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ABSTRACT

Biogenesis of iron-sulfur (Fe-S) clusters is an essential process in living organisms
due to the critical role of Fe-S cluster proteins in a myriad of cellular functions. During the
assembly of Fe-S clusters, multi-protein complexes are used to drive the mobilization and
protection of reactive sulfur and iron intermediates, regulate assembly of various Fe-S
clusters on an ATPase-dependent, multi-protein scaffold, and target nascent clusters to
their downstream protein targets. In each of the Fe-S cluster biogenesis steps, specific
protein-protein interactions (PPIs) are required for proper function of the assembly
pathway. The target pathway is the sulfur formation (Suf) pathway for Fe-S cluster
assembly found in bacteria and archaea. In Escherichia coli, the Suf pathway functions as
an emergency pathway under conditions of iron limitation or oxidative stress. In other
pathogenic bacteria, such as Mycobacterium tuberculosis and Enterococcus faecalis, the
Suf pathway is the sole source for Fe-S clusters. The goal of this research is to characterize
PPIs critical for bacterial Fe-S cluster assembly, which could act as a potential target for
the development of novel antibacterial compounds to disrupt those interactions. Important
PPIs between the Suf pathway and additional upstream and downstream cluster carrier
proteins provide biologically relevant targeting functions and the ability for “crosstalk”
between cluster assembly pathways. Genetic and biochemical studies suggest that in vivo
Fe-S cluster trafficking utilizes complex mechanisms. Herein, we characterize cluster

trafficking interactions between SufA and the upstream Fe-S cluster trafficking protein,
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Grx4. The percentage and rate of cluster transfer suggests that Grx4 may transfer its cluster

to SufA in vivo, as a unidirectional process.
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CHAPTER1
INTRODUCTION

Iron

Transition metal bioavailability has substantially varied in abundance over the
course of geographic and evolutionary history, and over time, this variation in availability
substantially influenced the metabolic strategies and biological evolution of life.! One of
the metals that shaped the ecologic development of earth is iron, the fourth most abundant
element in the crust of planet earth. Iron is an essential trace metal that can be found in
virtually all organisms, from bacteria to humans, as it participates in a wide variety of
metabolic processes, including oxygen transport, deoxyribonucleic acid (DNA) synthesis,
and electron transport.* Iron is a first-row transition metal with incompletely filled d
orbitals with the potential form compounds in a wide range oxidation states, ranging from
Fe? to Fe’*.>® However, at physiological pH, the two most abundant and biologically
relevant forms of iron are ferric (Fe*") and ferrous (Fe**). Around 2.5 billion years ago,
atmospheric oxygen levels began rising, changing iron bioavailability from the Fe?"
(ferrous) state to the oxidized Fe** (ferric) state, which caused microorganisms to evolve
and develop new ways to metabolize iron and oxygen."*’ While Fe*" is more plentiful and
less toxic to organisms, it lacks solubility under aerobic conditions, resulting in the
evolution of siderophores (iron carriers) and iron-storage proteins.® On the other hand,
Fe?" has greater solubility, but has a propensity to generate harmful reactive oxygen species

(ROS), such as highly toxic hydroxyl free radicals (OHe¢), via a process known as the



Fenton reaction. ° Iron acts as a redox catalyst of the catalase reaction, by which hydrogen
peroxide (H20») is decomposed to water and oxygen, through three reactions known
collectively as the Haber-Weiss cycle (Figure 1.1). >!° Hydroxyl radicals, which cannot be
detoxified by an enzymatic reaction, inevitably cause oxidative stress, among other
detrimental effects, such as DNA mutations, lipid peroxidation, and amino acid
conversions.!"'? To achieve effective iron homeostasis, organisms must balance their
need to efficiently scavenge iron from their environment to maintain adequate
intracellular reserves, while carefully managing cellular free iron levels to protect against
iron-induced toxicity.® Fe atoms are associated with many proteins as part of hemes, mono-
or di-iron non-heme centers, or iron—sulfur (Fe-S) clusters.'?
Iron-Sulfur Clusters and their Functions

Fe-S clusters rank among the most ancient, ubiquitous, and versatile classes of
metal cofactors, found in over 200 distinct types of proteins and enzymes from all
kingdoms of life. !*'® The base structure of Fe-S clusters consist of iron in the Fe?" or Fe**
oxidation states bound to sulfide (S8*") and can form a variety of configurations, including
[2Fe-2S], [3Fe-4S], or [4Fe-4S] clusters.!” Larger, more complex Fe-S structures also
occur in nature, such as the [7Fe-8S] P-cluster and the FeMo cofactor, composed of [Mo-
3Fe-3S] and [4Fe-3S] clusters, of the nitrogenase complex.'® While different types of Fe-
S exist in nature, the two most abundant forms are the rhombic [2Fe-2S] and the cubic
[4Fe-4S] types, generated via the fusion of two [2Fe-2S] clusters. 2% Generally, the iron
ion is held in place via the thiolate sulfur of cysteine residues, with a tetrahedral S
coordination at each iron site, but other amino acids such as serine, histidine, and aspartate

have been shown to act as ligands.?!



Ee** + H,O, + HY = Fe** + HO- + H,0
(2)

HO- + H.O, — HO» + H,O (3)
HO» + Fe** - O, + Fe** + HT  (4)

2H,0, <> 0, + 2H,0 (5)

Figure 1.1. Fenton and Haber — Weiss reaction.’



Due to their ability to delocalize electron density over both Fe and S atoms, they
are ideally suited for mediating biological electron transport.?! Due to their chemical
versatility, iron sulfur (Fe-S) centers are utilized for diverse biological functions including
electron transfer, substrate activation, and regulation of gene expression.?? Iron-sulfur (Fe-
S) clusters are metal cofactors required for essential biological pathways, including
respiration, photosynthesis, nitrogen fixation, and DNA repair. '*!7 In bacteria, Fe-S
clusters can detect different types of environmental stimuli, using distinct sensing
mechanisms, to regulate gene expression. For example, the SoxR protein senses oxidative
stress via oxidation of the [2Fe-2S] cluster and thereby stimulates transcriptional
expression of SoxS, which is responsible for activating the transcription of numerous other
enzymes in the oxidative stress response. >> Despite their importance, Fe-S clusters can be
sensitive to oxidation by reactive oxygen, nitrogen species, and to disruption by thiophilic
metals, such as copper and cobalt, presenting challenges for cluster synthesis and binding
to proteins.?*?* As such, the biosynthesis and trafficking of Fe—S clusters to the hundreds
of target Fe—S proteins is achieved through highly conserved biosynthetic machinery, and
not surprisingly, defects in these Fe—S assembly pathways are associated with numerous
human diseases.?>® Despite the importance of these cofactors, unanswered questions
remain regarding the biosynthesis and insertion of Fe—S clusters into target proteins.
Iron-Sulfur Cluster Biogenesis Pathways

As both free iron and sulfide are highly reactive and toxic in vivo, assembly of such
clusters and maturation of iron-sulfur cluster proteins does not occur spontaneously.
Instead, Fe-S cluster assembly requires carefully coordinated biosynthetic pathways in

living cells that utilize a donation of sulfide as a bridging ligand for iron ions. These



pathways can be relatively simple as evidenced in evolutionarily ancient anaerobic
organisms or highly complex such as in multicompartmental eukaryotic cells.”” However,
there are core components of Fe-S cluster biogenesis pathways found in nearly all
organisms studied to date. The first step in Fe-S cluster biogenesis is the assembly of iron
and sulfur on the scaffold protein. Sulfur is provided by a cysteine desulfurase complex,
which converts L-cysteine to alanine through a persulfide intermediate.** The origin of iron
is still unclear.’! These two components, iron and sulfide, first combine on a protein that
serves as a scaffold for nascent cluster assembly. Due to the lability of the scaffold-bound
cluster, it can be transferred to an appropriate apo-form of a metalloprotein, either directly
or using a series of carrier proteins that mediate trafficking and targeting of the mature Fe—
S proteins.>> Multiple Fe-S cluster assembly pathways are present in bacteria to carry out
basal cluster assembly, stress-responsive cluster assembly, and enzyme-specific cluster
assembly. Three major biosynthesis pathways have been identified to date: the Isc (iron
sulfur cluster) system, the Suf (sulfur formation) system, and the Nif (nitrogen fixation)
system (Figure 1.2).%* Initially discovered in azototrophic (nitrogen-fixing) bacteria, the
Nif pathway operates in association with the maturation of Fe-S containing nitrogenase
enzymes.** In our model organism E. coli, Fe-S cluster biogenesis is carried out by the Isc
(iscRSUA-hscBA-fdx-iscX) and Suf (sufABCDSE) pathways.

