferredoxins in methanogens containing 3 to 7 repeats of the 8Fe Fdx-like
domains, thus hosting up to 14 [4Fe-4S] clusters, reinforced this hypothesis. Moreover, genes
encoding polyferredoxins are found in operons encoding enzymes having a high demand for [4Fe-

4S] clusters such as hydrogenase and formylmethanofuran dehydrogenase (9,143,144). Since Fe-
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S clusters need to be assembled on scaffold proteins prior to their insertion into apo proteins, 8Fe

Fdxs and polyferredoxins may act as storage sites for [4Fe-4S] clusters in biogenesis pathways.

DNA damage recognition and repair: Several Fe-S-containing DNA glycosylases (e.g.,
endonuclease 111, MutY and thymine-DNA glycosylases) function in DNA repair(145,146). In
addition, the structurally distinct enzymes of the family 4 uracil-DNA glycosylase family have
been shown to contain a redox-active [4Fe-4S]3*2* when bound to DNA (147). Consequently, this
redox-active cluster is proposed to locate damaged DNA via DNA-mediated electron transport
between cluster centers (145,146). Fe-S clusters in several DNA nucleotide excision repair
helicases—XPD (xeroderma pigmentosum complementation group D), Rad3 in yeast, and FancJ

(Fanconi J cross-link repair helicase)—have been suggested to have similar functions (148-150).

S donor: In radical-SAM enzymes, a second Fe-S cluster in addition to the [4Fe-4S] cluster
can act as the immediate sulfur donor in a sulfur insertion reaction. The following clusters have
been proposed to behave in this way: the [2Fe-2S] cluster in biotin synthase (BioB) (151,152), the
[4Fe-4S] cluster in lipoic acid synthase (LipA) (153) and the [4Fe-4S] cluster in MiaB (154). In
the case of BioB, the additional [2Fe-2S] cluster catalyzes a sulfur insertion reaction to form biotin
from dethiobiotin in a single turnover reaction (152). Similarly the additional [4Fe-4S] cluster in
LipA and MiaB, has been shown to act as the sulfur donor for lipoyl cofactor biosynthesis (153)
and the thiomethylation of tRNA (154). On the other hand, the additional [4Fe-4S] cluster in
MoaA/MOS1A does not catalyze a sulfur insertion reaction, but has been reported to play a crucial

role in binding, positioning and activating the substrate for H-atom abstraction (155).

Cluster conversions
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Fe-S cluster interconversions and degradations influence a wide variety of biological
regulatory processes due to their contributions to protein structure (123). The following can
degrade or convert Fe-S clusters into other structures: exposure to Oz and NO, chemical oxidation
or reduction, changes in pH, denaturants, and site-directed mutagenesis of specific residues. The
most common type of cluster interconversions are between [4Fe-4S] and cubane-type [3Fe-4S]
clusters and between [4Fe-4S] and [2Fe-2S] clusters. Figure 1.5 presents a summary of well-

characterized Fe-S cluster transformations.

Aconitase is the most investigated enzyme for cluster transformations because it can
accommodate multiple different types of clusters (78). The functional [4Fe-4S]** form of aconitase
transforms into an inactive cubane-type [3Fe-4S]** form, upon exposure to air or aerobic isolation
(156). The catalytically active [4Fe-4S]%* form can be restored under reducing conditions as the
[3Fe-4S]° cluster can readily take up Fe?* or incorporate other transition metal ions to form a
heterometallic cubane cluster [M-3Fe-4S]?"1* (M=2Zn, Co, Ni, Cr, Mn, Cu, Cd, Ga, TI) (157,158).
This type of reversible cluster transformation between [4Fe-4S] and [3Fe-4S] clusters is most
common in clusters containing one non-cysteinyl-ligated Fe atom, such as aconitase and some
ferredoxins. Interestingly, many [4Fe-4S] clusters with complete cysteinyl ligation can also
degrade to form [3Fe-4S]**, through this usually occurs under more extreme conditions, such as a
prolonged exposure to air and/or a large excess of ferricyanide. The remarkable transformation
from cubane-type [3Fe-4S]** to linear [3Fe-4S]** clusters is only observed in aconitase at pH >
9.5 or under partial denaturation conditions (e.g., in the presence of urea) (73,159). A major protein
rearrangement is required during this transformation since only two of the original cysteine ligands
to the cubane-type [3Fe-4S]'* are retained in the linear [3Fe-4S]** cluster, and two more remote

cysteines are recruited as cluster ligands (159). Notably, the linear [3Fe-4S]** cluster-bound
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aconitase can reform the active [4Fe-4S]?*!* cluster on reduction in the presence of Fe?*. During
the denaturation of aconitase, the linear [3Fe-4S]" cluster is formed, along with some [2Fe-2S]?*

clusters (73).

The Oz-induced [4Fe-4S]?** to [2Fe-2S]?* cluster conversion in FNR occurs with the loss
of two Fe atoms and with oxidation of two sulfides to form a [2Fe-2S]?* cluster with two cysteine
and two cysteine persulfide ligands (160). Moreover, this novel transformation is reversible in the
presence of a dithiol reducing agent and Fe?" in the absence of O. The facile reversibility of this
cluster transformation makes FNR responsive to rapid changes in cellular Oz levels (160).
Preliminary evidence suggests that BioB undergoes the same reversible O»-induced cluster
conversion (160). Consequently, this cluster interconversion may afford a rapid repair mechanism
for radical SAM enzymes degraded by O exposure. Indeed, radical SAM enzymes are often
purified with [2Fe-2S] clusters in place of the SAM-binding [4Fe-4S] cluster, unless rigorously

purified under anaerobic conditions.

The nitrogenase Fe protein [4Fe-4S]?* cluster converts to a [2Fe-2S]?* cluster in the
presence of Mg-ATP when exposed to iron chelators. In addition, crystallographic and
spectroscopic studies looking at a mimic of the nucleotide-bound form of the nitrogenase Fe
protein showed that in the presence of glycerol, the reduced [4Fe-4S] cluster is reversibly cleaved
into two [2Fe-2S] fragments (161-163). The two [2Fe-2S] fragments in this example are separated
by 5 A, with glycerol serving as a bidentate ligand bridging the two fragments, and each of the
fragments has one cysteinyl ligand at each Fe site (163). The reverse process is likely related to
the reductive coupling of two [2Fe-2S]?* fragments to form a [4Fe-4S]%* cluster, a fundamental
pathway for [4Fe-4S] assembly in Fe-S cluster biosynthesis. In addition, the reductive coupling of

[2Fe-2S] clusters to form [4Fe-4S] clusters has also been observed in two primary scaffold
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proteins, namely IscU and NifU (N-terminal domain) from A. vinelandii (164-166). The oxidative
degradation of [4Fe-4S] to [2Fe-2S] clusters and the reductive coupling of [2Fe-2S] clusters to

form [4Fe-4S] clusters can provide great insight into the biosynthesis and repair of Fe-S centers.
Biogenesis of biological Fe-S clusters

The most common type of Fe-S cluster is the cubane [4Fe-4S]*"* cluster; ancient cofactors
that were almost certainly present under primordial conditions and used extensively in lifeforms
under strictly anaerobic conditions during the first billion years of life on earth (167-169).
However, they are not well suited for aerobic environments due their sensitivity to degradation by
02, O, and H202, compared to the more O,-tolerant [2Fe-2S]>*1* and cubane-type [3Fe-4S]**0
clusters, which are stable in their all ferric states. Indeed, the oxygen sensitivity of [4Fe-4S]%**
clusters was likely to be a major determinant in the evolution of aerobic life forms, once
cyanobacteria started to evolve O2 more than 2.5 billion years ago (170). Nevertheless, aerobic
organisms, including humans and plants, still rely heavily on O2-sensitive [4Fe-4S] clusters for
many crucial reactions, due to the evolution of repair mechanisms and enzymes such as superoxide
dismutase/reductase and catalases. Due to the simple structure and composition of Fe-S clusters,
an Fe-S cofactor can often be assembled on apo proteins in vitro via a simple chemical
reconstitution procedure (171). However, Fe-S cluster biogenesis in vivo is a complex process due
to the physiological toxicity of Fe?* and S? in their free forms (172,173). In fact, over the past two
decades, research has shown that biosynthesis of Fe-S is a complicated process undertaken by a

subset of evolutionarily conserved proteins.

Based on existing genetic, molecular biology, and biochemical studies, three distinct

bacterial Fe-S cluster assembly machineries have been identified, i.e., NIF (nitrogen fixation),
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SUF (sulfur mobilization), and ISC (iron-sulfur cluster). The NIF system is generally specific for
the maturation of Fe-S proteins associated with nitrogen fixation in nitrogen fixing organisms
such as Azotobacter vinelandii (Av). The ISC system is the primary system for general Fe-S
cluster biosynthesis in proteobacteria such as Escherichia coli (Ec) and Av. Moreover, along
with a few additional components, the ISC system constitutes the eukaryotic mitochondrial
machinery for Fe-S cluster biogenesis, which is in accord with the bacterial origin of this
organelle in evolution. The SUF system plays a backup role in many proteobacteria, that it
is operative only under conditions of iron limitation or oxidative stress. It is therefore not
surprising that the bacterial SUF system also forms the basis of the Fe-S cluster biogenesis
machinery in plant chloroplasts, an O2-producing organelle with cyanobacterial evolutionary
origins. The SUF system also appears to be the sole system for Fe-S cluster biogenesis in

archaea, cyanobacteria, gram-positive and other pathogenic bacteria.

In plants, three Fe-S cluster assembly pathways, i.e., SUF, ISC, and CIA, are involved in
the maturation of Fe-S proteins in plastids, mitochondria, and cytosol, respectively (Figure 1.6)
(174). As discussed above, the ISC and SUF systems have been highly conserved throughout
evolution. Despite their many differences, both ISC and SUF systems (in bacteria and eukaryotes)
share a common biosynthetic theme: de novo Fe-S cluster assembly on the scaffold protein
followed by the intact transfer of Fe-S clusters to cluster transfer proteins or apo target proteins.
The mitochondrial ISC machinery is required not only for the biosynthesis of Fe-S clusters in
mitochondrial proteins, but also for the maturation of cytosolic and nuclear Fe-S proteins (175).
In eukaryotes, the mitochondrial ISC export system and CIA (cytosolic iron-sulfur assembly) are
solely responsible for generating cytosolic and nuclear Fe-S proteins (12,175). As the research

described in this thesis focuses on cluster assembly in plant plastidial and mitochondrial Fe-S
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proteins, the remainder of this literature review will focus on the SUF and ISC systems in

Arabidopsis thaliana, our model plant organism.

Mitochondrial ISC system in Arabidopsis thaliana: The mitochondrial ISC machinery is
conserved in all eukaryotes and contains many of the same components found in the bacterial ISC
machinery due to the evolutionary relationship between bacteria and mitochondria (Table 1.1)
(174,176). The ISC machinery consists of more than 19 proteins, including iron and sulfur donors,
scaffold proteins, and cluster transfer proteins (174). The mitochondrial 1SC assembly pathway
can be divided into four steps: 1) cysteine desulfurase-mediated assembly of a [2Fe-2S] cluster on
an ISCU scaffold protein, 2) molecular chaperone-assisted [2Fe-2S] cluster transfer from ISCU to
acceptor proteins, 3) synthesis of [4Fe-4S] clusters from [2Fe-2S] clusters, 4) intact [4Fe-4S]
cluster transfer to acceptor proteins. The early steps of this machinery are believed to be involved
in the assembly of [2Fe-2S] clusters, whereas the later steps are essential for the assembly of [4Fe-
4S] clusters (177). Although most of the mitochondrial ISC components are known, many
questions remain concerning how they interact and function at the molecular level. In particular,
the molecular mechanism of [4Fe-4S] cluster assembly and insertion into target proteins is not

well understood.

i. Cysteine desulfurase-mediated assembly of a [2Fe-2S] cluster on an I1SU scaffold
protein: Just as in bacteria, Fe-S cluster biogenesis in plant mitochondria starts with the de novo
synthesis of a [2Fe-2S] cluster on the scaffold protein. In yeast, the scaffold role is performed by
Isul (the bacterial IscU homolog), and in plants the scaffold protein in the ISC system is called
the ISU protein. The Arabidopsis genome encodes three mitochondria-located ISU proteins (i.e.,
ISUL, ISU2, and ISU3) (178). The expression of ISU1 is much higher than that of ISU2 and

ISU3, and is likely to encode the primary scaffold protein (179,180). However, the function of
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ISCU2 and ISCU3 have yet to be investigated. The synthesis of an Fe-S cluster on scaffold
protein ISU1 requires assistance from other ISC proteins. The key ISC enzyme is a PLP-
dependent cysteine desulfurase, At NFS1, which converts cysteine-to-alanine and incorporates
the released S as a cysteine persulfide on a flexible loop, which is subsequently transferred to
form a cysteine persulfide on ISCUL1 via a disulfide exchange mechanism (179). In S. cerevisiae,
the cysteine desulfurase homolog, Nfsl forms a complex with its partner proteins Isd11 and
Acpl (177,181). This Nfs1-l1sd11-Acpl complex is responsible for sulfur transfer to Isul in
yeast. In A. thaliana the Isd11 ortholog has not been functionally characterized. However, an
additional interacting protein of NFS1, At SUFEL, has been found (182). At SUFE1 functions as
a sulfur transferase that activates plastidial (SUFS) and mitochondrial (NFS1) desulfurases

in Arabidopsis, presumably by making the cysteine persulfide more accessible for transfer
(182,183). While an overexpressed SUFE1-GFP fusion was found to be predominantly localized
to plasmids, the observation that a plastidial-targeted SUFEL1 is not sufficient for complementing
the embryo lethality of the mutant supports a role in the mitochondrial ISC machinery. In
addition to At SUFEL, Fe-S cluster synthesis on At ISU1 requires electrons, likely from the
ferredoxin/ferredoxin reductase system, and iron, though the origin of iron has yet to be

identified.

ii. Molecular chaperone-assisted [2Fe-2S] cluster transfer from ISU to acceptor proteins:
Based on the studies of bacterial and yeast ISC systems (184-186), efficient transfer of the [2Fe-
2S] cluster from At ISU1 scaffold protein is likely to require At HSCA1 and HSCB cochaperones
in an ATP-dependent process. HSCB is proposed to bind and release the [2Fe-2S] cluster-bound
ISUL in the cluster assembly complex and escort it to HSCAL. HSCB binding greatly enhances

the ATP hydrolysis activity of HSCA1 and the [2Fe-2S] cluster on ISU1 is transferred intact to an
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apo acceptor protein bound to ISUL in an ATP-dependent reaction involving HSCAL binding the
LPPVK motif on ISU1 that is adjacent to one of the cluster-bound cysteines. Yeast two-hybrid and
bimolecular fluorescence studies showed that in At HSCB can interact with At ISU1 (187). In
addition, HSCB can complement a yeast knockout strain involving the equivalent protein, Jacl.
The involvement of the HSCAL chaperone in plant mitochondria has yet to be investigated.
However, the ATPase activity of At HSCAL chaperon is stimulated in vitro by At HSCB (174,188)
and studies in yeast have demonstrated that the Ssql homolog of HscA facilitates Fe-S cluster

transfer from Isul to Grx5 via complex formation (186).

By analogy with the bacterial, human and yeast ISC systems, a monothiol GRX is likely to
be the dedicated acceptor protein for [2Fe-2S] cluster on ISU1. GRXS15 is the only confirmed
monothiol GRX in Arabidopsis mitochondria, and it has a 33% amino acid similarity with yeast
and human mitochondrial monothiol glutaredoxins, see Figure 1.8 (189). A knockout mutant of At
GRXS15 is embryo lethal, indicating an essential role in plant growth, and At GRXS15 can
assemble an Fe-S cluster in the presence of glutathione (189). In addition, after a long debate about
the importance of GRXS15 in the plant mitochondrial Fe-S cluster machinery, At GRXS15 has
been shown to coordinate a [2Fe-2S] cluster in the presence of reduced glutathione (GSH) (189).
Moreover, mutations of GRXS15 that weakens GSH and cluster binding diminish the ability of
this protein to complement a yeast Agrx5 mutant, exhibit a dwarf phenotype and decrease aconitase
activity by approximately 65%, indicating that the essential role of GRXS15 is involved with

mitochondrial Fe-S cluster biogenesis (189).

The crystal structure of the human homolog of GRXS15, GLRXS5 is in accord with
GRXS15 acting as a [2Fe-2S] cluster transfer protein (190). The structure revealed a tetramer with

[2Fe-2S] clusters bridging each dimer and each Fe ligated by the cysteinates of GSH and the
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rigorously conserved CGFS motif that characterizes monothiol glutaredoxins, see Figure 1.9.
Recently, a study suggested that the function of yeast homolog of At GRXS15, Grx5, can be
bypassed to some extent (186), since the deletion of Grx5 in S. cerevisiae is not lethal (191,192).
The trafficking role of Grx5 in yeast is mainly needed in an ambient or high-oxygen environment.
Thus, under anaerobic conditions, Ssql and Jacl (the yeast homologs of At HSCAL and HSCB)
can facilitate the release of clusters directly to target apo proteins rather than being mediated by
Grx5 cluster trafficking protein. However, human diseases such as sideroblastic anemia and iron
overload are associated with GLRX5 mutants, suggesting that higher eukaryotes need a Grx5-

mediated trafficking reaction (42,193).

iii. Synthesis of a [4Fe-4S] cluster from [2Fe-2S] clusters: Studies of the yeast and human
ISC systems have demonstrated that a complex composed of Isal-1sa2-1ba57 is required for [4Fe-
4S] cluster biosynthesis (194,195). 1ba57 is a tetrahydrofolate-dependent protein of unknown
function that appears to be required for cluster release (195). More specifically, this complex is
essential for the maturation of [4Fe-4S] clusters in radical-S-adenosylmethionine (SAM) enzymes
such as lipoic acid synthase and (de)hydratase enzymes such as aconitase (194,195). This complex
does not react with early ISC machinery but rather depends on the delivery of [2Fe-2S] cluster
species. Recently, there has been a debate about the molecular relationship between Iba57 and
IscA proteins. In vivo, ISCA2 reacts with IBA57 but not with ISCAL in humans, whereas in yeast
both A-type proteins interact with 1ba57. There are two 1ba57 orthologs in A. thaliana, IBA57.1

localized in mitochondria and IBA57.2 localized in plastids (196).

The two ISC proteins belonging to the family of A-type carrier proteins are proposed to
accept a [2Fe-2S] cluster from a monothiol GRX. A recent study demonstrated that two human

GLRX5s can transfer [2Fe-2S] clusters to the ISCAL1-ISCA2 heterodimeric complex without the
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requirement of IBA57 to form a [4Fe-4S] cluster (197). Two-electron reductive coupling of two
[2Fe-2S]?* clusters to form a [4Fe-4S] has been well established and rationalized for bacterial
NiflscA and IscU proteins using dithiothreitol (DTT) and dithionite (DT), respectively as the
reducing agents (165,198,199). Hence, although reductive coupling is the likely mechanism for
this cluster conversion, the physiological electron donor has not been established in any organism.
The crystal structure of a [2Fe-2S]-bound IscA from T. elongatus indicated a unique asymmetric
coordination of the [2Fe-2S] cluster, see Figure 1.11 (200). IscA is an asymmetric homodimeric
protein with a partially solvent exposed [2Fe-2S] cluster, which is asymmetrically bound to the
conserved three Cys residues from one monomer and one conserved Cys from another monomer
(Figure 1.11(b)). Using human proteins, individual, ISCA1 or ISCA2 proteins do not form a [4Fe-
4S] cluster from two [2Fe-2S]-GLRX5 donated clusters (201). Moreover, the heterodimeric
ISCAL-ISCA2 complex is thermodynamically more favorable compared to the corresponding
homodimers, indicating that the heterodimeric complex may be responsible for the assembly of a
[4Fe-4S] cluster (201). This result also agrees with in vivo studies showing strong interaction
between ISCAL1 and ISCA2 proteins (202). Three mitochondrial A-type carrier proteins, i.e.,
ISCAla, ISCALb, and ISCAZ2 are present in A. thaliana, but they have yet to be investigated in
vitro. The properties and function of these three A-type carrier proteins in A. thaliana (Figure 1.10)

are investigated in this work.

iv. Intact [4Fe-4S] cluster transfer to acceptor proteins: In yeast and humans, two
mitochondrial proteins Nful/NFU1 and Ind1/NUBPL help to insert [4Fe-4S] clusters into the
following mitochondrial target proteins: aconitase, succinate dehydrogenase, lipoic acid synthase,
and respiratory complexes I and 11 (201). In human mitochondria, target proteins could directly

receive their [4Fe-4S] clusters from the ISCAL1-ISCA2-IBA57 complex, or they could receive
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them from NFUL1/NUBPL following [4Fe-4S] cluster transfer from the ISCA1-ISCA2-IBA57
complex to NFU1/NUBPL. NFU1 can bind a [4Fe-4S] cluster (203), and functions as a late-acting
factor in the maturation of lipoic acid synthase and subunits of respiratory complexes | and Il
(204,205). [4Fe-4S]-cluster-bound NUBPL is only required for the assembly of human respiratory
complex I (206). Yeast Nful binds a [4Fe-4S] cluster and has been shown to interact with Isal and

Isa2 in the Isal-Isa2-1ba57 complex and with mitochondrial [4Fe-4S] target proteins (207).

Very little functional information is available about maturation of [4Fe-4S] proteins in
Arabidopsis. There are two NFU proteins in A. thaliana whose functions are unknown: NFU4 and
NFUS5. NFU4 is localized in mitochondria whereas the mitochondrial localization of NFU5 has
yet to be confirmed. The mitochondrial Nfu proteins, i.e., At NFU4, At NFU5, Hs NFU1, and Sc
Nful all contain an N-terminal domain and a C-terminal domain with the CXXC motif involved
in [4Fe-4S] cluster binding, see Figure 1.12 (208,209). The N-terminal domains may be involved
with targeting specific acceptor proteins. However, gene knockouts studies indicate that the
individual At NFU4 and NFUS5 proteins have at least partially redundant functions in mitochondria
but together they are essential for seedling development. Both At NFU proteins can rescue the
growth development of a yeast Anful mutant. To understand the roles of NFU4 and NFUS5 in
mitochondrial Fe-S cluster trafficking, Chapter 2 of this dissertation reports the purification of the
At NFU4 and NFUS proteins, as well as the assembly and spectroscopic characterization of an Fe-

S cluster-bound forms of both proteins.

