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Abstract

Members of the Rrf2 superfamily of transcriptioncttas are widespread in
bacteria but their biological functions are largehknown. The aim of the work described
in this thesis was to uncover the distinct ironftaulcluster properties and biological
functions of two uncharacterised members of th@ Ramily.

RirA (Rhizobial iron regularor A) is a global irargulator inRhizobiumand many
related a-proteobacteria. Spectroscopic and ESI-MS datachester-reconstituted RirA
indicated that the protein binds a [4Fe-4S] clustaiactor. [4Fe-4S] RirA binds DNA,
consistent with its function as a repressor of eggion of genes involved in iron uptake.
Under low iron conditions, [4Fe-4S] RirA undergodsster conversion resulting in a
[2Fe-2S] form, which binds DNA with lower affinityf low iron conditions persist, the
[2Fe-2S] cluster is lost, resulting in a clustexefi{apo) form. This does not bind DNA and
can no longer function as a repressor and so treuptake machinery of the cell is
activated. The data are consistent with RirA fumatig as a sensor of iron via both iron-
sulfur cluster availability and the fragility ositluster. The significant sensitivity of RirA
to O, suggests that even when iron is sufficient, thetgdn is susceptible to cluster
conversion/loss; the interplay between iron apdhi@ht be importanin vivo.

A new member of the Rrf2 superfamily frdatreptomycesRsrR (Redox sensitive
response Regulator), was also characteriRerR is isolated containing a [2Fe-2S] cluster
than undergoes facile redox cycling. This modulae®NA-binding behaviour: it binds
RsrR-regulated promoter DNA tightly only in its dised state. Spectroscopic analyses
revealed that the cluster has properties charatiteaf His-coordinated [2Fe-2S] clusters
and His12 was identified through site-directed mgateesis as a likely cluster ligand.
Substitution of Glu8 also significantly affectecetbluster properties suggesting it might

also be a cluster ligand.
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Chapter 1. Introduction.

1.1. Background.

Many proteins have a non-protein component calledfactor. When the protein
contains the cofactor it is called a holo-protéirthe cofactor is removed, it is referred to
as an apo-protein. Proteins have acquired a widetyaof cofactors that provide them
with functions they would not otherwise be ablep&rform [1]. These low-molecular-
mass compounds bind covalently or non-covalentlytdl-defined sites and may be
divided into three groups: organic, metal-orgarampounds and inorganic cofactors. In
the case of organic cofactors, there are variogtentides (such as flavin mononucleotide
and flavin adenine dinucleotide), vitamins (biotpantothenate and folate), etc. Some
examples of metal-organic compounds are haem aadntblybdopterin cofactor.
Common inorganic cofactors include various metasisuch as Mg, Zn?*, Mn**, Cu**'**,
Fe*'?*, etc. One of the most important groups of inorgaifactors are iron-sulfur (Fe-S)
clusters [2]. These prosthetic groups are amonigst most ancient in nature. The
atmosphere on earth during the first billion yearas anaerobic, but with plentiful
supplies of soluble iron and sulfur. Ancient orgams utilised these to make Fe-S clusters
as protein co-factors. Among other functions, thaséactors could transfer electrons and
bind oxyanions and nitrogenous species [3]. As #ath’'s atmosphere became
oxygenated, fragile and reactive Fe-S clusters waseeptible to degradation, and some
were replaced through the process of evolution witrer cofactors e.g. Zh but many
were retained because of their essential reactivity

In the early 1960s, ferredoxins were the first i that contain Fe-S clusters to
be discovered. This was achieved by purifying pnstand applying the new technique of
electron paramagnetic resonance (EPR) spectroscoyych was able to detect
characteristic signals from paramagnetic clustenfo[4]. Some of the first Fe—S proteins

to be discovered include plant and bacterial ferxets and respiratory complexes I-lll of



bacteria and mitochondria [2]. It was originallyotight that these cofactors could
assemble spontaneously on proteins. However, ger@tchemical and cell-biological
studies in the 1990s provided ample evidence Heatrtaturation of Fe-S clusters in living
cells is a catalysed process that requires a compilasynthetic machinery [2, 5, 6].
Nowadays, in excess of 120 distinct types of enzyara proteins are known to contain

Fe-S clusters [7].

1.2.  Structures and properties of biological Fe-S clusters.

There is no single canonical primary amino acidusege that defines an Fe-S
cluster-binding motif within polypeptides. In fastariations in the spacing, environment
and type of Fe-S cluster ligands found in differéetS proteins is a significant contributor
to the wide range of the electronic and chemicalperties of their associated Fe-S
clusters [8]. Despite the extraordinary biologicatrsatility of Fe-S proteins, the
composition of Fe-S metal sites is relatively sieplith the iron coordination tetrahedral
throughout [9]. The structure and function of the-% cluster proteins are intimately
related. This section will outline the basic stuues available to this important cofactor,
and examples of how the structure relates to thetion will follow in section 1.3.

The [2Fe-2S] rhomb can be considered as the badairg block for assembly on
the basis of both structural and electronic consittens. It is composed of two iron ions
bridged by two sulfide 5 ions and coordinated by four cysteinyl ligandsre2Fe-2S]-
ferredoxins, by two cysteines and two histidines msRieske proteins and other
coordination environments are possible, see Figjire

l —
Fa/

Q‘\\‘_’ S-l?_ ﬁ
RS-

Figure1.1. Structure of the [2Fe-2S] cluster.



Cubane [4Fe-4S] clusters can be visualized as 8ke-pRS]| rhombs fused together
and lying perpendicular to one another. They cao &le viewed as consisting of two
interpenetrating tetrahedra of iron (as’Fer F€") and $ ions, forming a cube that is
linked to the protein framework by four amino aaiesidues at the vertices of a

tetrahedron (Figure 1.2).

Figure1.2. Structure of the [4Fe-4S] cluster.

[3Fe-4S] clusters, derived from [4Fe-4S] clusteysrébmoval of one iron atom
from one of the cube vertices, are found in biologya variety of enzymes/protein
including ferredoxins and respiratory enzymes. They also formed transiently during
cluster interconversion reactions [5, 10].

Fe-S clusters are typically coordinated by cystaesidues, although, in more
complex Fe-S clusters different ligands (His, A8pg, Ser, etc.) have been found [7].
Some Fe-S clusters proteins contain metal ionglditian to iron [2]. For example, the
nitrogenase MoFe protein is a heterodimeric prokeimd in diazotrophs that functions to
reduce or fix atmospheric,Nnto ammonia. The Fe protein contains one [4FeekBiter
and shuttles electrons to the MoFe protein whereeduction occurs. The MoFe protein
contains two unique [Fe-S] clusters: the P clug§g¥e-7S]) and the FeMo cofactor ([7Fe-
Mo-9S-homocitrate-C]). This protein provides anrapée of an Fe-S protein that contains
more than one type of Fe-S cluster [2, 11].

In addition, there are enzymes in which a [4Fe-@&$ter is bridged directly via a
cysteine ligand to another metallic center, sucindke iron-only hydrogenase, in which

the cofactor is [4Fe4S]-SCys-fétn)[3],(CN),, (dtn = di(thiomethyl)amine) [7].
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1.3. Functions of biological Fe-S clusters.

Due to the chemical versatility of iron and sulféee—S clusters have developed
different functions in a variety of important phgtgigical processes, mainly as electron
transport proteins, but also as catalytic centerssubstrate binding/activation, Fe-S
storage and as sensors or regulators [12, 13].anyncases the precise role of the Fe-S
cluster is still unclear, and it is possible tlrasome proteins the Fe-S cluster simply plays

a structural role.

1.3.1. Iron-Sulfur Cluster Function - Electron Transfer.

The first Fe-S proteins with a known function weerredoxins, which are
involved in several processes of life, includingof@synthesis, respiration and nitrogen
fixation. The clusters have the ability to delosalielectron density over iron atoms, and
the presence of at least two redox states, readibessible under normal biological
conditions for most types of Fe—S clusters, makemtideally suited for their purpose as
electron transfer agents [14]. [2Fe-2S] clusteesfaund in chloroplast ferredoxins acting
as electron donors to enzymes such as nitrite taseand glutamate synthase, and in
many animal tissues, acting as electron donorsytochrome P450 [15]. [3Fe-4S] and
[4Fe-4S] cluster ferredoxins were found 8treptomyces griseoluand Desulfovibrio
gigas respectively [16]. Bacterial ferredoxins may atemtain two [4Fe-4S] or [3Fe-4S]
clusters or a [4Fe-4S] [3Fe-4S] cluster combinatimmd act primarily as low potential
electron transfer proteins. The majority of therddoxins, which operate in the 2+/1+
redox couple, are able to exchange electrons awvgobtential (from —250 to —650 mV
versus NHE) [17, 18]. In the case of the high ptiaire-S proteins (HIPIP), they are able
to exchange electrons at potentials from +50 toO+#8/ because they operate via a

different redox couple, 3+/2+. HiPIPs contain aidgp cubic [4Fe-4S] cluster and are



found in purple photosynthetic bacteria and arelyika photosynthetic electron carrier
between the cytochronte; complex and reaction centres [5, 14, 16].

Rieske iron—sulfur proteins play a vital role i imkage between electron transfer
and proton pumping through the electron transpdvairc of mitochondria and in
photosynthesis. In the “Rieske” proteins containiing cluster [2Fe-2S(S.Cyd)\.His),],
ionization of a co- ordinated imidazole group ma&ydoupled to oxidation-reduction. By
binding Cys ligands from different subunits, irarifsr clusters affect dimer formation, as
in the Fe protein of nitrogenase and clusteofFPhotosystem | [11, 13]. Although in the
majority of clusters only one electron is transgelrthe [8Fe-7S] cluster in nitrogenase has

the ability to act as an electron carrier for tdece&ons [14].

1.3.2. Iron Sulfur Cluster Function - Catalytic and Structural
functions.

Fe—S clusters can also have a catalytic role, ¥Xamgple aconitase [19], in which a
non-protein- coordinated iron at one edge of a {454 cluster serves as a Lewis acid to
assist HO abstraction from citrate which is converted tocigate [2, 11]. Further, by
straddling protein structural elements, Fe-S ctastee able to stabilize structures that are
required for specific functions. That appears tothee case with endonuclease 1l Bf
coli, where a specific DNA binding site is stabilizeshd in MutY [12, 13]. In a related
function, clusters have been shown to protect prstdrom the attack of intracellular
proteases, for example, an amidotransferag&aoillus subtilisneeds g4Fe-4S] cluster in
order to be protected from proteases [20]. Fe-Steta may also serve a storage function

for iron and possibly sulfide [5, 13, 21].

1.3.3. Iron Sulfur Cluster Function - Gene Regulation.

There are now several well-characterized exampiesSeeS clusters involved in

transcriptional or translational regulation of gexgression in bacteria and in eukaryotes.



Each senses a different type of environmental dtismand uses a distinct sensing

mechanism involving cluster assembly, conversiomedox chemistry.

1.3.3.1. Fumarateand nitratereduction (FNR) regulator; the
master aer obic/anaerobic switch.

Fumarate and nitrate reduction (FNR) regulatorytegns are dioxygen sensing
bacterial transcription factors that control theitsliv between aerobic and anaerobic
metabolism. FNR is a member of the cAMP receptotgin (CRP)-FNR superfamily of
homodimeric transcriptional regulators. The bestrabterized FNR protein is that frdn
coli, considered to be the paradigm system, althoughetlare clearly variations in
properties and sensory units between FNR prot&imsE. coli protein becomes activated
under anaerobic conditions by insertion of agpldbile [4Fe-4S{" cluster into the N-
terminal sensory domain by the Isc iron—sulfur ®u$22] biosynthetic machinery. This
causes conformational changes that diminish intbusit electrostatic repulsion, resulting
in the dimerization of the 30 kDa monomer. Thisl#es the C-terminal DNA-binding
domain to recognize specific binding sites withiNR=controlled promoters [23]. In
response to elevated, @vels, the [4Fe-48] cluster undergoes a rapid conversion to a
[2Fe-2SF" cluster, resulting in a dimer-to-monomer transitiand loss of site-specific
DNA binding [5, 24]. The cluster conversion meclsamiconsists in a two-step reaction
involving a [3Fe-4ST intermediate and sequential release of Fe(ll) a@lfFions. Since
the initial [4Fe-4S]" cluster contained two Fe(ll) and two Fe(lll) iotise reaction with
O, is proposed to result in oxidation to a superaddistate, [4Fe-43] that is unstable
and immediately ejects an Fe(ll) ion, forming ad3#S}* species [25]. Once formed, the
[3Fe-4S}* cluster is only transiently stable, ejecting ore€lF) ion and two sulfide ions
(S¥) to generate the product [2Fe-2Figure 1.3). The [2Fe-23]cluster of FNR is also

not very stable in the presence of @nd slowly degrades to form cluster-free (apo-)



protein. In this wayE. coli FNR regulates > 300 genes, most of which are &dsdcwith

anaerobic metabolism [23, 26].
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Figure 1.3. Mechanism of the reaction of [4Fe-4S]** FNR with O,[23].

Recently, the structure &liivibrio fischeri [4Fe-4S] FNR, a close homologue of
E. coli FNR, was solved with the cluster bound [27]. Tgmsvides a structural framework
in which to interpret the wealth @ vivo and biochemical data available for tBecoli
FNR protein.

Anaerobic exposure dE. coli cells to physiologically relevant concentratiorfs o
NO led to up-regulation of multiple FNR-represseshgs and down-regulation of FNR-
activated genes, suggesting that NO inactivates FRE}. Among those genes up-
regulated due to FNR inactivation in the presenéeN® is hmp encoding a
flavohemoglobin that constitutes a principal NOodétcation pathway inE. coli and a
wide range of other bacteria. It also plays an irtgya role in the establishment of

infection by pathogens. Reaction of [4Fe-4S] FNRhwNO in vitro was shown to
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generate iron nitrosyl species associated with FiWRich bound DNA with reduced
affinity [28].

Different techniques have been used to characténeanterconversion between
[4Fe-4ST" and [2Fe-2ST clusters in FNR. These include Mossbauer speapysi29],
resonance Raman, UV-visible absorption/CD speotfmes, mass spectrometry and

electron paramagnetic resonance [23, 30, 31].

1.3.3.2. IscR: regulator of Fe-Sbiogeness.

IscR is widely conserved in bacteria and is partthed large Rrf2 family of
transcription factors. It is a global regulatorttdaectly or indirectly controls expression
of ~40 genes irkE. coli. The 17 kDaE. coli protein consists of a winged helix-turn-helix
(HTH) DNA binding domain in the N-terminal regioncga motif with three cysteines and
one histidine (Cys92, Cys98, Cys104, His107) reglifor coordination of a [2Fe-2S]
cluster in the C-terminal region [32]. Anaerobiggbiurified IscR showed an EPR signal
with g values at 1.99, 1.94, and 1.88, typical for a [2B¢-cluster in the reduced, &tate.
When the sample was oxidized in air, the signal l@as and the colour of the protein
changed from red to brown, indicative of [2Fe2SJuster oxidation to the 2+ oxidation
state. After reduction the signal gt= 1.99, 1.94, 1.88 was again observed with no
significant loss in intensity, demonstrating tha¢ tluster undergoes reversible oxidation
reduction [33]. IscR acts as a sensor of celluksSFlevels and a global transcription
regulator for Fe-S biogenesis under both ‘normall atressful conditions. Analysis of
IscR regulated genes revealed that IscR recogrveesdifferent DNA binding motifs
(referred to as type 1 and 2). Only [2Fe-2S]-Is@iib to type 1 sites, whereas both [2Fe-
2S]-IscR and apo-IscR bind to type 2 sites withilsirty high affinity, indicating that the
Fe-S cluster is not required for interaction wipd 2 sites. [2Fe-2S]-IscR represses the
expression of thesc operon that encodes the housekeeping Isc ironsshlbgenesis

system inE. coli. When insufficient clusters are being synthesizguh-IscR becomes the
8



dominant form, and this no longer binds tee operator sequence, thus up-regulating the
cluster biogenesis pathway (see Figure 1.4). Tleefapn activates the transcription of
the sufoperon. The balance between apo- and holo-IscReigted to be influenced by
growth conditions such as oxidative and nitrosafivg stresses or iron limitation [6, 21,
34, 35].