The Isc Pathway

Under normal cellular conditions, the following genes of the isc operon are induced,
serving as the primary Fe-S “housekeeping” pathway: iscR, iscS, iscU, iscA, hscB, hscA,
fdx, and IscX. These eight key proteins of the Isc pathway are responsible for the synthesis

of Fe-S clusters in E. coli, and higher eukaryotes have evolved orthologues of iron-sulfur



NIF

D iSCAnf nifUu nifS cysE1
ISC

g iscR iscS iscU iSCA hscB hscA fdx iscX
SUF SufA sufB sufC sufD sufS  suft

Figure 1.2. Various systems involved in Fe/S assembly in bacteria and comparison of their
genetic organization in operons: NIF, ISC and SUF.?* Genes or regions having homologous
sequences or similar functions between the three systems are color-coded. Different colors

within nifU indicate different domains within this modular protein.



cluster assembly proteins for iron-sulfur cluster biosynthesis within mitochondria.*>> While
extensive biochemical and genetic studies have elucidated well-defined roles for the core
proteins IscS, IscU, and IscA, such roles have not been determined for the HscB, HscA,
Fdx, and IscX proteins. IscR (a [2Fe—2S] cluster-containing transcriptional regulator of E.
coli) adjusts the synthesis of the Isc Fe—S biogenesis pathway to maintain Fe—S
homeostasis through a negative feedback loop to repress transcription of the isc operon,
encoding IscR and the Isc machinery, through binding of [2Fe—-2S]-IscR to two upstream
binding sites and allows E. coli to respond efficiently to varying Fe—S demands. *¢ Iron-
sulfur cluster assembly initiates when IscS, a cysteine desulfurase that contains the
pyridoxal-5’-phosphate (PLP) cofactor, catalyzes the removal of elemental sulfur from free
L-cysteine, found in the cell, producing alanine and an enzyme-bound sulfanylcysteine
species, often referred to as a persulfide (S°), that is assembled on an active-site cysteine
of IscS. This reaction proceeds to a transpersulfuration step during which the persulfide is
transferred to acceptor protein IscU. In the course of the cluster assembly, IscS and IscU
form a covalent complex, where the sulfur atom derived from L-cysteine is transferred
from IscS to the scaffold protein IscU for the assembly of either [2Fe-2S] or [4Fe-4S] with
iron obtained from a currently unknown source.>”*® These Fe-S clusters can be transferred
to acceptor proteins such as IscA, a member of the A-type carrier protein family responsible
for Fe-S cluster shuttling.**** HscA and HscB form a chaperone/cochaperone system are
believed to facilitate the assembly of clusters on IscU and the transfer of [2Fe-2S] iron-
sulfur clusters from the Fe-S-scaffold protein IscU to acceptor proteins in an ATP-
dependent manner.**** Ferredoxin (fdx) is an iron-sulfur protein that transfers electrons in

a wide variety of metabolic reactions and is involved in the in vivo assembly of the Fe-S



clusters in a wide variety of iron-sulfur proteins. Although the function of this ferredoxin
in the Isc pathway is unclear, it is probable that it has a role as a cellular electron transfer
protein. However, ferredoxin can accept [2Fe-2S] clusters from scaffold proteins and A-
type carrier proteins.*’ IscX (also referred to as ORF3 or Yfhl) is a small acidic protein is
structurally capable of binding to iron. * Furthermore, in vitro studies have shown that
IscX acts as a regulator of iron-sulfur cluster assembly by forming different complexes
with IscU and/or IscS.*-#
The Suf Pathway

Under oxidative stress and iron starvation conditions,?!*!*® the Suf pathway is
primarily utilized, expressing the following genes of the suf operon: suf4, sufB, sufC, sufD,
sufS, and sufE. For Fe-S cluster biogenesis under the Suf pathway, the PLP-bound SufS
protein functions as the cysteine desulfurase, also acquiring sulfur from available pools of
cysteine to form the transportable persulfide intermediate.*>>° SufS requires a shuttle
protein (SufE) to participate as a co-substrate in the transpersulfuration reaction, where
SufE operates to remove the persulfide and transfers it to the scaffold protein where de
novo Fe-S cluster biogenesis occurs.’! The shuttling protein SufE also enhances the low
basal activity of SufS by allosterically altering active site residues around the PLP cofactor
prior to or concurrent with desulfuration. SufB is the scaffold protein of the Suf system that
can transiently assemble a Fe-S cluster during biogenesis. As a scaffold, SufB can interact
with the SufE protein that mobilizes persulfide from the cysteine desulfurase SufS active
site. The interaction between SufB and SufE is enhanced if SufC, an ABC ATPase, is
bound to SufB as SufB,C; or SufBC:D scaffold complexes, on which the nascent Fe-S

cluster is assembled.*®>? SufBC,D acts as a stress-resistant scaffold complex in E. coli,



producing [2Fe-2S] clusters that more stable and resistant to oxidative stress (H202, O2)
and iron limitation (such as from iron chelators), compared to [2Fe-2S] clusters constructed
with IscU (scaffold protein of the Isc pathway).>* SufB and SufD share a similar structural
organization, with an N-terminal helical domain, a core domain consisting of a right-
handed parallel B-helix, and a C-terminal helical domain that contains the SufC binding

site. 43

Structural analysis show that the ATPase activity of SufC likely drives
conformational change of its SufB-SufD binding partners resulting in ATP-dependent
conformational changes that suitably rearranges the scaffold complex to facilitate Fe-S
cluster biogenesis.’>*® Deletion of sufD reduces the iron content of the subcomplex
SufB>C; and for this reason SufD is thought to play a role in iron acquisition, but the exact
function of SufD remains undetermined.’® The in vivo iron donor for the Suf pathway is
unknown, but ferric iron is thought to be supplied by an iron storage or iron chaperone
protein during Fe-S cluster biogenesis. The Suf pathway also contains an A-type carrier
protein (SufA) that can act as an acceptor protein, and studies show that SufBC:D can
transfer its Fe-S cluster to SufA.***7 SufA can also assemble Fe-S clusters in vitro and
transfer those clusters to apo-proteins.>® In the presence of the SufBC2D scaffold protein,
Fe-S cluster formation onto SufA is enhanced.
A-Type Carrier (ATC) Proteins in E. Coli

A-type carrier (ATCs) proteins are a class of Fe-S cluster trafficking proteins that
have important cellular functions in Fe-S cluster metabolism and can be divided into three

families: type-I, type-II, and type-II1.3

Phylogenomic studies indicate that there are three
A-type carrier proteins in E. coli that have evolved into two subfamilies. ErpA, an essential

respiratory protein, is classified as a type-I ATC protein. IscA and SufA (encoded by the



isc and suf operons, respectively) are designated to the type-11 ATC subfamily.>? Type-III
ATC proteins, which are not present in E. coli., are a smaller subfamily found within the
operon of Fe-S cluster biogenesis genes in nitrogen fixing bacteria and include NscA.*
The first subfamily (ATC-I) is thought to transfer Fe-S clusters to target apo-proteins, while
the second (ATC-II) receives its clusters from a Fe-S scaffold protein and may act as
intermediate carriers between the scaffold and ATC-I carriers.> While the exact function
of ATC proteins has been subject to debate, it is possible that ATC proteins have multiple
distinct biochemical functions such as Fe-S cluster trafficking and iron donation for
biogenesis or repair of Fe-S clusters.

Biochemical analyses have clearly demonstrated that ErpA, IscA, SufA, and Niflsc A
homodimers can coordinate either a [2Fe-2S] or a [4Fe-4S] cluster and suggests that these
enzymes can deliver the bound Fe-S clusters to apo-proteins in vitro.*>"-3-62 Nif[gc A from
Azotobacter vinelandii has been shown to bind a [2Fe-2S] cluster in the presence of
oxygen, with reversible conversion to a [4Fe-4S] cluster occurring under anaerobic and
reducing conditions.>* Both IscA and MfIscA homodimers can efficiently bind a single
Fe?" or Fe*" in a mononuclear site, which is coordinated by conserved Cys residues, and
results suggest that this process is crucial for Fe-S cluster biogenesis.**®* In E. coli IscA, a
Tyr residue has also been implicated in iron binding, possibly via an oxygen ligand.®* For
IscA, the ferric iron can be released in the presence of L-cysteine, presumably by reduction
of Fe** to Fe?*, allowing the iron to be incorporated into nascent cluster assembly on the
IscU scaffold in vitro.®* There is some dispute regarding whether E. coli SufA also
coordinates ferrous and ferric iron in the same manner as IscA, but it seems distinctly

possible. Iron-binding properties of ErpA have not been thoroughly investigated.
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In vitro and in vivo evidence suggests that SufA and IscA interface with their
respective scaffolds (SufBCo:D and IscU) and have partially overlapping functions. An
AiscA AsufA double mutant in E. coli grows very poorly under aerobic conditions, showing
defects in the maturation of multiple [4Fe-4S] enzymes, indicating that E. coli ATC
proteins have a specific role in delivering [4Fe-48] clusters.*>%%%¢ Similarly, the ATC I and
IT homologues S. cerevisiae Isalp and Isa2p have also been clearly linked to maturation of
mitochondrial [4Fe-4S] clusters in vivo.®” However, the E. coli double mutant strain
showed essentially no defective [2Fe-2S] proteins tested in the growth experiment. In
contrast, the single deletion strains AiscA and Asuf4 showed relatively mild phenotypes.>
Multicopy suppressor analysis of strains with combinations of ATC deletions in E. coli
suggests there is some redundancy between IscA and SufA in their roles as Fe-S cluster
trafficking proteins. In vivo results also indicate that SufA may provide additional
functionality under oxidative stress. All three ATC proteins show similar Fe-S cluster
stability when exposed to oxygen in vitro.®! Therefore, it is not clear if SufA itself is more
resistant to oxidative stress than IscA, or if it is simply a better transfer partner for the SufS-
SufE-SufBC2D cluster assembly complexes, which have been shown to be more stress
resistant than the Isc pathway in vitro.