The plastidial SUF system in Arabidopsis thaliana: In bacteria, the SUF system generally
plays a backup role only operative under the conditions of iron limitation or oxidative stress (210).
However, it is the primary system in the more oxygen-rich cellular environments of cyanobacteria

and plant chloroplasts (Table 1.2) (210,211). The SUF system can also be separated into two steps;
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the first step is the assembly of an Fe-S cluster on a scaffold protein by cysteine desulfurase and
sulfurtransferase. The second step is the transfer of Fe-S clusters from scaffold proteins to
plastidial target proteins. In plant plastids, NFS2 (also called CpNifS) is a group Il cysteine
desulfurase and SUFE acts as sulfur-transferase to facilitate rapid S-transfer to the scaffold protein
(212). There are three sulfur-transferases in plants: SUFE1, SUFE2, and SUFE3. 4sufE1 mutants
are lethal because SUFE1 can interact with and activate both NFS2 and NFS1, making SUFE1
essential for Fe-S assembly in plastid and mitochondria (182,183). SUFE2 and SUFE3, however,

are only targeted to plastids, but their specific roles have yet to be determined.

The cysteine persulfide from NFS2 is transferred to a scaffold complex comprised of three
proteins—SUFB, SUFC, and SUFD—in a 1:2:1 (BC:D) stoichiometry in which SUFB is the
scaffold protein for cluster assembly (213,214). In E. coli both [4Fe-4S] and [2Fe-2S] clusters can
be assembled on SufB in vitro. The expression of At SUFB and At SUFC can complement the
growth defects of E. coli 4sufB and AsufC mutants (215). The loss of SufC or both SufC and SufD
reduced the in vivo formations of Fe-S clusters on SufB, indicating that SufC and SufD are both
required for in vivo Fe-S cluster formation on SufB (213). In addition, while SufD participates in
both embryogenesis and more general house-keeping role such as chlorophyll biosynthesis and

chloroplast development, SufB and SufC only function in embryogenesis (216).

The Fe-S cluster formed on SufBC:D is delivered to target apo proteins directly or
indirectly via carrier proteins (217,218). The mechanisms of cluster trafficking in SUF machinery
are not well established compared to ISC machinery. In the bacterial SUF system, glutaredoxin 4
(Grx4), P-loop NTPase Mrp, Ygfz, ErpA, and NfuA are likely to play important roles for the late
steps of Fe-S maturation, (see Table 1.2 for a list of plastidial Fe-S cluster assembly proteins in

Arabidopsis thaliana and their bacterial relatives) (219). In plant chloroplasts, two GRX
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orthologs— GrxS14 and GrxS16—can bind and transfer labile Fe-S clusters to acceptor proteins,
which make them good candidates to serve as cluster transfer proteins (220). There are three
isoforms of BOLA proteins in plant chloroplasts: BOLA, BOLAL, and BOLAA4. Plastidial BOLA
proteins can interact with [2Fe-2S] cluster-bound GRXS14 and GRXS16 to form heterodimers
with bridging [2Fe-2S] clusters. The clusters are not essential for heterodimer stability as
equivalent heterodimers are formed in the apo forms (221). Similar GRX-BOLA interactions been
reported in bacteria, yeast, plants, and mammals and BOLA binding appears to play a role in
stabilizing bound clusters with respect to oxidative stress and/or changing the acceptor protein

specificity for [2Fe-2S] cluster transfer (222).

PSI is involved in electron transport in cyanobacteria, algae, and vascular plants during
oxygenic photosynthesis (223). The reaction center of PSI contains three [4Fe-4S] clusters, which
are the terminal electron acceptors denoted Fx, Fa, and Fg (224). Fx bridges the PsaA and PsaB
subunits, while Fa and Fgare bound to a 9 kDa soluble protein, PsaC (225). Fa and Fg are necessary
to transfer electrons from Fx to soluble ferredoxin or flavodoxin in the cytosol (226). PsaC is highly
conserved among cyanobacteria, algae, and higher plants and it shares similarities with soluble
2[4Fe-4S] ferredoxins in terms of molecular mass and the presence of two [4Fe-4S] cluster binding
motifs in its primary sequence (227,228). PsaC and the properties of its Fe-S clusters as a part of
PSI, as well as the unbound (isolated) protein, have been studied over the last ten years. Unbound
PsaC has broader EPR resonances, and peak positions are different from that of Fa and Fg bound
to the PSI complex (226). Accordingly. PsaC undergoes a structural change upon binding with the
PSI core, which affects the environment of the Fe-S cluster and alters its magnetic properties (229).
Prior research has demonstrated that the UV-vis spectrum of reconstituted PsaC has a broad

maximum at 390 nm and a broad shoulder at 320nm, features similar to typical 2[4Fe-4S]
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ferredoxins (227). This EPR spectrum has similar g tensors for both clusters, in contrast to when

PsaC is bound to the PSI core (230).

There are several genes that do not encode structural components of PSI but have been
shown to be essential for the assembly of PSI (231). One of these is HCF101 (high chlorophyll
fluorescence 101), the plastidial ortholog of Mrp, belongs to the ancient and ubiquitously
distributed protein family of soluble Fe-S cluster containing NTPases (i.e., [4Fe-4S]-cluster-
containing P-loop NTPases) (232). The chloroplast protein HCF101 is critical for the maturation
of Photosystem | (PSI) and the soluble ferredoxin-thioredoxin reductase, both of which contain
[4Fe-4S] clusters (232). Levels of PSI (three [4Fe-4S]) and FTR (one [4Fe-4S]) are significantly
diminished in the HCF101 mutant, but the translation of PSI proteins is not affected(223). There
are four classes of the P-loop NTPase family involved in Fe-S cluster biogenesis. They share a
highly conserved protein signature and present in bacteria, plastid, mitochondria, and cytoplasm
(233). The mature HCF101 contains an N-terminal DUF59 domain with eight cysteine residues
along the sequence. Characteristic motifs, such as CXXC for Fe-S cluster binding, are present in
N- and/or C-termini of cytosolic and mitochondrial proteins in eukaryotes and eubacteria, but they
are absent in plastid HCF101 form (233). Research using Mdssbauer and EPR spectroscopy has
shown that chloroplast HCF101 binds a [4Fe-4S] cluster (233). Site-directed mutagenesis has
found that three cysteine residues of HCF101 are essential for binding this cluster. Recent studies
on PSI biogenesis have shown that the insertion of Fe-S clusters is the crucial step in the post-
translational maturation of PSI (234). To understand the function of HCF101 in post-translational
assembly of PSI, in vitro [4Fe-4S] cluster transfer from HCF101 to yeast apo-Leul as a model
target protein has been tested, and the results suggested that HCF101 could transfer Fe-S clusters

to apo-proteins in chloroplasts (233). However, it remains unknown whether HCF101 is involved
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in binding and transferring Fe-S clusters or if it has acquired other functions in the course of

evolution.

A-type carrier proteins play important roles in the maturation of Fe-S clusters in different
organisms. SufAl is the plastidial isoform among the bacterial SufA/ErpA/IscA family of ATC
proteins found in plants, and IBA57.2 is the ortholog of Ygfz (235). As Asuf41 mutants do not
result in any defects in plant development, it is likely that SufAl acts as a backup carrier for [2Fe-
2S] clusters under stress conditions (236,237). There are two orthologs of IBA57 in plants,
IBA57.1 targeted in mitochondria and IBA57.2 targeted to plastids (196). IBA57 cannot bind [4Fe-
4S] clusters by themselves and their exact function is still unknown. Five members of the NFU
family are present in plants, NFU1, NFU2, and NFU3 are in the plastid, and NFU4 and NFU5 are
present in mitochondria (238). Plastidial proteins NFU2 and NFU3 are also required for the
assembly of the Fe-S cluster in PSI (208). Plant NFU2 can accommodate both [2Fe-2S] and [4Fe-
4S] clusters, and the [4Fe-4S] can be transferred rapidly and intact to a physiological relevant
partner protein, adenosine 5-phosphosulfate reductase, APR1 (208). Even though Arabidopsis
nfu2 and nfu3 mutants have a PSI defect, plants show a much milder phenotype than hcf101 mutant
plants (239). In contrast, Arabidopsis nful mutants exhibited no phenotype (239). At NFU2 and At
HCF101 are both required for the maturation of Fe-S clusters in PSI, but their potential connection
has not been investigated. Our working model for the SUF machinery in plastids is that NFU2 and
NFU3 accept clusters from the scaffold SUFBC.D complex and then deliver them to HCF101 for
the maturation of PsaC. Based on in vivo studies reporting that the hcf101 mutant is lethal to
seedlings and the double nfu2 and nfu3 mutant is lethal to embryos (240), it is likely that HCF101

acts downstream of the NFU proteins.
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Summary of Presented Work

The objective of this dissertation is to investigate mitochondrial Fe-S cluster maturation
processes in Arabidopsis thaliana involving monothiol glutaredoxin, A-type proteins, and NFU-
type proteins. The results provide initial insights into a comprehensive model of late mitochondrial
ISC machinery processes in plants. We also wanted to understand plant chloroplast Fe-S cluster
trafficking involving HCF101; the NFU-type proteins, NFU2 and NFU3; and, PsaC. Fe-S-cluster-
bound proteins were characterized using a combination of various spectroscopic techniques
including absorption, circular dichroism (CD), resonance Raman (RR), and electron paramagnetic
resonance (EPR), along with analytical methods such as gel filtration chromatography, protein/Fe
determination, and enzyme activity assays. New and significant results have been found and will

be presented and discussed in detail in Chapters 2 and 3.

The work in chapter 2, provides detailed spectroscopic characterization and interprotein
cluster transfer studies involving the three major classes of mitochondrial carrier proteins in At,
namely monothiol GRX, ISCA, and NFU proteins. The objective was to clarify the properties and
function of the late-acting ISC proteins in the maturation of plant Fe-S proteins. The results show
that i) ISCAla/2 is able to accommodate either one [2Fe-2S]** or one [4Fe-4S]?* cluster per
heterodimer, ii) both NFU4 and NFUS can assemble one [4Fe-4S]%* cluster per homodimer, iii)
GRXS15 can assemble and efficiently transfer a [2Fe-2S]%* cluster to the mitochondrial At FDX1
protein, iv) [2Fe-2S]?* cluster-bound GRXS15 can assemble a [4Fe-4S]%* cluster on the ISCAla/2
heterodimer, v) [4Fe-4S]?* cluster-bound ISCA1a/2 can efficiently transfer [4Fe-4S]%* clusters to
NFU4 and NFUS5, and vi) [4Fe-4S]?* cluster-bound ISCA1a/2, NFU4, and NFU5 are all competent

tor maturation of apo ACO2.

At NFU2 and At HCF101 are both required for the maturation of Fe-S clusters in PSI, but

their potential connection has not been investigated in vitro. Our working model for the SUF
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machinery in plastids is that NFU2 accepts clusters from the SUFBC,D scaffold complex and then
delivers them to HCF101 for the maturation of the three [4Fe-4S] clusters in PS1. Since relatively
little has been reported about the properties of HCF101 in the literature, we first present
spectroscopic characterization of HCF101, using UV-visible absorption/CD, resonance Raman
and EPR, before demonstrating that NFU2 acts upstream of HCF101 for PSI [4Fe-4S] cluster
assembly. Plastidial HCF101 was shown to contain a sub-stoichiometric mixture of [4Fe-4S]?* and
linear [3Fe-4S]** cluster as purified under anaerobic conditions. However, as-purified HCF101
was converted to a form containing one [4Fe-4S]?* cluster per monomer after anaerobic Fe-S
cluster reconstitution. Nevertheless, the high affinity of HCF101 for binding linear [3Fe-4S]'*
clusters is evident by the observation that [4Fe-4S]?* cluster transfer from NFU2 to apo HCF101
is a very rapid and unidirectional process, resulting in transient [4Fe-4S]-HCF101, that gradually
decays with time to yield linear [3Fe-4S]** cluster-bound HCF101. These results, coupled with
observation that linear [3Fe-4S]** cluster-bound HCF101 is rapidly converted into [4Fe-4S]-
HCF101 on addition of Fe?* ions under anaerobic conditions, raise the possibility that that both

cluster-bound forms of HCF101 may be present in plastids under dark and light conditions.
Abbreviations

A. thaliana, At, Arabidopsis thaliana; A. vinelandii., Av, Azotobater vinelandii; B. subtilis,
Bs, Bacillus subtilis; E. coli, Ec, Escherichia coli; C. pasteurianum, Clostridium pasteurianum;
H. sapiens, Hs, Homo sapiens; S. cerevisiae, Sc, Saccharomyces cerevisiae; S. pombe, Spo,
Schizosaccharomyces pombe; T. elongatus, Thermosynechococcus elongatus; sp, Synechococcus;
Rd, rubredoxin; Fdx, ferredoxin; NAD(P)H, nicotinamide adenine dinucleotide phosphate
(reduced); NHE, normal hydrogen electrode; HCF 101, high chlorophyll fluorescence 101; FRDA,
Friedreich’s ataxia; Fxn, frataxin gene; MMDS, mitochondrial dysfunction syndromes;
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COXPD19, Combined oxidative phosphorylation deficiency 19; XLSA, X-linked sideroblastic
anemia, LipA, APR, Adenosine 5’-phosphosulfate reductase; lipoic acid synthase; SDH2,
succinate dehydrogenase; PDH, pyruvate dehydrogenase; KGDH, 2-ketoglutarate dehydrogenase;
Dx, desulforedoxin; FNR, fumarate-nitrate reduction protein; FTR, ferredoxin—thioredoxin
reductase; Grx, glutaredoxin; GSH, glutathione; HDR, heterodisulfide reductases; HiPIP, High
potential iron-sulfur protein; IRE, iron-responsive element; IRP, iron regulatory proteins; Rd,
rubredoxin; Trx, thioredoxin; WT, wild type; NIF, nitrogen fixation; ISC, iron-sulfur cluster; SUF,
sulfur utilization factor; CIA, cytosolic iron sulfur cluster assembly; PSI, Photosystem I; DFT,
density functional theory; DTT, dithiothreitol; FAS, ferrous ammonium sulfate; GSH, glutathione;
IPTG, isopropyl PB-D-1-thiolgalactopyranoside; PEI, Poly(ethyleneimine); PLP, pyridoxal
phosphate; SAM, S-Adenosyl methionine; XAS, X-ray absorption spectroscopy; CD, circular
dichroism; NMR, nuclear magnetic resonance; EPR, electron paramagnetic resonance; MCD,

magnetic circular dichroism; VTMCD, variable temperature magnetic circular dichroism.
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Table 1.1: Mitochondrial proteins from Arabidopsis thaliana and their bacterial, yeast and human

homologs

Plant protein | Human Yeast Bacterial Function
name homolog homolog | relative
NFS1 NFS1 Nfsl IscS Cysteine desulfurase: Sulfur donor
ISD11 ISD11 Isd11 - NFS1 stability
ISU1 ISCU Isul IscU Fe-S scaffold protein
ISU2 Isu2
ISU3
GRXS15 GLRX5 Grx5 GrxD Fe-S cluster transfer
ISCAla ISCAL Isal IscA Specific targeting of Fe-S clusters
ISCAlb
ISCA2 ISCA2 Isa2 ErpA Specific targeting of Fe-S clusters
IBA57.2 IBAS7 Iba57 - Specific targeting of Fe-S clusters
NFU4 NFU1 Nful NifU Specific targeting of Fe-S clusters
NFUS NfuA
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Table 1.2: Plastidial proteins from Arabidopsis thaliana and their bacterial relatives

Plant protein Bacterial relative Function
names
NFS2 SufS Cysteine desulfurase: Sulfur donor
SUFE1 SufE Activator for cysteine desulfurase
SUFE2
SUFE3
SUFB SufB SUFBC:D acts as a scaffold complex
SUFC SufC
SUFD SufD
SUFA1l SufA assumed as Fe-S cluster transfer protein
NFU1 NfuA Specific targeting of Fe-S clusters
NFU2
NFU3
HCF101 Mrp Specific targeting of Fe-S clusters
IBA57.2 Ygfz Specific targeting of Fe-S clusters
GRXS14 Grx4 Fe-S cluster transfer proteins
GRXS16

72



Figure 1.1: Structures of different types of Fe-S clusters which function primarily in mediating
electron transfer, as determined by X-ray crystallography. Structures are taken from coordinates
deposited in the Protein Data Bank. (A) Fe Rd, rubredoxin (Rd) Fe center from Desulfovibrio
vulgaris, PDB ID# 8RXN; (B) [2Fe-2S], ferredoxin (Fd) from Anabaena pcc7120, PDB ID#
1FRD; (C) [2Fe-2S]r, Rieske protein from Sulfolobus acidocaldarius, PDB ID#1JM1; (D) [3Fe-
48], cubane [3Fe-4S] cluster from A. vinelandii Fdl, PDB ID# 6FDR; (E) [4Fe-4S], A. vinelandii
Fdl, PDB ID# 6FDR; (F) [8Fe-7S]", dithionite-reduced MoFe protein from A. vinelandii, PDB
ID# 1IM1N; (G) [8Fe-7S]°%, thionine-oxidized MoFe protein from A. vinelandii, PDB 1D# 2MIN.
Color code: magenta, Fe; yellow, S; gray, C; red, O. Unlabeled S atoms correspond to bridging

sulfides. Adapted from reference (2)
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Figure 1.2: Schematic representations of structures of different types of Fe-S centers primarily
involved in substrate binding and activation, as determined by X-ray crystallography. They are
taken from coordinates deposited in the Protein Data Bank: (A) [4Fe-4S] + isocitrate, isocitrate-
bound form of porcine heart aconitase, PDB ID#7ACN; (B) [4Fe-4S] + SAM, SAM-bound form
of HemN from E. coli, PDB ID# 10LT; (C) siroheme-[4Fe-4S], sulfite-bound form of sulfite
reductase from E. coli, PDB ID # 2GEP (D) [Mo-7Fe-9S-X], A. vinelandii MoFe protein, PDB
ID# 1MIN; (E) [Ni-4Fe-5S], reduced CO dehydrogenase Il from Carboxydothermus
hydrogenoformans, PDB ID# 1SU8 (D) Ni-Ni-[4Fe-4S], acetyl-CoA synthase from
Carboxydothermus hydrogenoformans, PDB ID# 1RU3. Color code: magenta, Fe; yellow S; gray,

C; red, O; green, Ni; gold, Mo; black, unknown low Z atom (O/C/N). Unlabeled S atoms (2)
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Figure 1.3: Ground state spin (S) and valence-delocalization schemes for major types of Fe-S
centers with the core oxidation state of Fe-S centers. Valence-delocalized [2Fe-2S]" cluster (S =
9/2) has only been observed in C56S and C60S variants of Clostridium pasteurianum 2Fe Fd
(65,67,241). [3Fe-4S] ~shown in parenthesis here have never been observed in any protein
clusters. However, they are only identified as fragments in heterometallic cubane clusters (242).
Reduction of [3Fe-4S]* centers result in [3Fe-4S]?" clusters with concomitant addition of three
protons (66). Color code: red, Fe**; blue, Fe?"; green, Fe?>*, valance-delocalized; yellow, S;

grey, O. Adapted from reference (2)
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Figure 1.4: Ranges of midpoint potentials (mV vs. NHE) for different types of biological Fe-S
centers in their most common accessible redox states. Color code: purple, Fe**; blue, Fe?*; green,

Fe?%*, valance-delocalized; yellow, S; grey C. Adapted from reference (243)
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Figure 1.5: Different types of Fe-S cluster interconversions observed in Fe-S proteins. M?* =
Cr2*, Mn?*, Co?*, Ni%*, Zn?*, Cd?*, Ph?*; M* = Cu* and TI* . The cluster center in dashed box
represent two [2Fe-2S]?* centers located on two adjacent subunits as in the case of IscU (165)

and IscA (244). Adapted from reference (243).
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Figure 1.6: Schematic representation of Fe-S machineries in eukaryotic cells (plants). Eukaryotes
contain Fe-S proteins in mitochondria, the cytosol, and the nucleus. The SUF machinery of plastids
and ISC machinery of mitochondria were inherited from photosynthetic bacteria and a-
proteobacteria respectively via endosymbiosis (12). Mitochondrial 1SC assembly machinery, a
mitochondrial ISC export system, and CIA machinery are required for the maturation of cytosolic

and nuclear Fe-S proteins. Adapted from reference (12)
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Figure 1.7: Schematic representation of the domain structures of different Grx-type proteins. Grxs
present in all photosynthetic organisms are included in classes I and I1. Class | Grxs have a single
domain, whereas class Il Grxs has variable domain organization. All Grx domains for class | and
class Il are respectively colored green and blue with active site motifs labeled accordingly. The
orange box represents the N-terminal extension specific to GrxS16 and additional thioredoxin-like

modules are shown in yellow. Domain lengths are not drawn to scale (245).
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Figure 1.8: Primary sequence alignments of At GRXS15, Sc Grx5 and Hs GLRX5. At GRXS15,
A. thaliana; Sc Grx5, S. cerevisiae; Hs GLRX5, H. sapiens. The sequence alignment was

performed with MUSCLE. Conserved amino acids are highlighted in blue.
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Figure 1.9: The 2.4-A crystal structure of [2Fe-2S] cluster-bound human GLRXS5 (190). Structures
are taken from coordinates deposited in the Protein Data Bank, PDB ID# 2WUL. Orange and

yellow spheres represent iron and sulfur respectively in [2Fe-2S] cluster and GSH is shown in

sticks. Color code: blue, N; red, oxygen; grey C.
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Figure 1.10: Amino acid sequence alignment of ISCA proteins from plant, yeast and human. At
stands for A. thaliana, Sc for S. cerevisiae and Hs for H. sapiens. The sequence alignment was
performed with MUSCLE. Conserved amino acid positions are highlighted in blue and cysteines

required for the Fe-S cluster incorporation are indicated by asterisks. Adapted from reference (200)
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Figure 1.11: (a) The 25-A crystal structure of [2Fe-2S] cluster-bound IscA
from Thermosynechococcus elongatus (200). Structures are taken from coordinates deposited in
the Protein Data Bank, PDB ID# 1X0Z. Orange and yellow spheres represent iron and sulfur
respectively in [2Fe-2S] cluster. (b) Partially exposed [2Fe-2S]?* cluster of IscA, which is
asymmetrically coordinated with (Cys37, Cys101, and Cys103) from the o protomer and Cys103
from the B protomer. Red and yellow spheres represent iron and sulfur respectively in [2Fe-2S]

cluster (200).
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Figure 1.12: Schematic representations of domain structures of different Nfu-type and U type
proteins from different organisms. IscU domains, with three conserved cysteine residues are
presented by dark pink boxes, Nfu domains with the CXXC motif are shown by teal boxes and
Fdx-like domain specific to Av NifU is presented by light blue box. Bacterial NfuA-type proteins
have an N-terminal A-type carrier domain without the conserved cluster-binding cysteine residues
that is shown by a green box. Eukaryotic mitochondrial, nuclear and cytosolic Nfu type proteins
also have a unique N terminal domain shown by a brown box. Chloroplastic-type Nfu proteins
have the extra C-terminal Nfu-type domain lacking the active site cysteine residues that is shown
by a purple box. The red and grey bars represent the mitochondrial and chloroplastic targeting
sequences, respectively. Domain lengths are not drawn to scale. Av, Azotobacter vinelandii; Ec,
Escherichia coli; Sy, Synechocystis; At, Arabidopsis thaliana; Sc, Saccharomyces cerevisiae; Hs,