X-ray structures of apo-IscR fror&. coli and Thermincola potensiave been
reported, together witk. coli apo-IscR in complex with DNA containing a typeiges
These structures reveal important information abih@ nature of the protein-DNA
interaction, but a full understanding of the re¢oig mechanism is currently hindered by

the lack of structural information for the Fe-Sstkr bound form [36].
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Figure 1.4. Diagram of IscR regulation [34].

1.3.3.3. NsrR: sensor of nitrosative stress.

NsrR is another member of the Rrf2 family and itdé&licated to the detection of
NO stress and the protection against reactive getmtospecies. NsrR iBacillus subtilis

bears significant homology (30% identity and 48%ikirity) to IscR inE. coli. Notably,
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among the residues conserved between these prat@rtbe three cysteine residues that
coordinate the Fe-S cluster in IscR, although thelver of residues separating the first
Cys from the CX¥C motif varies in IscR and NsrR orthologues [37.3treptomyces
coelicolor, anaerobically purified NsrR binds a [4Fe-#S¢luster and is a homodimer
irrespective of the presence of cluster. The [46gfdrm reacts slowly with € consistent
with the fact thaB. coelicoloiis an obligate aerobe. Howevar vitro the protein has been
shown to undergo annediated conversion from the [4Fe-4S] to a [2F¢4@8n, a
process that is dependent on the presence of alinatng, non- physiological low
molecular weight thiol [38]. In most of the orgamis investigated to date, NsrR is a
global regulator, controlling a complex networkgahes, only some of which are directly
related to NO detoxification. In the soil bacteriu8n coelicolor however, NsrR has a
more specialized function, regulating only tiegRgene itself and twbmpgenesiimpAl
andhmpA3 (24) encoding NO detoxifying flavohaemoglobingtticonverts NO to N©
under aerobic conditions (ang®lunder anaerobic conditions) [38, 39].

The reaction of [4Fe-4S] NsrR with NO affects DNAnding differently
depending on the gene promoter. Binding tohhmA2promoter was abolished at 2 NO
per cluster, although for thbmpAl and nsrR promoters, 4 and 8 NO molecules,
respectively, were required to abolish DNA bindj88]. Spectroscopic evidence indicates
that this is achieved through the formation of iraitrosyl complexes: mainly Roussin’s
red ester (RRE) -type and Roussin’s Black Salt (RBgpe complexes, a small (~16%)
proportion of mononuclear iron dinitrosyl iron coley (DNIC), and possibly others [39].
The precise relationship between iron- nitrosyl cegge and DNA-binding is not yet
understood. In addition to nitrosylated forms ofRlsapo-NsrR also does not bind DNA
[38]. Interestingly, inBacillus subtilis the protein was also shown to bind at anothee typ
of DNA sequence, and this was not dependent orclisger, suggesting that in some

organisms at least, apo-NsrR may also play a rotegulation [40].
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1.4. Iron-sensing regulators.

With the exception of the familyLactobacillaceag iron is an essential
micronutrient for all bacteria. In anaerobic coratis Fé" is soluble at physiological pH
and cells obtain iron without much difficulty frortne external medium. In aerobic
environments, however, this element is not easiglable to microorganisms because the
ion (FE"), upon exposure to oxygen, is oxidized t6"Rend forms insoluble hydroxides at
neutral pH, making the available metal very scaltehis case it is necessary for bacteria
to actively sequester iron from the extracellulaedmm. For this purpose, all aerobic
bacteria produce and secrete low-molecular-weighthpounds termed siderophores
(sideros phoros, greek for ‘iron carriers’), whichelate F& with high affinity and
specificity. Subsequently, the cell recovers theridelerophore complexes through
specific outer membrane receptors [41]. As weliresganic iron in ferric form, other
types of iron sources are available to bacteridquthiog inorganic iron in ferrous form,
heme as a protein constituent or as a free moleante proteins such as ferritin or
transferrin [42]. However, an excess of iron isitdxecause ferrous iron can catalyse the
conversion of hydrogen peroxide and superoxidehéohtydroxyl radical, known as the
Haber-Weiss reaction (Equation 1), via Fenton ckami

H,O, + O,” — O, + HO + HO Equation 1

This reaction is catalysed by metal ions, partidyldy ferrous ionsin vivo
Hydrogen peroxide can oxidise¥éons in the Fenton reaction [43] shown in Equation

The F&" can then be re-reduced by the superoxide ion (#mqua) or another cellular

reductant.
Fe + H0, —» FE" + HO" + HO Equation 2
Fe'+0, > Fe' + O, Equation 3

The net result is the Haber-Weiss reaction. Supgeoand hydrogen peroxide are

both present in cells that respire aerobically.réfme any free iron species could lead to
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the production of hydroxyl radicals, which is th@shreactive species known in biology
and can damage cellular components, including dipitembranes, nucleic acids and
proteins leading, eventually, to cell death [44]. 4Bherefore, iron uptake has to be
regulated in cells to maintain the intracellulancentration of iron within a certain range,
to ensure sufficient supply of this essential mutriwhile preventing toxic accumulation
[46, 47).

In many Gram-negative bacteria, regulation of te#utar iron concentration is
carried out by the ferric uptake regulator (FUn)EL coli, where it was first described, the
Fur protein is 17 kDa in size and is dimeric intbapo and Fé bound forms. The crystal
structure revealed two domains: the C-terminal donsainvolved in dimerisation and the
N-terminal domain is involved in DNA recognitiondbinding [48]. The working model
for the Fur protein ofE. coli proposes that, when bound by ferrous iron®{feFur
acquires a conformation in which it is able to bihd target operator DNA, called the Fur
box, within the promoter of the regulated genedpress transcription. However, when
iron is limited in the cell, the equilibrium is gisiced to release Fethe RNA polymerase
accesses cognate promoters, and the genes forohathesis of siderophores and other
iron-related functions are expressed. The Fe-bosittrophores are subsequently
transported into the cell to satisfy its’Feequirement [46, 49].

The physiological role of DtxR (diphtheria toxinpressor protein) is similar to
that of Fur. They have structural and mechanistialarities, however, the two proteins
share little if any amino acid sequence homologiRDis the prototypeof a family of
metal-dependent regulatory proteins that have hbdentified in numerous bacteria,
including both Gram-positive and Gram-negative sgm¢50, 51]. The Gram-positive
bacteriumCorynebacterium diphtheriass the causative agent of the severe respiratory
disease diptheria. It colonizes the upper respyatact of the human host, where it
secretes the potent diphtheria toxin [52]. Expaessif diphtheria toxin (DT) is regulated

by iron availability, with maximum production occimg in low-iron conditions. Théox
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gene, the structural gene for DT, is regulatednnran-dependent manner by DtxR. It is
not only involved in the regulation of expressidrDd but also responsible for regulating

the synthesis and export of siderophores, the githere-dependent uptake of iron, and
the synthesis of specific systems for the util@atiof iron from heme, hemin and

hemoglobin [50, 51, 53].

In some branches of the-proteobacteria, iron responsive regulation differs
substantially from the canonical Fur?HeDtxR-F&* regulatory models. In these bacteria,
Fur is present but it is usually relegated to @=mstral roles in iron regulation or, in some
cases, functions to regulate the cellular respémseanganese rather than iron levels. In
this case, it is more appropriately termed Mur (gaarese uptake regulator) [54]. In place
of Fur,many of thea-proteobacteriaise the iron regulatdrr. Irr is a member of the Fur
superfamily of metalloregulators, but its propestege quite distinct from those of Fur. It
appears to be the only member described thus &rishfunctional (for DNA-binding)
only in the absence of the regulatory metal cofastdich is heme rather than non-heme
iron. Furthermore, it contains only a single cysteresidue rather than multiple cysteines
found in the other Fur proteins [55, 56]. Irr funcis under iron limitation anakcts as both
a positive and negative regulator of gene exprassiodulating a number of genes related
to iron metabolism [47]. Irr iBradyrhizobium japonicunbinds heme by forming a
complex with the heme biosynthetic enzyme ferrcafasle, thus responding to the status
of heme at the site of synthesis. The Irr-heme dexnig extremely unstable and is rapidly
degraded via an unknown mechanism that involvesréa®x activity of heme and
oxidation of the protein. Because iron levels disemfluence heme levels, in iron-replete
conditions, Irris not available to repress or activate its tamgmtes. Reactive oxygen
species (ROS) [57] seem to promote the heme depeddgradation of Irr. liRhizobium
leguminosarumirr also senses heme but responds to it in &reift way. The Irr-heme

complex does not degrade but heme binding decréasedTfinity of the protein for DNA
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[58]. Although the regulatory input information fbr is the status of heme biosynthesis, it
is clear that Irr is a global regulator of iron heostasis and metabolism [59].

Rhizobia and closely related proteobacteria contain a second global regulaitor
iron, named RIirA rhizobial iron regulatorA) [26, 60]. In silico analyses of genome
sequences indicate that Irr occurs in all membefsthe Rhizobiales and the
Rhodobacterales and that RirA is found in all baé dranch of these two lineages, the
exception being the clade that includ& japonicum [61]. RirA repressed >80
transcriptional units inRhizobium Sinorhizobiumand Mesorhizobium in iron-replete
media. It is also found in the human pathogamtonellg the animal pathogeBrucella
and the phytopathogeAgrobacterium RirA was initially discovered inRhizobium
leguminosarurmand is a member of the Rrf2 family of putative senptional regulators,
which also contains IscR and NsrR (see above).

A major focus of this thesis is RirA froRhizobium leguminosarurAmongst the
soil bacteria Rhizobium is the only group that laabeneficial effect on the growth of
legumes. They can live in the soil or in nodulesmied on the roots of legumes. In root
nodules, they form a symbiotic association with lggume, obtaining nutrients from the
plant and producing ammonium in a process calletbgical nitrogen fixation (BNF),
which is very demanding for iron due to the intthdar abundance of iron—sulfur proteins
[14, 62].

A single monomer of RirA has a molecular mass @f4ll7Da, is composed of 160
amino acid residues and has no detectable sequentlarity to Fur or to DixR,
indicating that RirA represents a novel class ofrésponsive regulator for maintaining
iron homeostasis [34]. RirA contains three esskegyateine residues in its amino acid
sequence as shown in Figure 1.5. These three ogstat positions 92, 101 and 107, are
conserved in 70% of the Rrf2 family of proteins ahds thought that these cysteines

function as ligands for an iron-sulfur cluster.tjas they do in NsrR and IscR.
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VRLTKQTNYA VRMLMYCAAN DGHLSRI PEI AKAYGVSELF
LFKI LQPLNK AGLVETVRGR NGGVRLGKPA ADI SLFDVWR
VTEDSFAVAE CFEDDGEVEC PLVDSCGLNS ALRKALNAFF
AVLSEYSI DD LVKARPQ NF LLA TGEPAY RKPAI VAPAA

Figure 1.5. Sequence of RirA from R. leguminosarum. Yellow highlights denote the three
essential cysteine residues.

As mentioned above, RirA acts as a repressor ofynman-responsive genes under
iron-replete conditions. The DNA recognition sites RirA are significantly different
from the well-documented Fur boxes to which FurdbinThe promoter regions of RirA-
repressed genes have a conserved sequence, tHeoiR@hich is a cis-acting regulatory
sequence with the consensus sequence TGAA [56]. In low iron conditions RirA
fails to bind to its cognate IRO boxes and tramimn can occur. However, in high iron
conditions, RirA is proposed to bind an Fe-S clugsdout which nothing is known), in
turn causing it to bind to the IRO boxes and repegression of the downstream genes.
In many cases, the genes which feature an IRO tdkair promoter region have clear
links with iron, being predicted or demonstrated&involved in the uptake of the metal
or in its intracellular metabolism or storage. TRe&A regulon includes genes for the
synthesis (b9 and uptakeffiu) of the siderophore vicibactin, genes involvedheme
uptake fmuandtonB), genes encoding hemin-binding proteinbp), genes that probably
participate in the transport of £¢sfu), genes for the synthesis of Fe-S clusteud),(rirA

itself, etc. [14, 61, 63].

1.5. Redox-sensing regulators.

Living organisms have evolved diverse antioxidaystems to protect themselves
against the harmful effects of reactive oxygen gsecsuch as superoxide and hydrogen
peroxide (HO,), which are inevitably generated as by-productinduaerobic respiration
[64]. Reactive oxygen species can damage DNA, lpanbranes, and proteins and have

been implicated in numerous degenerative disea88F [These antioxidant defence
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systems have been best characterizdfl icoli, in which the OxyR and SoxR transcription
factors activate antioxidant genes in response A0,Hand to redox active molecules,
respectively.

OxyR, a LysR-type transcriptional regulator, regponto elevated D,
concentrations [64] by rapidly inducing the exprassof oxyS (a small, nontranslated
regulatory RNA),katG (hydrogen peroxidase I§jorA (glutathione reductase), and other
genes that function in protecting the cell agamstiative stress [65]. Purified OxyR is
directly sensitive to oxidation. Only the oxidizeatm of OxyR can activate transcription
in vitro, and footprinting experiments indicate that oxaédizand reduced OxyR have
different conformations [66]. Oxidation of OxyR &= to the formation of an
intramolecular disulfide bond between cysteinediess 199 and 208. OxyR is reduced by
enzymatic reduction of this disulfide bond [65, .66]

SoxR is a member of the MerR family of transcripéb activators. It forms a
homodimer containing a pair of [2Fe-2S] clustershamed to four cysteine residues in the
C-terminal region of the polypeptide. The [2Fe-2%&ister is essential for the activity of
SoxR. The SoxR protein &. coli senses oxidative stress via oxidation of the [26§-
cluster to a [2Fe28] form, which activates transcription 86xS which itself encodes a
transcriptional regulator responsible for activgtitne transcription of numerous genes
encoding enzymes involved in the response to oxielatress caused by superoxide and
other redox active molecules [5]. In some spect&®S is not present and so SoxR
functions alone in regulating the response to reatdkve compounds [67]. Nitric oxide
also activates SoxR by direct nitrosylation of ffRee-2S] cluster but it is unclear how this
activates transcription of th@oxSgene [68]. Apo-SoxR and reduced SoxR can bind to
DNA with an affinity similar to that of oxidized S&, but only oxidized SoxR is able to
activate the transcription of tlewxSgene. Therefore, SoxR senses oxidative stresg usin
the redox states of the [2Fe-2S] cluster and regsildne transcription of treoxSgene by

structural changes between the oxidized and rediocets, see Figure 1.6 [69].
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Figure 1.6. Oxidation of [2Fe-2S]** cluster causes a conformational change now enabling E.
coli SoxR to act asatranscriptional activator [69].

Recently, RsrR_(Redox sensitive response Regujaanew member of the Rrf2
family has been discovered i8treptomyces venezuelaghich was originally mis-
annotated as an NsrR homologue in$heenezuelagenome. ChiP-seq analysis revealed
that rather than regulating the nitrosative stnessponse likeStreptomyces coelicolor
NsrR, RsrR binds to a conserved motif located m pnomoter regions of a different,
much larger set of genes with a diverse range attfans, including a number of
regulators, genes required for glutamine synth&s€)H/NAD(P)H metabolism, as well
as general DNA/RNA and amino acid/protein turn oy#0]. Figure 1.7 shows the
sequence of RsrR froi8. venezuelamcluding the three essential cysteine residues tha

function as ligands for an iron- sulphur clusteNsrR and IscR

MKLSGGVEWA LHCCWLTAA SRPVPAARLA ELHDVSPSYL
AKQVQALSRA GLVRSVQEKT GGYVLTRPAV El TLLDWQA
VDGPDPAFVC TEI RQRGPLA TPPEKCTKAC Pl ARAMGAAE
AAVRASLAAT Tl ADLVATVD DESGPDALPG VGAW.I EGLG

Figure 1.7. Sequence of RsrR from S. venezuelae. Yellow highlights denote the three essential
cysteine residues.