Structure of ATC Protein SufA

The crystal structure of ~13 kDa ATC protein apo-SufA reported by Wada et al.
(PDB 2D2A) shows a homodimeric structure in which the two monomers (o1 and o) are
stabilized by H-bonding and extensive hydrophobic interactions.®® The two monomers are
oriented such that the C-terminal region of the o1 monomer interacts with the C-terminus

of the 02 monomer. Similar to other ATC proteins, SufA possesses three highly conserved
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cysteine residues that are arranged in a CsoxC114xCi16 motif near the C-terminus of the
monomer. The arrangement of these cysteines in proximity to one another ensures efficient
binding of iron, [2Fe-2S], and/or [4Fe-4S], as suggested by modeling and biochemical
studies.*>*30:%8 However, the coordination chemistry has not been elucidated at the
structural level.. Previous work with homologous ATC proteins S. cerevisiae Isalp and
Isa2p, found in the eukaryotic mitochondrion, has demonstrated that each of three
conserved cysteine residues is essential for ATC protein activity. ¢
Glutaredoxins in E. coli

Glutaredoxins (Grxs) are members of a highly conserved superfamily of proteins,
originally identified as redox proteins involved in thiol-disulfide exchange.®’
Glutaredoxins catalyze the reduction of disulfides via reduced glutathione (GSH), in a
coupled system with glutathione reductase (GR) and NADPH.” Biochemical
characterization studies of both eukaryotic and prokaryotic Grxs have shown that they
function in iron homeostasis as Fe donors, in signal transduction (in mammalian systems),
and in Fe-S cluster assembly as cluster scaffold or delivery proteins.”! Grxs may be
classified into two categories based on their active site sequence: dithiol Grxs have a
CXXC motif (usually CPYC), while monothiol Grxs typically have active-site cysteine-
glycine-phenylalanine-serine amino acid sequences (CGFS motif).”® Although both groups
share a similar structure, the CGFS-type Grxs do not function as GSH-disulfide
oxidoreductases. Additionally, glutaredoxins can be further divided into subclasses: those
with a single Grx domain and the multi-domain proteins comprising an N-terminal
thioredoxin-like domain as well as up to three Grx domains. All bacterial monothiol CGFS

Grxs are of the single Grx domain type.®? Four glutaredoxins (Grx1, Grx2, Grx3, and Grx4)
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have been described in E. coli, of which Grx4 is the only monothiol glutaredoxin and has
been associated with Fe-S cluster metabolism.”” Monothiol Grxs were initially investigated
in the yeast S. cerevisiae, which possesses three CGFS-type Grxs: Grx3, Grx4, and Grx5
and have a protective role against oxidative stress.” S. cerevisiae Grx5 is a mitochondrial
protein that plays a role in the Fe-S cluster biosynthesis machinery.”*” E. coli Grx4 was
originally characterized as a highly abundant protein with significant sequence identity to
S. cerevisiae Grx5 and was found to not function as an oxidoreductase, even though it was
redox-active and capable of being glutathionylated, or the formation of mixed disulfide
bonds with glutathione (GSH).”® Biochemical studies of a variety of CGFS-type Grxs
indicate that a conserved mechanism exists for proteins to adopt either a dimeric
conformation bound to a [2Fe-2S] cluster, or to switch to a monomeric apo-form that
releases its [Fe2-S2] cluster, which suggests a conserved role for these proteins in both
prokaryotes and eukaryotes.”! The monothiol glutaredoxin family has been shown to store,
transport, and transfer a [2Fe-2S] cluster to target proteins, thus acting as delivery proteins
of Fe-S clusters. In fact, in vitro experiments show that E. coli homodimeric Grx4 has the
ability to act as a scaffold protein for intact Fe-S cluster transfer to the model [2Fe-2S]
acceptor protein E. coli apo-ferredoxin.”® In E. coli, Grx4 is a highly abundant soluble
protein, and levels of Grx4 were highly elevated upon conditions of iron depletion in the
cell, suggesting an iron-related function for the protein.”” Genome-wide screens for E. coli
genetic interactions reported the synthetic lethality (combination of mutations leading to
cell death, whereas mutation of only one of these genes does not) of a grxD mutation when
combined with strains defective in Fe-S cluster biosynthesis (isc operon) functions.”’

Indeed, E. coli Grx4 was shown to help repair the Fe—S cluster on MiaB, a radical SAM
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enzyme involved in methylthiolation of certain tRNAs, which appears to utilize a sacrificial
[4Fe-4S] cluster.”® Grx4 forms a [2Fe-2S]-bridged heterodimer with E. coli BolA, much
like Grx—BolA complexes from other organisms that have been characterized; however,
the specific function of this complex is unclear.”®
Biomedical Significance

The-Suf pathway is well-conserved among both gram-positive and gram-negative
bacterial pathogens, including Mycobacterium tuberculosis and Enterococcus faecalis,
where it is essential for viability, acting as the sole source for Fe-S clusters.””*? In response
to infection, host macrophages (a type of white blood cell of the immune system) use
defense mechanisms such as the induction of reactive oxygen species (ROS), nitric oxide,
and iron starvation conditions to attack bacterial Fe-S cluster metabolism during
phagocytosis, leading to microbe death.3! The resurgence of antibiotic-resistant bacteria,
many of which rely on the suf operon, has made the Suf system an attractive target for the
design of novel antibacterial compounds.®’ One strategy for antibiotic development is to
identify and disrupt important protein-protein interactions (PPIs) from essential pathways.
Rationally designed drugs that target PPIs, such as those in Fe-S cluster biogenesis, often
have a lesser probability of generating resistance than traditional antibiotics.®
Additionally, defining the molecular details of dynamic protein—protein interactions is a

critical barrier to understanding the Suf pathway for Fe-S cluster biogenesis.
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CHAPTER 2
GRX4 TRANSFERS A [2FE-2S] CLUSTER TO SUFA IN E. COLI

ABSTRACT

Glutaredoxins are generally known as redox proteins. Biochemical studies show
that monothiol glutaredoxins including Escherichia coli (E. coli) Grx4 can bind and
transfer its cluster to apo-proteins such as ferredoxin. The novel role of glutaredoxins in
Fe-S cluster metabolism is unclear. However, understanding the role and its interactions
may provide a novel therapeutic target for drug treatment. Herein, we biochemically
characterize E. coli Grx4 using circular dichroism spectroscopies and gel filtration analysis.
It is shown that E. coli Grx4 coordinates a [2Fe-2S] cluster that can be transferred to E.
coli A-type carrier protein SufA in vitro, which suggests that Grx4 may transfer its cluster
to SufA in vivo. These results suggest that [2Fe-2S] Grx4 may act as an Fe-S scaffold or

delivery protein.
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INTRODUCTION

A major biological question in Fe-S cluster trafficking concerns mechanisms of
cluster targeting to apo-proteins, which certainly involves recognition by PPIs. As
previously described, SufA from E. coli is a type Il A-type Fe-S cluster carrier (ATC)
protein and has been shown to act as the initial acceptor of Fe-S clusters from SufBC,D.*
While SufA can supply Fe-S clusters to several Fe-S apo-proteins in vitro, recent genetic
studies suggest that in vivo trafficking utilizes a more complex mechanism. A complexity
for in vivo trafficking is the potential for “cross talk” between pathways under various
environmental conditions. Recent genetic studies suggest the monothiol glutaredoxin,
Grx4, may act as an intermediary for cluster transfer between the IscU scaffold and SufA,
consistent with a cross talk mechanism.®>"*82%5 Previous genetic evidence suggests that
SufA can accept Fe-S clusters from other pathways through a cross talk mechanism. In .
coli, one protein that may play a role in iron metabolism is the monothiol glutaredoxin,
Grx4.71:76.7886 Monothiol glutaredoxin (Grx) proteins can bind [2Fe-2S], linear [3Fe—4S],
and [4Fe—4S] clusters as homodimers that include obligate glutathione (GSH) molecules
as cluster ligands along with Cys residues.”""887% [ vitro Grx4 can accept a cluster from
[2Fe—2S] IscU and transfer clusters to apo-proteins such as Fdx, IscA, and
aconitase.®>63%%0 However, genetic data casts doubt on a biological role of Grx4 solely in
the Isc pathway. Deletion of grxD (encoding Grx4) is synthetically lethal under aerobic
conditions when combined with isc mutations, suggesting they function in separate
pathways.””7! In fact, the AgrxD single mutant strain has growth defects under iron
starvation and stationary phase stress conditions similar to defects reported for deletions in

the Suf pathway.’® In support of a Suf connection, in vitro Fe-S cluster transfer experiments
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on the plant homologues of Grx4 and SufA demonstrated that clusters could be transferred
from the plant Grx to the SufA homologue (4. thaliana GrxS14 to A. thaliana SufAl),
where cluster transfer is unidirectional.®> However, this interaction has not been tested in
E. coli. Our goal in this work is to test if £. coli monothiol glutaredoxin Grx4 can also
transfer its cluster to E. coli A-type carrier protein SufA, thereby providing a novel Fe-S
cluster trafficking pathway in E. coli.
MATERIALS AND METHODS
Protein expression and purification