Homo sapiens. Adapted from reference (208).
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Abbreviations: At, Arabidopsis thaliana; Hs, Homo sapiens; ISC, iron-sulfur cluster assembly;
Fe-S cluster, Iron-sulfur cluster; ATC, A-type carrier; CD, circular dichroism; RR, resonance
Raman; EPR, electron paramagnetic resonance; DTT, dithiothreitol; DT, dithionite; GSH,
glutathione; IPTG, isopropyl 1-thio-B-D-galactopyranoside; FAS, ferrous ammonium sulfate;
PMSF, phenylmethanesulfonyl fluoride; SDS-PAGE, dodecyl sulfate polyacrylamide gel
electrophoresis; TCA, trichloroacetoc acid; FDX1, ferredoxin 1; FDX2, ferredoxin 2, ACO2,

aconitase 2.
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Abstract

The molecular mechanism of [4Fe-4S]?* cluster assembly and insertion into target proteins
by late-acting mitochondrial Fe-S cluster assembly proteins is not well understood. Here we report
detailed characterization of the four late-acting mitochondrial Fe-S cluster carrier proteins from
Arabidopsis thaliana (At), GRXS15, ISCA1a/2, and NFUA4/5, using UV-visible absorption/CD,
resonance Raman, EPR, and analytical studies. Co-expression of ISCAla/2 resulted in samples
with one [2Fe-2S]?* cluster per heterodimer. Cluster reconstitution using as purified [2Fe-2S]-
ISCAla/2 resulted in the [4Fe-4S]** cluster-bound heterodimer. NFU4 and NFU5 were both
purified as apo proteins but assembled one [4Fe-4S]?* cluster per homodimer after cluster
reconstitution. Cluster transfer reactions monitored by UV-visible absorption and CD
spectroscopy or enzyme activity were used to investigate the roles of these proteins in Fe-S cluster
trafficking and maturation of client target proteins. [2Fe-2S]-GRXS15 was found to mediate [2Fe-
2S]?* cluster assembly on mitochondrial ferredoxin and [4Fe-4S]?* cluster assembly on the
ISCA1a/2 heterodimer, suggesting that ISCA1a/2 is an assembler of [4Fe-4S]?* clusters, via two-
electron reductive coupling of two [2Fe-2S]?* clusters. ISCA1a/2, NFU4 and NFU5 were all found
to be effective [4Fe-4S]?* cluster donors for maturation of apo At mitochondrial aconitase, and
ISCA1a/2 is a competent and efficient [4Fe-4S]?* cluster donor for both NFU4 and NFUS5. These
cluster transfer processes are all rapid, unidirectional and quantitative and demonstrate a cluster
trafficking shuttle involving GRXS15, ISCAla/2 and NFU4 or NFUS for the maturation of client

[4Fe-4S] cluster-containing proteins.
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Introduction

Iron-sulfur proteins constitute one of the largest classes of proteins and are found in all
kingdoms of life. These proteins are involved in fundamental biological processes, ranging from
electron transfer and catalyzing metabolic reactions to small molecule sensing, DNA repair and
regulating gene expression (1-3). Synthetic and biological Fe-S clusters can generally be
assembled via spontaneous self-assembly using excess iron and sulfide ions. However, the
presence of excess iron and sulfide ions are toxic to cells, due to the redox reactions of Fe** and
Fe?* ions that generate reactive oxygen species and the ability of S>~ ions to precipitate metals ions.
Therefore, cells use complex biosynthetic pathways to ensure the correct assembly and trafficking

of Fe-S clusters (1,4,5).

The mitochondrial ISC machinery is highly conserved in all eukaryotes and contains many
of the same components found in the bacterial ISC machinery due to the evolutionary relationship
between bacteria and mitochondria (6,7). Moreover, the ISC machinery is required not only for
the biosynthesis of Fe-S clusters in mitochondrial proteins, but also for the maturation of cytosolic
and nuclear Fe-S proteins (8). Mitochondrial Fe-S cluster biogenesis can be divided into four steps:
i) cysteine desulfurase-mediated assembly of a [2Fe-2S]?* cluster on an I1SU scaffold protein, ii)
molecular chaperone-assisted [2Fe-2S]?* cluster transfer from ISU to acceptor proteins, iii)
synthesis of [4Fe-4S]?* clusters from [2Fe-2S]?* clusters, and iv) intact [4Fe-4S]?* cluster transfer
to acceptor proteins. Early ISC machinery is considered to be consisting of steps (i) and (ii)

whereas late ISC machinery consists of steps (iii) and (iv) (5).

Based on yeast and human studies, a basic model of the mitochondrial ISC machinery has

been proposed, but uncertainties concerning the mechanistic pathways of late-acting steps still
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persist. Moreover, the proteins involved with late-acting plant mitochondrial ISC machinery have
yet to be purified and characterized in vitro. The lack of research into the plant ISC machinery
may be due to the inherent complexity which arises from the presence of multiple copies of several
key proteins, e.g. three ISC machinery scaffold proteins (ISU1/2/3), two ferredoxins (FDX1/2),
two sets of chaperones (MGEla/b, HSCA1/2), two NFU-type cluster transfer proteins (NFU4/5)
and three ISCA-type cluster transfer proteins (ISCAla/1b/2) (6).

The early steps of mitochondrial ISC machinery mainly involve biosynthesis and
trafficking of [2Fe-2S]?* clusters (5). In yeast, the biosynthesis proteins include Nfs1, Isd11, acyl
carrier protein (Acp), scaffold protein Isul/2, ferredoxin (Fdx), and frataxin (Fxn). Yeast deletion
mutant studies have been beneficial in characterizing the roles of the corresponding plant proteins
involved in early ISC machinery. Just as in yeast, Fe-S cluster biogenesis in plant mitochondria
starts with the de novo synthesis of a [2Fe-2S]?* cluster on a scaffold protein. In yeast, the scaffold
role is performed by Isul (the bacterial IscU homolog), and in plants the scaffold protein in the
ISC system is called the ISU protein. The Arabidopsis genome encodes three mitochondrial-
located ISU proteins (i.e., ISUL, ISU2, and 1SU3) (9,10) and ISUL is likely to be the primary
scaffold protein (11). A PLP-dependent cysteine desulfurase, Nfsl in yeast, converts cysteine to
alanine and incorporates the released S as a cysteine persulfide on a flexible loop, which is
subsequently transferred to form a cysteine persulfide on Isul, via a disulfide exchange mechanism
(10). Maturation of [2Fe-2S]?* clusters on Isul occurs in a complex that involves Nfs1, Isd11,
Acpl and Isul as core proteins and Fdx and/or Fxn as transient participants (5,12). The same
proteins are present in plant mitochondria, although the components of the core assembly complex

has yet to be established.
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In yeast, the co-chaperones Ssql and Jacl work together to efficiently transfer [2Fe-2S]%
clusters from Isul to monothiol glutaredoxin Grx5 (5). At HSCA1 and At HSCB can complement
yeast knockout strains involving the equivalent proteins, Ssql and Jacl respectively (13). Based
on the studies of bacterial and yeast ISC systems (14-16), [2Fe-2S]?* cluster transfer from the At
ISCUL1 scaffold protein is likely to require At HSCAL and HSCB co-chaperones in an ATP-
dependent process. It is proposed that At HSCB can bind and release the [2Fe-2S]?* cluster-bound
ISUL in the cluster assembly complex and escort it to At HSCA1 (13). HSCB binding greatly
enhances the ATP hydrolysis activity of HSCAZ1, which facilitates intact transfer of the [2Fe-2S]?*

cluster on ISU1 to a bound apo acceptor protein.

While the early ISC machinery appears to provide the [2Fe-2S]?* cluster building block for
[4Fe-4S]** cluster biogenesis, the molecular mechanisms of [4Fe-4S]?* cluster assembly,
trafficking, and insertion into target proteins are not well understood. The existing body of research
has led to two hypotheses regarding [4Fe-4S]?* cluster assembly. The evidence for facile reductive
coupling of two [2Fe-2S]?* clusters to form a [4Fe-4S]?* cluster at the subunit interface of bacterial
IscU dimers (17), raises the possibility that [4Fe-4S]?* clusters are assembled on U-type scaffold
proteins and transferred directly to [4Fe-4S]%* cluster trafficking or acceptor proteins. The second
hypothesis is that [4Fe-4S]?* clusters are formed on A-type carrier (ATC) proteins instead of U-
type proteins. This was originally proposed based on the observation of facile and reversible [2Fe-
2S]** <> [4Fe-4S]?* cluster interconversions on NfiscA (18). Additional support for this proposal
was provided by the observation that two human GLRX5 homodimers donate [2Fe-2S]?* clusters

to form a [4Fe-4S]?* cluster on the ISCA1-ISCA2 heterodimeric complex (19).

By analogy with the bacterial and yeast ISC systems (15,16), a monothiol GRX is likely to
be the dedicated acceptor protein for [2Fe-2S]%* clusters assembled on ISU1 in plants. GRXS15 is
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the only confirmed monothiol GRX in Arabidopsis mitochondria, and it has a 33% amino acid
similarity with yeast and human mitochondrial monothiol glutaredoxins, see Figure 2.1. The
involvement of Grx5 and its homologs in mitochondrial Fe-S cluster assembly has been established
in yeast and vertebrates but has only recently been investigated in plants. grxs15 null mutants were
found to be embryo lethal in Arabidopsis indicating an essential role in plant growth and GRXS15
was found to assemble a Fe-S cluster in vitro in the presence of glutathione (20). Targeted
mutagenesis studies of At GRXS15 resulted in variants with diminished glutathione and Fe-S
cluster content. Using these variants for complementing plant 4grxsl15 strains led to a dwarf
phenotype and a 65% decrease in aconitase activity (20). These findings show that At GRXS15 is
an essential protein that is involved with mitochondrial Fe-S cluster biogenesis. In addition, cluster
transfer studies monitored by UV-visible absorption and CD were interpreted in terms of [2Fe-
2S]?* cluster-bound At GRXS15 functioning as a donor for maturation of the [2Fe-2S]?* cluster on

the mitochondrial ferredoxin (20).

Studies of the yeast and human ISC systems have demonstrated that a complex composed
of lIsal-lIsa2-1ba57 is required for [4Fe-4S]?* cluster biosynthesis (21,22). Iba57 is a
tetrahydrofolate-dependent protein of unknown function that appears to be required for cluster
release. This complex does not react with early ISC machinery but rather depends on the delivery
of [2Fe-2S]?* cluster species. Recently, there has been a debate about the molecular relationship
between 1ba57 and IscA proteins. In vivo and in vitro studies have shown that Hs ISCA2 reacts
with Hs IBA57, but not with Hs ISCA1(23,24); whereas in yeast both ATC proteins interact with
Iba57 (25). However, in vitro studies reported that Hs IBA57 is not required for the assembly of
[4Fe-4S]?* clusters on ISCA proteins (19). The deletion of IBA57, Hs ISCA1 (Sc Isal), or Hs

ISCA2 (Sc Isa2) from yeast and human cell lines causes defects in the assembly of the respiratory
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complex, the biosynthesis of lipoic acid, and the maturation of aconitase, homoaconitase, and
glutamate synthase (21,22,25,26). These results suggest that IBA57 may be involved in other
functions other than [4Fe-4S] cluster assembly. Using human proteins, individual ISCAL1 or ISCA2
proteins do not form a [4Fe-4S]?* cluster from two [2Fe-2S]?*-GLRX5 donated clusters (27).
Moreover, the heterodimeric ISCA1-ISCA2 complex is thermodynamically more favorable
compared to the corresponding homodimers, indicating that the heterodimeric complex may be
responsible for the assembly of a [4Fe-4S]?* cluster (27). This result also agrees with in vivo studies
showing strong interaction between ISCAL and ISCA2 proteins (26). Arabidopsis has four ATC
proteins: SUFAL is localized in plastids (28), while the other three are predicted to be present in
mitochondria. Three mitochondrial ATC proteins, i.e., ISCAla, ISCALb, and ISCA2 are present
in At, but they have yet to be investigated in vitro. These three are named based on their homologs
in eukaryotic model organisms (29). For example, At ISCAla and At ISCA1b are grouped with
yeast Isal and human ISCAL (30), and At ISCAZ2 is grouped with yeast Isa2 and human ISCA2.
The three conserved cysteines responsible for the ligation of Fe-S cluster are present in all ATC

proteins, Figure 2.2.

ISC targeting factors (e.g., Nful, INDH, and Bol1/3) help to transfer the assembled clusters
to target apo proteins. In human mitochondria, target proteins could directly receive their [4Fe-
4S)?* clusters from the ISCA1-ISCA2-IBA57 complex, or they could receive them from
NFU1/NUBPL following [4Fe-4S]?* cluster transfer from the ISCA1-1ISCA2-IBA57 complex to
NFU1/NUBPL. In vivo and in vitro studies have shown that yeast Nful can bind a [4Fe-4S]*
cluster via a CXXC motif similar to human and plant homologs (31-33). In yeast and human cells,
the deletion of Nful only partially affects aconitase, lipoic acid synthase, and succinate

dehydrogenase activity, suggesting a non-essential role for Nful as a [4Fe-4S]?* cluster targeting
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protein (34,35). There are five NFU-type proteins in Arabidopsis, and based on their localization,
they are divided into two classes (36). NFU1-3 are located in plastids and share a similar sequence
identity with cyanobacterial Sy Nfu. NFU4 and NFUS5 are predicted to be in mitochondria and have
a similar sequence and structural organization to Hs NFU1 and Sc Nful, see Figure 2-3 (36). All
Nfu-type proteins have a conserved CXXC motif; however, NFU4 and NFU5 have a unique N-
terminal domain, which is specific to eukaryotic mitochondrial, cytosolic, and nuclear Nfu
proteins, Figure 2.3 (33). At NFU4, At NFU5, Hs NFU1, and Sc Nful, all contain an N-terminal
domain and a C-terminal domain with a CXXC motif involved in [4Fe-4S]?* cluster binding,
Figure 2.3 (31,33). The N-terminal domains may be involved with targeting specific acceptor
proteins. However, gene knockout studies indicate that the individual At NFU4 and At NFU5
proteins have at least partially redundant functions in mitochondria, but together they are essential
for seedling development. Both At NFU proteins can rescue the growth defect of a yeast Anful
mutant (30). Recent complementation studies performed with At NFU4/5 and ISCAL/2 and the
corresponding yeast deletion mutants showed that At NFU4/5 can interact with the physiological
partners of Saccharomyces cerevisiae (Sc) Nful and can perform similar functions to yeast Nful
(30,35,37). These complementation studies also reported that the heterodimeric complex At
ISCAla/2 can functionally substitute for a yeast isal/2 mutant, while At ISCAla or At ISCA2
homodimers cannot. These observations suggest that the heterodimeric ISCAla/2 complex is the
functional unit in the mitochondrial ISC machinery, which agrees with the in vitro studies of
human proteins (19). However, spectroscopic characterization and potential functions of

Arabidopsis ISCA proteins in late-stage ISC machinery have yet to be investigated in vitro.

This work provides detailed spectroscopic characterization and interprotein cluster transfer

studies involving the three major classes of mitochondrial carrier proteins in At, namely monothiol
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GRX, ISCA, and NFU proteins. The objective was to clarify the properties and function of the
late-acting ISC proteins in the maturation of plant Fe-S proteins. The results show that i) ISCAla/2
is able to accommodate either one [2Fe-2S]?* or one [4Fe-4S]?* cluster per heterodimer, ii) both
NFU4 and NFUS can assemble one [4Fe-4S]?* cluster per homodimer, iii) GRXS15 can assemble
and efficiently transfer a [2Fe-2S]?* cluster to the mitochondrial At FDX1 protein, iv) [2Fe-2S]?*
cluster-bound GRXS15 can assemble a [4Fe-4S]?* cluster on the ISCA1a/2 heterodimer, v) [4Fe-
4S)?* cluster-bound ISCA1a/2 can efficiently transfer [4Fe-4S]?* clusters to NFU4 and NFU5, and
vi) [4Fe-4S]?* cluster-bound ISCA1a/2, NFU4, and NFUS5 are all competent tor maturation of apo

ACO2.
Experimental procedures

All the chemicals and materials were purchased from commercial suppliers (Fisher
Scientific, Sigma-Aldrich Chemical Co, and GE Healthcare/Invitrogen) and were used without
any further treatment unless otherwise stated. The plasmids for overexpression of At GRXS15,
FDX1, ISCAla/2, NFU4, and NFU5 were provided by Dr. Nicolas Rouhier (Université de
Lorraine, Nancy, France). Nucleotide sequence of these proteins were performed by the University

of Georgia Genomics Facility.

Analytical and spectroscopic methods: Protein concentrations were determined by the DC
protein assay (Bio-Rad) using bovine serum albumin (Roche) as standard. Iron concentrations
were determined colorimetrically using bathophenanthroline under reducing conditions after
digesting proteins in 0.8% KMnO4/0.2 M HCI. A calibration curve was constructed from a series

of dilutions of a 1000 ppm atomic absorption iron standard.
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The preparation and handling of anaerobic samples for spectroscopic studies and cluster
transfer experiments were carried out inside a Vacuum Atmosphere glove box under argon
atmosphere at an oxygen level of 2 ppm or below. UV-visible absorption spectra were recorded in
sealed quartz cuvettes at room temperature using a Shimadzu-3101PC spectrophotometer. CD
spectra were recorded in sealed quartz cuvettes using a Jasco J-715 spectropolarimeter. Resonance
Raman samples were prepared under strictly anaerobic conditions and comprised 18-uL frozen
droplets of protein solutions (~2 mM in Fe-S clusters) mounted on the cold finger of an Air
Products Displex Model CSA-202E closed cycle refrigerator (Air Products, Allentown, PA).
Resonance Raman spectra were recorded at 17 K using an Instrument SA Ramanor U1000
scanning spectrometer coupled with a Coherent Sabre argon ion laser. Spectra were recorded by
photon counting for 1 s every 0.5 cm™, using 7 cm™ resolution, and each spectrum is the sum of
80-120 scans. X-band (~9.6 GHz) EPR spectra were recorded using a Bruker ESP-300E EPR
spectrometer equipped with a dual-mode ER-4116 cavity and an Oxford Instruments ESR-9 flow

cryostat.

Overexpression, anaerobic purification and Fe-S cluster reconstitution of At GRXS15: At
GRXS15 was heterologously expressed in E. coli BL21 (DE3) and co-transformed with the
recombinant plasmid and the pSBET plasmid. One colony was grown overnight at 37°C in 100
mL LB media containing 100 pg/mL ampicillin and 30 pg/mL kanamycin. 1 L of the same media
was inoculated by adding 20 mL of the culture grown overnight and then incubated at 37°C until
an exponential growth phase was attained. Protein expression was induced by adding Isopropyl 1-
thio-p-D-galactopyranoside (IPTG) to a final concentration of 100 pg/mL. The cells were allowed
to grow for an additional 5 hours at 34°C before harvesting by centrifugation at 6690 x g and

storing at —80°C for later use.
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For the aerobic purification of At GRXS15, 20 g of cell paste were resuspended in 50 mL
of buffer A (100 mM Tris-HCI, pH 7.8) containing 150 pg/mL PMSF, 2 mU/mL DNase (Roche),
and 0.5 pg/mL RNase (Roche) with an additional 2 mM GSH and lysed by intermittent aerobic
sonication on ice. After breaking the cells, the soluble and the insoluble fractions were separated
by centrifugation at 39800 x g at 4°C for 1 hour. The soluble fraction was subjected to a 40%
ammonium sulfate cut, and the precipitate was removed by centrifugation at 39800 x g for another
30 minutes. The supernatant containing At GRXS15 was loaded onto a phenyl sepharose column
equilibrated with buffer A containing 2 mM GSH and 1.0 M ammonium sulfate and eluted by a
decreasing linear gradient of 1.0 to 0 M ammonium sulfate. Based on gel electrophoresis, fractions
containing GRXS15 were concentrated using Amicon ultrafiltration with a YM10 membrane. The
concentrated fraction was loaded onto a 25 mL Q Sepharose anion exchange column, previously
equilibrated with buffer A, and eluted with an increasing linear gradient of 0 to 1.0 M sodium
chloride. Apo GRXS15 was prepared by incubating as-isolated samples with a 50-fold excess of
EDTA and a 20-fold excess of potassium ferricyanide for 60 minutes. Apo GRXS15 was then
purified with a 15 mL desalting column to remove residual iron and sulfide under anaerobic
conditions. The as-isolated apo samples, estimated by SDS-PAGE to be >90% pure, were used in

spectroscopic studies and for in vitro reconstitution studies.

Reconstitution of Fe-S clusters on apo GRXS15 was carried out under anaerobic
conditions inside the glove box. In the presence of 5 mM GSH, apo GRXS15 was incubated with
12-fold excess of ferrous ammonium sulfate (FAS), 12-fold excess of L-cysteine and catalytic
amounts of IscS, for approximately 2 hours in a strictly anaerobic environment. The cluster-bound

GRXS15 was loaded on to a 5 mL Mono-Q column to remove excess reagents with an increasing
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salt gradient of 0-1 M NaCl. The Mono-Q column was able to separate Fe-S cluster-bound

GRXS15 into two different colored fractions.

Overexpression and aerobic purification of His-tagged At FDX1: Recombinant FDX1 was
expressed in an E. coli BL21 (DE3) strain. Colonies containing FDX1 were grown in LB media at
37°C, and exponential protein overexpression was induced with IPTG to a final concentration of
100 pg/mL. The bacterial culture was further allowed to cultivate at 37°C for 5-6 hours. The dark
reddish-brown cells were harvested by centrifugation at 6690 x g at 4°C and stored at —80°C for

later use.

For the aerobic purification of FDX1, 20 g of cell paste were thawed and resuspended in
50 mL of buffer A and lysed by intermittent aerobic sonication on ice. After breaking the cells, the
soluble and the insoluble fractions were separated by centrifugation at 39800 x g at 4°C for 2
hours. The dark reddish-brown soluble fraction containing At FDX1 was then loaded onto a 25 mL
His-Trap HP column previously equilibrated with binding buffer (100 mM Tris-HCI, pH 7.8,
containing 0.5 M NaCl and 20 mM imidazole). The column was washed with 10 column volumes
of binding buffer before the protein of interest was eluted with a 20-500 mM imidazole gradient.
The purest fractions containing holo At FDX1 were collected, and imidazole was removed by
loading FDX1 onto a 25 mL desalting column. Based on Fe and protein determinations, UV-visible
absorption, and CD studies, holo At FDX1 was found to contain 1.0 + 0.1 [2Fe-2S]*
cluster/monomer. Apo At FDX1 was prepared by acid precipitation with 10% trichloroacetic acid
(TCA). The pelleted protein was isolated and resuspended in buffer A. FDX1 was buffer-washed
4-5 times by ultrafiltration dialysis using a YM10 membrane with 100 mM Tris-HCI, pH 7.8. The

apo At FDX1 used for spectroscopic studies was >95% pure, based on SDS-PAGE gels.
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Overexpression, anaerobic purification, and Fe-S cluster reconstitution of His-tagged At
ISCAla/2: Recombinant At ISCAla/2 was expressed in an E. coli BL21 (DE3) strain. Cells
harboring ISCAla/2 plasmids were cultivated overnight at 37°C in LB media containing 100
ug/mL spectinomycin, and 20 mL of the culture grown overnight were used to inoculate 1 L of the
same media. Protein expression was induced with IPTG to a final concentration of 100 pg/mL
when ODegoo Was between 0.6-0.8. The cells were allowed to grow for an additional 5 hours at 34°C

before harvesting by centrifugation at 6690 x g and storing at —80°C for later use.