17



1.6. Aims of the project.

The overall aims of the project were to obtain dieamechanistic understanding
of the sensing mechanisms that are employed by é¢tesg&r binding members of the Rrf2
family of transcriptional regulators. These inclutle bacterial proteinR. leguminosarum
RirA and S.venezueladiksrR. Although it is believed that these proteinatain an Fe-S
cluster, because they are a members of the samby f@nf2 family) as NsrR and IscR
and, like them, they contain three conserved aystezsidues, details of their Fe-S cluster
binding properties are unknown. Thus, an aim ofptegect was to uncover which type of
Fe-S cluster RirA and RsrR bind. In the case oARthe next aim was to elucidate the
mechanism by which iron is sensed and therefore hegulation is achieved. For
example, RirA might sense iron directly, or via tlular level of Fe-S clusters. For

RsrR, the subsequent aim was to determine whah#es and how it functions.
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Chapter 2. Materials and methods.

2.1. Overexpression of RirA and RsrR and variants.

5 L Luria- Bertani media [1] was inoculated witleshly transformeé. coli BL21
ADE3 containing a pET11a vector with thieA gene fromR. leguminosarum (pRirA) or a
pGS-21a vector containing tig venezuelae rsrR gene (pRsrR-His), synthesised them by
GenScript, for production of non-tagged RirA andte@minally (His}-tagged RSsrR,
respectively. 100 pg/mL ampicillin and 20 uM ammuoniferric citrate were added and
the cultures were grown at 37 °C, 200 rpm untilsgnwas 0.6-0.9. To facilitaten vivo
iron-sulfur cluster formation, the flasks were @daon ice for 18 min, then induced with
7.5 uM and 100 uM IPTG for RirA and RsrR, respeddily and incubated at 30 °C and
105 rpm. After 50 min, the cultures were suppleraéntith 200 UM ammonium ferric
citrate and 25 pM L-methionine and incubated féturther 3.5 hr at 30 °C. The cells were
harvested by centrifugation at 10000 x g (Beckmak9J1000 rotor) for 15 min at 4 °C.
For Mossbauer studies’Fe (Goss Scientific) labelled RsrR was producedivo as
described previously [2].

All work from this point was done inside an anaécotabinet unless otherwise
stated. The cells were resuspended in 70 mL okbuff(see 2.2 section) and placed in a
100 mL beaker and 30 mg/mL of lysozyme and 30 mgbhlphenylmethanesulfonyl
fluoride (PMSF) were added. The cell suspension saascated twice, each time for 8
min 20 sec (0.2 sec bursts, 50% power), in an &smixrobiological cabinet. The cell
lysate was centrifuged at 40000 x g for 45 min 8€4Beckman Coulter Alleg¥ 64R
Centrifuge). The pellet was discarded and the sigtant was used for further purification

steps.
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2.2. Chromatographic Purification.

2.2.1. Chromatographic Purification of RirA.

HiTrap Heparin column: The supernatant (70 mL) was applied to a HiTrap
Heparin (2 x 5 mL; GE Healthcare) column on an AKPAme system at 1 mL/min. The
column was washed with buffer A (25 mM HEPES, 28 @aCl, 50 mM NacCl, pH 7.5)
until Azgo nm<0.1. Bound proteins were eluted using a 100 medr gradient from 0 to
100% (v/v) buffer B (25 mM HEPES, 2.5 mM CaCb0 mM NacCl, 750 mM KCI, pH
7.5).

Fractions (1 mL) with the highest absorbance at @80were analyzed by SDS-
PAGE. The straw brown appearance of those fraciimtisated the presence of a cluster.
The fractions containing RirA at high concentrataomd purity were pooled and frozen in
an anaerobic freezer for further experiments. Thaetibns obtained after the Heparin
column will be referred to ‘as isolated’ RirA prote

Gel filtration column: 2 mL of the as isolated RirA was applied to a SepHes-

100 HR column (120 mL; GE Healthcare) equilibratdgth buffer A on an AKTA Prime
system. Proteins were eluted at 1 mL/min over atencn volume with buffer C (25 mM
HEPES, 2.5 mM Cagl50 mM NacCl, 333 mM KCI, pH 7.5). Fractions (1 mujth the
highest absorbance at 280 nm were analyzed by JIlH=PThe lack of the straw brown
colour from fractions indicated the absence of aster. Those with the highest
concentration and purity of RirA were pooled andzén in an anaerobic freezer for

further experiments.

Table 2.1. Summary of the buffersused in the chromatographic purification of RirA.

Buffer A | 25 mM HEPES, 2.5 mM Cag& 150 mM NacCl, pH 7.5

Buffer B | 25 mM HEPES, 2.5 mM Ca£b0 mM NacCl, 750 mM KCI, pH 7.

T

Buffer C | 25 mM HEPES, 2.5 mM CaCb0 mM NaCl, 333 mM KCI, pH 7.5

\=)
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2.2.2. Chromatographic Purification of RrsR and variants.

HiTrap IMAC column: The supernatant (70 mL) was applied to a HiTrap\GV

HP (1 x 5 mL; GE Healthcare) column using an AKTAnfe system at 1 mL/min. The
column was washed with buffer D (50 mM TRIS, 50 meClI, 5% (v/v) glycerol, pH 8)
until Azgo nm<0.1. Bound proteins were eluted using a 100 medr gradient from 0 to
100% buffer E (50 mM TRIS, 100 mM CaCR00 mM L- histidine, 5% (v/v) glyceroal,
pH 8). A HiTrap Heparin (1 x 1 mL; GE Healthcar@juumn equilibrated in buffer D was
used to remove the L- histidine, using buffer F (M TRIS, 2 M NaCl, 5% (v/v)
glycerol, pH 8) to elute the protein. Fractions rfiL) containing RsrR-His (highest
absorbance at 280 nm and pink/purple in colourevweroled and stored in an anaerobic
freezer until needed.

Gel filtration column: 2 mL of the as isolated RsrR was applied to a Sayh&-

100 HR column (120 mL; GE Healthcare) equilibrabath buffer (buffer F was used for
the holo RsrR and buffer G (50 mM Tris, 2 M NaCp %v/v) glycerol, 2 mM DTT, pH
8.0) for the apo-RsrR) on an AKTA Prime system.t&ins were eluted at 1 mL/min over
one column volume with the respective buffer. Hong (1 mL) with the highest
absorbance at 280 nm were analyzed by SDS-PAGEe€Mih the highest concentration

and purity of RsrR were pooled and frozen in areestaic freezer for further experiments.

Table 2.2. Summary of the buffersused in the chromatographic purification of RsrR.

Buffer D | 50 mM TRIS, 50 mM NacCl, 5% (v/v) glycerol, pH 8

Buffer E | 50 mM TRIS, 100 mM Ca&1200 mM L- histidine, 5% (v/v) glycerol, pH

[e9)

Buffer F | 50 mM TRIS, 2 M NaCl, 5% (v/v) glycerolH®B

Buffer G | 50 mM Tris, 2 M NaCl, 5% (v/v) glycerol, 2 mM DTPH 8.0
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2.3. Protein Determination Assays.

A calibration curve was prepared with bovine sealbumin (BSA). 0 uL, 20 puL,
40 pL, 60 pL, 80 pL, 100 pL of a 1 mg/mL stock sioln of BSA were added to plastic
test tubes. Those stock solutions were diluted Witfier A to a final volume of 100 pL
giving a range of concentrations from 0 to 1.0 mg/MB8A. As well as these standards,
different volumes of protein with unknown concetitia were transferred to the test tubes
and also diluted to a final volume of 100. A working strength Bio-Rad dye (Coomassie
brilliant blue G-250) was prepared by diluting qreat Bio-Rad dye-reagent concentrate
with four parts distilled water. 5 mL of this salut were added in each tube and vortexed
briefly to mix. In the presence of protein the dgagent changes colour from red-brown
to blue. Absorbance of the samples was measurad adielios spectrophotometer at 595
nm and 1 cm pathlength cuvettes. Because absorliareases over time with this assay,
the absorbance of each sample was measured three tib take an average. A standard

curve was drawn from which the concentrations ofgin were calculated [3].

2.4. Iron assays.

A calibration curve was prepared with Spectrosahdard iron solution (stock
concentration 17.87 + 0.09 mM ¥eBDH) in the range of 0-200 uM iron. Appropriate
dilutions of the protein with unknown concentratare made. All samples were diluted
with distilled water to give a final volume of 1Q@Q. 100 pL of 21.7% (v/v) HN@was
added to each sample and standard and incuba&s %@ for 30 min. The samples and
standards were cooled for 2 min and then centriechat 9000 x g for 1 min. Each sample
was then treated with 0.6 mL of 7.5% (w/v) ammoniacetate, 0.1 mL of 12.5% (w/v)
ascorbic acid and 0.1 mL of 10 mM Ferene (3-(2-8y)+5,6-di(2-furyl)-1,2,4-triazine-
5,5 -disulfonic acid disodium salt). The samples werxewh and incubated at room

temperature for 30 min. The concentration of tloa iwas calculated from measurements
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of absorbance at 593 nm. Assay mixtures producgariablue colour in the presence of
iron. A standard curve was plotted and the ironceotrations of the unknown samples

were calculated [3].

2.5. Reconstitution of RirA.

In some cases, the cluster content of as isolategles of RirA was enhanced by
in vitro reconstitution. For this, ~5 mL of the as isolasadghple (~1 mM) was placed in a
reconstitution vessel and 50 pL of 270 mM DTT wdsleal. The following were then
added: an appropriate aliquot of 105 mM L-cystaand 270 mM DTT so that the total
concentrations were 1 mM; an appropriate volum&@®mM ammonium iron(ll) sulfate
solution to provide 10 mol E&per RirA monomer; and, a volume of buffer A eqlave
to the starting volume of the protein sample. Téeonstitution reaction was initiated by
introducing 10 pL of NifS (225 nM final concentrai), a cysteine desulfurase (purified
by J.Crack, School of Chemistry, University of EAsglia, Norwich [4]) and incubated at
37 °C. A yellow-brown colour started to developths reaction proceeded. Once the
reaction was deemed to be complete (when there mereirther changes in colour as
observed by eye, usually after 30 mins), the reitotion mixture was purified through
removal of excess iron and sulfur using a 1 mL HprHeparin HP column. The
reconstituted protein was eluted with buffer B d@rahsferred to an anaerobic fridge for
storage at 4 °C for further experiments. The foadtiobtained after reconstitution will be

referred to as the ‘reconstituted’ sample.

2.6. Preparation of apo- protein.

Apo-RsrR -His and apo-RirA were prepared from asdated holoprotein by

aerobic incubation with 1ImM EDTA overnight.
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2.7. Electrophoretic mobility shift assay (EMSA).

2.7.1. Electrophoretic mobility shift assay (EMSA) with RirA.

A DNA fragment (581 bp) carrying thiuA promoter region (pRL120322) was
PCR-amplified usingR. leguminosarum genomic DNA with 5 6-carboxyfluorescein
(FAM)-modified primers (Eurofins). It was suppliéy Dr J. Todd (School of Biological
Sciences, University of East Anglia, Norwich, UKJrfuse in electrophoretic mobility
shift assay (EMSA) experiments. This gene is utigeregulatory control of RirAn vivo.
The PCR products were extracted and purified usin@IAquick gel extraction kit
(Qiagen) according to the manufacturer’s instruxgioProbes were quantitated using a
nanodrop ND2000c. The molecular weights of the tloglranded FAM labelled probes
were calculated using OligoCalc [5]. The sequente @DNA used and its respective
binding region is shown in Figure 2.1 [6].

5'-CGCAGCCATCGAGGGGGCCCCAGCTGGTCCCGCGGGCTGCCAGGACATCGGCATCTATG
ACCGGACGATCCGGGCTTACCGAGCGACAGGTCTCTTCCCGTAATTGCCGGCGACTCTAATG
GGAGTGGCAGTTGCTCAAGTGAGGGCGATGGTCTTTTGCGCAAGTCCGCCGGCCGACCTAT
CCGGCGAGCCACTTCAGCGGCATCTGCAGTCGAAATACCCCTCCTACTCAGTCAGGTGATAC
TCTGGCGCGGGCGTGGTTCAAAATCAGCAGCAAATACGGGATCGTCGGGTCCATCCCCGTC
AAGACCGGCAGGTTGGCCATCGTCTCGGTGCGCGCTTGGTCTCGCGCGCGGCAGAACTGCC
TCTGTTTGGCAGCCCCACAGAACGTTACGAGGCCTCGATTCTACGTGCAACCTGTTCGGGAG
TGTTGAAGGCGTGGATTTATCGATTTAAAGGTGACTAAAATAATCATCTTATGTTGACAAGGCC
AATTTCGCTCCATAGGTTCCGCCCGCATCCGTGGCGTAGGGACCAAACAATGGCACGTGTTT
TTTTGAATGTTTCTAATAATGTATCGCG-3'

Figure 2.1. Sequence of DNA carrying the fhuA promoter. The nucleotides underlined were
used as primers to amplify a 581 bp PCR fragmaearh fiRhizobium leguminosarum strain J251
genomic DNA, which contains thfauA gene promoter. ThiuA start codon is in bold and the
IRO (Iron- responsive operator) sequence is higdid in grey [7].

EMSA (also known as bandshift) reactions were edrout on ice in binding
buffer (10 mM Tris, 60 mM KCI, pH 7.52) in 0.5 mlafe-lock tubes. 1 pL of DNA was
titrated with varying aliquots of RirA. #0 was added to give a final volume of 20 pL.
After 2 min, 2 puL of loading dye (50% glycerol (y/\W0.3% (w/v) bromophenol blue, 50
mM Tris, 300 mM KCI, pH 7.52) was added and thectiea mixtures were separated
immediately on a 7.5% (v/v) polyacrylamide gel [B]TBE running buffer (89 mM Tris,
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89 mM boric acid, 2 mM EDTA), using a Mini Protedii system (Bio-Rad).
Polyacrylamide gels were run at 30 mA for 30 mire{un at 30 mA for 2 min prior to
use). Gels were visualized (excitation, 488 nm;ssimoin, 530 nm) on a molecular imager

FX Pro (Bio-Rad).

2.7.2. Electrophoretic mobility shift assay (EMSA) with RsrR.

DNA fragments carrying the intergenic region betweeenl847 andsven1848 of
the S. venezualae chromosome were PCR amplified usiigvenezualae genomic DNA
with 5" 6-FAM modified primers (supplied by John T. Munhp&chool of Biological
Sciences, University of East Anglia, Norwich, Ukge Figure 2.2. The PCR products
were extracted and purified using a QIAquick getaoction kit (Qiagen) according to the
manufacturer’s instructions. Probes were guantitatsing a nanodrop ND2000c. The
molecular weights of the double stranded FAM ladaklprobes were calculated using
OligoCalc [5].

Bandshift reactions (20 ul) were carried out onincé0 mM Tris, 60 mM KCI, pH
7.52. Briefly, 1 pL of DNA was titrated with varygnaliquots of RsrR. 2 pL of loading
dye (containing 0.01% (w/v) bromophenol blue), veakled and the reaction mixtures
were immediately separated at 30 mA on a 7.5% (pdlacrylamide gel in 1 x TBE (89
mM Tris,89 mM boric acid, 2 mM EDTA), using a MiRrotean Il system (Bio-Rad).
Gels were visualized (excitation, 488 nm; emissiB3() nm) on a molecular imager FX
Pro (Bio-Rad). Polyacrylamide gels were pre-ruB@&mA prior to use (2 min for the apo
and oxidized form and 50 min for the reduced forf)r investigations of [2Fe-25]
RsrR DNA binding, in order to maintain the clusitethe reduced state, 5 mM of sodium
dithionite was added to the isolated protein amrtinning buffer (de-gassed for 50 min
prior to running the gel). Analysis by UV-visibl@exctroscopy confirmed that the cluster

remained reduced under these conditions.