The pET21a vector (Novagen) containing the E. coli suf4 gene was induced via an
inducible isopropyl-B-D-thiogalactoside (IPTG) promoter in order to perform the
overexpression of SufA in E. coli BL21(DE3) strain cells. Cells were grown in Lennox
Broth (LB) media at 37 °C to an optical density (OD) measured at 600 nm of 0.6 to 0.8
before induction with ImM IPTG at 18 °C and incubated overnight. Cells were collected
18 hours after induction via centrifugation and stored at -80 °C. Cell pellets were
resuspended in 25 mM Tris-HCI, pH 7.8, 10 mM (B-mercaptoethanol) BME, and 1 mM
phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication. Cellular debris was
mixed with 1% streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C to remove cell
debris. The cleared cell lysate was loaded onto a DEAE ion exchange column pre-
equilibrated with 25 mM Tris-HCI, pH 7.8, and 10 mM BME. SufA eluted between 0.26
M to 0.42 M sodium chloride (NaCl) using a linear gradient starting with Buffer A (25 mM
Tris-HCL, pH 7.8, 10 mM BME and 0 M NacCl) to Buffer B (25 mM Tris-HCI, pH 7.8, 10
mM BME, and 1 M NaCl). Fractions containing SufA, as judged by Sodium Dodecyl

Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and UV-visible spectroscopy,

17



were collected, and loaded onto a Phenyl FF column pre-equilibrated with 25 mM Tris-
HCI, pH 7.8, 10 mM BME, and 1 M NH4SO4 (ammonium sulfate). SufA eluted at 0.42 M
to 0 M NH4SO4 using a linear gradient starting from 1 M NH4SO4 to 0 M NH4SOs4. Eluted
protein was concentrated using Millipore centrifugal devices and loaded onto the HiLoad
Superdex 75 gel filtration column (GE Healthcare) equilibrated with 25 mM Tris-HCI, pH
7.8, 150 mM NacCl, and 10 mM BME. The pure protein was concentrated, flash-frozen in
liquid nitrogen, and stored at -80°C.

The pRSFDuet-1 vector (Novagen) containing the E. coli grx4 (grxD) gene was
induced via an IPTG promoter in order to perform the overexpression of Grx4 in E. coli
BL21(DE3) strain cells. Cells were grown in LB media at 37 °C to an ODsoo of 0.6 to 0.8
before induction with 500 pM IPTG at 18 °C and incubated overnight. Cells were collected
18 hours after induction via centrifugation and stored at -80 °C. Cell pellets were
resuspended in 25 mM Tris-HCL, pH 7.8, 10 mM BME, and 1 mM PMSF then lysed via
sonication. Cellular debris was mixed with 1% streptomycin sulfate and centrifuged at
16,000 rpm at 4 °C to remove cell debris. The cleared cell lysate was loaded onto a DEAE
ionic exchange column pre-equilibrated with 25 mM Tris-HCI, pH 7.8, and 10 mM BME.
E. coli Grx4 eluted between 0.20 M to 0.53 M NacCl using a linear gradient starting with
Buffer A (25 mM Tris-HCI, pH 7.8, 10 mM BME, and 0 M NaCl) to Buffer B (25 mM
Tris-HCI, pH 7.8, 10 mM BME, and 1 M NaCl). Fractions containing Grx4, as judged by
SDS-PAGE and UV-visible spectroscopy, were collected, and loaded onto a Phenyl FF
column pre-equilibrated with 25 mM Tris-HCI, pH 7.8, 10 mM BME, and 1 M NH4SOs4.
Grx4 eluted at 0.25 M to 0 M NH4SO4 using a linear gradient starting from 1 M NH4SO4

to 0 M NH4SOq4. Eluted protein was concentrated using Millipore centrifugal devices and
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loaded onto the HiLoad Superdex 75 gel filtration column (GE Healthcare) equilibrated
with 25mM Tris-HCI, pH 7.8, 150mM NaCl, and 10 mM BME. The pure protein was
concentrated, flash-frozen in liquid nitrogen, and stored at -80 °C.
Protein Expression and Purification of his tagged GRx4

The pBAD/Myc-His C vector (Invitrogen) containing the gene for recombinant
Hise-Grx4 protein was induced via a L-arabinose promoter in order to perform the
overexpression of Hiss-Grx4 in E. coli ToplO0 strain cells. Cells were grown in LB media
at 37 °C to an ODeoo of 0.6 to 0.8 before induction with 0.05% L-arabinose at 18 °C. Cells
were collected 6 hours after induction via centrifugation and stored at -80 °C. Cell pellets
were resuspended in lysis buffer containing buffer A (50 mM Tris-HCL, pH 7.4, 500 mM
NaCl, 20mM imidazole, and 10 mM BME), 1 mM PMSF, 10 pg/ml DNase I, and 2 mM
MgCly, then lysed via sonication. Cellular debris was centrifuged at 16,000 rpm at 4 °C to
remove cell debris. The cleared cell lysate was loaded onto a HisTrap HP column pre-
equilibrated with Buffer A. E. coli Grx4 eluted between 0.15 M to 0.21 M imidazole using
a linear gradient starting with Buffer A to Buffer B (50 mM Tris-HCIL, pH 7.4, 500 mM
NaCl, 500 mM imidazole, and 10 mM BME). Fractions containing Hise-Grx4, as judged
by SDS-PAGE and UV-visible spectroscopy, were concentrated and desalted using
Millipore centrifugal devices. The pure protein was flash-frozen in liquid nitrogen and
stored at -80 °C.
In vitro Fe-S Cluster Reconstitution of Proteins

The preparation of apo-proteins, or proteins without an Fe-S cluster, was conducted
by treating purified protein (I mM) with a 50-fold molar ratio of

ethylenediaminetetraacetic acid (EDTA) and 20-fold molar ratio of ferricyanide for 10 to
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60 minutes on ice or until loss of color from any Fe-S cluster occurred, followed by
desalting.? In order to form a holoprotein, or a protein that contains an Fe-S cluster,
reconstitution of an Fe-S cluster on apo-Grx4 (1 mM in 25 mM Tris-HCI, pH 7.8, and 150
mM NaCl) was carried under anaerobic conditions (O2 < 5 ppm) in a glove box (Coy
Laboratory Products, Grass Lake, MI). The reaction mixture involved 2 mM glutathione
(GSH), 5 mM dithiothreitol (DTT), a 8-fold molar excess of ferrous ammonium sulfate
(FAS) and a 10-fold molar excess of L-cysteine, and catalytic amounts of E. coli SufS and
SufE (4 uM). The reconstitution mixture was incubated under strictly anaerobic conditions
for 1 hour on ice with occasional stirring. Cluster formation was monitored by UV-Visible
absorption spectroscopy and Circular Dichroism (CD) spectroscopy. Reagents in excess
were removed anaerobically by loading onto a Q-Sepharose FF column (GE Healthcare)
pre-equilibrated with buffer (25 mM Tris-HCI, pH 7.8), inside the glove box. pre-
equilibrated with reconstitution buffer. Elution was achieved using a NaCl gradient with
cluster-bound Grx4 eluting between 0.60 and 0.70 M NaCl. Samples were pooled together
as a single fraction before concentrating and desalting using Millipore centrifugal devices.
The same protocol was followed for reconstitution of an Fe-S cluster on apo-SufA, except
that GSH was excluded from the reaction mixture.
Biochemical Analyses

Protein concentrations were determined by the Bradford assay (Bio-Rad) using
bovine serum albumin (BSA) as the standard. Iron concentrations were determined using
the colorimetric ferrozine assay as previously described.”> Acid-labile sulfur

concentrations were determined using published methods.”*%
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Analytical and spectroscopic methods