The procedure used to purify ISCAla/2 is very similar to the purification procedure of
FDX1, except that sonication and all chromatographic processes were carried out in the glove box
under anaerobic condition (O2 < 2 ppm). The buffers used in the purification procedure were
rigorously degassed to remove oxygen. For the purification of ISCAla/2, 18 g of reddish cell
pellets were thawed and resuspended in 30 mL of buffer A containing 150 pg/mL PMSF, 2 mU/mL
DNase (Roche) and 0.5 pg/mL RNase (Roche), and lysed by intermittent anaerobic sonication on
ice. After breaking the cells, the soluble and the insoluble fractions were separated by
centrifugation at 39800 x g at 4°C for 1.5 hours. The reddish-brown soluble fraction containing At
ISCAla/2 was loaded onto a 25 mL His-Trap HP column, which was pre-equilibrated with binding
buffer. The column was washed with 10 column volumes of binding buffer before the protein of
interest was eluted with a 20-500 mM imidazole gradient. The purest fraction containing holo
[2Fe-2S]?* cluster-bound heterodimeric At ISCAla/2 was collected, and imidazole was removed
by loading the concentrated ISCAla/2 fraction onto a 25 mL desalting column. Apo ISCAla/2
was prepared by treating the holo protein with a 50-fold excess of EDTA and a 20-fold excess of
potassium ferricyanide under anaerobic conditions and removing the excess reagents by

ultrafiltration dialysis using a YM10 membrane to remove excess iron and sulfide.
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Reconstitution of Fe-S clusters on as purified ISCAla/2 was carried out under anaerobic
conditions in the presence of 2 mM DTT. As purified ISCAla/2 was incubated with a 12-fold
excess of FAS, 12-fold excess of L-cysteine, and catalytic amounts of IscS, for approximately 5
hours in a strictly anaerobic environment. The reconstitution mixture was loaded on to a 10 mL
Hitrap Q-Sepharose column (GE Healthcare), and the protein was eluted with an increasing salt
gradient of 0—1 M NaCl. A single colored fraction containing predominantly [4Fe-4S]?* cluster-

bound ISCA1a/2 was eluted under an increasing NaCl gradient.

Overexpression, purification and IscS-mediated reconstitution of NFU4 and NFUS5:
Purified apo forms of At NFU4 and At NFU5 were supplied by Dr. Nicholas Rouhier. NFU4 and
NFUS5 were chemically reconstituted by incubating with a 12-fold excess of FAS, a 12-fold excess
of L-cysteine and a catalytic amount of IscS in the presence of 2 mM DTT for approximately 50
minutes under strictly anaerobic conditions. The reconstitution was monitored using UV-visible
absorption and CD spectroscopy. After purifying with a 10 mL Hitrap Q-Sepharose column, a
single fraction containing [4Fe-4S]?* cluster-bound NFU4 or NFU5 was eluted with an increasing

NaCl gradient.

Protocol for donor-to-acceptor cluster transfer studies monitored by UV-visible CD
spectroscopy: The time course of the cluster transfer from the cluster-bound donor to apo acceptor
were monitored at room temperature, under anaerobic conditions in 1-cm cuvettes using CD
spectroscopy. In all cases, the apo protein acceptor was incubated with 2 mM DTT for 30 min and
repurified (DTT pretreatment), prior to initiation of the reaction by the addition of apo protein to
the donor protein solution. The CD spectrum was monitored until no further change was observed.
Peek-to-trough or fixed wavelength changes in CD intensity were used to assess the extent of

cluster transfer as a function of time. The data were fitted to second order kinetics using the
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Kinetiscope chemical Kkinetics simulator software package (IBM), based on the initial
concentration of Fe-S clusters on the donor protein and the concentration of the apo protein
acceptor. The directionality of cluster transfer was assessed by repeating the reaction with cluster-
bound acceptor as the donor and the apo donor as the acceptor. The lability of the Fe-S center in
the donor in the reaction mixture was assessed by monitoring the UV-visible absorption or CD
spectrum of the donor, in the absence of the acceptor, over the time course of the reaction. The
specific conditions for each cluster transfer reported in this work are given in the results section

and in the figure legends.

Activation of apo At mitochondrial aconitase, ACO2, using Fe-S cluster-loaded forms of
ISCAla/2, NFU4 and NFU5: Non-His tagged At ACO2 was overexpressed in E. coli BL21 (DE3)
strain, aerobically purified and was made apo by incubating as purified At ACO2 with EDTA and
potassium ferricyanide as described previously (17,38). Activation mixtures contained 2.4 uM apo
At ACO2 and [4Fe-4S] cluster-containing ISCA1a/2, NFU4 or NFU5, each 7.4 UM in [4Fe-4S]?*
clusters, in 100 mM Tris-HCI buffer, pH 7.8, with 1 mM DTT. [4Fe-4S]?* cluster concentrations
on ISCAla/2, NFU4 and NFU5 were assessed based on a molar extinction coefficient of €400 =
15.0 mMtcm. The same procedure was used in attempts to activate At ACO2 (2.4 uM) using
[2Fe-2S] cluster-containing ISCAla/2 (14.5 uM in [2Fe-2S]?* clusters). The [2Fe-2S]?* cluster
concentration on ISCAla/2 was assessed using a molar extinction coefficient of €420 = 7.5 mMM"
tem™? per [2Fe-2S]?*cluster. Activation mixtures were incubated at room temperature under
anaerobic conditions, and 10 pL samples were withdrawn at different times and assayed for
aconitase activity. This activity was measured spectrophotometrically at 240 nm by following the
formation of cis-aconitate from citrate or isocitrate, using a molar absorption coefficient 240 =

3400 mM*cm™ for cis-aconitate (39,40). Anaerobically reconstituted samples of A. thaliana
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ACO2 containing one [4Fe-4S] cluster per protein monomer were used to establish maximal

specific activity.
Results

Nature and properties of Fe-S clusters assembled on At GRXS15 and At FDX1: Aerobic
purification of At GRXS15 in the presence of GSH resulted in a brown fraction with weak visible
absorption characteristic of trace amounts of a [2Fe-2S]?* cluster (data not shown). Consequently,
samples of cluster-bound At GRXS15 for spectroscopic characterization and cluster transfer
studies were prepared by reconstituting apo GRXS15 under anaerobic conditions. No Fe-S clusters
were assembled in samples reconstituted in the absence of GSH, either after pretreatment with
DTT or in the presence of 5 mM DTT. This is in contrast to Sc Grx5, which reconstituted [4Fe-
4S)?* clusters in the presence of 5 mM DTT (41). However, in vitro IscS-mediated reconstitution
of apo GRXS15 in the presence of 5 mM GSH, resulted in samples containing a mixture of [2Fe-
2S]?* and linear [3Fe-4S]"* clusters, based on comparison of UV-visible absorption and CD spectra
with published data for other cluster-bound monothiol glutaredoxins (41). Purification of the
reconstitution mixture using a Mono-Q column removed excess reagents and separated the
homogeneous [2Fe-2S]%* cluster-bound form of GRXS15 from the linear [3Fe-4S]** cluster-bound
form. The UV-visible absorption and CD spectra of one fraction are very similar to those of the
[2Fe-2S]?*-bound At GRXS16 and Sc Grx3(42-44), indicating homogenous [2Fe-2S]?* cluster-
bound GRXS15 (Figure 2.4). Moreover, Fe and protein concentrations indicate 2.1 + 0.2 Fe/dimer,
in accord with one [2Fe-2S]?* cluster per dimer. The UV-visible absorption and CD spectra of the
other fraction, notably the general increase in absorption intensity and appearance of pronounced
bands at 518 nm and 570 nm, coupled with the appearance of a positive CD band at 550 nm, are

indicative of the presence of linear [3Fe-4S]** clusters (41,45), see Figure 2.4 The UV-visible
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absorption and CD spectra of this fraction are best interpreted as containing a mixture of [2Fe-
2S]?* and linear [3Fe-4S]** clusters. In this work, only the fraction containing homogenous [2Fe-

2S]?* cluster was used for in further studies.

FDX1 purified under aerobic conditions was dark reddish-brown in color and exhibited
UV-visible absorption and CD spectra characteristics of a [2Fe-2S]?* protein. The spectra shown
in Figure 2.5 are also very similar to those of purified human ferredoxins, Hs Fdx1 and Hs Fdx2
(46). Fe and protein concentrations indicate 1.98 + 0.2 Fe/monomer, in accord with one [2Fe-2S]**

cluster per monomer.

Purification and spectroscopic characterization of Fe-S clusters assembled on At
ISCAla/2: Anaerobic purification of At ISCAla/2 under strictly anaerobic conditions resulted in a
reddish-brown [2Fe-2S]%* cluster-bound form of ISCA1a/2. The samples contained approximately
equal amounts of ISCAla and ISCA2 and were >95% pure as judged by gel electrophoresis, see
Figure 2.6. The UV-visible absorption spectrum of anaerobically purified ISCA1a/2 is dominated
in the 300-600 nm region by bands centered at 320 nm and 425 nm, and in the CD spectrum, the
positive bands are centered at 359 nm and 543 nm and the negative bands are centered at 304 nm,
453 nm, and 606 nm. The UV-visible absorption and CD spectra of anaerobically purified
ISCA1a/2 are shown in Figure 2.7 (black lines) and both are characteristic of [2Fe-2S]?* clusters
in ATC proteins (18). Protein and iron analysis indicated 0.83 +0.10 [2Fe-2S]?* clusters per
heterodimeric ISCAla/2. Since [2Fe-2S]?* clusters typically have 425 values between 7 and 11
mM~cm? and the UV-visible absorption spectrum of ISCAla/2 indicated e425=7.2 + 0.2 mMtcm
! this result also indicates that as purified co-expressed ISCA1a/2 contains one [2Fe-2S]?* cluster

per heterodimer.
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The vibrational properties of the [2Fe-2S]?* center in ISCAla/2 were characterized by
resonance Raman spectroscopy, which provides information on cluster type and ligand
environment. Resonance Raman spectra of as purified [2Fe-2S]?* cluster-bound ISCA1a/2 in the
Fe-S stretching region (240-450 cm™), obtained using 458 and 488 nm laser excitation, showed
an intense band at 288 cm™ and additional major bands at 334 cm™, 352 cm™, 398 cm™, and 421
cm (Figure 2.8). The Fe-S stretching frequencies for the [2Fe-2S]?* cluster in ISCA1a/2 are very
similar to those of the all-cysteine ligated [2Fe-2S]?* centers in ferredoxins, which suggests a
similar cluster environment in ISCAla/2 (47,48). The frequencies are readily assigned to the
stretching modes of the Fe,SP,S' center (S° = bridging S and S' = terminal or cysteinyl S), under
idealized D2n symmetry, based on published normal mode calculations and 3SP/%2SP isotope shifts

for synthetic and biological [2Fe-2S]?* clusters (18,47), see Table 2.1 .

The [4Fe-4S]?* cluster-containing form of homodimeric Azotobacter vinelandii NfIscA can
be generated by incubating the subunit-bridging [2Fe-2S]?* cluster-containing form with DTT for
15 minutes under anaerobic conditions (18). A dissociative mechanism involving two-electron
reductive coupling of two [2Fe-2S]?* clusters at the subunit interface of NflscA monomers was
proposed for the formation of a subunit bridging [4Fe-4S]?* cluster. Subsequent exposure to O
resulted in oxidative cleavage of the [4Fe-4S]?* cluster-bound form of homodimeric NfIscA, to
form the original [2Fe-2S]** cluster-bound form. This suggested that rapid and reversible
interconversion between two [2Fe-2S]?* clusters and one [4Fe-4S]?* cluster can occur on NiflscA
in a dithiol reducing medium, with the reaction direction determined by the level of oxidative stress
(18). However, unlike the [2Fe-2S]?* cluster-bound NflscA homodimer, [2Fe-2S]?* cluster bound

ISCAla/2 heterodimer did not undergo conversion to a [4Fe-4S]** cluster-bound form upon
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anaerobic incubation with 5 mM DTT for 30 min as judged by no change in the absorption and

CD spectra (data not shown).

Anaerobic IscS-mediated reconstitution of as purified [2Fe-2S]?* cluster-bound ISCAla/2
heterodimer, in the presence of excess FAS and L-cysteine, resulted in a predominantly [4Fe-4S]*
cluster-bound form of the ISCAla/2 heterodimer (Figure 2.7). The UV-visible absorption
spectrum of reconstituted ISCAla/2 showed broad shoulders centered near 320 and 400 nm
(Figure 2.7), which are indicative of a [4Fe-4S]?* cluster. Protein and iron analyses revealed 3.6
+0.4 Fe per heterodimer and the extinction coefficients based on the protein heterodimer, e2go0 = 32
mMZIcmtand es0 = 15 mMecm, both indicate one [4Fe-4S]?* cluster per heterodimer. As for
the [4Fe-4S]%* cluster-bound NiflscA homodimer (18), [4Fe-4S]%* cluster-bound ISCAla/2 has
negligible visible CD intensity and the observed CD clearly results from residual [2Fe-2S]*
cluster-bound ISCAla/2. Gel electrophoresis indicates that the [4Fe-4S]?* cluster-bound form of

ISCAla/2 retains approximately equal amounts of ISCAla and ISCAZ2, see Figure 2.6.

Nature and properties of cluster-bound forms of At NFU4 and NFU5: The nature of Fe-S
clusters assembled on At NFU4 and At NFU5 were determined through spectroscopic and
analytical studies of reconstituted samples. Aerobically purified At NFU4 and NFU5 have no
visible absorption, indicating that they were purified as apo proteins (Figure 2.9). Anaerobic
cysteine desulfurase-mediated cluster reconstitution experiments were conducted in the presence
of DTT to address the ability of At NFU4 and NFU5 to incorporate Fe-S clusters. Reconstituted
NFU4 and NFUS5 eluted from the Q-Sepharose column as a single brown fraction. The UV-visible
absorption spectra of reconstituted NFU4 and NFU5 are very similar, comprising broad shoulders
centered near 320 and 410 nm which are characteristic of [4Fe-4S]?* clusters (Figure 2.9, blue

lines). The UV-visible CD spectra of reconstituted NFU4 and NFU5 are also very similar with
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intense positive and negative bands at 310 and 350 nm, respectively, and weaker positive bands at
440 and 510 nm. The CD spectra are very similar to the reconstituted [4Fe-4S]?* cluster-bound
form of chloroplast At NFU1 (49), but quite different to the reconstituted [4Fe-4S]?* cluster-bound
form of chloroplast At NFU2 (31), suggesting at least two distinct classes of plant NFU proteins.
Protein and iron analyses indicated 2.2 £0.3 Fe per NFU4/5 monomer, suggesting that the
reconstituted samples contained approximately one [4Fe-4S]%* cluster per NFU4 and NFU5
homodimer. Moreover, the broad shoulder in the absorption spectra centered at 400 nm (Aasoo/A2g0
=0.28 + 0.2) with a molar extinction coefficient €400 = 7.5 +0.5 mM™cm™, based on NFU monomer
concentration, is indicative of approximately one [4Fe-4S]?* cluster per NFU4 and NFU5 dimer

(17,40,50).

The vibrational properties of the [4Fe-4S]?* cluster in At NFU4 and
NFU5 were investigated by low temperature resonance Raman spectroscopy. The resonance
Raman spectra of NFU4 and NFUS5, shown in Figure 2.10, uniquely characteristic of a [4Fe-4S]*
cluster. The spectra are similar in terms of Fe-S stretching frequencies and relative intensities to
those reported for all-cysteinyl-ligated [4Fe-4S]%* clusters in ferredoxins and the nitrogenase Fe
protein, see Table 2.2. The [4Fe-4S]?* clusters in NFU4/5 and the nitrogenase Fe protein are both
ligated at the subunit interface via CXXC motifs in each subunit. The Fe-S stretching modes are
readily assigned, based on normal mode calculations and *S°/%2SP isotope shifts reported for
cubane [FesSP4]S% units in ferredoxins and appropriate analog complexes, under idealized Tq
symmetry, see Table 2.2 (40,51,52). The most intense bands in the spectra of NFU4 and NFU5
are the totally symmetric (A1) breathing modes of the cubane [FesSPs] core, which are both

observed at 338 cm™. This is in accord with all cysteinyl ligation (frequency range 333-339 cm’
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1), whereas replacement of one ligated cysteine by hydroxide, serinate, or aspartate generally

results in higher frequencies (frequency range 340-343 cm™)(53).

Reduction of [4Fe-4S]?* cluster-containing NFU4 and NFUS5 by incubation with a 10-fold
excess of dithionite for 10 min resulted in complete cluster degradation based on UV-visible
absorption and EPR studies. This indicates that the reduced [4Fe-4S]** clusters are not stable in
NFU4 and NFU5 and are unlikely to be physiologically relevant. This conclusion is supported by
the observation of EPR signals indicative of a reduced [4Fe-4S]** cluster in samples of
reconstituted NFU4 and NFUS5 reduced with one equivalent of dithionite and frozen within 3 s in
liquid nitrogen, see Figure 2.11. Identical, near-axial, fast-relaxing S = 1/2 EPR signals with g;=
2.03 and g1 = 1.93, maximally accounting for 0.35 spins per NFU dimer, were observed for both
NFU4 and NFUS5. These resonances were only observable without broadening below 30 K
indicating fast relaxation, which is characteristic of [4Fe-4S]** clusters. The low S = 1/2 spin
quantification does not result from mixed spin [4Fe-4S]'* clusters, since low-field resonances
around g = 5 indicative of S = 3/2 [4Fe-4S]** clusters were not observed. Rather, the low spin
quantification appears to a consequence of the [4Fe-4S]** cluster being a transient intermediate in
the reductive cluster degradation pathway, as increasing the reaction time before freezing resulted

in progressively decreasing spin quantification.

In vitro cluster transfer from [2Fe-25]?*-GRXS15 to apo mitochondrial FDX1: Previous
studies have reported that monothiol glutaredoxins, i.e., chloroplastic GrxS14 and GrxS16, can
donate [2Fe-2S]?* clusters to apo chloroplastic ferredoxin(43,54). Ferredoxin acts as a
multifunctional electron carrier in chloroplasts and can accept clusters from different proteins (55).
Mitochondrial At FDX1, which binds a [2Fe-2S]?* cluster, was used to assess the ability of At

GRXS15 as a cluster transfer protein, since the holo forms of both proteins have major differences
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in their CD spectra, see Figure 2.12A. Anaerobic cluster transfer from [2Fe-2S]?*-GRXS15 to
DTT-pretreated apo FDX1 with a 1:1 donor:acceptor ratio was 90% complete after 22 min and
shows one set of isodichroic points, indicating intact cluster transfer, see Figure 2.12A. Percent
cluster transfer was assessed by CD intensity at 550 nm (black circles) and simulated with a
second-order rate constant of 1.1 x10* M~*min! based on initial 40 uM concentrations for donor
and acceptor, see Figure 2.12B. Control studies showed no reaction for the reverse cluster transfer
indicating a unidirectional reaction and no degradation of the [2Fe-2S]?* cluster on GRXS15 in
the absence of apo FDX1, over the time course of the reaction, indicating intact cluster transfer.
Clearly, GRXS15 is an effective [2Fe-2S]%* cluster donor for rapid and quantitative maturation
apo FDX1.

Incorporation of an Fe-S cluster on apo At ISCAla/2 via cluster transfer from At [2Fe-
25]?"-GRXS15: Anaerobic cluster transfer from At [2Fe-2S]**-GRXS15 to DTT-pretreated apo At
ISCAla/2 with a 1:2 donor:acceptor ratio was complete after <1 min based on the loss of the
intense CD spectrum of [2Fe-2S]**-GRXS15, see Figure 2.13A. Kinetic simulations indicate a
very rapid reaction with an apparent second-order rate constant > 4.0 x 10* M~tmin~! based on the
initial concentrations for donor (30 uM in [2Fe-2S]?* clusters) and acceptor (60 pM in apo At
ISCA1a/2). The resultant CD spectrum corresponds to [2Fe-2S]**-1ISCAla/2, but the CD intensity
indicates that only 20% of the original [2Fe-2S]?" clusters are present as [2Fe-2S]**-ISCAla/2,
Figures 2.7 and 2.13A. Since [4Fe-4S]>*-ISCA1a/2 has a negligible CD spectrum and the UV-
visible absorption spectra of the [4Fe-4S]%* and [2Fe-2S]?* cluster-bound forms of ISCAla/2 are
quite distinct, see above and Figure 2.7, absorption can be used to monitor formation of [4Fe-
4S)?*-ISCAla/2, see Figure 2.13B. As for the CD spectra, no further change in the absorption

spectra is observed after the first minute of reaction and the absorption spectrum quantitatively
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shows that the remaining 80% of the original [2Fe-2S]?* clusters are now present as [4Fe-4S]?*-
ISCAla/2. We conclude that [2Fe-2S]?* cluster transfer from [2Fe-2S]>*-GRXS15 to apo
ISCAla/2 is a very rapid reaction that results in 80:20 mixture of [4Fe-4S]** and [2Fe-2S]?*

cluster-bound ISCA1a/2.