28



5-CCGGTGTGGCHBICACCGGTAGTCGTTCACGTCCGGCTTGC@UEIIICGAGGATGAAGCCC
5-GCGTCGGGCTGTGAGCCGTCCGCGTCGGTGAAGCCGTACTCBGGGGGGCGCTGTCGAGCG
5-GGCCGTTCCAGCGGTGGCGGTCCGCGTCGGCGGCGAGGGCCGCTACCGACGTACGCCGG
5-CTCGGCGACCGCGAAGTCGGGGATCTTCGCGACGGCGTCGCCTUAEIGGTGACGCCGAAG
5-TCCAGCATCTGCTCGGAGCGGAGCCAGCCGGGGCTGACGCAGRGCGGGCGTACTCCGCGA
5-CCTTGCCGAGGCCGAACGCCATCCGGATCGGGGCGTTCTTGE@BIAGBAGAGGTTCTCGCG
5-GCGGGTGCCGTTGTACGCGGAGGTGCCGTCGGTGATCTCGAGGAGIAEGGGTGCCGGATGRGCSVEN 1847
5-AGCGGGAGCGCCGTGTGCGAGGTGATGGCGTGGGTCTTCACBUGABGATCCGCAGGCCGCAGG
5-CGAGGTCGTTCTCCCAGGTCTTCTTCCCGAAGGAGAGGAGGTGBTICGCACACGTCGTTCACGRG
5-GACGTCGAGCCGCCCGTGCTCGCGGTCGATCCGCTCGACCAGEGCTFTTCGACGTCCAGGTRG
5-TCGGTGGGGACGGCGATGCCTTCGCCGCCGGCGGCCGTCAGERGETCECCTCGATGGTCTCHG
5-TGGCCCGGCCGACCTCGCTGAGCTTCGCGCGGGTGGTCCGTCGEAIMACGTGGCGCCCGCAGC
5- GCCGAGCTGGACGGCGATGCCCCGTCCGGCGCCCCGGGTGGOCABGGEEMTCGTCCGCC

ATGCGCACCAGC(GGBMATCAGACATCTTCTGTC
B -TCCGACAAGCACAGGAAGAAGAGGCABCAGTACGCGTGGTCRUATTEAGTCTGTAGAAGACAG
5. TGGTTTCATTTCGGGCTTTCCGGGTGCGTCGCACCCCCCGAATGAGGATCCCARBEGACGAG
3-ACCAAAGTAAAGCCCGAAAGGCCCACGCAGCGTGGGGGGCTAGGRCCAGGGCMLCTGCTE

5- ACGGAGTTCTGGGAGATCATCGACGCCAGCCGCGAGGAAGCCAREEEAEMACAGGCCGARC
5- TGCTCGTGGAGCGGCTGACCCGGCTGGACCCCGACTCCGTGCTURRGIBATGI TCGAGGCCEG
5 CTACAACCGCGCGTACCTCTGGGATCTGTGGGGCGCGGCGGCEIMIIGEECGGGCGAGEAG
5- ACCTTCGACTCGTTCCGCTGCTGGCTCATCGGCCAGGGCCGGGG@GMGGTGCACGMCSVEN 1848
5- CGGACGCGCTCGCGGAGCTGCTCGGCGACTTCGACGTGGAGA PIBETEIEGAGATCGGC]T
5 CGCGGCCGACGAGGCGTACGAGCAGCTGACCGGCGCCGAGACGGGGBATTIGATGCCGGHC
5- GGGGAGCCGCTGGGCGCCCCCTTCGACCTGGACGACGAGAAGGURCTIGTGCCCCGGCTEHT
5- GGGAGCGGTTCGGGACEBBGGGGGCCGGGG -

Figure 2.2. Sequence of DNA carrying the intergenic region between sven1847 and sven1848

of the S. venezualae chromosome. Sven 1847 in black is located on complementary straen
1848 in blue is located on the 5'-3’ strand. Start aod@® highlighted in green and the stop codon
in red. RsrR binding site is highlighted in greynelTnucleotides underlined were used as primers.
Coloured arrows indicate direction of gene.

2.8. Techniques.

UV-visible absorbance measurements were performgidgua Jasco V500
spectrometer, and CD spectra were measured wids@ J810 spectropolarimeter. EPR
measurements were made with an X-band Bruker EMR Ejpectrometer equipped with
an ESR-900 helium flow cryostat (Oxford Instrumén&pin intensities of paramagnetic
samples were estimated by double integration of Ep€ttra using a solution of 1 mM
Cu(ll) and 10 mM EDTA as the standard. EPR expemiaevere carried out in the
laboratory of Dr Dimitri A. Svistunenko, School &iological Sciences, University of

Essex, Colchester, UK.
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Mossbauer measurements were performed using a Ny8dtremeter in the
constant acceleration mode in transmission geomglty mM in Fe-S cluster’Fe-
labelled). The measurements were performed at 6ifkgla Janis cryostat. 50 mCi*6€o
in rhodium held at room temperature was used asdhbece. All centroid isomer shifts,
0, are given with respect to metallic-Fe at room temperature. The spectra were least
square fitted to extract hyperfine parameters, Wwrace d, quadrupole splitting AEg),
Lorentzian linewidth (), avdintensities (). Experiments were carried out in the
laboratory of Dr Saeed Kamali, University of Tersess Space Institute, Tullahoma, USA.

Resonance Raman spectra were recorded at 22 K 1Sipg frozen droplets of
protein (b mM in Fe-S cluster) mounted on the cold fingeraoDisplex Model CSA-
202E closed cycle refrigerator (Air Products, Atmmn, PA), using a Ramanor U1000
scanning spectrometer (Instruments SA, Edison,chdpled with a Sabre argon-ion laser
(Coherent, Santa Clara, CA). The laser power asémeple was 200 mW for 514 nm and
488 nm and 100 mW for 458 nm. Each scan involvastgehcounting for 1 s at 0.5 ¢m
increments with a 7 cthspectral resolution and the spectra shown aresuhe of 10
scans. The vibrational modes of the frozen buffelut®on were subtracted, after
normalization of the intensities of the lattice reaf ice at 230 cfh Where necessary, an
estimated exponentially increasing fluorescencelbeswas also subtracted. Experiments
were carried out in the laboratory of Prof. Michdehnson, Department of Chemistry,
University of Georgia, Athens, USA.

Mass spectrometry (MS) of folded proteins employ# Bnisation (electrospray
ionisation, ESI) together with broad mass detectione of flight, TOF) to study proteins
in their native, folded states at, or close to, giblpgical pH [11]. In positive ion mode
(when the spraying nozzle is kept at positive padnthe charging generally occurs via

protonation (sometimes metalation also) [12].
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For native ESI-MS analysis, RsrR and variants aimd Rere exchanged into 250
mM ammonium acetate, pH 8 and 7.32, respectivedyngumini-PD10 (GE Healthcare)
desalting columns, diluted with anaerobic buffetoB~25 uM cluster in a 1 ml gas tight
syringe [10] and infused directly using a syringenp (0.3 mL/hr) into the ESI source of
a Bruker micrOTOF-QIIl mass spectrometer (Brukeft@acs, Coventry, UK) operating
in the positive ion mode. The ESI-TOF was calibstatsing ESI-L Low Concentration
Tuning Mix (Agilent Technologies, San Diego, CAYid? to the introduction of sample,
the gas tight syringe [10] and associated PEEKnkUpchurch Scientific) were flushed
with 5 ml of anaerobic buffer. The oxygen permaabif PEEK tubing is 14 ml per 250
cn’ (atm/25 °C) over 24 h (Upchurch Scientific). Rimdass spectran{z 500-1750 for
monomer;m/z 1800-3500 for dimer) were recorded with acquisittamtrolled by Bruker
oTOF Control software, with parameters as follodtsy. gas flow 4 L/min, nebuliser gas
pressure 0.8 Bar, dry gas 180 °C, capillary voltage0 V, offset 500 V, ion energy 5 eV,
collision RF 180 Vpp, collision cell energy 10 eWptimization of experimental
conditions for the transmission of dimeric speeies achieved by increasing the capillary
voltage to 4000 V and the collision RF to 600 VpriR mass spectran(z 550-2000 for
monomer;n/z 2000-3000 for dimer) were recorded with paramegsrgollows: dry gas
flow 4 L/min, nebuliser gas pressure 0.8 Bar, dag 480 °C, capillary voltage 2000 V,
offset 500 V, ion energy 5 eV, collision RF 200 Vppllision cell energy 10 eV [13].

Processing and analysis of MS experimental datacaased out using Compass
Data Analysis version 4.1 (Bruker Daltonik, Brem&germany). Neutral mass spectra
were generated using the ESI Compass version 1XdnMan Entropy deconvolution
algorithm over a mass range of 17300— 18000 D&htmonomer and 34600 — 35800 Da
for the dimer. For kinetic modelling, in order tdearly resolve overlapping peaks,
multiple Gaussian functions were fitted to the expental data using a least-squares
regression function in Origin 8 (Microcal) [13]. &t masses are reported from peak

centroids representing the isotope average neutads. For apo-proteins, these are
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derived fromm/z spectra, for which peaks correspond to [M + ] For cluster-
containing proteins, where the cluster contribatesrge, peaks correspond to [M + FeS

+ (n-x)H]""/n, where M is the molecular mass of the prote&§ ks the mass of the iron-
sulfur cluster of x+ charge, H is the mass of thetgn and n is the total charge. In the
expression, the x+ charge of the cluster offset¢sntimber of protons required to achieve
the observed charge state (n+) [14]. Predicted esasse given as the isotope average of
the neutral protein or protein complex, in whichambor binding is expected to be charge
compensated [11]. For analysis of the time resoM&lintensity data, kinetic schemes
were modelled using Dynafit 4 (BioKin Ltd). A sesi®f mechanistic models, starting
with simple mechanisms and increasing in complexgpresented by a set of chemical

equations, were applied to find the best fit far thuster degradation process [15].
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Chapter 3. Characterization of the iron- sulfur cluster of R.
leguminosarum RirA.

RirA is a global regulator of iron metabolism irrange ofo-proteobacteria. In
this chapter, the over-expression/purification afARfrom Rhizobium leguminosaruis
described, along with biophysical studies of iteni sulfur cluster. Spectroscopic
properties and native ESI-MS of cluster-reconstiiuRirA are characteristic of a [4Fe-4S]
cluster cofactor, and this form of the protein shoanly moderate sensitivity to,O
resulting in gradual loss of the cluster.

3.1. Alignment of R. leguminosarum RirA with NsrR and IscR
sequences from different bacteria.

Members of thdRrf2 superfamily of transcription factors are wide=ad in bacteria
but their biological functions are largely unknowklany have C-terminal cysteine
residues that are known, or predicted, to coordirzat Fe-S cluster. The few that have
been characterised in detail are NsrR, which semisés oxide [1] and IscR which senses
the Fe-S cluster status of the cell [2]. Thesegingtare described in detail in Chapter 1.
RirA has previously been predicted as an Fe-Salysbtein on the basis of bioinformatic
analysis and alignment with other members of tH@ Rimily that contain an Fe-S cluster,

see Figure 3.1.
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RIRirA : BMA-NDGHL-SRMPE 58
SmRirA : MA-NGEKL-SRMPE 58
AtRirA : | V | BA-NEGKL-SREMPE 58
ScNsrR : r M BVVRDGDEPLATRE 60
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BsNsrR : RIAERPGEL-SNEKQ 59
EcIscR : | L. -NSEAGPVPEAD 59
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* " 120
R1IRirA : @ ¥y TEDSFALAER SGCTNSALRKALNA : 118
SmRirA : 8 UKV TEDSFANAEGEED ( BIGLNAALRKALNA : 117
AtRirA : o qKVTEDSFANAEMEEL . BPLVDSEGCLNSALRKALNA : 117
ScNsrR : [ HRELEGEAEMVDS C] SRTRRALRDAQEA : 117
EcNsrR : [§ fRELEP—LS%VNi SRLKQALSKAVQS : 114
BsNsrR : & URKTEDDENMVEME GLKHVLNEALLA : 118
EcIscR : V SAVDESVDATRS L. THALWRDLSDR : 116
PaIscR : [ 2 LISV Ve AVNESVDATRS ML.THHLWCDLSLO : 116
AvIscR : EPGEH IS [ 8] .w\DAVNESVDETRc VBLTHYLWCDLSHQ : 116
i 140 % 160
RLRirA : 3 1 ﬁ'TKAR?QTNFa;G??GEP&YRKPATvA?AA~~~~~~ : 180
SmRirA : EFE | R ARPOINFMEGLEEPVRPOTSAA~~~~~~~~=~=~ = 154
AtRird : FFDV AKARPOINFISEGIDTE == =+ 156
ScNsrR : F UAAPTGP=VIBEGLTDRPSG~~~~~nammamommwm=~ 1 148
EcHszR : NEENOPLYEISRL,VE ~ ~ =~ sy s e e mereme. % 18]
BaNsrR : MK NKEDIMEKBRKMEE ~ ~ ~ ~ ~-~ e e e e o e + 1486
EcIscR ENNOEVLDVSGROHTHDAPRTRTODAIDVELRA~~ : 162
FalscR : .SRQE?QBUAﬁROHERRCSG—KT?HLDKLEASAL& : 163
AvIscR : W RSUVQDLEHLQDRRQGGGCPL?YAGKLEASA:E : le4

Figure 3.1. Alignment of R. leguminosarum RirA with other Rrf2 family regulators.
Alignment of R. leguminosarurRirA (RIRirA) with RirA sequences frorBinorhizobium meliloti
(SmRirA) and Agrobacterium tumefaciengAtRirA), NsrR sequences fronBtreptomyces
coelicolor (ScNsrR) E. coli (EcNsrR) andBacillus subtilis(BsNsrR), and IscR sequences frBm
coli (EclscR),Pseudomonas aeruginog¢BalscR) and\zotobacter vinelandi{AviscR). The three
conserved cysteine residues predicted to ligat8 Elasters in Rrf2 family regulators are indicated
by blue arrow heads. The alignment was carriedusitg Clustal Omega [3] and presented using
Genedoc [4].

3.2. RirA as isolated and following reconstitution.

Purification of RirA using a HiTrap Heparin colunisee Chapter 2, section 2.2.1)
following over-expression . coli resulted in a straw-brown colored solution. Iromd a
protein analyses revealed a low ratio of iron tot@n (~ 9%) indicating that the majority
of the protein was in the apo-form. A small propoTt(<5%) of the protein was present as
a truncated form (Figure 3.2 inset), which was sihdwy mass spectrometry to have a
mass of 15451 Da, consistent with the loss of 2@r@ynal residues compared to the full
length protein (N} 17441 Da).

Although the growth and the purification were alwasarried out following the
same protocol described in Chapter 2 (section 2)-ZD measurements showed that

samples varied between the preparations (madefi@nedit dates). This could be because
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E. colidoes not efficiently incorporate an Fe-S clustén R. leguminosarurRirA, or that
minor variations in the conditions of the purificat, for example in the pH of the buffer
or conditions of sonication, lead to substantiahrgdes in the small proportion of the
protein molecules that contain a cluster.