Analytical gel filtration analyses were performed on a Superdex 75 10/300 GL
column (GE Healthcare) connected to an AktaGo FPLC system (Cytiva) and a 100 pL
sample loop at a flowrate of 0.5 mL / min. For protein oligomeric state determination on
as-purified protein, the column was equilibrated with room temperature aerobic reducing
buffer (50 mM Tris—HCI, pH 8.0, 500 mM NaCl, 5 mM TCEP). Calibration was performed
with the Low Molecular Weight Gel Filtration Calibration kit (GE Healthcare) in room air.
For protein interaction studies, the column was equilibrated with room temperature gel
filtration buffer (50 mM Tris—HCI, pH 7.8, 500 mM NaCl, 1 mM GSH) unless other with
specified. Calibration was performed with the Low Molecular Weight Gel Filtration
Calibration kit (GE Healthcare) as previously described.®” Briefly, the buffer was bubbled
with N> overnight and degassed to minimize dissolved O2 levels. Air sensitive samples
(i.e., reconstituted Fe-S cluster containing proteins) were taken out of the anaerobic
chamber in gas tight syringes and loaded immediately onto the column. Elution profiles
were recorded at 280 nm with a flow rate of 0.5 mL/min. The same set of fractions was
collected for all proteins eluted from gel filtration and were analyzed by SDS-PAGE in
order to compare relative elution times. UV-visible absorption spectra were recorded using
a Beckman DU-800 and CD spectra were recorded on identical samples using a Jasco J-
810 spectropolarimeter (Jasco, Hachioji, Japan) using a 1cm cuvette.
Ni-NTA affinity chromatography assay to characterize protein-protein interactions
between Hiss-Grx4 with apo-SufA

All steps were carried out anaerobically in a Coy chamber. In the first method,

equimolar amounts of holo Hiss-Grx4 and apo-SufA were combined in an Eppendorf tube
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and allowed to incubate for 5 min. before loading onto the column. The column then was
washed with 3 mL of binding buffer (50mM tris-HCL, pH 7.4, 0.5 M NaCl, and 20 mM
imidazole). Then Hiss-Grx4 and any proteins bound to it were eluted with elution buffer
(50mM tris-HCI, pH 7.4, 0.5 M NaCl, and 500 mM imidazole). All wash and elution
fractions were collected and concentrated separately using Nanosep centrifugal devices.
Equal volumes of elution fractions (concentrated to the same final volume) were separated
by SDS-PAGE. As a control, apo-SufA was loaded, washed, and eluted on a Ni-NTA
column containing no Hiss-Grx4 protein to determine whether non-specific SufA binding
to the Ni-NTA column is observed. The interaction between apo-Hiss-Grx4 and apo-SufA
was also tested by incubating equimolar amounts in an Eppendorf tube and allowed to
incubate for 5 min. before loading onto the column, followed by a subsequent column
washing step.

In the second method, The Ni-NTA 1-mL column was charged with 50 nmol of
freshly prepared holo Hiss-Grx4 protein (reconstituted and purified as described above).
Next 30 nmol apo-SufA was loaded on the column and allowed to incubate for 5 min prior
to resuming flow. The column then was washed with 3 mL of binding buffer. Then Hiss-
Grx4 and any proteins bound to it were eluted with elution buffer. All wash and elution
fractions were collected and concentrated separately using Nanosep centrifugal devices.
Equal volumes of elution fractions (concentrated to the same final volume) were separated
by SDS-PAGE. As a control, apo-SufA was loaded, washed, and eluted on a Ni-NTA
column containing no Hiss-Grx4 protein to determine whether non-specific SufA binding

to the Ni-NTA column is observed.
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Fe-S Cluster Transfer Monitored by Circular Dichroism Spectroscopy

Apo-Grx4 was reconstituted as previously described. CD experiments were
performed using a Jasco J-810 spectropolarimeter. Measurements were performed with a
I-cm path length cuvette in reaction buffer (25 mM tris-HCI, 150 mM NacCl, pH 7.8). In
order to characterize the interaction between SufA and [2Fe-2S] Grx4, as-purified SufA
and reconstituted [2Fe-2S] Grx4 were mixed in reaction buffer at a 2:1 ratio of
[SufA]:[2Fe-2S] and scans were taken at 10 min intervals for 1 h at room temperature.

After a 10-min anaerobic incubation, the Fe-S cluster transfer was monitored every
10 minutes with UV-visible and CD spectra taken to compare with that of reconstituted
[2Fe-2S] Grx4. As a control, the reconstituted [2Fe-2S] Grx4 alone (80 pM iron content,
40 uM cluster) was scanned at 0- and 1-hour at room temperature in a 1 cm path length
anaerobic cuvette to determine Fe-S cluster stability.
CD-monitored titrations of [2Fe-2S] Cluster-Bound Grx4 with apo-SufA

The titration of [2Fe-2S] cluster-bound Grx4 with apo-SufA was monitored under
anaerobic conditions at room temperature using UV—visible CD spectroscopy. Reactions
were conducted in 50 mM tris-HCI, 150 mM NaCl, pH 7.8, I mM GSH (interaction buffer),
with the [2Fe-2S] cluster concentration kept constant at 100 uM and SufA: [2Fe-2S] ratios
varying from 0 to 6. A series of individual samples were anaerobically prepared, each
containing an increasing amount of SufA that was added to [2Fe-2S] Grx4 uptoa 6 : 1
ratio of SufA to [2Fe—2S]. Samples were equilibrated for 5 min. at room temperature after
addition of SufA prior to recording CD spectra. All samples were prepared and scanned
under anaerobic conditions, and SufA was pre-incubated with 5 mM DTT to reduce any

disulfides formed during purification, and then desalted anaerobically before mixing with
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[2Fe-2S] Grx4. As a control, holo-SufA was incubated with apo-Grx4 to determine
whether the transfer reaction is bi-directional.
Reduction, Alkylation, and Trypsin Digestion of SufA

Reduced SufA was prepared by buffer exchange of pooled protein fractions into
reducing buffer (100mM ammonium bicarbonate and 6 M urea) followed by addition of 5
mM DTT and incubation at 56 °C for 45 min to reduce disulfide bonds. The sample was
alkylated by incubation with 14 mM iodoacetamide at room temperature for 30 min and in
the dark to alkylate cysteines. Unreacted iodoacetamide was quenched by addition of 5
mM DTT and incubated 15 min at room temperature in the dark. Trypsin digestion of
protein was accomplished by diluting the protein mixture 1:5 in 100mM ammonium
bicarbonate, to reduce the concentration of urea to < 2 M, followed by addition of 1 mM
calcium chloride (CaCly). Trypsin was added at a minimum concentration of 4-5 ng /ul
and 1/100-1/200 enzyme: substrate and incubated at 37 °C overnight. Trypsin digestion
was halted by acidification with trifluoroacetic acid (TFA) to 0.4% (vol/vol) until the
solution pH was < 2.0. The sample was centrifuged at 2,500 x g for 10 min at room
temperature and the pellet discarded. The sample was dried in a Speedvac Plus Sc110a
centrifuge concentrator (Savant) at low temperature. The lyophilized protein was
resuspended in 2% acetonitrile / 0.5% formic acid to a peptide concentration of 1-10 pg /
ul for Electrospray lonization-Liquid Chromatography- Mass Spectrometry (ESI-LC-MS)

analysis.
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RESULTS
Characterization of as-purified E. coli Grx4

It has been well-established that monothiol glutaredoxins form homodimers with a
bridging [2Fe-2S] cluster via their active site cysteines and two non-covalently bound
glutathione molecules.”"87%% Aerobic expression and purification of Grx4 yielded a
colorless, clear protein concentrate, and thus, was characterized with spectroscopic and
biochemical analysis. Iron and acid-labile sulfur analyses of the aerobically purified Grx4
indicated the protein is monomeric, containing less than 0.01 Fe / 0.05 S per monomer. As-
purified Grx4 shows no distinct UV-visible or CD spectra peaks due to the absence of a
homodimer binding pocket. The theoretical monomeric weight of Grx4, according to the
amino acid sequence, is approximately 12.9 kDa (Table 2.1). Analytical gel filtration
analyses using protein standards of known molecular weight (MW) and diameter (Figure
2.1) confirmed the as-purified oligomeric state of Grx4 to be monomeric protein (Figure
2.2, red line), with an apparent molecular weight of 14.7 kDa.
Characterization of reconstituted Grx4: Grx4 binds a [2Fe-2S] cluster similar to other
monothiol glutaredoxins

Due to the loss of Fe-S content during purification, it was necessary to semi-
enzymatically reconstitute Grx4. As-purified E. coli Grx4 (1 mM) was reconstituted by
incubation in an anaerobic glove box (Coy) in reconstitution buffer containing 25 mM Tris-
HCI, pH 7.8, 150 mM NacCl, 5 mM dithiothreitol (DTT), 2 mM glutathione (GSH), with
10-fold excess of L-cysteine and ferrous ammonium sulfate (FAS) and 4 puM SufS and
SufE. The UV-visible absorption and CD spectra were monitored over time during the

reconstitution of E. coli Grx4 (Figure 2.3). The reconstitution reaction of Grx4 showed
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Table 2.1. Molecular mass analysis of SufA and Grx4 complexes?