Incorporation of clusters on At NFU4 and At NFU5 via cluster transfer from At ISCAla/2
and GRXS15: Cluster transfer experiments involving At [2Fe-2S]>*-GRXS15 and both [2Fe-2S]*
and [4Fe-4S]?* cluster-bound At ISCA1a/2 were carried out to assess the cluster donor for At NFU4
and NFU5. No cluster transfer was observed using either [2Fe-2S]?*-ISCAla/2 or [2Fe-2S]%-
GRXS15 as cluster donors for apo NFU4/5, as evidenced by no change in the [2Fe-2S]?*-1ISCA1a/2
or [2Fe-2S]**-GRXS15 CD spectra for 30 min after addition of a two-fold excess of apo NFU4 or
NFUS. In contrast, [4Fe-4S]?* cluster transfer from ISCAla/2 was shown to be effective for
incorporating [4Fe-4S]?* clusters in both NFU4 and NFUS5, see Figures 2.14 and 2.15. Similar
cluster transfer data was observed with NFU4 and NFUS5. Reconstituted ISCAla/2 containing 25%
[2Fe-2S]?*-ISCAla/2 and % [4Fe-4S]**-ISCAla/2 was used as the donor. Since [4Fe-4S]%*-
ISCAla/2 exhibits negligible visible CD, the CD spectrum of the donor arises solely from [2Fe-
2S]?*-1ISCAla/2, which will remain unchanged during [4Fe-4S]?* cluster transfer, as the above
results show that the [2Fe-2S]?* cluster on ISCAla/2 cannot be transferred to NFU4 or NFUS.
Anaerobic [4Fe-4S]?* cluster transfer from reconstituted ISCA1a/2 to DTT-pretreated apo NFU4
and NFU5 with a 1:1 donor:acceptor ratio was 80-90% complete after 20 min, see Figure 2.14A
and 2.15A. Percent cluster transfer was assessed by the difference in CD intensity at 326 and 362
nm (corrected for the contribution from [2Fe-2S]?*-ISCAla/2). Kinetic simulation for second-
order kinetics yielded a rate constant of 9.1 x 10° M~*min~! for NFU4 and 7.0 x 10® M~*min~? for

NFUS5, based on the initial concentrations of [4Fe-4S]%* clusters on ISCA1a/2 and the apo NFU4
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and NFUS dimers, see Figures 2.14B and 2.15B. Control studies showed no reaction for the reverse
cluster transfer indicating a unidirectional reaction and absorption studies showed no degradation
of the [4Fe-4S]?* cluster on ISCAla/2 in the absence of NFU4 or NFUS, over the time course of
the reaction, indicating intact cluster transfer.

In summary, we conclude that the rapid, quantitative, and unidirectional cluster transfer
from [4Fe-4S]?*-ISCAla/2 to NFU4 and NFUS is likely to be a physiologically relevant pathway
in plants. In addition, the results indicate that ISCAla/2 and not NFU4 or NFU5 are responsible
for [2Fe-2S]?*— [4Fe-4S]%* cluster conversions in late stage mitochondrial Fe-S cluster biogenesis
and suggest that NFU4 and NFUS5 are obligate [4Fe-4S]%* cluster trafficking proteins.

Activation of At ACO2 using cluster-loaded forms of At ISCAla/2, NFU4 and NFU5: The
ability of [4Fe-4S] cluster-loaded forms of ISCAla/2, NFU4 and NFU5 and [2Fe-2S] cluster-
loaded ISCAla/2 to effect maturation of apo mitochondrial aconitase, ACO2, was assessed by
monitoring aconitase activity as a function of time, after addition of a 3-fold excess of [4Fe-4S]**
clusters or a 6-fold excess of [2Fe-2S]?* clusters, see Figure 2.16. Very similar results were
observed for [4Fe-4S]-NFU4 and [4Fe-4S]-NFU5 and only the NFU5 data is shown in Figure 2.16.
Only the potential [4Fe-4S] cluster donors were effective in rapid restoration of aconitase activity,
with second order rate constants of 3.0 x 10* M—tmin~* for [4Fe-4S] cluster transfer from ISCAla/2
and 1.2 x 10* M~*min! for [4Fe-4S] cluster transfer from NFU4 and NFUS5. Both reactions are at
least 5 times faster than those observed under the same conditions with equivalent amounts of Fe*
and S ions, indicating that both are a consequence of intact cluster transfer rather than cluster
degradation and reassembly on ACO2. The negligible rate of restoration of aconitase activity using

[2Fe-2S]-ISCAla/2 indicates that consecutive [2Fe-2S]%* cluster transfers followed by in situ 2-
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electron reductive coupling is not a viable mechanism for maturation of the aconitase [4Fe-4S]
cluster.
Discussion

The in vitro results presented above provide new insights into the function and properties
At GRXS15, ISCAla/2 and NFUA4/5, which constitute the three major classes of late acting Fe-S
cluster carrier proteins in plant mitochondria. In particular, the results show the type of clusters
that can be incorporated and a scheme for interprotein cluster trafficking that incorporates a
mechanism for reductive [2Fe-2S]?* to [4Fe-4S]?* cluster conversion, see Figure 2.17.

In vivo and in vitro studies have identified mitochondrial and bacterial monothiol
glutaredoxins as primary or sole acceptors of [2Fe-2S]?* clusters assembled on U-type scaffold
proteins(15,16,56). In accord with this hypothesis, At GRXS15 plays a central role in plant
mitochondrial Fe-S cluster biogenesis and has recently been shown to be essential for plant growth
(20). Agrxs15 mutants were found to be embryo lethal in Arabidopsis and targeted mutations in
GRXS15 that diminished GSH and Fe-S cluster binding showed lower aconitase activity and a
dwarf phenotype. Interestingly, poplar grxs15 failed to complement the yeast Agrx5 mutant (43)
and At grxs15 only partially complements the yeast Agrx5 mutant (20). This suggests significant
structural differences in the mitochondrial monothiol glutaredoxins in plants compared to those in
yeast and humans and is consistent with the low amino acid similarity (33%) with yeast and human
mitochondrial monothiol glutaredoxins, see primary sequence comparisons in Figure 2.1. One
noteworthy primary sequence difference is the lack of second partially conserved cysteine in At
GRXS15. This cysteine forms a disulfide with the active site CGFS cysteine in apo yeast Grx5

(57) and is required for [4Fe-4S]?* cluster binding by yeast Grx5 in the absence of GSH (41). This
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provides rationalization of the observed inability of At GRXS15 to reconstitute an Fe-S cluster in
the absence of GSH, both in the presence of DTT or in samples pretreated with DTT.

Fe-S cluster reconstitution of apo At GRXS15 in the presence of GSH resulted in samples
containing a mixture of [2Fe-2S]%* and linear [3Fe-4S]** clusters. As noted previously, such cluster
mixtures are commonly found in as purified and reconstituted samples of monothiol glutaredoxins
(41). However, reconstituted At GRXS15 could be resolved into a pure [2Fe-2S]?* cluster-
containing fraction and a mixed [2Fe-2S]?* and linear [3Fe-4S]** cluster-containing fraction using
a Mono-Q column. This facilitated quantitative, CD-monitored cluster transfer studies between
[2Fe-2S]-GRXS16 and apo FDX1 which revealed a complete, intact and unidirectional [2Fe-2S]?
cluster transfer with a second order rate constant of 1.1 x 10* M~*min! at room temperature.
Hence, At GRXS15 is shown to be effective in [2Fe-2S] cluster trafficking and the maturation of
[2Fe-2S] cluster-containing proteins. This cluster transfer had been reported in a previous study
using native gels and CD spectroscopy (20). However, only qualitative data are reported in the
previous work and the observation that the CD spectrum of the cluster donor does not correspond

to [2Fe-2S]?* or linear [3Fe-4S]'* cluster-bound forms of At GRXS15 is major concern.

Mitochondrial ATC proteins in yeast (Isal and Isa2), human (ISCA1 and ISCA2), and
plant (ISCAla, ISCAlb, ISCA2) function in the maturation of [4Fe-4S]?* cluster-containing
proteins (8,19,21,25,26). However, the role of the plant ATC proteins is solely based on yeast
complementation studies, which showed that At ISCAla or ISCA1b rescued the growth defects of
Sc Alsal cells and that At ISCAZ2 rescued the growth defects of Sc Alsa2 cells, but not vice-versa.
Indeed, plant ATC proteins have never been purified and characterized prior to the work presented
herein. Co-expressed At ISCAla/2 purified as a stable heterodimer containing one [2Fe-2S]*

cluster, which can be converted to a form containing one [4Fe-4S]** cluster per heterodimer by
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anaerobic Fe-S cluster reconstitution. Moreover, the [4Fe-4S]?* cluster-bound At ISCAla/2
heterodimer was also formed via rapid [2Fe-2S]?* cluster transfer from At [2Fe-2S]-GRXS15 to
apo At ISCAla/2, in the absence of exogenous GSH or DTT. Since GRXS15 cannot bind a [4Fe-
4S)?* cluster, [4Fe-4S]?* cluster formation must involve the ISCAla/2 heterodimer acting as a
[4Fe-4S]?* cluster assembler complex. The observation that cluster transfer product is a 80:20
mixture of [4Fe-4S]-ISCAla/2 and [2Fe-2S]-ISCAla/2 heterodimers suggests that the first step
involves intact [2Fe-2S]?* cluster transfer from GRXS15 to form a [2Fe-2S]-ISCAla/2
heterodimer. The second step is likely to involve binding of [2Fe-2S]-GRXS15 to [2Fe-2S]-
ISCAla/2 resulting in two [2Fe-2S]?* clusters in close enough proximity for two-electron
reductive coupling, mediated by disulfide formation involving released cysteine or GSH ligands.
Two-electron reductive coupling of two [2Fe-2S]?* clusters to form a [4Fe-4S]?* has been well
established and rationalized for bacterial NlscA and IscU proteins using DTT and dithionite,
respectively as exogenous reducing agents (17,18). In addition, cluster transfer from human [2Fe-
2S]-GRXS5 to the apo human ISCAL/2 heterodimer also resulted in the formation of [4Fe-4S]-
ISCAL/2 in the presence of excess DTT and/or GSH, as assessed by the combination NMR, MS
and UV-visible absorption data (19). Hence, the results presented in this work add further support
to the proposed role of ISCA1/2 heterodimers as effectors of [2Fe-2S]?* to [4Fe-4S]?* cluster

conversions in mitochondrial Fe-S cluster biosynthesis.

Individually, NFU4 and NFU5 are redundant in plant mitochondria, but together they are
essential for seedling development (58). In addition, they both can rescue the growth defects of
the yeast nful mutant. NFUL in yeast and human cells has been shown to be important for the
maturation of lipoic acid synthase and subunits of respiratory complex | and Il (34,59,60). In

general, NFU proteins have emerged as a major class of Fe-S cluster carrier proteins capable of
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binding and trafficking [2Fe-2S]>* or [4Fe-4S]?* clusters that are bound by conserved CXXC
motifs at the subunit interface of a homodimer. This is well illustrated by our previous work on
chloroplastic At NFU2, which purifies as a [2Fe-2S]?* cluster-containing recombinant protein
when expressed in E. coli, and can be obtained in either a [2Fe-2S]?* or [4Fe-4S]?* cluster-bound
form via anaerobic reconstitution of the apo protein (31). [2Fe-2S]-NFU2 has been shown to be a
competent [2Fe-2S]?* cluster donor for GRXS16 and chloroplast ferredoxin (31,61), and [4Fe-4S]-
NFU2 was shown to be the likely physiological [4Fe-4S]?* cluster donor for adenosine 5'-
phosphosulfate reductase (31). However, as discussed below, [2Fe-2S] trafficking by NFU
proteins may be confined to the SUF systems for Fe-S cluster assembly in bacteria and plastids,
which function under higher levels of O».

The human and yeast mitochondrial NFU proteins involved with the ISC system for Fe-S
cluster assembly have been proposed to function exclusively as [4Fe-4S]?* cluster carrier proteins
based on both in vivo and in vitro evidence (5,32-35). This hypothesis has recently been challenged
in a series of five publications by Cowan and coworkers, which claim that human mitochondrial
NFUL1 is a [2Fe-2S]?* cluster carrier protein, based on inconclusive UV-visible absorption/CD and
EPR data (62-66). However, this interpretation is incorrect, based on our characterization of the
homologous mitochondrial At NFU4 and NFU5 as [4Fe-4S]?* cluster-carrier proteins. The UV-
visible absorption and CD of reconstituted At NFU4 and NFUS5 are essentially the same as those
reported for reconstituted human NFU1l (62). However, the resonance Raman spectra of
reconstituted At NFU4 and NFU5 and the EPR spectra of reduced samples, unambiguously
demonstrate that these absorption and CD attributes are indicative of a [4Fe-4S]?* cluster, not a
[2Fe-2S]?" cluster. Moreover, Mosshauer and NMR studies have also demonstrated that

reconstituted human NFU1 exclusively contains a [4Fe-4S]?* cluster (32,33). This reinterpretation
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necessitates a major reevaluation of the results and conclusions of Cowan and coworkers studies
of human NFU1 (62-66). The discovery that both NFU4 and NFUS5 are [4Fe-4S]?* cluster-binding
proteins, coupled with our inability to assemble a [2Fe-2S]?* cluster on At NFU4 and NFUS5, either
by reconstitution or cluster transfer from At [2Fe-2S]-ISCAla/2 or At [2Fe-2S]-GRXS15, is in
accord with the hypothesis that mitochondrial NFU proteins function in [4Fe-4S]%* cluster
trafficking. Nevertheless, we cannot rule out the possibility that [4Fe-4S]?* cluster assembly on
NFUA4/5 in plants can also occur via [2Fe-2S]?* cluster transfer from a GRXS15/BOLA complex,
as recently proposed for the formation of human mitochondrial [4Fe-4S]-NFU1 via [2Fe-2S]?*
clusters provided by a GLRX5/BOLA3 complex (67).

Cluster transfer studies also implicate [4Fe-4S]-ISCAla/2 as a viable and unidirectional
donor for incorporating [4Fe-4S]?* clusters on NFU4 and NFUS5. The second order rate constants
for intact [4Fe-4S]%* cluster transfer from [4Fe-4S]-ISCAla/2 to NFU4 and NFU5, 9.1 x 103
M-tmintand 7.0 x 10> M~Imin!, respectively, are potentially physiologically relevant. However,
these cluster transfers were performed in the absence of mitochondrial At IBA57.1. IBA57 has
been shown to form an essential functional complex with ISCA1/2 in yeast and human
mitochondria (21,25) and At IBA57.1 complements the Sc Alba57 mutant. While previous results
(19), and the results presented herein, argue against IBA57 playing a role in [4Fe-4S]?* cluster
assembly on ISCA1/2 heterodimers, IBA57 may be required for preventing oxidative degradation
of the assembled [4Fe-4S]%* cluster and/or facilitating [4Fe-4S]?* cluster transfer to client proteins.
Unfortunately, our inability to express At IBA57.1 as soluble protein has precluded in vitro

experiments to establish the function of At IBA57.1.

Do ISCA1la/2 heterodimers function solely as [4Fe-4S]?* cluster assembler proteins that

supply downstream [4Fe-4S]%* cluster-carrier proteins such as NFU4/5 or do they also function in
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terminal [4Fe-4S]%* cluster delivery to a subset of client enzymes? The in vitro cluster transfer
results presented in this work suggest that the latter is correct, based on the ability of [4Fe-4S]-
ISCAla/2 to effect rapid maturation of At ACO2 via intact cluster transfer (second order rate
constant of 3.0 x 10* M~tmin1), even in the absence of IBA57.1. In addition, [4Fe-4S]-NFU4 and
[4Fe-4S]-NFUS5 are shown to be viable alternative [4Fe-4S]?* cluster donors for At ACO2, albeit
with slightly lower rates of cluster transfer (second order rate constants of ~1.2 x 10* M~'min1).
This is consistent with the non-essential role of NFUL in yeast and human mitochondria, as
evidenced by partially defective Fe-S enzymes aconitase, succinate dehydrogenase, and lipoic acid
synthase, in cells lacking NFU1 (34,35,68). Our cluster transfer studies also support mitochondrial
aconitase maturation via intact [4Fe-4S]?* cluster transfer, rather than a mechanism involving
sequential transfer of two [2Fe-2S]?* clusters followed by in situ reductive coupling, as recently

proposed by Cowan and coworkers for human mitochondrial and cytosolic aconitase (66).
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Table 2.1: Fe-S stretching frequencies (cm™) and vibrational assignments for the [2Fe-2S]?*

clusters in A. thaliana ISCA1a/2, A. vinelandii NiflscA and S. oleracea ferredoxin

Assignments under S. oleracea 2Fe A. vinelandii At thaliana
D2n symmetry? Ferredoxin® Niflsc AP ISCA1la/2

Ba” 427 421 421

Ag° 395 396 398

Ba,” 367 358 368

B!, Bag' 357 345 352

A 338 338 334

B1g” 329 325 ~324

Ba.' 283 290 288

aSymmetry labels assuming idealized T4 symmetry for the Fe2S2°S4! core, where Fe-SP and

Fe-St indicate bridging and terminal stretching, respectively. *Taken from Ref (18).
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Table 2.2: Fe-S stretching frequencies (cm™) and vibrational assignments for the [4Fe-4S]?*

centers in C. pasterianum 8Fe Fd, C. pasterianum Nase Fe-protein, A. thaliana NFU4, and A.

thaliana NFU5

Assignments under T¢ | C. pasterianum | C. pasterianum | A.thaliana | A.thaliana
symmetry? 8Fe Ferredoxin® | Noase Fe-protein® NFU4 NFU5

Mainly Terminal v(Fe-S')

As 395 391 409 or 388 405 or 387

T2 363, 351 356 358 358
Mainly Bridging v(Fe-SP)

T2 380 391 388 387

As 338 335 338 338

E 298, 276 281 299, 288 299. 288

T1 276, 266 265 288, 277 288, 274

T2 251 248 252 252

aSymmetry labels assuming idealized T4 symmetry for the Fe4S4°S4! core, where Fe-SP and Fe-St

indicate bridging and terminal stretching, respectively.

bTaken from Ref. (52)

“Taken from Ref. (69)
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Figure 2.1: Primary sequence alignments of monothiol glutaredoxins from plant, yeast and human:
At GRXS15; Sc Grx5; Hs GLRX5. The sequence alignment was performed with MUSCLE.

Conserved amino acids are highlighted in blue.
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Figure 2.2: Amino acid sequence alignment of ISCAla, ISCA1b, and ISCA2 from A. thaliana,
Isal and Isa2 from S. cerevisiae, and ISCA1 and ISCA2 from H. sapiens. Conserved amino acid
positions are highlighted in blue and cysteines required for the Fe-S cluster incorporation are

indicated by asterisks.
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Figure 2.3: Schematic representations of domain structures of Nfu-type and IscU type proteins
from different organisms. IscU domains, with three conserved cysteine residues are presented by
dark pink boxes, Nfu domains with the CXXC motif are shown by teal boxes and 75is presented
by light blue box. Bacterial NfuA-type proteins have an N-terminal A-type carrier domain without
the conserved cluster-binding cysteine residues that is shown by a green box. Eukaryotic
mitochondrial, nuclear and cytosolic Nfu type proteins also have a unique N-terminal domain
shown by a brown box. Chloroplastic-type Nfu proteins have the extra C-terminal Nfu-type
domain lacking the active site cysteine residues that is shown by a purple box. The red and grey
bars represent mitochondrial and chloroplastic targeting sequences, respectively. Domain lengths
are not drawn to scale. Av, Azotobacter vinelandii; Ec, Escherichia coli; Sy, Synechocystis; At,
Arabidopsis thaliana; Sc, Saccharomyces cerevisiae; Hs, Homo sapiens. Adapted from reference

(16).
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Figure 2.4: UV-visible absorption and CD spectra of Fraction 1 (black line) and Fraction 2 (blue
line) of reconstituted At GRXS15 after purification using a Mono-Q column. Spectra were
recorded under anaerobic conditions in sealed 0.1 cm cuvettes in 100 mM Tris-HCI buffer with 5

mM GSH at pH 7.5. The € and A¢ values are based on concentration of At GRXS15 dimer.
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Figure 2.5: Room temperature UV-visible absorption and CD spectra of [2Fe-2S]?* cluster-bound

as isolated At FDX1. All € and Ag values were calculated based on the cluster concentrations.
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Figure 2.6: Gel electrophoresis of as purified, apo and reconstituted ISCA1a/2 samples. Proteins
were separated by 20 % SDS-PAGE and stained with Coomasie Brilliant blue. Lane M, molecular
mass standards, Lane 1, apo ISCAla/2, Lane 2, as purified ISCA1la, Lane 3, , as purified ISCA2,

Lane 4, as purified [2Fe-2S] cluster-bound ISCA1a/2, Lane 5, reconstituted [4Fe-4S] cluster bound

ISCAla/2
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Figure 2.7: Room temperature UV-visible absorption and CD spectra of [2Fe-2S]?* cluster-bound
as isolated At ISCAla/2 (black lines) and [4Fe-4S]?* cluster-bound reconstituted At ISCAla/2

(blue lines). All € and Ag values are based on ISCAla/2 heterodimer concentration.
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Figure 2.8: Resonance Raman spectra of [2Fe-2S]?* cluster-bound as isolated At ISCAla/2 using
458-nm and 488-nm laser excitation. The sample (~2 mM [2Fe-2S]?* clusters) in 100 mM Tris-
HCI buffer at pH 7.8 and was in the form of a frozen droplet at 17 K. The spectrum is the sum of
100 individual scans with each scan involving photon counting for 1 s at 0.5 cm™ increments with
7 cm* spectral resolution. Bands due to lattice modes of the frozen buffer solution have been

subtracted from both spectra.
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Figure 2.9: Room temperature UV-visible absorption spectra and CD spectra of At NFU4 (A) and
At NFU5 (B). Apo as purified At NFU4 and At NFU5 are shown as black lines and reconstituted

At NFU4 and At NFU5 are shown as blue lines). All € and Ag values are based on NFU4 and NFU5

protein monomer concentration.
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Figure 2.10: Comparison of the resonance Raman spectra of reconstituted At NFU4 and At NFU5
recorded at 17 K with 457.9-nm excitation. Each spectrum is the sum of 100 individual scans, with
each scan involving photon counting for 1 s at 0.5 cm™ increments, with 7 cm™ spectral resolution.