In order to determine whether an increased clustarporation might be achieved
through arin vitro reconstitution, RirA was treated as describedhayer 2 (section 2.5).
In vitro cluster reconstitution of as isolated RirA restlite a much darker brown solution.
As isolated and reconstituted samples of RirA waralyzed by UV-visible absorbance,
see Figure 3.2. From the UV-visible absorbancetsy@cit is very clear that the quantity
of Fe-S cluster in the reconstituted sample is dndghan in the isolated sample. Also, it is
possible to see that the shape of the spectrunffégsamt in the two samples, in that the
maximum peak for the Fe-S cluster appears at ardiit wavelength. In the case of the as
isolated sample, the maximum is at 410 nm whiletlierreconstituted sample it is at 382
nm, see Figure 3.2. The spectrum of the reconstitsample has the characteristic of a
[4Fe-4S] cluster [5] and the as isolated spectrarmore characteristiof a mixture of
both [2Fe-2S] and [4Fe-4S] clusters [5-7]. The motion coefficient obtained with the
absorbance measurements can be used to help detdhmaitype of cluster. The extinction
coefficient for the as isolatedetermined from iron concentration at 410 nm 1227 &1
! em?, which correlates with a [2Fe-2S] cluster, typligélave an extinction coefficient of
~8000 M*.cm’. For the reconstituted sample the maximum was82t Bm with an
extinction coefficient of 11739 Mcm?; this is lower than that expected for a [4Fe-4S]
cluster (~16000 M.cmi) but in this case it is not possible to distinguifsit is a [3Fe-4S]
or a [4Fe-4S] with 3 cysteines as ligands. Fordoenstituted sample the concentration of
[4Fe-4S] cluster and RirA were 457 and 741 uM respely, indicating ~62% cluster
incorporation. In Figure 3.2 it is also possiblesé® the absorbance peak due to the protein

at 280 nm.
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Figure 3.2. UV-visible absorbance spectra for the as isolated (black) and reconstituted (red)
Rir A samples. The protein used for the reconstitution was thesalsited sample. Inset is another
representation of the data in which the as isoldtgd have been multiplied 4.5 times to permit
easier comparison of the shape of the absorbanu#shbdue to the Fe-S clusters. Spectra were
recorded for RirA, in buffer B (25 mM HEPES, 2.5 nB&C}, 50 mM NacCl, 750 mM KCI, pH
7.5), where the concentrations of the protein fa&r &s isolated and reconstituted samples were
1099 uM and 741 uM, respectively. The measurememt® obtained using a 1 mm sealed
anaerobic cuvette and buffer B for the UV-visibéséline.

Circular dichroism also revealed differences betwé¢lee as isolated and the
reconstituted samples (Figure 3.3). The most netebange was the broad peak that only
appeared for the reconstituted sample in the aseaden 530 and 650 nm. In the ranges
between 380-530 nm and 280-380 nm, while the datesb sample spectrum contained
only one broad peak, the reconstituted sample spedppeared to have two (Figure 3.3).
Therefore from UV-visible and CD experiments, ihdae concluded that the as isolated
and the reconstituted samples are not the samernmstof the type of cluster they may

contain.
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Figure 3.3. Circular dichroism spectra for the asisolated (black) and the reconstituted (red)
samples. The protein used for the reconstitution was thsalated sample. Spectra were recorded
for RirA, in buffer B, where the concentrationstbé protein for the as isolated and reconstituted
samples were 1099 uM and 741 uM, respectively.riibasurements were obtained using a 1 mm
sealed anaerobic cuvette and buffer B (25 mM HERES MM Cadl, 50 mM NacCl, 750 mM
KCI, pH 7.5) for the CD baseline correction.

A second step was carried out in the purificatiorRoA. As shown in Figure
3.4A, fractions collected from the HiTrap Heparolwmn (as isolatedample) containing
the RirA protein had a number of additional bandd three apparent RirA degradation
products. Thus, the protein was further purifiethgsa gel filtration column. After gel
filtration the protein was essentially pure withlyomne of the degradation products
remaining (at low concentration), see Figure 3.ABwever, the shape of the UV-visible
absorbance showed changes. The absorbance bard atnmd was broadened and the
shoulder at ~320 nm became more defined, see FRGrdt is unclear what causes the
observed changes, but one possibility is that theter generateth vivo is not stably
coordinated and is partially lost/altered duringfgeation. Further investigation of this is
needed.

SDS-PAGE, UV-visible and CD spectra (CD data natvah) reflect the dilution
of the sample during the gel filtration processe Toncentration of RirA was 1646 uM
after the Heparin column and 123 uM after geldtitsn. After gel filtration the fractions
obtained with the higher absorbance at 280 nm wel@urless, reflecting the loss of the

cluster.
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Figure 3.4. 14% SDS-PAGE gél for the fractions obtained after the Heparin column (A) and
after gd filtration column (B). Abbreviations: M: marker, L: loadn( vivo sample), F/T: flow
through, W: wash, F: fractions which show the maxmbsorbance at 280 nm.
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Figure 3.5. UV-visible absorbance spectra for the asisolated sample and the sample obtained
after further purification using gel filtration. Spectra were recorded for RirA where the
concentration of protein before (black line) anteafel filtration (red line) were 1646 pM and
123 uM, respectively. RirA before was in bufferB(mM HEPES, 2.5 mM CagI50 mM NacCl,
750 mM KCI, pH 7.5) and after gel filtration wasbnffer C (25 mM HEPES, 2.5 mM Cafb0
mM NacCl, 333 mM KCI, pH 7.5). The measurements wdrgined using a 1 cm sealed anaerobic
cuvette and buffer B and C for the UV-visible basbefore and after gel filtration, respectively.

Gel filtration purification was also performed wittie reconstituted sample. In this
case the UV-vis spectrum did not show any changehape, see Figure 3.6A. The CD
spectra of the two samples did reveal some diffaxgnsee the broken line box of Figure
3.6B. In the spectrum for the reconstituted santple peaks at 428 and 469 nm appear

although they are not very well defined. For theglke after gel filtration, there is only a
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broad peak between 416 and 483 nm. This could baulse the sample after gel filtration

is diluted 24 times compared with the reconstitigaahple.
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Figure 3.6. UV-visible absorbance (A) and CD (B) spectra for the reconstituted (black line)
sample and the sample obtained after gel filtration (red line). In A, the data after gel filtration
have been multiplied 2.7 times to permit easier manson of the shape of the absorbance bands
due to the Fe-S clusters. Spectra were recordeRiférwhere the concentration before and after
gel filtration was 1248 uM and 52 uM, respectivétyrA before was in buffer B (25 mM HEPES,
2.5 mM CacC}, 50 mM NaCl, 750 mM KCI, pH 7.5) and after getrfition was in buffer C (25
mM HEPES, 2.5 mM Cagl 50 mM NacCl, 333 mM KCI, pH 7.5). The measurementse
obtained using a 1 mm sealed anaerobic cuvettéhéreconstituted sample and a 1 cm sealed
anaerobic cuvette for the sample after gel fitmatiBuffer B and CD were used for the UV-visible
baseline and CD baseline correction before and gétefiltration, respectively.

Gel filtration was also used to determine the ofigoic state of the protein,
specifically whether RirA is monomeric or multimeriThis is a technique whereby
proteins of known sizes are applied to a gel filra column under the same conditions.
The proteins elute at differing elution volumes (\&ecording to their size, with larger
molecules passing through the gel more rapidlymFtioe data obtained, a calibration line

can be plotted (see Figure 3.7). The protein ohomin mass or oligomeric state can then
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be applied to the column. The elution volume 0§ tprotein is then compared with the
known standards to determine the molecular weiibtimeric state [8]. The elution
volume for the reconstituted RirA was 56 mL andrirthe calibration plot, the deduced
molecular mass was 37.7 kDa. This indicates the RBi a dimer, as the mass of a RirA
monomer is 17.4 kDa. Furthermore, because the saoffRirA analysed was a mixture of
apo- and holo-proteins, it appears that the astsatsate is not dependent on the status of

the cluster.
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Figure 3.7. Analysis of RirA association state. Analytical gel filtration chromatogram of
reconstituted RirA (707 uM in [4Fe-4S] cluster, 5¢taster loaded) in buffer C (25 mM HEPES,
2.5 mM CaCJ, 50 mM NacCl, 333 mM KCI, pH 7.5)nset calibration curve for the Sephacryl
100HR column. Standard proteins (open circles) WB®&\ (66 kDa), carbonic anhydrase (29
kDa), and cytochrome& (13 kDa). [4Fe-4S]-RirA is shown as a black triangimAu, milli-
absorbance units.

Unless otherwise stated, the remainder of the woRirA was performed with the
reconstituted samples without gel filtration puwrdfiion because the concentration of
protein and extent of cluster incorporation is leigthan for the as isolated sample, and
also for the gel filtrated samples. Furthermoredpectroscopic properties of reconstituted

RirA were entirely reproducible.
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3.2.1. EPR studies.

To help clarify if the reconstituted protein comian [2Fe-2S], [3Fe-4S] or [4Fe-
4S] cluster, EPR spectroscopy was used to furthestigate the nature of the cluster(s) in
reconstituted RirA. The [3Fe-4S] cluster in its sthte is paramagnetic (S = %) and it is
therefore EPR active, while [4Fe-4S] and [2Fe-2@]nfs (in their most common 2+
states) are diamagnetic and therefore EPR sileb1]9

The spectrum of reconstituted RirA, Figure 3.8,taored a very low intensity
signal with g-value of 2.03, which is charactedstif a S= ¥ [3Fe4$] cluster [12].
Double integration of the signal revealed that thccounts for <1% of the cluster
concentration, consistent with the vast majoritytleé cluster being EPR silent, i.e. as
[4Fe-4ST" as suggested by the UV-visible absorbance datditidd of sodium dithionite
led to essentially complete loss of the [3Fe-43nai (Figure 3.8), consistent with
reduction to the EPR-silent state, [3Fe%9$]o evidence for a reduced [4Fe-4Sform

was observed.

g Value
2.188 2.138 2.088 2.038 1988 1938 1.888 1.838

[4Fe-4S] RirA N

+ dithionite

+ gel filtration

0.32 0.325 0.33 0.335 0.34 0.345 0.35
Field (T)

Figure 3.8. EPR study. EPR spectra of [4Fe-4S] RirA (black), and followiragidition of 100 uM

of sodium dithionite (red) and gel filtration (grgelnset is an expanded view of the signal in the
reconstituted sample before and after additionithiahite. RirA (100 uM [4Fe-4S] RirA; ~55%
cluster-loaded) was in buffer B (25 mM HEPES, 214 @aCl, 50 mM NacCl, 750 mM KCI, pH
7.5).
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Gel filtration of reconstituted RirA under anaemlsonditions resulted in an
increase in the [3Fe-45]signal in the EPR spectrum to ~3% of the totalstelu
concentration. Since the [3Fe-4S] form arises ftoss of iron from the [4Fe-4S] cluster,
this suggests that the cluster is susceptible $s f iron under the conditions of the

experiment.

3.2.2. Native ESI-MS of [4Fe-4S] RirA.

Electrospray ionization mass spectrometry (ESI-M&3 been used previously to
study Fe-S cluster proteins under non-denaturingditons under which the cluster
remains bound to the protein [13, 14]. Conditioreravestablished for the ionization of
cluster-reconstituted RirA under non-denaturingdittons. Reconstituted and as isolated
samples were analysed. Tz spectrum for the reconstituted sample could beldd,
into two distinct regions, corresponding to monam&irA (m/z500-1750), and dimeric
RirA (m/z1800-3500). Although RirA is a dimer in solutiohis apparent that the protein
monomerises to a significant extent during ion@atias recently observed for another
dimeric Fe-S cluster regulator, FNR [15], see FegBuO.

The major peak in the deconvoluted mass spectrurRigk in the monomer
region, Figure 3.10A, was at 17792 Da, correspantiin[4Fe-4S] RirA (see Table 3.1).
To the lower mass side of the major peak was &cmdin of smaller peaks corresponding
to a range of cluster breakdown species, inclufik@-3S], [3Fe-4S], [4Fe-2S], [3Fe-3S],
[BFe-2S], [3Fe-S], [2Fe-2S], see Figure 3.10A amthlé 3.1. A small peak due to apo-
protein was also observed at 17441 Da. The decotedimass spectrum of the dimer
region, Figure 3.10B, contains a major peak at 3938 corresponding to the RirA dimer
containing two [4Fe-4S] clusters. To the higher snside were a number of less abundant
peaks at +32, +64 and +96 Da, corresponding totareeand three sulfane sulfur adducts,
which arise because Cys residues readily pick gjtiadal sulfurs as persulfides [15, 16].

To the lower mass side were smaller peaks due @oRlinA dimer containing [3Fe-
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4S]/[4AFe-4S], [3Fe-4S]/[3Fe-4S], [3Fe-3S]/[3Fe-4&)d [3Fe-3S]/[3Fe-3S] clusters, with
a very low intensity peak due to [2Fe-2S]/[2Fe-Z8tA. Each of these most likely
represents a breakdown product of the [4Fe-4S}arlderm. The observation of a range
of cluster breakdown species is consistent withftagility of the [4Fe-4S] cluster. No

apo-RirA was observed in the dimer region.
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Figure 3.9. ESI-M S m/z spectra of reconstituted RirA. (A) monomer andB) dimer regions of
the m/zspectrum are plotted with charge states as ireticdlue lines indicate the presence of a
truncated form of RirA.
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Figure 3.10. ESI-MS analysis of reconstituted RirA under native conditions. Positive ion
mode ESI-TOF native mass spectra of ~30 uM [4FeRiB} in 250 mM ammonium acetate pH
7.32. Deconvoluted spectrum in tf) monomer angB) dimer mass regions.
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Table 3.1. Predicted and observed massesfor apo- and cluster-bound forms of RirA.

. . Predicted mass Average AM_ass
RirA species (Da)® observedbmass (Predicted -
(Da) observed) (Da)
Monomeric
Apo 17442 17441 +1
[4Fe-4S)* 17792 17792 0
[4Fe-3S]* 17758 17758 0
[3Fe-4S]*" 17737 17736 +1
[4Fe-2S]°* 17724 17723 +1
[3Fe-3S]*" 17703 17703 0
[3Fe-2S]°* 17669 17668 +1
[3Fe-S]™ 17635 17635 0
[2Fe-2S]** 17616 17615 +1
[2Fe-S]** 17582 17582 0
2Fe?* 17550 17550 0
Dimeric
Apo 34884 - -
[4Fe-4S]*/[4Fe-4S]** 35584 35585 -1
[3Fe-4S]*/[4Fe-4S]** 35529 35528 +1
[3Fe-4S]"/[3Fe-4S]H 35474 35475 -1
[3Fe-3S]*'/[3Fe-4S]** 35440 35441 -1
[3Fe-3S]*"/[3Fe-3S]** 35406 35407 -1
[2Fe-2S]*/[2Fe-2S]** 35232 35232 0

®The difference in predicted mass depending on vieeadi charge on the cluster is due to
charge compensation of cluster binding. A loweralfeluster charge would result in more
rotons remaining bound and consequently a higlasisifl7, 18].
he average observed mass is derived from attleast independent experiments, with
standard deviation of + 1 Da.

For the as isolated sample, in the monomer regan dnly significant peak
corresponds to the apo-RirA (17441 Da) (Figure 8)11n the dimer region the most
abundant peak corresponds to the apo-RirA dime8g84Da) but cluster bound forms
were observed, corresponding to break- down pradafcthe [4Fe-4S]/[4Fe-4S] form, see
Figure 3.11B. These data are consistent with thegmce of a broad mixture of [4Fe-4S]

and [2Fe-2S] clusters, as well as possible interatedpecies.
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Figure 3.11. ESI-M S analysis of asisolated Rir A under native conditions. Positive ion mode
ESI-TOF native mass spectra of ~30 uM [4Fe-4S] Rir50 mM ammonium acetate pH 7.32.
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3.3. Stability of [4Fe-4S]-RirA.

3.3.1. Stability of [4Fe-4S]-RirA under anaerobic and aerobic
conditions at room temperature.

In order to determine the stability of RirA underaarobic conditions at room
temperature, CD measurements were made over alparibme. As Figure 3.12 shows,
the CD spectrum did not change when RirA was left# hours. In fact, [4Fe-4S] RirA

could be stored for several weeks at 4 °C undeerab& conditions without significant
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degradation. This experiment demonstrates that ¢hanges observed in further

experiments are not due to an inherent instaloltRirA.

CD [mdeg]

280 380 480 580 680
Wavelength (nm)

Figure 3.12. CD spectra of [4Fe-4S] Rir A under anaerobic conditions as a function of time.

CD spectra recorded at 0 min (black) and 7 hr (red@rvening spectra are in grey. Protein and
[4Fe-4S] RirA concentrations were respectively: 2Q0M and 1396 uM. The measurements were
obtained in 1 mm sealed anaerobic cuvette, usifigrbB (25 mM HEPES, 2.5 mM Cag£150
mM NacCl, 750 mM KCI, pH 7.5) for the CD baselinemztion.