Sample Oligomer Gel Filtration Theoretical
Apo-Grx4 Monomer 14.7+0.30 12.878
Apo-SufA Monomer 17.1+0.93 13.300

[2Fe-2S] Grx4 Dimer 34.1 £0.56 25.756
Apo-Grx4-SufA Dimer 28.8 +0.68 26.178
[2Fe-2S] Grx4-SufA Dimer 27.8 £0.37 26.178
Apo-SufA Dimer 25.5+0.33 26.600

2 All masses are shown in kDa.
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Figure 2.1. Gel filtration chromatograms (1—8 mg loaded) of molecular mass standards
(red) and blue dextran (blue). The elution positions of molecular mass standards are
shown at the top of the chromatogram.
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Figure 2.2. Size-exclusion chromatography analysis of Grx4 and SufA Elution Profiles.
Top: Gel filtration chromatograms (0.5—1 mg loaded) of apo SufA (blue), apo Grx4
(red), [2Fe-2S] Grx4 (green). The elution positions of molecular mass standards are
shown at the top of the chromatogram. Bottom: SDS-PAGE analysis of the fractions
collected.
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Figure 2.3. Time course of Fe-S cluster formation on E.coli Grx4. Monitored by UV-
visible absorption (top) and UV-visible CD spectroscopy (bottom) under anaerobic
conditions in semi-micro 1 cm cuvettes at room temperature. Ag values are based on the
final [2Fe-2S] cluster concentration. The arrows indicate the direction of intensity
change with time ats elected wavelengths.
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low-level formation of thio-ferrates, or iron-sulfur chain, by-products. This side reaction
can be monitored by an increase in absorption at 600 nm. E. coli Grx4 reconstitution
reached completion after approximately 60 minutes. The reaction was purified by
anaerobic anion exchange chromatography using a Hitrap Q FF 1-mL column in order to
remove by-products from the reconstituted holo-protein. Iron and acid-labile sulfur
analyses of the anaerobically prepared Grx4 complex indicated that the complex contained
~0.75 [2Fe-28S] cluster per homodimer. Reconstitution of E. coli Grx4 yielded a [2Fe-28S]
bound complex with spectral characteristics identical to what was previously reported in
the literature.”® E. coli holo-Grx4 has a distinct UV-visible and CD spectra in the 300 nm
to 600 nm range and represents the Fe-S cluster coordination environment of the protein.
The UV-visible absorption spectrum of reconstituted Grx4 is nearly identical to other
monothiol glutaredoxins from S. cerevisiae Grx3 and Schizosaccharomyces pombe Grx4,
with absorbance peaks at 318, 413, and 455 nm, indicative of a [2Fe-2S] cluster (Figure
2.4A). As expected, the CD spectra for E. coli Grx4 was also comparable to S. cerevisiae
Grx3 and S. pombe Grx4. Positive peaks at 308, 455, and 550-590 nm and negative peaks
at 345, 404, and 518 nm are characteristic of [2Fe-2S] cluster-bound Grx4 (Figure 2.4C,
red line). The stability of E. coli holo-Grx4 was observed using CD spectroscopy, where
the sample was anaerobically incubated for 1 hour at room temperature, after which its CD
signal was measured (data not shown). The CD spectra did not appreciably change,
indicating that E. coli holo-Grx4 is stable enough at room temperature in order to proceed

with further protein-protein interaction studies.
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Figure 2.4. Comparison of UV—visible absorption (top) and CD (bottom) spectra of the
purified [2Fe-2S] Grx4 homodimer (red) and the [2Fe-2S] SufA homodimer (blue). €
and Ae values are based on the [2Fe-2S] concentration. Spectra were recorded under
anaerobic conditions in sealed 0.1 cm cuvettes in 50 mM Tris-HCl buffer with 150 mM
NaCl at pH 7.8. Ag values are based on the [2Fe-2S] cluster concentrations.
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Oligomeric State of Purified A-Type carrier protein SufA in E. coli

A-type carrier proteins have Fe-S clusters that are semi-stable in air and partially
maintained during aerobic purification. The pure SufA protein used in this study always
had variable amounts of Fe (0.02 - 0.18 per monomer) in its as-purified form and was
converted to its fully apo-form following published procedures.”? The ATCs have distinct
UV-visible and CD spectra in the 300 nm to 600 nm range that represents the Fe-S cluster
coordination environment of the individual proteins, as seen for E. coli SufA (Figure 2.4).
Spectra recorded for SufA after aerobic purification showed weak signal strength in its
UV-visible and CD spectra peaks due to the relative absence of a Fe-S cluster in the active
site binding pocket (data not shown). The theoretical monomeric weight according to the
amino acid sequence of SufA is approximately 13.3 kDa (Table 2.1). Analytical gel
filtration analyses using protein standards of known molecular weight and diameter (see
Figure 2.1) determined that the as-purified oligomeric state of SufA was likely a monomer-
dimer protein mixture (Figure 2.2, blue line), with an apparent molecular weight of 17.1
kDa and 25.5 kDa for the mixture. However, the oligomeric state of SufA was not
conclusively determined, as pure SufA protein was expected to elute as a singular protein
elution peak. Based on ATC protein homologues, it seems a common property of these
proteins to form a mixture of oligomeric states when purified.’®%1% Normally, SufA is a
dimer in solution, and it shares with IscA the ability to bind [2Fe-2S] and [4Fe—4S] clusters
after chemical reconstitution.**-8
Characterization of Reconstituted As-Purified E. coli SufA

Due to some loss of Fe-S cluster content during aerobic purification, A-type carrier

protein SufA was reconstituted by incubation with ferrous ammonium sulfate (FAS), L-
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cysteine, dithiothreitol (DTT), SufS, and SufE under anaerobic conditions. Briefly, the apo-
proteins were obtained by incubating the proteins with EDTA and potassium ferricyanide
(molar ratios 1:50:20) on ice for 5-10 min followed by desalting. Pre-reduced SufA (1 mM)
was incubated in an anaerobic glove box (Coy) in reconstitution buffer containing 25 mM
Tris, pH 7.8, 150 mM NaCl, 5 mM DTT, with 10-fold excess of L-cysteine and FAS, and
4 uM SufS and SufE. The iron and acid-labile sulfur analyses of reconstituted SufA showed
that the cluster content was 1.38 Fe/monomer, 1.30 S/monomer, indicating that SufA binds
a [2Fe-2S] cluster similar to other A-type carrier proteins. The UV-visible absorption
spectrum of reconstituted SufA displayed two broad absorption bands at 330 and 420 nm
that are characteristic of a [2Fe-2S] cluster on SufA (Figure 2.4B).3%°860:101 The CD spectra
of holo-SufA alone has well-defined features in the visible region, including positive (+)
maxima at 350 and 465 nm, negative (-) maxima at 313, 400, and 575 nm, and complex
negative features from 500 — 700 nm (Figure 2.4C, blue line). Therefore, CD spectroscopy
can be used to specifically monitor the Fe-S cluster binding of SufA during the cluster
transfer reaction without separating the mixture by anaerobic chromatography. The CD
spectra of reconstituted and purified holo-SufA is more intense than the as-purified sample,
suggesting that the reconstituted proteins contain a much higher quantity of iron in
comparison (data not shown). The stability of the protein was observed using CD
spectroscopy, where the sample was anaerobically incubated for 1 hour at room
temperature, after which its CD signal was measured (data not shown). Reconstituted SufA
showed minimal change in its CD spectra, indicating that E. coli holo-SufA is stable
enough at room temperature in order to proceed with further protein-protein interaction

studies.
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Gel Filtration Studies Examining the Interactions Between SufA And Grx4

In order to characterize the protein-protein interactions between SufA and Grx4,
the individual proteins were initially expressed and purified separately for in vitro analysis.
Soluble wild-type SufA and Grx4 were easily extracted from E. coli, yielding the
monomeric apo-forms upon aerobic purification. Analytical size exclusion
chromatography (SEC) was performed, which separates protein components in a mixture
based on their size and shape. The two proteins were first characterized as apo-proteins
(lacking the iron-sulfur cluster) to determine to what degree apo-Grx4 and apo-SufA
interact to form a stable complex. These two apo-proteins were predicted to not form a
stable complex in the absence of the necessary iron-sulfur cluster since the active form of
Grx4 is a homodimer that binds a [2Fe-2S] cluster ligated by two glutathiones, whereas the
apo-form of this protein exists in a monomeric form. As previously discussed, the apo-
Grx4 was found to purify as a monomeric protein, based on its single elution peak in the
SEC chromatogram (Figure 2.2, top, red line), comparably to previously published results,
with an apparent molecular weight of 14.7 kDa (Table 2.1), computed using the analytical
calibration curve (see Figure 2.1). The Grx4 protein elution fractions were observed on the
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) gel, which is a
method to separate proteins by molecular mass, as a monomeric protein band
corresponding to its theoretical 12.9 kDa size (Figure 2.2, bottom). On the other hand, as
previously discussed, the as-purified SufA protein was found to purify as two oligomeric
states under the conditions used (see Figure 2.2, blue lines). The elution profile of SufA
tended to vary in chromatographic features; for example, when the sample was thawed on