Bands due to frozen buffer solution have been subtracted from both spectra.
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Figure 2.11: The X-band EPR spectrum of reconstituted At NFU4 reduced with one reducing
equivalent of dithionite. The sample was reduced under anaerobic conditions by the addition of
one reducing equivalent of sodium dithionite, followed by rapid freezing in liquid nitrogen. EPR
conditions: microwave frequency, 9.60 GHz; microwave power, 10 mW; modulation amplitude,

0.63 mT; temperature, 10 K.
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Figure 2.12: Cluster transfer from At [2Fe-2S]>*-GRXS15 to apo At FDX1 monitored by CD
spectroscopy as a function of time. (A) CD spectra of the cluster transfer reaction mixture that was
initially 40 uM in GRXS15 [2Fe-2S]?* clusters and 40 pM in apo FDX1. The thick red line
corresponds to [2Fe-2S]?*-GRXS15 recorded before addition of apo FDX1. The thin grey lines
correspond to CD spectra recorded at 1, 3, 5, 8, 10, 13, 15, 17, 20, 22, 25, 27, 30, 32, 34, 37, 40,
45, 50, 56, 60, 69, 75, 86, 95, 101, 105, 110 and 120 min after the addition of apo FDX1. The thick
blue line corresponds to complete [2Fe-2S]?* cluster transfer to FDX1. The arrows indicate the
direction of intensity change with increasing time at selected wavelengths and Ae values were
calculated based on the initial concentration of [2Fe-2S]?* clusters. The cluster transfer reaction
was carried out under anaerobic conditions at room temperature in 100 mM Tris-HCI buffer at pH
7.8. (B) Kinetic simulation of cluster transfer from [2Fe-2S]?*-GRXS15 to apo FDX1 based on
second-order kinetics and the initial concentrations of [2Fe-2S]?* clusters on [2Fe-2S]?*-GRXS15
and of apo FDX1. Percent cluster transfer was assessed by CD intensity at 550 nm (black circles)

and simulated with a second-order rate constant of 1.1 x 10* M~*min-2,
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Figure 2.13: Cluster transfer from At [2Fe-2S]?*-GRXS15 to apo At ISCAla/2 monitored by UV-
visible absorption and CD spectroscopy as a function of time. A. The thick red line is the CD
spectrum of [2Fe-2S]?* cluster-bound GRXS15 before addition of apo At ISCA1a/2 to the reaction
mixture. The thin grey lines are CD spectra of the reaction mixture, GRXS15 (30 uM in [2Fe-
2S]?* clusters) mixed with DTT-pretreated apo ISCA1a/2 (60 uM), recorded at 1, 3, 5, 17, 20, 25,
28, 30, and 34 min after addition of apo ISCAla/2. The thick blue line corresponds to the final CD
spectra after 60 min. The arrows indicate the direction of change in CD intensity with time at
selected wavelengths and Ae values are based on the initial concentration of [2Fe-2S]?* clusters in
the reaction mixture. B. The thick red line is the absorption spectrum of [2Fe-2S]?* cluster-bound
GRXS15 before addition of apo At ISCAla/2 to the reaction mixture. The thick blue line
corresponds to the final absorption spectrum, 60 min after addition of apo At ISCAla/2 to the
reaction mixture. € values are based on the initial concentration of [2Fe-2S]?* clusters in the

reaction mixture.
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Figure 2.14: Cluster transfer from At [4Fe-4S]?*-ISCA1a/2 to apo At apo NFU4 monitored by CD
spectroscopy as a function of time. (A) CD spectra of the cluster transfer reaction mixture that was
initially 30 uM in ISCAla/2 [4Fe-4S]?* clusters and 60 UM in DTT-pretreated apo NFU4
monomer. The thick red line corresponds to [4Fe-4S]?*-1ISCAla/2 recorded before addition of apo
NFUA4 to the reaction mixture. The thin grey lines correspond to CD spectra recorded at 4, 7, 11,
20, 36, 40, 45, and 50 min after the addition of apo NFU4. The thick blue line corresponds to
complete [4Fe-4S]?* cluster transfer to NFU4. The arrows indicate the direction of intensity change
with increasing time at selected wavelengths and Ag values were calculated based on the initial
concentration of [4Fe-4S]?* clusters in the reaction mixture. The cluster transfer reaction was
carried out under anaerobic conditions at room temperature in 100 mM Tris-HCI buffer at pH 7.8.
(B) Kinetic simulation of cluster transfer from [4Fe-4S]?*-ISCAla/2 to apo NFU4 based on
second-order kinetics and the initial concentrations of [4Fe-4S]?* clusters on [4Fe-4S]%*-ISCAla/2
and of apo NFU4. Percent cluster transfer was assessed by the difference in CD intensity at 326
and 362 nm (black circles) and simulated with a second-order rate constant of 9.1 x 103 M~*min-?
(black line). The residual [2Fe-2S]?*-ISCAla/2 peak-to-trough CD intensity at 362 and 326 nm at
zero time was added on to each data point as there is no evidence for any [2Fe-2S]?* cluster

transfer.
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Figure 2.15: Cluster transfer from At [4Fe-4S]?*-ISCA1a/2 to apo At apo NFU5 monitored by CD
spectroscopy as a function of time. (A) CD spectra of the cluster transfer reaction mixture that was
initially 40 pM in ISCAla/2 [4Fe-4S]?* clusters and 80 uM in DTT-pretreated apo NFU5
monomer. The thick red line corresponds to [4Fe-4S]?*-1ISCAla/2 recorded before addition of apo
NFUS to the reaction mixture. The thin grey lines correspond to CD spectra recorded at 5, 9, 13,
18, 27, 40, and 60 min after the addition of apo NFU5. The thick blue line corresponds to complete
[4Fe-4S]?* cluster transfer to NFU5. The arrows indicate the direction of intensity change with
increasing time at selected wavelengths and Ae values were calculated based on the initial
concentration of [4Fe-4S]?* clusters in the reaction mixture. The cluster transfer reaction was
carried out under anaerobic conditions at room temperature in 100 mM Tris-HCI buffer at pH 7.8.
(B) Kinetic simulation of cluster transfer from [4Fe-4S]?*-ISCAla/2 to apo NFU5 based on
second-order kinetics and the initial concentrations of [4Fe-4S]?* clusters on [4Fe-4S]%*-ISCAla/2
and of apo NFUS. Percent cluster transfer was assessed by the difference in CD intensity at 326
and 362 nm (black circles) and simulated with a second-order rate constant of 7.0 x 103 M~*min-?
(black dots). The residual [2Fe-2S]?*-ISCA1a/2 peak-to-trough CD intensity at 362 and 326 nm at
zero time was added on to each data point, as there is no evidence for any [2Fe-2S]?* cluster

transfer.
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Figure 2.16: Activation of apo ACO2 using [4Fe-4S] cluster-bound ISCAla/2 (red data), [4Fe-4S]
cluster-bound NFU5 (black data), and [2Fe-2S] cluster-bound ISCAla/2 (blue data). Apo ACO2
(2.4 uM) was incubated with [4Fe-4S] cluster loaded 1SCala/2 or NFU5 (both 7.4 uM in [4Fe-4S]
clusters) and [2Fe-2S] cluster-loaded ISCAla/2 (14.5 uM in [2Fe-2S]?* clusters) at room
temperature under anaerobic conditions. 10 pL aliquots of the reaction mixture were removed at
selected time points and assayed immediately for aconitase activity. Residual 2.1aconitase activity
of apo ACO?2, in the absence of a cluster donor, was assessed and subtracted from all measured
activities. Aconitase specific activity as a function of incubation time with the cluster donor are
expressed as a percentage of the maximal specific activity of [4Fe-4S]** cluster-replete ACO2.
Solid lines are best fits to second order kinetics, with the indicated rate constants, k, based on the
initial concentrations of apo ACO2 and [4Fe-4S]?* clusters on ISCA1a/2 or NFU5 and half the

initial [2Fe-2S]?* cluster concentration of [2Fe-2S]- ISCAla/2.
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Figure 2.17: Proposed scheme for interprotein cluster trafficking in the late steps of mitochondrial

ISC machinery based on the results presented in this work.
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CHAPTER 3

PLASTIDIAL Fe-S CLUSTER ASSEMBLY IN ARABIDOPSIS THALIANA:
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Abbreviations: At, Arabidopsis thaliana; Av, Azotobacter vinelandii; Syn, Synechococcus; PSI,
photosystem I; HCF101, high chlorophyll fluorescence; Grx, glutaredoxin; FTR, ferredoxin
thioredoxin reductase; SAM, radical-S-adenosylmethionine; Fdx, ferredoxin; APR, adenosine 5'-
phosphosulfate reductase; NIR, nitrite reductase; Fe-S clusters, iron-sulfur clusters; CD, circular
dichroism; RR, resonance Raman; EPR, electron paramagnetic resonance, DTT, dithiothreitol;
IPTG, isopropyl 1-thio-B-D-galactopyranoside; FAS, ferrous ammonium sulfate; PMSF,
phenylmethanesulfonyl fluoride; GSH, reduced glutathione; EDTA, ethylenediaminetetraacetic

acid disodium salt; SDS-PAGE, dodecyl sulfate polyacrylamide gel electrophoresis
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Abstract

Maturation of Fe-S cluster containing proteins in plastids depends on a complex machinery,
named the SUF (Sulfur Utilization Factor) system, which is utilized in the oxygen-rich cellular
environments of cyanobacteria and plant chloroplasts. The SUF system uses NFU1, NFU2, NFU3
and HCF101 as late acting proteins for the maturation of [4Fe-4S] clusters in PSI. However, the
mechanisms of [4Fe-4S] cluster trafficking and insertion into target plastidial proteins are currently
unknown. This work focused on investigating cluster transfer interactions involving NFU2,
HCF101, and PSAC. Since relatively little has been reported about the properties of HCF101 in
the literature, we first present spectroscopic characterization of HCF101, using UV-visible
absorption/CD, resonance Raman and EPR, before demonstrating that NFU2 acts upstream of
HCF101 for PSI [4Fe-4S] cluster assembly. Plastidial HCF101 was shown to contain a sub-
stoichiometric mixture of [4Fe-4S]?* and linear [3Fe-4S]** cluster as purified under anaerobic
conditions. However, as-purified HCF101 was converted to a form containing one [4Fe-4S]?*
cluster per monomer after anaerobic Fe-S cluster reconstitution. Nevertheless, the high affinity of
HCF101 for binding linear [3Fe-4S]** clusters is evident by the observation that [4Fe-4S]?* cluster
transfer from NFU2 to apo HCF101 is a very rapid and unidirectional process, resulting in transient
[4Fe-4S]-HCF101, that gradually decays with time to yield linear [3Fe-4S]** cluster-bound
HCF101. These results, coupled with observation that linear [3Fe-4S]** cluster-bound HCF101 is
rapidly converted into [4Fe-4S]-HCF101 on addition of Fe?* ions under anaerobic conditions, raise
the possibility that that both cluster-bound forms of HCF101 may be present in plastids under dark

and light conditions.
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Introduction

In plants, iron is present in prosthetic groups, such as heme or iron-sulfur (Fe-S) clusters.
Essential metabolic processes in cells, such as photosynthesis and respiration, rely heavily on Fe-
S clusters. Other metabolic and cellular pathways in the chloroplast, specifically nitrogen and
sulfur assimilation, carbon fixation, chlorophyll catabolism, tRNA thio-modification, lipoic acid
synthesis, and thiamine synthesis, also depend on Fe-S proteins (1-3). There are three machineries
in plants required for the maturation of plastidial, mitochondrial, and cytosolic/nuclear Fe-S
proteins, namely the SUF (sulfur utilization factor), ISC (iron sulfur cluster assembly), and CIA
(cytosolic iron-sulfur cluster assembly), respectively (4). In bacteria, the SUF system generally
plays a backup role only operative under the conditions of iron limitation or oxidative stress (5,6).
However, it is the primary system in the more oxygen-rich cellular environments of cyanobacteria
and plant chloroplasts (5,7). The SUF machinery in plant plastids has been inherited from bacteria,
and the E. coli SUF system has been extensively studied. Consequently, analogies to the E. coli

SUF system are used below to understand the plastidial SUF system.

The SUF system can be separated into two steps; the first step is the assembly of a Fe-S
cluster on a scaffold complex by cysteine desulfurase and sulfurtransferase (8). The second step is
the delivery of that cluster to plastidial target apo proteins with the help of transfer/carrier proteins.
Prior research has established the SUFBC,D complex as the scaffold for Fe-S cluster assembly in
the plastidial SUF system (9,10). To assemble a Fe-S cluster on the scaffold SUFBC>D complex,
S is extracted from cysteine by pyridoxal-L-phosphate (PLP) dependent cysteine desulfurase
NFS2, an ortholog of bacterial cysteine desulfurase SufS (11). The released sulfane S (S°) forms a
persulfide group on the catalytic cysteine of cysteine desulfurase (12). The transfer of sulfane (S°)

to scaffold proteins is impeded by the presence of a B-hairpin near the catalytic cysteine, which
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limits the accessibility of the persulfide group (13,14). Therefore, an additional protein functions
as a sulfurtransferase, to accept sulfane (S°) from cysteine desulfurase before transferring it to a
cysteine on the scaffold complex. In Arabidopsis thaliana, there are three sulfurtransferase
proteins: SUFEL, SUFE2, and SUFE3 (15). The reason behind the existence of three isoforms of
SUFE is likely to be their different expression patterns, as SUFE2 is expressed in pollen while
SUFE1 and SUFE3 are expressed in vegetative tissues (15). The presence of two different domains
in SUFEL and SUFE3 might be another reason for the presence of three SUFE isoforms. SUFE2
and SUFE3 are only targeted to plastids, but their specific roles have yet to be determined. SUFE1
targeted to both plastids and mitochondria, has a C-terminal BOLA domain (16,17) and recent in
vivo and in vitro studies have shown that the BOLA domain helps SUFEL interact with monothiol
glutaredoxin (GRXs) (18). Knock out studies of At SUFE1 concluded that SUFEL is essential for
embryo development (16,17). Furthermore, in vitro studies have demonstrated that At SUFE1 can
activate plastid-targeted NFS2 and mitochondria-targeted NFS1, findings that prove the necessity
of SUFEL for Fe-S cluster assembly in plastids and mitochondria (16,17). SUFE3 has a C-terminal
quinolinate synthase (NadA domain) in addition to a SUFE domain, and SUFE2 only has a SUFE
domain (15). While the phenotypes of AsufE2 have not been reported yet, AsufE3 mutants are

embryo lethal, indicating that SUFE3 is also an essential protein (15).

In E. coli and in A. thaliana, the scaffold complex is composed of three proteins, SUFB,
SUFC, and SUFD in a 1:2:1 stoichiometry (SUFBC:D) (9,19). Fe-S cluster formation occurs on
SUFB, but all three proteins are required for Fe-S cluster assembly in vivo (10). In E. coli, both
[4Fe-4S] and [2Fe-2S] clusters can be assembled on SufB in vitro. The expression of At SUFB and
At SUFC can complement the growth defects of E. coli A4sufB and AsufC mutants (20). The loss of

SufC or both SufC and SufD reduced the in vivo formation of Fe-S clusters on SufB, indicating
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that SufC and SufD are both required for in vivo Fe-S cluster formation on SufB (9). In addition,
while SufD participates in both embryogenesis and more general house-keeping role such as
chlorophyll biosynthesis and chloroplast development, SufB and SufC only function in
embryogenesis (21). The SUFBC;D complex is purified with a reduced flavin-adenine
dinucleotide (FADH>) molecule, and it is now believed that FADH, plays an important role in Fe-
S cluster assembly by producing reducing equivalents for the reduction of ferric iron (10,22). The
source of iron for SUF machinery, however, is still unknown. Initially it was believed that ferritin
is the Fe donor, but no phenotype was observed in ferritin mutants, suggesting that ferritin is not
the Fe source (23). Recently, it has been reported that frataxin (FH) is not only located in
mitochondria, but also targeted to plastids, raising the possibility that FH is a candidate for Fe
delivery (24). FH-deficient plants show decreased levels of chlorophyll and heme content, as well
as lower nitrite reductase (NIR) activity, conditions that point to FH as a likely Fe donor (25).

However, more evidence is needed to support this hypothesis.

The Fe-S cluster formed on SufBC:D is delivered to target apo proteins directly or
indirectly via carrier proteins (26,27). The mechanisms of cluster trafficking in SUF machinery
are not well established compared to ISC machinery. In the bacterial SUF system, glutaredoxin 4
(Grx4), Mrp (member of the Fe-S cluster-containing p-loop NTPase superfamily), Ygfz (IBA57
homolog) , ErpA, and NfuA are likely to play important roles for the late steps of Fe-S maturation,
(see Table 3.1 for a list of plastidial Fe-S cluster assembly proteins in Arabidopsis thaliana and
their bacterial relatives) (28). Mitochondrial At GRXS15, the primary transfer protein, receives a
[2Fe-2S] cluster from scaffold ISCU proteins (29). [2Fe-2S]-GRXS15 directly transfers the [2Fe-
2S] cluster or converts it into a [4Fe-4S] cluster on heterodimeric ISCA-type proteins. This step is

followed by the insertion of a [4Fe-4S] cluster into target apo proteins (discussed in chapter 2)
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with the help of NFU, BOLA, or IND1/INDH proteins. IND1 and INDH are members of the Fe-
S cluster-containing p-loop NTPases superfamily. GRXS14 and GRXS16 are localized in plant
plastids, and both GRXs can complement the yeast Agrx5 mutant (30). Agrxs/4 mutants and
Agrxs16 mutants separately, do not have any phenotypes under standard conditions (31); however,
deletion of GRXS14 and GRXS16 together causes retarded plant growth, indicating the non-
essential roles of GRXS14 and GRXS16. GRXS14 binds a [2Fe-2S] cluster at the subunit interface
of a homodimer and can transfer intact [2Fe-2S] clusters to apo ferredoxin (30) and also to SUFA1
(32) at a rapid rate. The unidirectional cluster transfer from GRXS14 to SUFA1 suggests that
GRXS14 might act upstream of SUFAL in [2Fe-2S] cluster trafficking in vivo. (33). It has been
shown that GRXS16 can bind [2Fe-2S] and [4Fe-4S] clusters, and [4Fe-4S] cluster-bound
GRXS16 can transfer a [4Fe-4S] cluster to apo NFU2 (S. Subramanian and M.K. Johnson,
unpublished results). This unidirectional cluster transfer suggests that GRXS16 might be involved

with [4Fe-4S] cluster trafficking in plastids.

A-type carrier proteins play important roles in the maturation of Fe-S clusters in different
organisms. A-type proteins (e.g., IscA, SufA, and ErpA) in bacteria and ISCA proteins in
mitochondria are essential for [4Fe-4S] cluster maturation (34). Plastids only have one A-type
carrier protein, SUFAL (previously known as CpISCA) (35,36). SUFAL can bind a [2Fe-2S]
cluster at the dimer interface upon cluster reconstitution in vitro (32,36). Although SUFA proteins
can interact with the scaffold protein and promote the maturation of apo FDX, AsufAl mutants
show no phenotype under standard growth conditions, which suggests SUFA1 might not be
essential for SUF machinery (37). It is likely that SUFAL acts as a backup carrier for [2Fe-2S]
clusters under stress conditions. ISCA and IBA57 from yeast and human mitochondria form a

complex, which is important for the maturation of homoaconitase, aconitase, biotin synthase,
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lipoic acid synthase, and radical-S-adenosylmethionine (SAM) proteins (38,39). There are two
isoforms of IBA57 in plants, IBA57.1 located in mitochondria and IBA57.2 located in plastids and
both of them can complement the E. coli ortholog AygfZ mutant (40,41). The exact function of

IBA57, however, is still unknown.

HCF101 (high chlorophyll fluorescence 101) belongs to the ancient and ubiquitously
distributed protein family of soluble, [4Fe-4S] cluster-containing, P-loop NTPases (42). There are
four classes of P-loop NTPase family and they all play important roles in Fe-S cluster assembly
pathways. Proteins of this family share a highly conserved p-loop NTPase sequence and are present
in bacteria as well as eukaryotic plastids, mitochondria, and cytosol, see Figure 3.1 (42). HCF101
and eubacterial ApbC belong to class | of the P-loop NTPase family. Salmonella enterica ApbC,
has C-terminal CXXC Fe-S cluster binding motif and is involved in the thiamine biosynthetic
pathway for the maturation of Fe-S proteins (43-45). Ind1, a mitochondrial protein involved in the
maturation of Fe-S centers in NADH dehydrogenase, is a member of class Il, and has a C-terminal
CXXCXXC Fe-S cluster binding motif (46). Class Ill member, Sc Nbp35 (nucleotide-binding
protein 35) is in cytosolic protein that binds [4Fe-4S] clusters at both N- and C-termini using
CXXCXXXXC and CXXC motifs, respectively (47). Class IV member, Sc Cfd1 (cytosolic iron-
sulfur cluster deficient protein 1) binds a [4Fe-4S] cluster at the subunit interface of the homodimer
using the first two cysteines of the C-terminal CXXCXXC motif (48,49). Cfdl forms a stable
complex with Nbp35 and Cfd1-Nbp35 complex acts as a novel scaffold in eukaryotic cytosolic

Fe-S cluster assembly (50,51).

Based on the close analogy with other Fe-S cluster-containing nucleotide-binding proteins,
such the nitrogenase Fe protein and the recent crystal structure of [4Fe-4S] cluster-bound

Cfd1(49), it seems likely that members of P-loop NTPase family also bind exposed [4Fe-4S]
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clusters at the subunit interface of homodimers or heterodimers using C-terminal CXXC motifs
(44,46,51,52). However, HCF101 lacks the Fe-S cluster binding motif CXXC, which makes
HCF101 very different type of Fe-S binding protein from other members of P-loop NTPase family.
Nevertheless, the A4hcf101 mutant is seedling lethal due to decreased amount of PS1 [4Fe-4S]
proteins, PsaA, PsaB, PsaC and ferredoxin-thioredoxin reductase (FTR) which uses a [4Fe-4S]
cluster to cleave disulfides in two sequential one-electron steps (42,53,54). However, amounts of
[2Fe-2S] containing proteins Fdx and PetC are not affected in 4hcf101 mutants; thus, HCF101

seems to be involved in the maturation of [4Fe-4S] clusters, not [2Fe-2S] clusters (53).

The ubiquitous NFU proteins bind [4Fe-4S] clusters and in some cases [2Fe-2S] clusters
at the subunit interface of homodimers using CXXC motifs and are involved with Fe-S cluster
trafficking and maturation of Fe-S clusters on target proteins. There are five NFU proteins in
Arabidopsis thaliana: NFU1, NFU2, and NFU3 are present in plastid, whereas NFU4 and NFU5
are localized in mitochondria (55,56). Plastid NFU1/2/3 are composed of two domains with the
cluster-binding CXXC motif in the N-terminal domain (55,57). NFU1 only binds [4Fe-4S] clusters
and targets a specific subset of [4Fe-4S] cluster containing client proteins (58) . In contrast, NFU2
binds and traffics both [2Fe-2S] and [4Fe-4S] cluster, and the cluster-binding properties of NFU3
have yet to be fully explored. Mitochondrial NFU4/5 proteins are also bimodular proteins, but with
the cluster-binding CXXC motif in the C-terminal domain (55,59), and they function exclusively
in [4Fe-4S] trafficking and maturation of specific target proteins. The roles of the non-cluster
binding domains have yet to fully explored but are most likely involved in determining the

specificity of cluster transfers reactions.

Although NFU proteins are essential in human and in Synechococcus, they are only

required under specific conditions in Azotobacter vinelandii, E. coli, and Saccharomyces
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cerevisiae (60,61). For example, in oxygen-rich conditions, the Anfu4 mutant in A. vinelandii is
lethal (61-63). In A. thaliana, Anfu2 and Anfu3 mutants present a dwarf phenotype due to the
impairment of PSI resulting in deficient photosynthesis (56,64). Deficient photosynthesis is further
explained by defects in the maturation of the three PS1 [4Fe-4S] clusters assembled in PsaA, PsaB
and PsaC subunits. Ultimately, NFU2 and NFU3 might have overlapping contributions as the
double Anfu2-Anfu3 mutant is lethal (65). In addition, NFU2 has been shown to rapidly transfer
[2Fe-2S] clusters to plant ferredoxin(56,66) and dihydroxyacid dehydrogenase, a key enzyme in
branched chain amino acid biosynthesis (67,68) to rapidly transfer [4Fe-4S] clusters to adenosine
5-phosphosulfate reductase, APR1, a key enzyme in sulfur assimilation mechanism in plants (57).
Even though Arabidopsis nfu2 and nfu3 mutants have a PSI defect, plants show a much milder
phenotype than hcf101 mutant plants (69). In contrast. Arabidopsis nful mutants exhibited no

phenotype when grown under standard conditions (58,69).