To investigate the effects of exposure to aerobieddions, UV-visible and CD
spectra of [4Fe-4S] RirA in the presence of saiogatconcentrations of Owere
measured. These revealed a red shift of the absmedaand at 383 nm over the first 45
min, followed by gradual loss of absorbance intgn@tigure 3.13A). Changes in the CD
spectrum were consistent with this, with an inceeiasthe positive band at 464 nm over
the first 45 min, followed by the loss of all barais the apo-protein was formed (Figure
3.13B).

The observed changes are characteristic of theafitwmof a [2Fe-2S] cluster prior
to complete loss of the cluster. Conversion of [45¢ RirA to a [2Fe-2S] form could
involve formation of a transiently stable [3Fe-4S]which can be detected by EPR
spectroscopy [19]. Addition of by exposure to air) or potassium ferricyanided(juM

final concentration) respectively led to increasethe g = 2.01 EPR signal due to a [3Fe-
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ASIH form to ~11% and ~39% of the original cluster cemteation after 30 min (Figure

3.14).
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Figure 3.13. O, senditivity of [4Fe-4S] RirA. (A) UV-visible absorption spectra ar{@) CD
spectra were recorded over several hours followxmgpsure of [4Fe-4S] RirA (30 uM in cluster
in buffer B (25 mM HEPES, 2.5 mM CagCb0 mM NacCl, 750 mM KCI, pH 7.5); ~89% cluster-
loaded) to 230 uM @ Inset in (A) are absorbance spectra recordedh@n(black), 44 min (blue)
and 24 hr (1440 min, red). In (B), CD spectra rdedrat 0 min (black), 44 min (blue) and 5.5 hr
(red). Intervening spectra are in grey. The measents were obtained using a 1 cm cuvette.
Buffer B was used for the UV-visible baseline ardl liaseline correction.
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g Value
2.188 2.138 2.088 2.038 1.988 1.938 1.888 1.838

+ dithionite

+ ferricyanide

+ 0O,
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Field (T)

Figure 3.14. EPR study of O, sensitivity of [4Fe-4S] RirA. EPR spectra of [4Fe-4S] RirA

(black), and following: addition of 100 uM of sodiudithionite (red); addition of 100 pM of

potassium ferricyanide (blue); exposure to 230 puMf@ 30 min(orange) and gel filtration

(green). RirA (100 uM [4Fe-4S] RirA; ~55% clusteatled) was in buffer B (25 mM HEPES, 2.5
mM CaCl}, 50 mM NacCl, 750 mM KCI, pH 7.5).

The effects of a range of lower, @oncentrations were examined by monitoring
cluster degradation via absorbance at 383 nm. Thases revealed that the rate of
reaction with Q increased along with £concentration. Each of the traces could be fitted
with a single exponential function, which reveatethte constank = 0.019 +0.004 min,
that was essentially independent of thecOncentration, consistent with the rate-limiting
step of the reaction not involvingsee Figure 3.15.

Compared to other Fe-S regulatory proteins, sucthasQ-sensing regulatory
protein FNR [20], the RirA cluster is not very siing to molecular oxygen, as expected

for an iron sensor from an aerobic organism.
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Figure 3.15. Effects of lower O, concentrations. Plots of UV-visible absorbance at 383 nm as a
function of time following addition of increasin@mcentrations of ©to [4Fe-4S] RirA (30 pM in
cluster in buffer B (25 mM HEPES, 2.5 mM Ca@0 mM NacCl, 750 mM KCI, pH 7.5); ~62%
cluster-loaded). 58 pM Qblack), 115 uM @(green), 172 uM ©(blue) and 230 uM ©(red).
Fits to the data are represented by solid lines.

3.3.2. Stability of [4Fe-4S]-RirA in the presence of L- glutathione.

L-glutathione is present in the cytoplasm Rf leguminosaruni21, 22]. An
anaerobic titration of RirA was carried out witkethdditions of L-glutathione made inside
the glove box. The concentration range was betWesmmd 1.6 mM. With further additions
of L-glutathione the solution precipitated. Figidd6 shows UV-visible and CD spectra
for all the additions. The data clearly demonstridtere is no interaction between L-

glutathione and the cluster as there are no changdhe spectrum.
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Figure 3.16. UV-visble (A) and CD (B) titration of RirA against L-glutathione under
anaer obic conditions. RirA and [4Fe-4S] RirA concentrations were respety: 226 uM and 139
MM, Starting spectrum is in black (0 mM L-glutathé&), end point spectrum (1.6 mM L-
glutathione)is in red and intervening spectra are in grey. M@asurements were obtained in a 1
cm sealed anaerobic cuvette, using buffer B (25 HBBPES, 2.5 mM Cagl 50 mM NacCl, 750
mM KCI, pH 7.5) as a baseline.

As the UV-visible and CD spectra did not change nvitee concentration of L-
glutathione was 1.60 mM (corresponding with the §jigctrum at O min in the Figure
3.17) the solution was exposed to ambient Edgure 3.17 revealed gradual loss of the

cluster until the apo-RirA form was achieved af2rhours.
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Figure 3.17. Sensitivity of [4Fe-4S] RirA to L-glutathione in presence of O,. RirA and [4Fe-
4S] RirA concentrations were respectively: 226 M 439 uM. Starting spectrum is in black (1.6
mM L-glutathione, no @), end point spectrum is in red (1.6 mM L-glutatiéo after 22hr in the
presence of ¢) and intervening spectra are in grey. The measuresmeere obtained in 1 cm
cuvette, using buffer B (25 mM HEPES, 2.5 mM Ga60 mM NacCl, 750 mM KCI, pH 7.5) for
the CD baseline correction.

3.4. Discussion.

In R. leguminosarumand its near relatives, the regulation of many geneolved
in iron acquisition is mediated by RirA [23]. Tobet with the heme-sensing global iron
regulator Irr [24], RirA is functionally analogots the ferric iron uptake regulator, Fur, of
E. coli and other organisms. RirA is a member of the Raidily of transcriptional
regulators, as are NsrR and IscR, which respegtinsgjulate responses to NO stress and
iron-sulfur cluster biosynthesis [20]. These pnogehave three essential cysteine residues
that function as ligands for an iron-sulfur clustaéithough both IscR and NsrR contain
iron-sulfur clusters, these are of different typssR binds a [2Fe-2S] cluster [25], while
NsrR binds a [4Fe-4S] cluster [14]. Thus, while ginesence of these Cys residues and the
effects of their substitution [26] strongly suggesthat RirA also is an iron-sulfur cluster
regulator, the type of cluster, if any, was unknown

Here the over-expression/purification of RirA andghysical studies of its iron-
sulfur cluster and DNA-binding properties are ddmmt. The research establishes that

iron-sensing and regulation of the RirA regulonwsdn a way that is very different from
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that of the well characterised iron sensors FurlixdR [27]. Spectroscopic properties and
ESI-MS of cluster-reconstituted RirA shown the prese of a [4Fe-4S] cluster cofactor.
Size exclusion chromatography showed that RirA amat holo- protein are dimeric, and
ESI-MS data were consistent with this. This cotedawith published work on NsrR and
IscR in which it has reported that these protemesagso dimeric in cluster- free and bound
forms [28, 29].

The identity of the presumed fourth ligand of th&@AR[4Fe-4S] cluster is
unknown. In [2Fe-2S] IscR, the fourth ligand is & Hesidue (His10€. coli IscR
numbering) [30], but this residue is not conserwedRirA (Figure 3.1). The crystal
structure of [4Fe-4S] ScNsIR reveals the coordamatif the cluster by the three invariant
Cys (Cys93, Cys99 and Cysl105) residues from oneomen and, unexpectedly, Asp8
from the other [31]. In the position 8 of the Ris&quence appears Asn, therefore, there is
clearly some variability in the nature of the ckrstoordination between members of the
Rrf2 super-family, which is likely to be importaim determining the type of iron-sulfur
cluster that is present in each Rrf2 protein, ama h functions.

Under anaerobic conditions, [4Fe-4S] RirA was fotmde stable; RirA samples
contained a small component of an EPR-detectalife-#51" cluster, which was also
observed by ESI-MS. However, passage of the pratample down a gel filtration
column significantly increased the [3Fe-#Stomponent, indicating that the [4Fe-4S]
cluster of RirA is susceptible to loss of iron lifete is a means to separate it from the
residual cluster.

In the symbiotic bacteroids of leguminous planttroodules, @ levels are kept
sufficiently low to prevent damage to the-fiking nitrogenase enzyme, while permitting
aerobic respiration [32]. Under these conditiohss unlikely that RirA would be exposed
to very much @ However, free-livingR. leguminosarum(and many other RirA-
containing a-proteobacteria) grows aerobically in the soil amitl experience varying

concentrations of § depending on conditions. Therefore, the sengitvi [4Fe-4S] RirA
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to O, was examined. A response te Was observed, with cluster degradation to apo-RirA

occurring via a transient [2Fe-2S] form over a pérof hours. Interestingly, the observed

rate constant was independent af @@ncentration, indicating that the, @action is not

the rate-limiting step. Thus, Fedissociation from [4Fe-48] s likely to be required in

order for the reaction with Qo proceed.
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Chapter 4. Studies of iron- dependent cluster conversion in
R. leguminosarum RirA.

The mechanism by which RirA senses iron and thezetwow regulation is
achieved is unknown but must involve the Fe-S elusiwo potential mechanisms can be
considered. In the first, RirA senses iron indiedhrough the availability of Fe-S
clusters. In the second, RirA senses iron diretithpugh a cluster conversion process
involving loss of iron. In this chapter, the respenof [4Fe-4S] RirA to low iron
conditions generated by a range of iron chelawrgported, along with the DNA-binding

properties of different forms of RirA.

4.1. Response of [4Fe-4S] RirA to low iron conditions.

4.1.1. Ferrozine.

The effect of the strong iron chelator Ferrozinee(&igure 4.1) on [4Fe-4S] RirA

was investigated.

Na*

zZ
\
pd

0,8

Figure 4.1. Structure of Ferrozine disodium salt.

UV-visible absorbance spectroscopy showed an iser@a intensity of a peak at
562 nm upon titration of [4Fe-4S] RirA with Ferroei characteristic of the complex
[Fe(Ferrozine)* indicating that the chelator binds iron from thestér. In addition, the
spectrum displays 280 nm absorption that resubts fFerrozine’s aromatic structure, see
Figure 4.2A. In the case of CD, the most significahange appeared at 454 nm; the
intensity of this peak increased with the additadr=errozine and also shifted to the red.

After the addition of 2.32 mM Ferrozine the maxim@appeared at 464 nm. Another
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change occurred at 588 nm; in this case the irtiemdi the peak decreased with the
additions of Ferrozine, and became blue shifted wavelength of 568 nm. The intense
free Ferrozine absorbance at 280 nm obscures ghalsiat wavelengths below 380 nm.

These changes can be observed in Figure 4.2B.
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Figure 4.2. Response of [4Fe-4S] RirA to low ironanditions generated by Ferrozine. (A)
UV-visible absorbance ar@) CD spectra of [4Fe-4S] RirA (54 uM in cluster uffer B (25 mM
HEPES, 2.5 mM Cagl 50 mM NaCl, 750 mM KCI, pH 7.5); ~42% cluster-tiza) following
addition of increasing concentrations of the irdmelator Ferrozine (up to 2.3 mM) under
anaerobic conditions. Starting and end-point speate in black and red, respectively. Intervening
spectra are in grey. The measurements were obtagiad a 1 cm sealed anaerobic cuvette, with
buffer B as a baseline. In (A), the changes aretlyndae to the formation of the Fe(ll)(Ferrozige)

complex.
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In Figure 4.3, it is possible to observe that whdnrther addition was made (total
concentration of Ferrozine = 3.20 mM), there weoefurther significant changes in the

spectrum and the reaction was apparently complete.
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Figure 4.3. UV-visible absorbance (A) and CD (B) gztra for RirA in presence of Ferrozine

at 2.32 mM (black line) and 3.2 mM (red line).RirA and [4Fe-4S] RirA concentrations were
131 uM and 54 uM, respectively. The measurements wlgtained using a 1 cm sealed anaerobic
cuvette, with buffer B (25 mM HEPES, 2.5 mM Cg@&0 mM NacCl, 750 mM KCI, pH 7.5) as a

baseline.

When the sample containing 3.20 mM Ferrozine wamsad to ambient oxygen,
the UV-visible absorbance peak at 562 nm increased time, see Figure 4.4A. For the
CD, the peak at 464 nm was eventually lost andgathes peak at 551 nm appeared after

15 hours. This could be an artefact due to the higsorbance at this wavelength, see

Figure 4.4B.
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Figure 4.4. Time dependence of the UV-visible abdmaince (A) and CD (B) spectra of RirA in
the presence of 3.2 mM of Ferrozine under aerobiconditions. RirA and [4Fe-4S] RirA

concentrations were respectively: 131 uM and 54 [$kérting spectrum is in black (3.2 mM
Ferrozine, no ¢), end point spectrum is in red (3.2 mM Ferrozisiger 15 hr in the presence of
O,) and intervening spectra are in grey. The measuresnveere obtained using a 1 cm cuvette,
with buffer B (25 mM HEPES, 2.5 mM CaCb0 mM NacCl, 750 mM KCI, pH 7.5) as a baseline.

4.1.2. EDTA.

Another iron chelator was wused to simulate low iroconditions.
Ethylenediaminetetraacetic acid (EDTA) is a commarded metal iron chelator. It forms
a stable complex with both #eand F&*, but has a higher affinity for Ee(log K ~ 14.3
vs ~ 25.1) [1]. Titration of [4Fe-4S] RirA with EDN'under anaerobic conditions resulted
in similar changes to those observed with Ferrobure crucially, without the interference
of the absorbance at 280 and 562 nm due to thadigan-ligand complex. The UV-
visible absorbance spectrum after the addition.®8 8nM of EDTA is characteristic of a

[2Fe-2S], see Figure 4.5A. With further additiom€E®TA the protein precipitated. In the
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CD spectrum, the most significant change was tr@uéen of a band at 464 nm, see
Figure 4.5B. In addition, the negative feature & 8m was red shifted while the band at
~600 nm changed sign and red shifted to ~610 nra.dD data for EDTA and Ferrozine

are very similar indicating that similar changdeetalace with both chelators.
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Figure 4.5. Response of [4Fe-4S] RirA to low ironanditions following the additions of
EDTA. (A) UV-visible absorbance spectra g8} CD spectra of [4Fe-4S] RirA (77 UM in cluster
in buffer B (25 mM HEPES, 2.5 mM CaCb0 mM NacCl, 750 mM KCI, pH 7.5); ~50% cluster-
loaded) following addition of increasing concerntras of EDTA (up to 8.2 mM) under anaerobic
conditions. Starting and end-point spectra arelackband red, respectively. Intervening spectra
are in grey. Inset in (A) are absorbance specttagrabsence of EDTA (black) and with 8.2 mM
EDTA (red). The measurements were obtained usihgma sealed anaerobic cuvette, with buffer

B as a baseline.
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The changes observed in the UV-visible and CD spedémonstrate that the
addition of EDTA leads to a conversion of the Feh&ter. Absorbance changes indicate
that the new cluster is a [2Fe-2S] form.

To ilustrate the changes in the CD spectrum dutiegtitration with EDTA, CD
absorbance intensity at 464 and 603 nm was pletesus the concentration of EDTA,
see Figure 4.6. These are the peaks that showeplg¢htest shifts in intensity. The peak at
464 nm increased in intensity until a concentratbB8.7 mM of EDTA was reached; after
this concentration the intensity remained stablee peak at 603 nm decreased moderately

in intensity until a concentration of 3.5 mM of EB;Tand then remained stable.

CD [mdeq]
N B O RPN WA OO

0 1 2 3 4 5 6 7 8 9
Concentration EDTA (mM)

Figure 4.6. CD absorbance of the peaks at 464 and® nm versus the concentration of
EDTA. The peak at 464 nm increased in intensity untibacentration of 3.7 mM of EDTA was
reached (red dot line). The peak at 603 nm deadeasi@tensity until a concentration of 3.5 mM
of EDTA (blue dot line).