ice and loaded onto the column while still cold, the resulting elution profile was a single
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chromatographic peak with a shoulder feature, which is evidence of peak splitting, where
the signal shape is created by two components eluting close together. One method of testing
this hypothesis was to inject a smaller sample concentration onto the column, with the
intent to have better separation of any overlapping elution peaks, but the result was an
elution peak with the same shape, at a lower absorbance intensity (data not shown). When
the frozen SufA protein sample was allowed to warm up to room temperature, the eluting
protein separated into two discernable peaks on the chromatogram, seen as a sawtooth
pattern. The peaks were calculated to have apparent molecular weights of 17.1 kDa and
25.5 kDa (Table 2.1). The theoretical molecular weight of monomeric SufA is 13.3 kDa
and as a dimeric structure is 26.6 kDa, which its published crystallographic structure
predicts is the native state of SufA in the E. coli cell. Results from running the SEC elution
fractions on an SDS-PAGE gel showed a faint protein band with a MW of about 30 kDa
(which may be dimeric SufA or a protein contaminant) and a main band at ~14 kDa, which
should correspond to monomeric SufA (Figure 2.5). Since the gel contains both the
surfactant SDS (sodium dodecyl sulfate) to denature proteins and the reductant -
mercaptoethanol (BME) to cleave disulfide bonds, the SDS-PAGE gel should only contain
bands for monomeric proteins. To determine whether the larger MW peak was a possible
co-purifying contaminant, the SEC elution fractions corresponding to the higher MW peak
were pooled together and proteolytically digested for mass spectral analysis using ESI-LC-
MS. The elution peak was identified as 100% E. coli SufA, which leads to the hypothesis
that the two chromatogram peaks represent a dimer/monomer oligomeric mixture, but the
evidence is not conclusive. The fractions corresponding to the higher MW peak (25.5 kDa)

were pooled, nondestructively concentrated, and reloaded onto the SEC analytical column
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Figure 2.5. SDS-PAGE gel analysis of protein stocks. Purified apo SufA, apo Grx4,
and equimolar apo-apo SufA-Grx4 mixture.
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using room temperature buffer. The chromatogram showed that this SufA oligomer re-
equilibrated, eluting as two peaks corresponding to similar molecular weights as in the
original sample result (17.6 kDa and 28.2 kDa) (Figure 2.6, pink line). In contrast, when
the lower MW peak fractions were pooled, concentrated, and reloaded onto the column,
the resulting chromatogram contained just one peak with a molecular weight (15.8 kDa)
similar to the original profile (Figure 2.6, teal line). While the new computed MWs are not
identical to the MWs of the original SufA sample, they fall within the margin of error for
the resolution of the column used. These results indicate that the larger MW oligomer
(dimer) re-equilibrated into a smaller (monomeric) oligomer. This conclusion is supported
by evidence from the literature, in which variation in oligomeric states has been reported
in the A-type protein family. For instance, 4. vinelandii NIscA, Erwinia chrysanthemi
SufA, and Synechocystis PCC6803 IscAl are dimeric proteins.’®**® Experiments suggest
that S. pombe Isal is most likely a tetramer,” whereas E. coli IscA has been purified as a
mixture of dimers and tetramers (a dimer of dimers).!%

To determine whether apo-Grx4 and apo-SufA interact and to what degree they
form a stable complex, equimolar concentrations of each protein were mixed together in a
buffer containing 1 mM glutathione (GSH), which is a cofactor needed by Grx4 that aids
in coordination of the Fe-S cluster. The resulting chromatogram contained two overlapping
elution peaks with a similar profile as compared to SufA pure protein, but with a higher
signal intensity (Figure 2.7, top, purple line). The downfield peak had a nearly identical
elution volume to monomeric SufA, but the upfield peak eluted with an apparent MW of
28.8 kDa that does not correspond to an oligomer of either pure protein (Table 2.1). The

SDS-PAGE gel shows that both elution peaks contain a mixture of SufA and Grx4
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Figure 2.6. Size-exclusion chromatography analysis of SufA Oligomeric States. Gel
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(Figure 2.7, bottom), with the upfield peak appearing to produce two main bands
corresponding to pure SufA and Grx4 as well as additional bands above the 25 kDa MW
standard that does not correlate to either apo-SufA or apo-Grx4. The presence of a
heterocomplex cannot be decisively concluded because the individual elution fractions
were treated with trichloroacetic acid to quickly concentrate the proteins present in the SEC
samples, which may have inadvertently created nonnative heterocomplexes in the samples
through the creation of polysulfide bonds.

When the reconstituted (holo) Grx4 sample, which contained ~0.75 [2Fe-2S]
cluster per homodimer, was loaded onto the SEC column using anaerobic buffer (Fig. 2.2,
green line), the chromatogram result contained two distinct elution peaks. The taller peak
corresponded to the Grx4 dimer, with a MW of 34.1 kDa, while the smaller peak
represented the Grx4 monomer, with a MW of 15.1 kDa, and this data is corroborated by

102 Monomeric Grx4 was present in small abundance, as expected,

published results.
because the prepared holo-Grx4 was a dimer/monomer mixture from incomplete Fe-S
cluster reconstitution. Nevertheless, some degradation of the homodimer may have
occurred as the result of thawing or exposure to air that entered the SEC column through
the buffer line. Each fraction of the elution profile was analyzed with CD spectroscopy,
which characterizes chirality in molecules through their optical activity, to determine
whether distinctive spectral features existed in the samples. The fraction corresponding to
the Grx4 homodimer produced the strongest CD signal relative to background noise,
whereas the fraction containing the Grx4 monomer peak produced no significant CD signal

(data not shown). The CD spectrum for Grx4 homodimer contained a broad negative peak

at ~340 - 410 nm and a positive broad peak at ~470 nm, which is comparable to previous
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findings (see Figure 2.4C, red line). These results confirm that the reconstituted Grx4
protein was in a dimer conformation, which is the active oligomer that binds the iron-
sulfur cluster. Holo-Grx4, when exposed to room air, has a loss of the Fe—S cluster
absorbance signal over time in the 300—600 nm region. Apo-Grx4 does not produce a CD
signal because as a monomer it has no chirality so there is no absorption of left and right
circularly polarized light.

To determine whether holo-Grx4 and apo-SufA interact and to what degree they
may form a stable complex, the two proteins were mixed together in anaerobic buffer
containing 1 mM glutathione. When the SEC column was loaded with the mixture
containing SufA and reconstituted Grx4, in a ~1:1 ratio, the results were that the mixture
eluted as two overlapping peaks, with apparent MW of 27.8 kDa and 17.7 kDa (Table 2.1;
Fig. 2.7, orange line). When comparing the higher MW peak of the mixture to the holo-
Grx4 and as-purified SufA profiles, this elution peak correlated with neither the holo-Grx4
dimer nor the SufA dimer oligomer, eluting with a similar apparent molecular weight as
the apo-Grx4/apo-SufA heterocomplex. It is possible that this elution profile demonstrates
the existence of a natural intermediate complex between Grx4 and SufA, but the difference
between homodimer vs. heterodimer profiles is negligible and below the resolution of the
SEC column used. The lower MW peak of the mixture correlates with the monomeric
elution peak of SufA and, in the gel, consists mainly of SufA. Comparison of
chromatography results suggests that both apo- and holo-Grx4 form a heterodimeric
complex with SufA (Figure 2.7). These data suggest that formation of a complex between
Grx4 and SufA occurs regardless of the presence of the Fe—S cluster. The SDS-PAGE gel

of holo-Grx4 / apo-SufA fractions (Fig. 2.7, bottom) shows that the higher MW peak is
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composed of a mixture of both Grx4 and SufA as well as displaying protein bands in the
~35 kDa range. However, these fractions were also treated with trichloroacetic acid, which
may have produced nonnative heterocomplex formation; so, the existence of this
intermediate complex is uncertain. Each fraction was analyzed with CD spectroscopy to
determine whether transfer of the iron-sulfur cluster from holo-Grx4 to apo-SufA occurred.
Of the samples tested, the fraction corresponding to the upper MW peak produced a
distinguishable signal (Fig. 2.8, blue line). The spectrum shows that there is a shallow
positive peak in the 350-400 nm range in contrast to the broad negative peak in the holo-
Grx4 spectrum (see Figure 2.4C). From what is known from the literature, holo-SufA has
well-defined features in the visible region, including positive maxima at 350 and 465 nm
and negative maxima at 317, 391, and 559 nm. The homodimer of SufA has no CD signal
when the iron-sulfur cluster is absent from the active site. Therefore, the CD spectrum of
the holo-Grx4 / apo-SufA mixture appears to have unique features that may indicate an
intermediate complex has formed. When comparing the mixture CD spectrum to that of
holo-Grx4 (see Fig. 2.4C, red line), a decrease in the 450 nm region in the presence of apo-
SufA is observed, suggesting that the cluster may be partially transferred to apo-SufA
However, since the spectrum baseline is shifted below the origin and the signal intensity is
low, we cannot conclude that the spectrum demonstrates an accurate result.
Ni-NTA Affinity Chromatography to Characterize Protein-Protein Interactions
Between Hiss-Grx4 with Apo-SufA