At NFU2 and At HCF101 are both required for the maturation of Fe-S clusters in PSI, but
their potential connection has not been investigated in vitro. Our working model for the SUF
machinery in plastids is that NFU2 accepts clusters from the SUFBC,D scaffold complex and then
delivers them to HCF101 for the maturation of the three [4Fe-4S] clusters in PS1. Since relatively
little has been reported about the properties of HCF101 in the literature, we first present
spectroscopic characterization of HCF101, using UV-visible absorption/CD, resonance Raman
and EPR, before demonstrating that NFU2 acts upstream of HCF101 for PSI [4Fe-4S] cluster

assembly.

Experimental Procedures

All the chemicals and materials were purchased from commercial suppliers (Fisher

Scientific, Sigma-Alrich Chemical Co, and GE Healthcare/Invitrogen) at Bio grade and were used
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without any further treatment unless otherwise stated. Preparation and handling of anaerobic
samples for spectroscopic studies and cluster transfer experiments were carried out inside a

Vacuum Atmosphere glove box under argon atmosphere with an oxygen level lower than 2 ppm.

The plasmids for overexpression of Arabidopsis thaliana HCF101 and NFU2 were
provided by Dr. Nicolas Rouhier (Université de Lorraine, Nancy, France). The plasmid for
overexpression of Synechococcus sp PC 7002 was provided by Dr. John Golbeck (Penn State
University, Pennsylvania). Nucleotide sequencing of these proteins was performed by the
University of Georgia Genomics Facility. At NFU2 was heterologously expressed as a non-His-
tagged protein in E. coli, and purified and reconstituted according to previously published

procedures (57).

Overexpression and purification of His-tagged HCF101: Recombinant His-tagged
HCF101 was expressed in E. coli BL21 (DE3) strain. Colonies containing HCF101 were grown in
LB media at 37 °C and protein overexpression was induced at exponential phase with isopropyl 1-
thio-p-D-galactopyranoside (IPTG) to a final concentration of 100 pg/mL. The bacterial culture
was further allowed to cultivate at 37 °C for 4-5 hours. The brown cells were harvested by
centrifugation at 6690 x g at 4 °C and stored at -80 °C for later use. 30 g of cell paste containing
overexpressed HCF101 were thawed and resuspended in 50 mL of (100 mM Tris-HCI, pH 7.8)
buffer A containing 150 pg/mL PMSF, 2 mU/mL DNase (Roche), and 0.5 pg/mL RNase (Roche)
and lysed by intermittent anaerobic sonication on ice. After breaking the cells, soluble and
insoluble fractions were separated by centrifugation at 39800 x g at 4 °C for 2.5 hours. The brown
supernatant containing At HCF101 was loaded onto 5x5-mL His-Trap HP columns (GE
Healthcare) previously equilibrated with binding buffer (100 mM Tris-HCI, pH 7.8, containing 0.5

M NaCl and 20 mM imidazole). The column was washed with 10 column volumes of binding
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buffer before the protein of interest was eluted with a 20-500 mM imidazole gradient. Fractions
containing HCF101, determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS PAGE), were pooled and concentrated using Amicon ultrafiltration with a 30-kDa MW
membrane. Excess imidazole was removed by loading concentrated HCF101 onto a 25 mL
desalting column. estimated by SDS-PAGE. Apo HCF101 was prepared by incubating as isolated
samples with a 50-fold excess of EDTA and a 20-fold excess of potassium ferricyanide for 90
minutes followed by anaerobic purification with desalting columns to remove residual iron and

sulfide.

IscS mediated reconstitution of At HCF101: In order to enhance the cluster content, as
purified HCF101 was chemically reconstituted by incubating it with 6-fold excess of ferrous
ammonium sulfate (FAS), 12-fold excess of L-cysteine, and catalytic amount of IscS under strictly
anaerobic conditions for approximately 3.5 hours. The reaction was monitored using UV-visible
absorption and CD spectroscopy. The reconstitution mixture was loaded onto 3 in-line assembled 5
mL HiTrap Q Sepharose HP columns (GE Healthcare) and a single fraction containing predominantly

[4Fe-4S] cluster-bound HCF101 was eluted under an increasing NaCl gradient.

Overexpression and aerobic purification of Syn PsaC: Synechococcus sp PC 7002, PsaC
was overexpressed in E.coli strain BL21 (DE3) and purified from 6L grown according to the
published procedure (70). Cells containing the overexpressed protein were broken by aerobic
sonication, and the brown inclusion bodies were collected by centrifugation. The inclusion bodies
were then washed by repetitive centrifugation with a 10% sucrose solution in TS buffer (50 mM
Tris-HCI, pH = 8.0). Inclusion bodies were solubilized in TS buffer containing 6.5 M urea and 2
mM DTT for 1 hour at room temperature. The solubilized PsaC was purified using 3 in-line

assembled 5 mL HiTrap Q Sepharose HP columns in TS buffer containing 6.5 M urea and 2 mM
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DTT under aerobic conditions and the fractions containing PsaC were concentrated using an

Amicon ultrafiltration unit equipped with a 5 kDa MW membrane.

Anaerobic reconstitution of Syn PsaC: Denatured PsaC was reconstituted anaerobically
with the addition of FeClzand NazS in the presence of 1% mercaptoethanol. After incubating the
reconstitution mixture anaerobically in darkness for 16 hours, it was washed repetitively with 50
mM Tris-HCI buffer and concentrated using an Amicon ultrafiltration unit equipped with a 5 kDa
MW membrane. For further purification of holo PsaC, the reconstitution mixture was applied to 2
in-line assembled 5 mL HiTrap Q Sepharose HP columns equilibrated with 25 mM sodium
phosphate buffer, pH 7.92, with 0.1% mercaptoethanol, under anaerobic conditions. The yellow-
brown protein solution was collected and concentrated to a volume of 2 mL. Holo PsaC was

characterized using UV-vis absorption, CD, and EPR spectroscopy.

Analytical and spectroscopic methods: Protein concentrations were determined by the DC
protein assay (Bio-Rad) using bovine serum albumin (Roche) as a standard (71). Iron
concentrations were determined colorimetrically using bathophenanthroline under reducing
conditions after digesting proteins in 0.8% KMnO4/0.2 M HCI (72). A standard curve was

constructed from a series of dilutions of a 1000 ppm atomic absorption iron standard.

All spectroscopic studies and cluster transfer experiments were carried out inside a
Vacuum Atmosphere glove box under argon atmosphere with an oxygen level lower than 2 ppm.
UV-visible absorption spectra were recorded in sealed quartz cuvettes at room temperature using
a Shimadzu-3101PC spectrophotometer. CD spectra were recorded in sealed quartz cuvettes using
a Jasco J-715 spectropolarimeter. Resonance Raman samples were in the form of an 18-uL frozen
droplet mounted on the cold finger of an Air Products Displex Model CSA-202E closed-cycle

refrigerator (Air Products, Allentown, PA), and resonance Raman spectra were recorded using an
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Instrument SA Ramanor U1000 scanning spectrometer coupled with a Coherent Sabre argon ion
laser. The spectra were recorded with 0.5 cm™ increments at 7 cm™ resolution, and each spectrum
consisted of 80-120 scans. X-band (~9.6 GHz) EPR spectra were recorded using a Bruker ESP-
300E EPR spectrometer equipped with a dual-mode ER-4116 cavity and an Oxford Instruments
ESR-9 flow cryostat. Spin quantifications of S = 1/2 resonances were carried out under non-

saturating conditions using a 1 mM CuEDTA standard.

Cluster transfer from [4Fe-4S] cluster-bound At NFU2 to apo At HCF101: The cluster
transfer reaction was initiated by the addition of DTT-pretreated apo HCF101 (140 uM) to NFU2
(70 UM in [4Fe-4S] clusters), under anaerobic conditions. As HCF101 is a member of P-loop
NTPase family, we also repeated the cluster transfer experiment in the presence of 40 mM MgCl.,
150 mM KCI, and 2 mM ADP. The time course for the cluster transfer was monitored by UV-
visible absorption and CD spectroscopy at room temperature using a septum-sealed 1-cm cuvette.
The reverse cluster transfer from [4Fe-4S]-HCF101 (70 uM in [4Fe-4S] clusters) to apo NFU2
(140 pM in monomer) was also monitored under anaerobic conditions using CD spectroscopy at

room temperature using a 1-cm cuvette.

Cluster transfer from [4Fe-4S] cluster-bound At NFU2 to apo Syn PsaC: Apo PsaC was
obtained by incubation with 50-fold excess of EDTA and 20-fold excess of potassium ferricyanide
followed by repeated washes with 50 mM Tris-HCI buffer, pH 8.0, in the presence of 6.5 M urea.
Apo PsaC was renatured by rapid dilution in 50 mM Tris-HCI buffer, pH 8.0, for cluster transfer
experiments in which apo PsaC (40 uM) was added to NFU2 (70 uM in [4Fe-4S] cluster) in 50
mM Tris-HCI buffer, pH 8.0, with 5 mM DTT and 1 M urea. The reaction was initiated by the
addition of apo PsaC and the cluster transfer was monitored using UV-visible absorption and CD

spectroscopy at room temperature using a 1-cm cuvette.
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Results

Nature and properties of cluster-bound forms of A. thaliana HCF101: Anaerobically
purified recombinant At HCF101 contained 1.6 £ 0.4 Fe/monomer and exhibited a UV-visible
absorption spectrum with broad shoulders at 330, 420 and 600 nm, see Figure 3.2 (black lines).
While the 330 and 420 nm bands are indicative of a [4Fe-4S]?* or [2Fe-2S]%* cluster, the 600 nm
band is indicative of a linear [3Fe-4S]** cluster (73). The presence of paramagnetic S = 5/2 linear
[3Fe-4S]** clusters was confirmed by EPR, which shows a rhombic (E/D ~ 0.33) S = 5/2 species
with a near-isotropic resonance at g = 4.30 with a very broad absorption-shaped low-field
resonance spanning g = 9.6-6.2, see Figure 3.3A. This type of broad low-field resonance is
uniquely indicative of a S = 5/2 linear [3Fe-4S]** cluster and has been attributed to distributed axial
(D) and rhombic (E) zero-field splitting parameters resulting from inhomogeneity in the magnetic
interactions in frozen solution(74-76). In addition to the S = 5/2 linear [3Fe-4S]'* cluster, as
purified HCF101 also has a fast relaxing, nearly-isotropic S = 1/2 EPR g = 2.02 signal that is only
observed without broadening below 30 K, see Figure 3.3A. This resonance is characteristic of a S
= 1/2 cubane [3Fe-4S]** cluster (77) and spin quantitation indicates that it is a minor component
accounting for < 0.05 spins/monomer. It is not possible to reliably quantify the linear [3Fe-4S]**
cluster EPR signal, but the fact that is 600 nm band is clearly observable in the UV-visible

spectrum indicates that it is significant component.

In order to enhance the cluster content, as purified HCF101 was chemically reconstituted
by incubating with a 6-fold excess of ferrous ammonium sulfate (FAS), 12-fold excess of L-
cysteine, and a catalytic amount of IscS under strictly anaerobic condition for approximately 3.5
hours. After repurifying using a Q Sepharose column, reconstituted HCF101 showed only broad

shoulders 320 at 420 nm (Figure 3.2 blue lines) and the intensity relative to the protein band at 280
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nm increased compared with the as purified protein (Figure 3.2). The loss of the band around 600
nm indicates the loss of the linear [3Fe-4S]** cluster and the e420 = 14 M*tcm™ coupled with the
analytical data which indicate 3.6 + 0.3 Fe/monomer indicate that reconstituted HCF101 contains
approximately one [4Fe-4S]** per monomer. Reconstituted HCF101 has a weak visible CD
spectrum that is similar to the as purified sample, except in the 600 nm region, where the linear
[3Fe-4S]** dominates the absorption spectrum, suggesting that the linear [3Fe-4S]'* cluster is
minor contributor to the CD spectrum of as purified sample in the 300-500 nm region. (Figure

3.2). Altogether, these results indicate HCF101 can bind one [4Fe-4S] cluster per monomer.

Reconstituted samples were also investigated by EPR and resonance Raman spectroscopy
to investigate the ground state and vibrational properties of the [4Fe-4S]>** cluster in HCF101.
Reconstituted HCF101 has negligible EPR intensity indicative of S = 0 [4Fe-4S]?* cluster.
Reduction with dithionite gives a broad axial S = 1/2 EPR signal, g = 2.02 and g. = 1.93 that
accounts for 0.1 spins/monomer, see Figure 3.4, even though the absorption spectrum indicates
complete reduction. Consequently, the low field region of the EPR spectrum was investigated,
revealing a broad signal at g = 5.3, indicative of an S = 3/2 [4Fe-4S]'* cluster, see Figure 3.4.
Hence, the [4Fe-4S]** cluster ground state in dithionite-reduced reconstituted HCF101 is
heterogeneous in frozen solution with a dominant S = 3/2 form and a minor S = 1/2 form. A similar
situation is observed for many biological [4Fe-4S]** clusters, and is particularly prevalent in

clusters with one non-cysteinyl ligand (78).

Resonance Raman spectroscopy provides important information on cluster type and the
nature of the coordination environment, because each type of cluster has a distinct spectrum and
the vibrational frequencies are often depend on the nature of cluster ligands. The vibrational

properties of the [4Fe-4S]?* cluster in HCF101 in the Fe-S stretching region (240-450 cm™) were
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determined using 457.9 nm laser excitation, see Figure 3.5. The spectrum is uniquely indicative
of a [4Fe-4S]%* cluster and the frequency of the intense totally symmetric breathing mode of the
[4Fe-4S]?* core at 342 cm™ is indicative of one oxygenic such as hydroxide, serinate or aspartate
(observed range 340-343 cm™) rather complete cysteinyl ligation (observed range 333-339 cm?)
(78). Hence both the EPR and RR data indicate that the [4Fe-4S] cluster in HCF is ligated by three
cysteinyl and one oxygenic ligand.

Synthetic linear [3Fe-4S]** clusters and linear [3Fe-4S]** clusters generated under aerobic
alkaline denaturing conditions in beef heart aconitase are converted into [4Fe-4S]?* clusters in the
presence of Fe?* ions (79,80). Since as purified HCF101 contains a mixture of linear [3Fe-4S]*
and [4Fe-4S]%* clusters, the possibility that Fe?* alone could repair the [4Fe-4S]?* cluster on
HCF101 was investigated using UV-visible absorption spectroscopy. As shown in Figure 3.6A,
immediately after adding FAS the absorption band at around 600 nm disappeared, and a broad
shoulder around 420 nm formed indicating the formation of a [4Fe-4S]?* cluster. The results
clearly demonstrate that a Fe?* ion alone is capable of enabling a linear [3Fe-4S]** to [4Fe-4S]?
cluster conversion in HCF101. To investigate the possibility that linear [3Fe-4S]** clusters are
formed by O-induced degradation of [4Fe-4S]?* clusters in HCF101, the time course of aerial
oxidative degradation of reconstituted HCF101 was monitored by UV-visible absorption
spectroscopy, see Figure 3.6B. Complete O-induced degradation of [4Fe-4S]?* clusters in
HCF101 required 5 h, but no bands in the 600 nm region indicative of formation of linear [3Fe-
4S]** clusters were observed at any time during the time course of the aerial oxidative degradation
reaction. Consequently, the linear [3Fe-4S]** clusters in as purified HCF101 do not appear to be

the result aerial oxidative of [4Fe-4S]?* clusters.
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Nature and properties of cluster-bound forms of Syn PsaC: PSAC is an 8Fe ferredoxin-
like protein containing two [4Fe-4S]?** clusters that forms a complex with the PSAAB
heterodimer proximal to a subunit bridging [4Fe-4S] 2" cluster in PS1. Synechococcus PsaC
rather than At PSAC was used as a potential cluster transfer target for At NFU2 and At HCF101.
This is because recombinant At PSAC and Syn PsaC are both expressed as apo-protein inclusion
bodies in E. coli, but only denatured apo Syn PsaC was successfully reconstituted and solubilized
as an 8Fe ferredoxin. The UV-visible absorption spectrum of reconstituted PsaC prepared in this
work, see Figure 3.7, has a broad maximum at 390 nm and a broad shoulder at 320 nm and is
quantitatively very similar to spectra reported for other 8Fe ferredoxins (81). In the CD spectrum,
four positive maxima are observed at 320 nm, 360 nm, 420 nm, and 570 nm (Figure 3.7). The EPR
spectrum was recorded in the fully reduced state by adding 5 mM sodium dithionite at pH 10.0
(see inset in Figure 3.7). The complex EPR spectrum results from a spin-spin interaction between
the two S = 1/2 [4Fe-4S]'* clusters and is identical to the spectrum previously published for

reconstituted, dithionite-reduced Syn PsaC (70).

Cluster transfer from [4Fe-4S] cluster-bound At NFU2 to apo At HCF101: To investigate
the interaction between NFU2 and HCF101, anaerobic cluster transfer studies from [4Fe-4S]-
NFU2 to apo HCF101 were performed, see Figure 3.8. [4Fe-4S] cluster-bound NFU2 exhibits an
intense CD spectrum with positive bands at ~315, 385 and 515 nm, and negative bands at 440,
580 and 620 nm, see Figure 3.8A. [4Fe-4S] cluster-bound HCF101 has a much weaker CD
spectrum with positive bands around 315 and 430 nm and negative bands at 355 and 515 nm, see
Figure 3.2. The intense CD spectrum of the [4Fe-4S] center on NFU2 is completely lost within the
first few minutes of mixing with apo HCF101, but the parallel absorption spectrum shows no

significant changes or loss in intensity. While the resulting CD spectrum is weak, it does not match
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up well with the CD spectrum of [4Fe-4S]-HCF101 and continues to change with time until about
30 min. Moreover, the parallel absorption spectra show a progressive increase in the 600 nm band
associated with linear [3Fe-4S]** clusters, see Figure 3.8B. Since linear [3Fe-4S]** clusters have
only been characterized in HCF101, this indicates that cluster transfer has occurred. These results
are tentatively interpreted in terms of rapid formation of a [4Fe-4S] cluster-containing HCF101-
NFU2 complex with a dramatically altered cluster environment, followed by slower formation of
a predominantly linear [3Fe-4S]** cluster on HCF101 and complex dissociation. Similar results
were observed in the presence of MgCl,, KCI, and ADP or ATP (data not shown), suggesting

cluster transfer is not significantly perturbed by nucleotide binding or hydrolysis

The possibility of a [4Fe-4S] cluster transfer from At HCF101 to apo NFU2 was also
monitored by CD spectroscopy at room temperature. Over a 4-hour time period, the CD spectrum
associated with [4Fe-4S] cluster-bound HCF101 did not change, showing that HCF101 is not the
[4Fe-4S] cluster donor for NFU2. In addition, no changes in either the UV-visible absorption or
CD spectra of [4Fe-4S]-NFU2 were observed in the control cluster transfer experiment where apo
HCF101 was not added. The results indicate negligible degradation of the [4Fe-4S]?* cluster on

NFU2 in the reaction mixture over the time course of the cluster transfer reaction.

Cluster transfer from [4Fe-4S] cluster-bound At NFU2 to apo Syn PsaC: Anfu2 and Anfu3
mutants have impaired PSI accumulation, which results in dwarf phenotypes (56,64,69). To
investigate the involvement of NFU2 in PSI [4Fe-4S] cluster assembly, cluster transfer
experiments from At [4Fe-4S]-NFU2 to Syn apo PsaC were attempted. The reaction mixture
contained 1 M urea, which was required to keep apo PsaC in solution. [4Fe-4S] cluster-bound
NFU2 exhibits an intense CD spectrum with positive bands at ~315, 385 and 515 nm, and negative

bands at 440, 580 and 620 nm, see Figure 3.9. PsaC with two [4Fe-4S]?* clusters exhibits a strong
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CD spectrum with four positive maxima at 320 nm, 360 nm, 420 nm, and 570 nm, see Figure 3.6.
The CD bands associated with the NFU2 [4Fe-4S]?* center disappeared within 1 minute of adding
apo PsaC to holo NFU2, and a new spectrum appears that is similar to that of holo PsaC, albeit
with less that half the intensity and lacking a pronounced positive band at 570 nm. This spectrum
continues to change and decrease in intensity with increasing time. After about 30 min the CD
spectrum stabilizes with weak positive bands at 315, 367, 442, 490 and 540 nm and weak negative
bands at 575 and 615 nm. Control experiments to assess the effect of 1 M urea on [4Fe-4S] cluster-
bound NFU2 showed no change in the CD spectrum over the time course of the cluster transfer
reaction. These results are tentatively interpreted in terms of rapid [4Fe-4S] cluster transfer from
NFU2 to apo PsaC with concomitant slow degradation of the [4Fe-4S]?* clusters on PsaC due to
the presence of 1 M urea in the reaction mixture. Analogous cluster transfer experiments using
[4Fe-4S]-HCF101 as the cluster donor were not possible because [4Fe-4S]-HCF101 precipitates

in the minimal concentration of urea that is required to keep apo PsaC in solution
Discussion

The HCF101 is a unique Fe-S cluster assembly protein that is found only in O2-evolving
chloroplasts and is essential for [4Fe-4S] cluster assembly in PS1 and FTR (53). Prior to this work,
whole cell EPR studies showed that HCF101 contains [4Fe-4S]?* clusters in vivo (42). In addition,
aerobically purified HCF101 was found to be largely depleted of Fe-S clusters and reconstituted
HCF101 was reported to contain one [4Fe-4S]%"1* cluster per monomer based on iron, sulfide and
protein determinations, UV-visible absorption and EPR studies (42). The in vitro spectroscopic
and analytical studies of HCF101 performed in this work are generally in agreement with the
previous studies and extend these studies by incorporating RR and UV-visible CD studies and

demonstrating that HCF101 can also accommodate linear [3Fe-4S]** clusters. Indeed, the

193



previously published UV-visible absorption and EPR spectra for reconstituted HCF101 contains a
significant amount of linear [3Fe-4S]** clusters, based the absorption band at 600 nm and a
distributed low field g-value for the rhombic S = 5/2 resonance which distinguishes adventitiously
bound Fe3* ions from linear [3Fe-4S]** clusters. In contrast, the reconstituted HCF101 samples
prepared in this work contain only [4Fe-4S] clusters as judged by the lack of a 600 nm band in the
absorption spectrum and the absence of a significant the rhombic S = 5/2 resonance in the EPR

spectrum.