After the last addition of EDTA (final concentratic8.23 mM of EDTA) the
solution was left for 22 hours and was centrifug@demove precipitated protein before
re-recording UV-visible and CD spectra. These shioat, after 22 hours, apo-RirA was

the principal form of the protein (Figure 4.7).
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Figure 4.7. UV-vis (A) and CD (B) spectra for RirAafter 22hr in 8.23 mM of EDTA. 8.23
mM of EDTA (black line) and after 22 hr (red lin®irA and [4Fe-4S] RirA concentrations were
respectively: 154 uM and 77 uM. The measurements wigtained using a 1 cm sealed anaerobic
cuvette, with buffer B (25 mM HEPES, 2.5 mM Cg@&0 mM NacCl, 750 mM KCI, pH 7.5) as a

baseline.

The same experiment was performed under aerobiditaams. In this case the
UV-visible spectra show the degradation of the telusip to an EDTA concentration of
4.73 mM, at which point apo-RirA was the major prog with a small amount of [2Fe-
2S] cluster remaining (Figure 4.8A). In the equérdlCD experiment, the peak at 464 nm
was observed to increase, maximizing at 1.30 mM EGlue spectrum) but then was

subsequently lost as further additions of EDTA weiade, consistent with the formation

and loss of the [2Fe-2S] form, see Figure 4.8B.
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Figure 4.8. UV-visible (A) and CD (B) titration of RirA with EDTA under aerobic conditions.
RirA and [4Fe-4S] RirA concentrations were 62 pM @® pM, respectively. Starting spectrum is
in black (0 mM EDTA), end point spectrum is in @73 mM EDTA), blue spectrum is 1.3 mM
EDTA and intervening spectra are in grey. The mesamsants were obtained using a 1 cm cuvette,
with buffer B (25 mM HEPES, 2.5 mM CaCb0 mM NacCl, 750 mM KCI, pH 7.5) as a baseline.

To illustrate the difference between the experim@mder anaerobic and aerobic
conditions, the CD absorbance at 464 nm versusdheentration of EDTA were plotted
for both. Under anaerobic conditions the produdhefconversion reaction was stable and
only started to precipitate at higher concentrabbliDTA. Under aerobic conditions the
product formed under anaerobic conditions was taidiles and was observed to form at a
lower concentration of EDTA. After further addit®of EDTA (>0.86 mM), a mixture of

both the product and apo-RirA form was formed, Eigere 4.9.
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Figure 4.9. CD absorbance at 464 nm versus the cardration of EDTA. EDTA titration
under anaerobic (blue circle) and aerobic (redejirconditions. Data from Figure 4.5 and Figure
4.8.

As the UV-visible absorbance of RirA after the aobe& addition of an iron-
chelator has the characteristics of a [2Fe-2S}tetUg, 3], it is proposed that the product
was the [2Fe-2S] form of RirA and, therefore, thlaé iron- chelators promote the

conversion from [4Fe-4S] cluster to [2Fe-2S] cluste

4.1.2.1. Native ESI-MS of [2Fe-2S] RirA.

To further establish the nature of the cluster epsion process that RirA
undergoes under low iron conditions, native ESI-M&s employed. Then/z and
deconvoluted spectra of [4Fe-4S] RirA in ammoniucetate buffer were presented in
Chapter 3 (section 3.2.2). Treatment of [4Fe-4SjARwith EDTA and subsequent
removal of the chelator generated the same com/éaien of RirA as that described
above see Figure 4.12. Th#z spectrum again revealed the presence of monoraedc

dimeric forms of RirA (Figure 4.10).
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Figure 4.10. ESI-MSm/z spectra of [4Fe-4S] RirA (~21 uM in cluster) in 26 mM ammonium
acetate pH 7.35 following exposure to 1 mM EDTA fo2.5 hr and removal of EDTA by gel
filtration. (A) monomer andR) dimer regions of thevz spectrum are plotted with charge states
as indicated. In A, grey and blue lines indicate fBFe-2S] and 2Fe adduct forms of RirA,
respectively. In B, charge states due to clustemddorms of dimeric RirA are indicated (red
boxes). Peaks indicated by asterisks are due tdapyéng charge states of a truncated form of
RirA.

The deconvoluted mass spectrum in the monomernggigure 4.11A) featured
two main peaks, corresponding to RirA containing2&e-2S] cluster and to RirA
containing two irons (see Chapter 3, Table 3.1)jclwimost likely represents a breakdown
product of the [2Fe-2S] cluster. As expected frohe tearlier spectrophotometric
observations, the peak due to [4Fe-4S] RirA is otimlower intensity. Other [4Fe-4S]
cluster breakdown species, corresponding to [4He{38e-4S], [3Fe-3S] and [3Fe-2S]
clusters, were also observed, along with [2Fe-$] @po-RirA (Figure 4.11A), but all of

these were at low abundance relative to the [2Hde2®.
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Figure 4.11. ESI-MS analysis of RirA following low iron-mediated cluster conversion.
Positive ion mode ESI-TOF native mass spectra a21~gM [4Fe-4S] RirA in 250 mM
ammonium acetate pH 7.35 following treatment wittmi4 EDTA for 2.5 hr and removal of
EDTA by gel filtration. Deconvoluted spectrum iretmonomerA) and dimer B) mass regions.

In the dimer region, the signal to noise was reddyi poor but peaks were still
clearly present (Figure 4.11B). A significant pehle to the RirA dimer containing two
[2Fe-2S] clusters was observed, along with a lawnsity peak due to [4Fe-4S]/[4Fe-4S]
RirA (see Chapter 3, Table 3.1). Various clustezakdown forms were also present,
including [3Fe-4S]/[4Fe-4S], [3Fe-4S]/[3Fe-4S], 8BS]/[3Fe-4S], [3Fe-2S]/[3Fe-4S]
and [2Fe-2S]/[3Fe-4S] RIirA, consistent with convams of [4Fe-4S] into [2Fe-2S]

clusters. Again, the dimer region contained feweakdown products (between [2Fe-2S]
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and apo-RirA). For example, there was no evidenteRioA containing two irons
(observed in the monomer region), consistent vinehdluster being more stable within the

dimer form of RirA during the MS experiment.

4.1.2.2. Kinetic studies of cluster conversion.

The rate of cluster conversion under anaerobic itiond upon addition of 1 or 4
mM EDTA was investigated by UV-visible absorbancel &£D spectroscopies, Figure
4.12 and Figure 4.13. The same changes that odcurréhe thermodynamic titration
experiments were observed, indicating cluster camwe. Fitting of absorbance data at
382 nm and CD data at 380 nm (Figure 4.12C andr&igul3C) gave a rate constant of
~0.002 min* and ~0.007 min, respectively, for 1 and 4 mM EDTA. Removal of E®T
by passage of the sample down a gel filtration molwid not affect the shape of the
absorbance or CD spectra, consistent with a sfable-2S] product of cluster conversion
(e.g. Figure 4.12A). Prolonged (overnight) exposofg2Fe-2S] RirA to EDTA led to
significant loss of the cluster such that apo-RwAs the principal form of the protein

(Figure 4.13A-B).
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Figure 4.12. Time dependence of RirA [4Fe-4S] to IE2-2S] conversion promoted by 1 mM
EDTA under anaerobic conditions. (A)UV-visible absorption an(B) CD spectra were recorded
over several hours following exposure of [4Fe-48AR28 uM in cluster in buffer B (25 mM
HEPES, 2.5 mM Cagl 50 mM NaCl, 750 mM KCI, pH 7.5); ~51% cluster-fieal) to 1 mM
EDTA under anaerobic conditions. Starting spectrsim black, end point (620 min) spectrum is
in red and intervening spectra are in grey. In {# spectrum of the protein following passage
down a gel filtration column equilibrated in buff@ris shown in blueC1 is a plot of Ag, nmas a
function of time; the solid line represents a ditthe datak = (1.79 + 0.45) x1® min?). C2is a
plot of CDyes nmas a function of time; the solid line representd & the dataK = (2.84 + 0.59)
x10° min"). The measurements were obtained using a 1 cradsaaberobic cuvette, with buffer

B as a baseline.
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Figure 4.13. Time dependence of RirA [4Fe-4S] to [E&2-2S] conversion promoted by 4 mM
EDTA under anaerobic conditions. (A)UV-visible absorption an(B) CD spectra were recorded
over several hours following exposure of [4Fe-48AR77 uM in cluster in buffer B (25 mM
HEPES, 2.5 mM Cagl 50 mM NaCl, 750 mM KCI, pH 7.5); ~80% cluster-tieal) to 4 mM
EDTA under anaerobic conditions. Starting spectisiin black, red spectrum (290 min) is the
formation of the [2Fe-2S] cluster, intervening dpecare in grey and blue spectrum is the
formation of the apo-RirA (23 hrCl is a plot of Ag, nmas a function of time; the solid line
represents a fit of the data¥ (4.96 + 0.80) x1®min?). C2is a plot of CQes nmas a function of
time; the solid line represents a fit to the dé&ta (9.76 + 0.37) x1® min™). The measurements
were obtained using a 1 cm sealed anaerobic cubeitier B as a baseline.
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Figure 4.14. Time dependence of RirA [4Fe-4S] to &-2S] conversion promoted by iron
chelators under aerobic conditions. (A)UV-visible absorption andB) CD spectra were
recorded over several hours following exposuretbef4S] RirA (28 pM in cluster in buffer B (25
mM HEPES, 2.5 mM Cagl50 mM NaCl, 750 mM KCI, pH 7.5); ~51% cluster-tieal) to 1 mM
EDTA under aerobic conditions. Starting spectrurmislack, end point spectrum is in red (120
min) and intervening spectra are in grey. Specfréhe protein following passage down a gel
filtration column equilibrated in buffer B are shiown blue.C1 is a plot of Ag, nmas a function of
time; the solid line represents a fit to the déta (8.45 + 0.19) x1®min™). C2 is a plot of CRsgo

-m as a function of time; the solid line representi #o the datak = (8.29 + 0.81) x18 min™).
The measurements were obtained using a 1 cm cpwattebuffer B as a baseline.
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The combined effects of low iron and saturatingelsvof G on [4Fe-4S] RirA
were investigated. Addition of 1 mM EDTA to [4Fe}dS8irA under aerobic conditions
resulted in a similar reaction to that under anlaierconditions (Figure 4.14), but cluster
breakdown occurred significantly more rapidly. Batbsorbance and CD revealed the
transient formation of the [2Fe-2S] form, which dged further to form apo-RirA as the
final product. Fitting of absorbance data at 382 aimd CD data at 380 nm gave a rate
constant of ~0.008 mih(Figure 4.14C), ~4-fold higher than that for thensareaction

under anaerobic conditions.

4.1.3. Chelex 100.

In the above experiments, EDTA and Ferrozine werihé same solution as RirA
and therefore could potentially interact directlighaRirA to promote cluster conversion in
a non-physiological reaction. To investigate clustenversion in the absence of direct
interaction with a chelator, an experiment was grened in which a solid chelating resin
(Chelex 100) was separated from the protein by rai-permeable membrane. Under
anaerobic conditions, absorbance (Figure 4.15A)@DdFigure 4.15B) intensity due to
the cluster was lost gradually over several hobrg, with formation of only small
amounts of [2Fe-2S], showing that under these ¢mmdi apo-RirA was formed without
significant stabilization of [2Fe-2S] RirA. Absonmze decay at 382 nm and CD decay at
380 nm were fitted with a single exponential, givia rate constant of ~0.002 nfin

(Figure 4.15C), similar to that observed in thespreee of 1 mM EDTA.
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Figure 4.15. Response of [4Fe-4S] RirA to low irononditions promoted by Chelex 100. (A)
UV-visible absorbance spectra af8) CD spectra of [4Fe-4S] RirA (30 uM in cluster infter B
(25 mM HEPES, 2.5 mM Cag 150 mM NacCl, 750 mM KCI, pH 7.5); ~89% cluster-tieal) using
Chelex-100 as an iron chelator, separated from pifeeein by dialysis membrane. Starting
spectrum is in black, end point spectrum is in(Elhr) and intervening spectra are in gi@g.is

a plot of Ag> nmas a function of time; the solid line representi af the datak = (2.39 £ 0.59)
x10° min™). C2 is a plot of CRg nmas a function of time; the solid line representis af the data
(k = (2.31 + 0.73) x1® min™"). The measurements were obtained using a 1 cradseakerobic

cuvette, with buffer B as a baseline.
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Figure 4.16. Time dependence of RirA [4Fe-4S] to F2-2S] conversion promoted by Chelex
100 under aerobic conditions. (AJJV-visible absorbance spectra g8y CD spectra of [4Fe-4S]
RirA (30 pM in cluster in buffer B (25 mM HEPESH2nM CacC}, 50 mM NacCl, 750 mM KCl,
pH 7.5); ~89% cluster-loaded) using Chelex-100 mdran chelator under aerobic conditions,
separated from the protein by dialysis membrareatiBy spectrum is in black, end point spectrum
is in red (110 min) and intervening spectra argray.C1 is a plot of Ag, nmas a function of time;
the solid line represents a fit of the data=(0.061 + 0.008 mii‘p. C2is a plot of CRg nmas a
function of time; the solid line represents a fit the data kK = 0.078 + 0.016 mif). The
measurements were obtained using a 1 cm cuvettepwifer B as a baseline.
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Under the low iron conditions generated by Chelé fesin, the presence ob O
also increased the rate of reaction, with a ratesmt (~0.07 mif) (Figure 4.16C), ~35-
fold higher than under anaerobic conditions. Bdikoabance and CD data (Figure 4.16A-
B) were consistent with the transient formationaof2Fe-2S] form before decay to the
apo-protein. Why the effect of (s greater in the case of Chelex 100 compared®A

is not clear.