Another approach to determine whether there is binding between holo-Grx4 and
apo-SufA is to perform immobilized metal affinity chromatography (IMAC). Initially,

reconstituted Grx4, containing an N-terminal polyhistidine tag (Hise-Grx4 in the
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holo-form), was incubated with apo-SufA in an Eppendorf tube for 5 minutes before being
loaded onto a Ni>*-NTA column under anaerobic conditions. After a subsequent washing
step, Hise-Grx4 and any proteins that interacted with it were eluted from the column using
a high imidazole buffer. Secondly, this interaction experiment was repeated by performing
sequential loading: reconstituted holo-Hiss-Grx4 was bound to the Ni?-NTA column
under anaerobic conditions. Apo-SufA was then passed through the preloaded Hise-Grx4
column under anaerobic conditions. After a brief incubation and subsequent washing step,
Hise-Grx4 and any proteins that interacted with it were eluted from the column using a high
imidazole buffer. The protein content of these elution fractions was analyzed by SDS-
PAGE (Figure 2.9). As a control, apo-SufA was loaded, washed, and eluted on a Ni?-NTA
column containing no Hise-Grx4 protein. Some non-specific SufA binding to the Ni**-NTA
column was observed for these controls (not all SufA protein was found in the wash
fractions). The interaction between apo-Hise-Grx4 and apo-SufA was also tested. The
anaerobic interaction assay revealed that while holo-Hise-Grx4 does interact with apo-
SufA (as observed in our SEC chromatography experiment), the apo-Hiss-Grx4 / SufA
interaction results did not differ significantly in the amount of apo-SufA that co-purified
with Hise-Grx4, based on the two methods of testing. However, the Fe-S holo-Grx4 pre-
incubated with apo-SufA maintained the reddish-brown protein complex coloration,
characteristic of Fe-S cluster presence, throughout the column interaction experiment and
the subsequent step of elution sample concentration. The stepwise loading of holo-Hiss-
Grx4 and apo-SufA also resulted in SufA and Hiss-Grx4 co-eluting, but as a colorless
protein solution. Although apo-SufA did seem to experience minimal non-specific binding

to the Ni*’-NTA column (Fig. 2.9), there was evidence of moderate protein-protein
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interaction between apo-Hise-Grx4 and apo-SufA (Fig. 2.9), when the proteins were pre-
incubated before column loading. These results suggest that a linear model of Fe-S cluster
assembly occurs, where cluster formation occurs first on the Grx4 followed by recruitment
of apo-SufA, and unidirectional Fe-S cluster transfer to the SufA Fe-S shuttle.
In Vitro Cluster Transfer From [2Fe-2S] Cluster-Bound Grx4 to Apo-SufA

As previously mentioned, the intensity and superb sensitivity of the UV-visible CD
spectra to the asymmetrical environment of biological [2Fe-2S] clusters has made CD
spectroscopy the method of choice for monitoring the progress of interprotein Fe-S cluster
transfer. The [2Fe-2S] center on monothiol Grx4 investigated in this work has distinct and
intense UV-visible CD spectra compared to the [2Fe-2S] clusters on SufA (see Figure
2.4C). UV-visible CD spectra with Ag values were quantified based on the Fe-S cluster
concentrations to provide a convenient method for quantitatively monitoring cluster
transfer reactions based on changes in the Ag values at select wavelengths. As such, UV-
visible CD spectroscopy was used to monitor changes in the Fe—S cluster coordination
environment upon titration of holo-Grx4 with apo-SufA (Figure 2.10). The addition of an
increasing number of equivalents of SufA resulted in the loss of the [2Fe-2S] Grx4
homodimer spectrum and formation of a weak spectrum that resembles that of a [2Fe-2S]
Grx4—SufA heterodimer (see Figure 2.8). The transfer reaction reached equilibrium very
quickly (< 5 min), before the first CD spectrum was recorded. These results suggest that
titration of SufA with the [2Fe-2S] Grx4 homodimer promotes formation of a [2Fe-2S]
Grx4—SufA heterodimer as well as that of the apo-Grx4/SufA heterodimer. However,
given the shape of the apo-heterodimer peak in the chromatogram (see Figure 2.7, purple

line) and the weaker [2Fe-2S] CD signal after addition of SufA (Figure 2.10), it appears
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Figure 2.10. CD spectroscopy analysis of Grx4—SufA interactions. Titration study of
the [2Fe-2S] Grx4 homodimer with apo-SufA monitored by UV-visible CD
spectroscopy. CD spectra for the [2Fe-2S] cluster-bound Grx4 homodimer (blue line)
titrated with a 0—6-fold excess of SufA (the legend indicates the SufA:[2Fe-2S] ratio).
The arrows at selected wavelengths indicate the direction of the change in intensity with
an increase in SufA concentration. Ag values are based on the initial [2Fe-2S]
concentration, 100 uM.
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that the majority of the Grx4—SufA heterodimer is isolated in the apo-form. Taken together
with the SEC chromatogram, these results suggest that the interaction between Grx4 and
SufA is not Fe—S cluster-dependent, and that SufA destabilizes the [2Fe-2S] cluster on
Grx4 as it binds to form a stable intermediate heterocomplex. As a control, holo-SufA was
anaerobically incubated with apo-Grx4 to determine whether the transfer reaction is bi-
directional. The cluster transfer seems unidirectional, as the reverse reaction involving a
2:1 concentration of [2Fe-2S] cluster-bound SufA and monomeric apo-Grx4, in the
presence of 1 mM GSH, showed no discernable change in the CD spectrum after 30 min
of reaction monitoring (data not shown).
DISCUSSION

To clarify the nature of Grx4-SufA interactions in E. coli, we have purified Grx4
and SufA and characterized Fe-S cluster transfer interactions between them. Overall, the
apparent molecular weights of the SufA homodimer, SufA-Grx4 complexes, and Grx4
homodimer, as determined by size-exclusion chromatography, were somewhat larger than
the theoretical molecular weights of the homodimers and heterodimers. The monomer
forms of SufA and Grx4 also ran slightly larger than their calculated molecular weights
(see Table 2.1). Co-eluting samples of SufA and Grx4 separated into two resolved bands
when subjected to reducing SDS-PAGE, indicating that the interaction between SufA and
Grx4 may involve a covalent, intermolecular disulfide bond. As shown in Figure 2.4, fully
reconstituted [2Fe-2S] forms of Grx4 and SufA have distinct CD absorption spectra from
300-700 nm. When holo-Grx4 is mixed with apo-SufA, we observe rapid Fe-S cluster
transfer to SufA, as demonstrated by the loss of holo-Grx4 features and the appearance of

CD features more similar to holo-SufA (Figure 10). In contrast, when holo-SufA was
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mixed with apo-Grx4, cluster transfer was not observed, at least at the ratio tested. These
results indicate that Fe-S cluster trafficking is unidirectional from E. coli Grx4 to SufA.
Our preliminary results suggest that Grx4 may be able to load Fe-S clusters in SufA in vivo.

Although the gel filtration and CD interaction studies indicate that a Fe-S cluster
transfer reaction is occurring between Grx4 and SufA, an alternate explanation for these
results is that the data represents the CD spectrum of holo-Grx4 as its Fe-S cluster is
destabilized from the active site over time by the presence of apo-SufA. Transfer of the Fe-
S cluster from Grx4 to SufA is anticipated to occur in the order of seconds, so to track the
protein-protein interaction, the kinetics of the reaction will need to be monitored over time
using the CD spectrometer to determine whether transfer is occurring. In the simplest
interaction model, the apo-SufA homodimer binds to holo-Grx4 to form a holo-Grx4 / apo-
SufA heterodimer with a [2Fe-2S] bridging the two proteins (Figure 2.11). We hypothesize
that the proteins come into contact and form a loosely associated protein—protein
conformation that then either forms specific, close-range interactions in a native complex,
or may remain kinetically trapped in a nonnative state, forming a heterocomplex
intermediate, as a consequence of in vitro experimental conditions.

In vitro Fe-S cluster transfer experiments on the plant homologues of Grx4 and
SufA revealed rapid, unidirectional, and intact cluster transfer from A. thaliana GrxS14 to
A. thaliana SufA1.%% Given that evidence shows that monothiol Grxs exist in cluster-bound
forms in vivo in the cytosol of yeast,!'”® and that monothiol Grxs and A-type proteins

7583 jt seems likely that rapid [2Fe-2S] cluster transfer

interact in vivo in yeast mitochondria,
from monothiol Grxs to A-type proteins, such as E. coli Grx4 and SufA, is a

physiologically relevant cluster transfer reaction. Interestingly, previous studies have
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shown the GSH molecules in Fe—S-bridged Grx homodimers are in dynamic equilibrium
with GSH in solution.'® This labile GSH coordination may allow access to the Fe—S cluster
by competing ligands from SufA, facilitating formation of the heterodimer intermediate.
Coupled with in vivo evidence for interaction between monothiol Grxs and A-type Fe-S
cluster carrier proteins, the in vitro results from homologous proteins indicate that these

two classes of proteins work together in cellular Fe—S cluster trafficking.
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Figure 2.11. Model of interaction between the [2Fe-2S] Grx4 homodimer and SufA to
form apo- and holo-Grx4—SufA heterodimers.
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