Linear [3Fe-4S]** clusters have yet to associated with any biological function. However,
they can be formed in many proteins by degradation of [2Fe-2S]%*, cubane [3Fe-4S]*, and [4Fe-
4S)?* clusters under oxidizing protein denaturing conditions (79,82-86). Linear [3Fe-4S]** clusters
are also bound and possibly recycled by one of the major classes of Fe-S cluster-carrier proteins.
namely monothiol glutaredoxins (73). In common with synthetic linear [3Fe-4S]** clusters and
linear [3Fe-4S]** clusters in alkaline-denatured aconitase, the linear [3Fe-4S]** clusters in HCF101
are converted into [4Fe-4S]%* clusters by addition of Fe?* ions. It is also important to note that
[4Fe-4S]?* cluster transfer from NFU2 to HCF101 results predominantly in linear [3Fe-4S]*
clusters, which highlights the stability of this type of cluster in HCF101. Taken together, these
results suggest that HCF101 may assemble [4Fe-4S]?* clusters by scavenging linear [3Fe-4S]**
clusters formed by protein Fe-S protein denaturation in the Oz-rich environment of the chloroplast
and using pools of Fe?* ions to complete [4Fe-4S]%* clusters assembly in situ. In accord with this
hypothesis, [4Fe-4S]-HCF101 is readily degraded by O to form apo-HCF10, without the

formation of a stable cubane- or linear-[3Fe-4S]** intermediate.

HCF101 appears to be anomalous member of the soluble, [4Fe-4S] cluster-containing, P-

loop NTPases in that it does not coordinate a solvent exposed [4Fe-4S] cluster at the subunit
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interface of a homodimer using CXXC motifs, see Figure 3.1. Moreover, it is clear that HCF101
has one [4Fe-4S] cluster per monomer rather than one [4Fe-4S] cluster per dimer. Site-directed
Cys-to-Ser mutagenesis studies involving each of the eight cysteine residues in HCF101 have
found that three cysteine residues (Cys128, Cys347, and Cys419) are essential for binding the
[4Fe-4S] cluster (42). This result is in accord with the EPR and RR studies presented in this work,
which both suggest one non-cysteinyl ligand. Clearly crystallographic studies will be required to
address the nature of non-cysteinyl ligation and the location of the cluster with respect to the

nucleotide binding site.

The observation that Anfu2, Anfu3, and Ahcf101 mutants in At have impaired photosystems
provides strong evidence for the involvement of their gene products in the maturation of [4Fe-4S]
proteins of PSI (53). More recent in vivo studies have shown that NFU2 and NFU3 have redundant
functions in the maturation of PS1 [4Fe-4S] clusters and act upstream of HCF101 (68). This work
focused on investigating cluster transfer interactions involving NFU2, HCF101, and PSAC, the
8Fe ferredoxin-like subunit in PS1 that functions as the terminal electron acceptor and electron
donor for the mobile plant 2Fe ferredoxin. Bimolecular fluorescence complementation studies
have shown interactions between NFU2 and HCF101 and between HCF101 and PSAC, but no
interaction was observed between NFU2 and PSAC (68). Syn PsaC and At PSAC are both
expressed as apo-protein inclusion bodies in E. coli, and Syn PsaC was used for in vitro cluster

transfer studies because it can be successfully reconstituted and solubilized as an 8Fe ferredoxin.

The cluster transfer studies presented herein were only partially successful. Monitoring the
time course of [4Fe-4S] cluster transfer from NFU2 to apo HCF101 revealed a rapid and
unidirectional reaction in accord with HCF101 acting downstream of NFU2. However, the reaction

appears to proceed via a semi-stable [4Fe-4S]>* NFU2-HCF101 complex that slowly degrades to
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yield a predominantly linear [3Fe-4S]** cluster-bound form of HCF101. As discussed above, [4Fe-
4S]-HCF101 is readily obtained by incubating with Fe?* ions under anaerobic conditions.
Consequently, this could be a physiologically relevant mechanism for regulating the assembly of

O2-sensitive [4Fe-4S]?* clusters so that it occurs under more anaerobic dark conditions.

Unfortunately, it was not possible to perform in vitro cluster transfer reactions from [4Fe-
4S]-HCF101 to apo PsaC, because control experiments revealed that the minimal urea
concentration required to keep PsaC in solution resulted in degradation of the [4Fe-4S] cluster on
HCF101. However, this was not the case for [4Fe-4S]-NFU2. [4Fe-4S] cluster transfer from NFU2
to apo PsaC appears to a very rapid reaction based on complete loss of the intense CD bands
associated with [4Fe-4S]-NFU2 within 1 min of initiating the reaction by mixing [4Fe-4S]-NFU2
with apo PsaC. The resulting CD spectrum after 1 min is generally similar to that of holo PsaC,
but less than half the intensity. Moreover, the intensity declines further, coupled with additional
changes in CD for the next 30 min, suggesting gradual degradation of the clusters due the presence
of 1 M urea. These qualitative results indicate that [4Fe-4S]-NFU2 has the potential to be a
competent [4Fe-4S] donor for PsaC. However, it is not possible rule out other scenarios, such as
[4Fe-4S]-HCF101 being the preferred donor or that both NFU2 and HCF101 bind and transfer
clusters to apo PsaC. This appears to be the first attempt to assemble two clusters on one protein
via intact cluster transfer and it possible that molecular chaperones are required to achieve the
optimal conformational for cluster transfer or that binding of the apo protein to the PsaAB dimer
is required to stabilize protein structure prior to intact cluster transfer. Clearly there is much to be

learned about the assembly of multiple clusters in a single polypeptide.
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Table 3.1: Plastidial proteins from Arabidopsis thaliana and their bacterial relatives

Plant protein Bacterial relative Function
names
NFS2 SufS Cysteine desulfurase. Sulfur donor for cluster assembly
SUFE1 SufE Sulfurtransferase activator for cysteine desulfurase
SUFE2
SUFE3
SUFB SufB SUFBC:D scaffold complex for cluster assembly
SUFC SufC
SUFD SufD
SUFA1l SufA Fe-S cluster trafficking and [4Fe-4S] cluster assembly
NFU1 NfuA Fe-S cluster delivery to client proteins
NFU2
NFU3
HCF101 Mrp Fe-S cluster delivery to client proteins
IBA57.2 Ygfz Binding ATC proteins to a facilitate cluster transfer
GRXS14 Grx4 Fe-S cluster trafficking
GRXS16
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Figure 3.1. Schematic alignment of cysteine residues in class | (plastidial At HCF101), class Il
(mitochondrial At Ind1), class Il (cytosolic Sc Nbp35), class IV (cytosolic Sc Cfd1l), members of
the FSC-NTPase superfamily. Conserved cluster-binding CXXC residues are present in At Ind1,
Sc Nbp35, Cfd1 but not in HCF101. TPc and TPm represents chloroplast and mitochondrial transit
peptides respectively. At, Arabidopsis thaliana; Sc, Saccharomyces cerevisiae. Adapted from

reference (42)
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Figure 3.2. Room temperature UV-visible absorption and CD spectra of as isolated At HCF101
(black lines) and [4Fe-4S]?* cluster-bound reconstituted At HCF101 (blue lines). All & and Ae

values are expressed per HCF101 monomer.
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Figure 3.3. X-band EPR spectra of as purified HCF101 (A) and the final product of the cluster
transfer reaction from [4Fe-4S]-NFU2 to apo HCF101 (B). The spectra were recorded at 10 K
with a microwave frequency of 9.582 GHz, modulation amplitude of 6.477 G with microwave

power of 10 mW.
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Figure 3.4. X-band EPR spectrum of dithionite-reduced reconstituted HCF101. The spectrum was
recorded at 10 K with a microwave frequency of 9.582 GHz, modulation amplitude of 0.648 mT

and microwave power of 4 mW.
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Figure 3.5. Resonance Raman spectra of reconstituted At HCF101 using 457.9-nm laser excitation.
The sample (~2 mM in [4Fe-4S]?* clusters) was in 100 mM Tris-HCI buffer at pH 7.8 and was in
the form of a frozen droplet at 17 K. The spectrum is the sum of 120 individual scans with each
scan involving photon counting for 1 s at 0.5 cm™ increment with 7 cm™ spectral resolution. Bands

due to lattice modes of ice have been subtracted.
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Figure 3.6. (A) Room temperature UV-visible absorption spectra of as purified HCF101 (black
line) and repurified HCF101 (red line) after anaerobic incubation with excess FAS. All ¢ values
were calculated based on the protein concentrations. (B) UV-visible absorption spectra of
reconstituted [4Fe-4S] cluster-bound At HCF101 before (thick blue line) and after exposing to O2
for 300 min. Spectra recorded after 1, 7, 22, 33, 50, 60, and 205 min are shown as thin grey lines
and the final spectra after 300 min is shown as a thick black thick line. All € values were calculated

based on the concentrations of [4Fe-4S]?* cluster in the sample before it was exposed to O,.
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Figure 3.7. Room temperature UV-visible absorption and CD spectra of reconstituted Syn PsaC.
All € and Ag values were calculated based on the cluster concentrations. The inset shows the X-
band EPR spectrum of dithionite-reduced reconstituted Syn PsaC at pH 10. The sample was
reduced under anaerobic conditions by the addition of 5 mM sodium dithionite and frozen
immediately in liquid nitrogen. The spectrum was recorded at 10 K with a microwave frequency

of 9.60 GHz, modulation amplitude of 0.63 mT and microwave power of 4 mW.
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Figure 3.8. Cluster transfer from A. thaliana [4Fe-4S]-NFU2 to apo HCF101 monitored by CD
(A) and UV-vis absorption (B) spectroscopy as a function of time. CD spectra of the cluster
transfer reaction mixture that was initially 70 uM in NFU2 [4Fe-4S] clusters and 140 UM in apo
HCF101. The cluster transfer reaction was carried out under anaerobic conditions at room
temperature in 100 mM Tris-HCI buffer at pH 7.8. The thick red lines correspond to [4Fe-4S]-
NFU2 recorded before addition of apo HCF101 and the thick blue lines corresponds to the final
product of the cluster transfer from NFU2 to HCF101 after 70 min. (A) Thin grey lines correspond
to the CD spectra recorded at 3, 9, 12, 20, 27, 32, 38 and 56 min after the addition of apo HCF101.
(B) Thin grey lines correspond to the UV spectra recorded at 7, 17, 25, 36, 44, 54 and 65 min after
the addition of apo HCF101. The arrows indicate the direction of intensity change with increasing
amount of time at selected wavelengths. All ¢ and Ag values are based on the concentrations of

[4Fe-4S] clusters on NFU2.
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Figure 3.9: Attempted cluster transfer from A. thaliana [4Fe-4S]-NFU2 to apo PsaC monitored by
CD spectroscopy as a function of time. CD spectra of the cluster transfer reaction mixture that was
initially 70 uM in NFU2 [4Fe-4S] clusters and 40 uM in apo PsaC. The cluster transfer reaction
was carried out under anaerobic conditions at room temperature in 100 mM Tris-HCI buffer at pH
7.8 with 1 M urea (required to keep PsaC in solution). The thick red line corresponds to [4Fe-4S]-
NFUZ2 recorded before addition of apo PsaC and thin grey lines correspond to CD spectra recorded
atl,4,7,10, 13, 21, 24 and 34 min after the addition of apo PsaC. Thick blue line corresponds to
the final product of the cluster transfer from NFU2 to PsaC. The arrows indicate the direction of
intensity change with increasing amount of time at selected wavelengths. The cluster transfer
reaction was carried out under anaerobic conditions at room temperature in 50 mM Tris-HCI buffer

at pH 8.
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CHAPTER 4
CONCLUSIONS AND FUTURE STUDIES

The overall objectives of this research project were to provide new insights into the
function and properties of late-acting mitochondrial Fe-S cluster carrier proteins from Arabidopsis
thaliana (At), GRXS15, ISCAla/2 and NFU4/5 and to understand the potential roles of plastidial
proteins, HCF101 and NFU2 in the maturation of plant Fe-S proteins.

Based on yeast and human studies, a basic model of the mitochondrial ISC machinery has
been proposed in the literature, but uncertainties concerning the mechanistic pathways of late-
acting steps still persist. The molecular mechanism of [4Fe-4S]%* cluster assembly and insertion
into target proteins by late-acting mitochondrial Fe-S cluster assembly proteins is not well
understood. Moreover, the proteins involved with late-acting plant mitochondrial ISC machinery
have yet to be purified and characterized in vitro. In order to understand the late steps of
mitochondrial Fe-S machinery in Arabidopsis thaliana, we studied three classes of recombinant
proteins namely GRXS15, ISCA-type, and NFU-type proteins. Arabidopsis has four ATC
proteins: SUFAL is localized in plastids (1), while the other three are predicted to be present in
mitochondria. Three mitochondrial ATC proteins, i.e., ISCAla, ISCALb, and ISCA2 are present
in At, but they have yet to be investigated in vitro. These three are named based on their homologs
in eukaryotic model organisms(2). For example, At ISCAla and At ISCALb are grouped with yeast
Isal and human ISCA1 (3), and At ISCAZ2 is grouped with yeast I1sa2 and human ISCA2. Chapter
2 presents the spectroscopic characterization of co-expressed ISCAla/2 and their involvement in

the maturation of [4Fe-4S] clusters in mitochondria. There are five NFU-type proteins in
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Arabidopsis, and based on their localization, they are divided into two classes (4). NFU1-3 are
located in plastids and share a similar sequence identity with cyanobacterial Sy Nfu. NFU4 and
NFUS5 are predicted to be in mitochondria and have a similar sequence and structural organization
to Hs NFU1 and Sc Nful (4). All Nfu-type proteins have a conserved CXXC motif; however,
NFU4 and NFU5 have a unique N-terminal domain, which is specific to eukaryotic mitochondrial,
cytosolic, and nuclear Nfu proteins (5). In this chapter, we also characterized the properties and
coordination environment of the cluster assembled on NFU4 and NFU5 proteins. Protein
heterologous expression, chromatography purification, protein/Fe determination, and different
spectroscopic techniques-absorption, circular dichroism (CD), resonance Raman (RR), and
electron paramagnetic resonance (EPR) have been employed to understand the electronic,
vibrational, and magnetic properties of the clusters assembled on these proteins.

In vivo and in vitro studies have identified mitochondrial and bacterial monothiol
glutaredoxins as primary or sole acceptors of [2Fe-2S]?* clusters assembled on U-type scaffold
proteins (6-8). In accord with this hypothesis, At GRXS15 plays a central role in plant
mitochondrial Fe-S cluster biogenesis and has recently been shown to be essential for plant growth
(9). We have demonstrated that GRXS15 can assemble a [2Fe-2S]?* cluster and effective in [2Fe-
2S] cluster trafficking and the maturation of [2Fe-2S] cluster-containing proteins.

In chapter 2, we presented a comprehensive investigation of the cluster bound forms of
[ISCAla.ISCA2] heterodimer complex using different spectroscopic technigues in combination
with analytical studies. Co-expression of ISCA1a/2 resulted in samples with one [2Fe-2S]?* cluster
per heterodimer, which can be converted to a form containing one [4Fe-4S]?* cluster per
heterodimer by anaerobic Fe-S cluster reconstitution. Moreover, the [4Fe-4S]?* cluster-bound At

ISCA1a/2 heterodimer was also formed via rapid [2Fe-2S]?* cluster transfer from At [2Fe-2S]-
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GRXS15 to apo At ISCA1la/2, in the absence of exogenous GSH or DTT. Since GRXS15 cannot
bind a [4Fe-4S]%* cluster, [4Fe-4S]?* cluster formation must involve the ISCA1a/2 heterodimer
acting as a [4Fe-4S]?* cluster assembler complex. The observation that cluster transfer product is
a 80:20 mixture of [4Fe-4S]-1ISCAla/2 and [2Fe-2S]-ISCAla/2 heterodimers suggests that the first
step involves intact [2Fe-2S]?* cluster transfer from GRXS15 to form a [2Fe-2S]-ISCAla/2
heterodimer. The second step is likely to involve binding of [2Fe-2S]-GRXS15 to [2Fe-2S]-
ISCAla/2 resulting in two [2Fe-2S]?* clusters in close enough proximity for two-electron
reductive coupling, mediated by disulfide formation involving released cysteine or GSH ligands.
Two-electron reductive coupling of two [2Fe-2S]?* clusters to form a [4Fe-4S]?* has been well
established and rationalized for bacterial NlscA and IscU proteins using DTT and dithionite,
respectively as exogenous reducing agents (10,11). In addition, cluster transfer from human [2Fe-
2S]-GRXS5 to the apo human ISCAL/2 heterodimer also resulted in the formation of [4Fe-4S]-
ISCAL/2 in the presence of excess DTT and/or GSH, as assessed by the combination NMR, MS
and UV-visible absorption data (12). Hence, the results presented in this work add further support
to the proposed role of ISCA1/2 heterodimers as effectors of [2Fe-2S]?* to [4Fe-4S]?* cluster
conversions in mitochondrial Fe-S cluster biosynthesis.

ISC targeting factors (e.g., Nful, INDH, and Bol1/3) help to transfer the assembled clusters
to target apo proteins (13). In yeast and human cells, the deletion of Nful only partially affects
aconitase, lipoic acid synthase, and succinate dehydrogenase activity, suggesting a non-essential
role for Nful as a [4Fe-4S]?* cluster targeting protein (14,15). NFU4 and NFUS5 are predicted to
be in mitochondria and have a similar sequence and structural organization to Hs NFU1 and Sc
Nful (4). NFU4 and NFUS5 were both purified as apo proteins but assembled one [4Fe-4S]?* cluster

per homodimer after cluster reconstitution. Cluster transfer studies also implicate [4Fe-4S]-
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ISCA1a/2 as a viable and unidirectional donor for incorporating [4Fe-4S]?* clusters on NFU4 and
NFUS5. The in vitro cluster transfer results presented in this work suggest that [4Fe-4S]-1ISCAla/2
is competent for the rapid maturation of At ACO2 via intact cluster transfer even in the absence of
IBA57.1. In addition, [4Fe-4S]-NFU4 and [4Fe-4S]-NFUS5 are shown to be viable alternative [4Fe-
4S)?* cluster donors for At ACO2, albeit with slightly lower rates of cluster transfer. This is
consistent with the non-essential role of NFU1 in yeast and human mitochondria, as evidenced by
partially defective Fe-S enzymes aconitase, and succinate dehydrogenase, in cells lacking NFU1
(14-16).

There are still some uncertainties concerning the late ISC machinery of plants which need
to be addressed. For example, the role of mitochondrial At IBA57.1 in the late steps of
mitochondrial ISC machinery is still unknown. Recently, there has been a debate about the
molecular relationship between 1ba57 and IscA proteins. In vivo and in vitro studies have shown
that Hs ISCAZ2 reacts with Hs IBA57, but not with Hs ISCA1(17,18); whereas in yeast both ATC
proteins interact with 1ba57 (19). However, the deletion of IBA57, Hs ISCAL (Sc Isal), or Hs
ISCA2 (Sc Isa2) from yeast and human cell lines causes defects in the assembly of the respiratory
complex, the biosynthesis of lipoic acid, and the maturation of aconitase, homoaconitase, and
glutamate synthase (19-22).Therefore, At IBA57.1 needs to be characterized and studied in vitro
to understand the molecular picture on how the ISCA1, ISCA2, and IBA57.1 proteins cooperate
in the mitochondrial ISC machinery. In vivo, yeast Nful has been shown to be important for the
maturation of mitochondrial lipoic acid synthase, an enzyme containing 2[4Fe-4S] clusters(23,24).
As NFU4/5 can complement Anful mutant and interact with physiological partners of Nful
(15,24,25), it would be very interesting to see if NFU4/5 could incorporate 2[4Fe-4S] cluster on

lipoic acid synthase in vitro.
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Chapter 3 focused on investigating cluster transfer interactions involving NFU2, HCF101,
and PSAC, the 8Fe ferredoxin-like subunit in PS1 that functions as the terminal electron acceptor
and electron donor for the mobile plant 2Fe ferredoxin. Our working model for the SUF machinery
in plastids is that NFU2 accepts clusters from the SUFBC2D scaffold complex and then delivers
them to HCF101 for the maturation of the three [4Fe-4S] clusters in PS1. The observation that
Anfu2, Anfu3, and Ahcf101 mutants in At have impaired photosystems provides strong evidence
for the involvement of their gene products in the maturation of [4Fe-4S] proteins of PSI (26). The
in vitro spectroscopic and analytical studies of HCF101 performed in this work are generally in
agreement with the previous studies and extend these studies by incorporating RR and UV-visible
CD studies and demonstrating that HCF101 can also accommodate linear [3Fe-4S]** clusters. The
cluster transfer studies presented herein were only partially successful. Monitoring the time course
of [4Fe-4S] cluster transfer from NFU2 to apo HCF101 revealed a rapid and unidirectional reaction
in accord with HCF101 acting downstream of NFU2. However, the reaction appears to proceed
via a semi-stable [4Fe-4S]?* NFU2-HCF101 complex that slowly degrades to yield a
predominantly linear [3Fe-4S]** cluster-bound form of HCF101. Taken together, these results
suggest that HCF101 may assemble [4Fe-4S]?* clusters by scavenging linear [3Fe-4S]** clusters
formed by protein Fe-S protein denaturation in the O.-rich environment of the chloroplast and
using pools of Fe?* ions to complete [4Fe-4S]?* clusters assembly in situ.

[4Fe-4S] cluster transfer from NFU2 to apo PsaC appears to a very rapid reaction based
on complete loss of the intense CD bands associated with [4Fe-4S]-NFU2 within 1 min of initiating
the reaction by mixing [4Fe-4S]-NFU2 with apo PsaC. The resulting CD spectrum after 1 min is
generally similar to that of holo PsaC, but less than half the intensity. Moreover, the intensity

declines further, coupled with additional changes in CD for the next 30 min, suggesting gradual
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degradation of the clusters due the presence of 1 M urea. These qualitative results indicate that
[4Fe-4S]-NFU2 has the potential to be a competent [4Fe-4S] donor for PsaC. To understand the
roles of NFU2, NFU3 and HCF101 for the maturation of [4Fe-4S] cluster containing photosystem
| subunits, a stable form of [4Fe-4S]?* cluster-bound NFU3 needs to be characterized and studied.
Considering both the Anfu2 and Anfu3 mutants show impaired PSI development, the cluster
transfer from both NFU2 and NFU3 to PsaC needs to be studied. However, it is not possible to
rule out other scenarios, such as [4Fe-4S]-HCF101 being the preferred donor or that both NFU2
and HCF101 bind and transfer clusters to apo PsaC. This appears to be the first attempt to assemble
two clusters on one protein via intact cluster transfer and it possible that molecular chaperones are
required to achieve the optimal conformational for cluster transfer or that binding of the apo protein
to the PsaAB dimer is required to stabilize protein structure prior to intact cluster transfer. Clearly

there is much to be learned about the assembly of multiple clusters in a single polypeptide.

Abbreviations:
Fe-S clusters, iron-sulfur clusters; At, Arabidopsis thaliana; PSI; photosystem I,
ferredoxin; FDX, CD, circular dichroism; RR, resonance Raman; EPR, electron paramagnetic

resonance; DTT, dithiothreitol.
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