4.1.4. Protein chelators of iron.

BFR (1.4 uM) and apo-transferrin (64 uM) were uasdron-chelators following
the same protocol as that used for Chelex 100 awpats, where the chelating species is
too large to cross the semi-permeable membranes@ménnot interact directly with the
RirA cluster. The rationale was that?¢bacterioferritin) and Fé-(transferrin) binding
proteins would chelate iron but would not be alblenteract directly with iron bound to
RirA. Data similar to that observed for Chelex M6re obtained (see Figure 4.17 and
Figure 4.20), in that the [4Fe-4S] cluster decayeslllting in apo-RirA, but with evidence
of a transiently stable [2Fe-2S] intermediate foFitting of the absorbance and CD decay
data for RirA in the presence of BFR under anaeraoinditions gave a rate constant
(~0.004 mirt) similar to that observed for the small molectiielators, (Figure 4.17C). In
the presence of Hthe rate constant increased approx. six-fold~@c024 mif'), see
Figure 4.18C. For RirA in the presence of trangferiitting of the absorbance and CD
data gave a rate constant (~0.045 Hisignificantly higher than observed for other
chelators (Figure 4.19C), and this did not incresskstantially (~0.049 mi) in the

presence of @(Figure 4.20C).
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Figure 4.17. Time dependence of RirA [4Fe-4S] to E2-2S] conversion promoted by BFR.
(A) UV-visible absorption spectra afil) CD spectra were recorded over time following expesu
of [4Fe-4S] RirA (30 uM in cluster in buffer B (26BM HEPES, 2.5 mM Cagl50 mM NacCl, 750
mM KCI, pH 7.5); ~89% cluster-loaded) to 1.4 pM BFRiRder anaerobic conditions. Starting
spectrum is in black, end point spectrum is in (e/-vis: 1230 min; CD: 270 min) and
intervening spectra are in gre€l is a plot of As, .m @s a function of time; the solid line
represents a fit of the datia (3.85 + 0.36) x1®min™). C2 is a plot of CRg nmas a function of
time; the solid line represents a fit of the data((3.62 + 0.7) x18 min™). The measurements
were obtained using a 1 cm sealed anaerobic cuwéttebuffer B as a baseline.
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Figure 4.18. Time dependence of RirA [4Fe-4S] to 2-2S] conversion promoted by BFR
under aerobic conditions. (A)UV-visible absorption spectra aiid) CD spectra were recorded
over time following exposure of [4Fe-4S] RirA (38in cluster in buffer B (25 mM HEPES, 2.5
mM CaC}, 50 mM NacCl, 750 mM KCI, pH 7.5); ~89% cluster-tieal) to 1.4 pM BFR under
aerobic conditions. Starting spectrum is in blaakg point spectrum is in red (UV-vis: 1192 min;
CD: 232 min) and intervening spectra are in gfey/is a plot of Ag, nmas a function of time; the
solid line represents a fit of the data< 0.023 + 0.006 mii‘b. C2 is a plot of CRgy nmas a
function of time; the solid line represents a fit the data kK = 0.024 + 0.006 mif). The
measurements were obtained using a 1 cm cuvettepwifer B as a baseline.
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Figure 4.19. Time dependence of RirA [4Fe-4S] to F&-2S] conversion promoted by apo-
transferrin. (A) UV-visible absorption spectra ar@) CD spectra were recorded over time
following exposure of [4Fe-4S] RirA (30 pM in clestin buffer B (25 mM HEPES, 2.5 mM
CaCl, 50 mM NacCl, 750 mM KCI, pH 7.5); ~89% cluster-iieal) to 64 uM apo-transferrin under
anaerobic conditions. Starting spectrum is in blagkd point spectrum is in red (UV-vis: 1243
min; CD: 283 min) and intervening spectra are ieygC1l is a plot of Ag, nmas a function of time;
the solid line represents a fit of the data=(0.045 + 0.014nin'1). C2is a plot of CRgo nmas a
function of time; the solid line represents a fit the data K = 0.041 + 0.008min™). The
measurements were obtained using a 1 cm sealerbhitaeuvette, with buffer B as a baseline.
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Figure 4.20. Time dependence of RirA [4Fe-4S] to F&-2S] conversion promoted by apo-
transferrin under aerobic conditions. (A) UV-visible absorption spectra ar{8) CD spectra
were recorded over time following exposure of [4F3-RirA (30 uM in cluster in buffer B (25
mM HEPES, 2.5 mM Cagl50 mM NacCl, 750 mM KCI, pH 7.5); ~89% cluster-iteal) to 64 uM
apo-transferrin under aerobic conditions. Starsipgctrum is in black, end point spectrum is in red
(227 min) and intervening spectra are in gi@y.is a plot of Ag, nmas a function of time; the solid
line represents a fit of the data< 0.039 + 0.005 mii‘p. C2is a plot of CRg nmas a function of
time; the solid line represents a fit of the da&ta (0.058 + 0.004 mif). The measurements were
obtained using a 1 cm cuvette, with buffer B asseline.
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4.1.5. Sensitivity of [2Fe-2S] RirA to 0.

The [2Fe-2S] form of RirA generated by exposure[4ife-4S] RirA to EDTA
followed by removal of the chelator, was exposedrtibient Q to determine its stability.
UV-visible and CD spectra were obtained over aqukdf time. The UV-visible spectrum
revealed gradual loss of the cluster at 382 nmthadCD signal disappeared over time,
see Figure 4.21. The apo form of RirA was achievgdout precipitation whereas, as was
mentioned before, in the case of the [4Fe-4S] fofRirA the solution precipitated after 2
hr 30 min following exposure to OAfter 2 hours the loss of the cluster was alntbet

same for the [2Fe-2S] and [4Fe-4S] forms of RirBahd 20% respectively.
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Figure 4.21. Time dependence of [2Fe-2S] RirA undeaerobic conditions. (A) UV-visible
absorption spectra an{®) CD spectra were recorded over time following expesof [2Fe-2S]
RirA (~187 uM in cluster in buffer B (25 mM HEPE3,5 mM CaCJ, 50 mM NacCl, 750 mM
KCI, pH 7.5); ~89% cluster-loaded) to ~200 uM. Gtarting spectra are in black, end point
spectrum is in red (293 min) and intervening s@eate in greylnset in (A) is a plot of A nmas

a function of time. The measurements were obtaussdg a 1 cm cuvette, with buffer B as a
baseline.
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4.1.6. Cluster stability in NsrR, another [4Fe-4S] Rrf2 regulator.

The apparent sensitivity of the [4Fe-4S] clusterRifA to low iron conditions
raised the question of whether this is a geneggnty of Rrf2 family regulators that bind
a [4Fe-4S] cluster. To gain some insight into tleiguivalent experiments using Chelex
100 were performed with the [4Fe-4S] cluster forfrNsrR (supplied by Dr J. Crack,
Centre for Molecular and Structural Biochemistrgh&ol of Chemistry, University of
East Anglia, Norwich), another Rrf2 family regulatin contrast to RirA, no significant

cluster loss was observed for NsrR over a 2 hiopg(frigure 4.22).
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Figure 4.22. Response of [4Fe-4S] NsrR to low iraonditions generated by Chelex 10qA)
UV-visible absorbance andB) CD spectra of [4Fe-4S] NsrR (29 UM in clusterclaster B (25
mM HEPES, 2.5 mM Cagl 50 mM NaCl, 750 mM KCI, pH 7.5); ~60% cluster-tieal)
following addition of Chelex-100 resin separated&gemi-permeable membrane. Starting and
end-point (120 min) spectra are in black and redpectively. Intervening spectra are in grey. The
measurements were obtained using a 1 cm sealerbhitaeuvette, with buffer B as a baseline.
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4.2. Identification of intermediates during cluster conversion
using EDTA as iron-chelator by mass spectrometry.

In order to study the mechanism of Fe-sensing mh Rnd how the regulation is
achieved, [4Fe-4S] RirA in ammonium acetate buffas combined with 250 uM EDTA
at 37°C under anaerobic conditions and continuouglysed into the ESI-source of the
instrument to simulate low iron conditions in thelcFigure 4.23 and Figure 4.24 shows

the deconvoluted spectra and the 3D plot obtaingthgl the reaction time course over 30

min.
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Figure 4.23. Real time native ESI-MS analysis of e-4S] RirA cluster conversion under low
iron conditions generated by exposure to EDTADeconvoluted mass spectrum of ~30 uM [4Fe-
4S] RirA in 250 mM ammonium acetate pH 7.32 (black) before and after exposure to 250 uM
EDTA at 37°C (30 min exposure, red line). Intervenispectra are in grey. Spectra are
representative of multiple repeat experiment.
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Figure 4.24. 3D plot of real time native ESI-MS anlgsis of [4Fe-4S] RirA cluster conversion
under low iron conditions generated by exposure t&DTA. 3D plot showing the formation and
decay of all monomeric RirA species during the EDiaction time course. ~30 UM [4Fe-4S]
RirA in 250 mM ammonium acetate pH 7.32 for 30 rakposure to 250 uM EDTA at 37°C.
Intervening spectra are in grey. Spectra are reptasve of multiple repeat experiments.

The initial spectrum was very similar to that désed for [4Fe-4S] RirA in
Chapter 3 (section 3.2.2). Upon exposure to EDTA,[#Fe-4S] peak decayed away and
peaks corresponding to protein bound cluster fragsng€l7,586 Da — 17,762 Da)
increased in intensity, reaching a maximum ~ 4 mi@ post EDTA exposure before
themselves decaying away. These included [4Fe{3Bg-4S], [3Fe-3S], [3Fe-2S], [3Fe-
S] and [2Fe-2S] forms. A peak appeared at 17549wbah corresponds to RirA
containing two irons, with a maximum intensity atr@n. Peaks were also observed at
17474 Da and 17506 Da, corresponding to one andstfur adducts of apo RirA (+32
and +64 Da). The apo peak increased in intensityfasction of time due to the decay of
the protein bound clusters, see Figure 4.23 andr&ig.24. The table with predicted vs

observed masses is shown in Chapter 3 (sectiod)3.2.
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Abundances of the different cluster fragments sgeai Figure 4.23 and Figure
4.24 were plotted as a function of time, see Figugs. In MS experiments, abundances
are reported relative to the most abundant spdeidstrarily set to 100%). For RirA
experiments, the most abundant species over malse @ime course was the apo form and
so the data provide information about the tempbeddaviour of all the [Fe-S] forms of
RirA. Global analysis of multiple mass spectrontekinetic data sets led to the reaction
scheme shown in Figure 4.26. This scheme was abteotel the formation and/or decay
of the peak intensities corresponding to [4Fe-§8fe-3S], [3Fe-4S], [3Fe-3S], [3Fe-2S],
[2Fe-2S], and [3Fe-S] RirA species. The kinetiadsgtow that [3Fe-4S] cluster is the first
intermediate formed (maximizing at 2 min), followby [3Fe-3S], [3Fe-2S] and [3Fe-S]
forms. It should be emphasized that these interatesliappeared before the formation of
the [2Fe-2S] cluster, see Figure 4.25. Table 4olvsithe observed rate constants required
to describe the reaction scheme depicted in FigLae. It is noted that the model suggests
that direct conversion of the [4Fe-4S] clustertie [(3Fe-3S] species does not occur. Thus,
loss of a single iron or sulfide iron appears todneobligatory first step in the cluster
conversion process with loss of sulfide or iroddaing. The rate constant describing the
loss of an iron to obtain the [3Fe-4S] clusterd; = 0.23 min') was much higher than that
for the loss of a sulfide, [4Fe-3Hofso= 0.04 mir"), indicating that loss of an initial iron
is the favoured route for cluster conversion. Nehedess, loss of an initial sulfide can also
occur, so this represents a first branch pointha thechanism. The temporal nature of
[BFe-3S] RirA, which maximized at ~ 4 min, is catent with an intermediate in the
[4Fe-4S] to [2Fe-2S] cluster conversion pathwaye [3Fe-3S] was formed from [3Fe-4S]
and [4Fe-3S] clusters with similar observed ratestants, 0.14 and 0.12 riin
respectively. The data demonstrate that [2Fe-23primed from [3Fe-3S]kopss= 0.18
min™) and [3Fe-2S]Kps10= 0.1 min) with similar observed rate constants. Breakdofvn o
the [3Fe-S] form, modelled here as resulting inrfation of apo-RirA, occurs with a rate

constant Kss= 0.31 min®) higher than that for breakdown of [2Fe-2&},{= 0.19 min')
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again to apo-RirA. It is recognised that this idikety to occur directly in a single step,
but the data do not provide much data on interniedsg@ecies in this process and so
further possible steps have not been includedanribdel. The build-up of [3Fe-S] occurs
because the loss of an iron from the [3Fe-2S] etustslower than the loss of a sulfitte,
= 0.1 min*and 0.4 miff, respectively.

Overall the kinetic mass spectrometry data proadegh resolution overview of
the cluster conversion process, consistent withirtiportance of [3Fe-4S], [3Fe-3S] and

[3Fe-2S] intermediates.

Table 4.1. Observed rate constants used to fit expental shown in Figure 4.23 and Figure
4.24 to cluster disassembly model shown in Figure26.

Observed rgt_ei constant Reaction
(min™)

k1 0.23 [4Fe-4S] - [3Fe-4S]
k2 0.04 [4Fe-4S] - [4Fe-3S]
k3 0.14 [BFe-4S] - [3Fe-3S]
k4 0.12 [4Fe-3S] - [3Fe-3S]
k5 0.29 [BFe-3S] - [3Fe-2S]
k6 0.18 [BFe-3S] - [2Fe-2S]
k7 0.4 [3Fe-2S] - [3Fe-S]
k8 0.31 [BFe-S] —» Apo
k9 0.19 [2Fe-2S] - Apo
k10 0.1 [BFe-2S] - [2Fe-2S]
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Figure 4.25. Mechanism of [4Fe-4S] cluster conversi. A) Plots of relative abundances of
[4Fe-4S] cluster (black), [4Fe-3S] cluster (gredB)e-4S] (light blue), [3Fe-3S] (purple), [3Fe-
2S] cluster (blue), [3Fe-S] cluster (orange) areef2S] cluster (red) species as a function of time
following exposure to 250 uM EDTA at 37° C. Glolfiling to the experimental data, using the
reaction scheme depictéa Figure 4.26, are shown as solid lines. B) —difs of relative
abundances of the [4Fe-3S] cluster (B), [388{C), [3Fe-3S] (D), [3Fe-2S] cluster (E), and
the [3Fe-S] cluster (F). Global fits to the expegirtal data are shown as solid lines. Dashed lines
show the response of the [4Fe-4S] (black line) [@2R@-2S] (red line) cluster for easy comparison.
Error bars show standard error for average MS datas = 2). The global fitting model was

initiated with 100% relative abundance of [4Fe-élsters.
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Figure 4.26. Reaction scheme of [4Fe-4S] clusterra@rsion . Reaction scheme used to
simulate the kinetic dependence native-MS data30f|+M [4Fe-4S] RirA in 250 mM ammonium
acetate pH 7.32 for 30 min exposure to 250 uM ERTA7°C.
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4.3. [4Fe-4S] RirA, but not apo-RirA, binds RirA-regulated fhuA
promoter DNA.

EMSAs were carried out with [4Fe-4S] RirA using th®iA promoter, which
harbours an IRO box and is known to be under the@rabof RirA in vivo [4, 5], see
Figure 4.27. A titration with increasing concentas of [4Fe-4S] RirA resulted in
increased levels of bound DNA, with essentiallyl foinding observed at a [4Fe-4S]
RirA:DNA ratio of 40:1. At higher protein levels,on-specific binding was observed
(Figure 4.27A). Importantly, DNA-binding was nots#yved in an equivalent experiment
with apo-RirA (Figure 4.27B). A very small amountt lmnding was observed at high
protein to DNA ratios (> 121:1). The data demoristthat the [4Fe-4S] form is the active
form for DNA-binding. Observations of a [2Fe-2S]rfo of RirA (above) raised the
guestion of whether such a form would be able tol WNA. EMSA experiments with the
fhuA promoter were repeated, Figure 4.27C, using [ZFjeRarA. Although non-specific
binding can be seen at higher ratios of proteiDN#, the data clearly show that the [2Fe-
2S] form binds DNA. At ratio of 40:1, where the H&S] form gave full DNA- binding,
only a small proportion of DNA was bound by [2FeE8rA. Thus, it is concluded that

[2Fe-2S] RirA binds DNA significantly more weaklyan the [4Fe-4S] form.
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Figure 4.27. Cluster-dependent DNA binding by RirA.EMSAs showing théhuA promoter
DNA probe in unbound (U), bound (B), and non-spealfy bound (NS) forms byA) [4Fe-4S]
RirA, (B) apo-RirA and [4Fe-4S] RirA as a control &i@) [2Fe-2S] RirA and [4Fe-4S] RirA as a
control. Ratios of [4Fe-4S]/[2Fe-2S] RirA and [R]rfo DNA are indicated. The binding buffer
contained 10 mM Tris, 60 mM KCI, pH 7.52.
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4.4. Discussion.

The simulation of low iron conditions led to thestability of the RirA [4Fe-4S]
cluster, resulting in conversion to a [2Fe-2S] faand subsequently to loss of cluster to
form apo-RirA. The extent to which the [2Fe-2S]nfiowas stable varied: in the presence
of EDTA and Ferrozine, it was readily observed, With Chelex 100, apo-transferrin, and

apo-bacterioferritin it was less stable and wasplesl only as a transient species prior to
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apo- protein formation. Similar experiments witlr44S] NsrR, which functions through
reaction of its cluster with nitric oxide, revealduat its cluster was stable under iron-
depleted conditions. This suggests that clustagilit@conversion is a physiologically
important characteristic of [4Fe-4S] RirA and ig aageneral trait of [4Fe-4S]-containing
Rrf2 regulators. The [4Fe-4S] form of RirA, which likely present in th&hizobial cell
under iron replete conditions, binds RirA regulapgedmoter DNA tightly, consistent with
its function as a repressor of expression of gemaslved in iron uptake. The [2Fe-2S]
form of RirA could be stabilized under anaerobicnditions following removal of
chelator. In EMSA experiments it was apparent ttheg [2Fe-2S] form binds DNA
significantly weaker than the [4Fe-4S] form. Howevé cannot ruled out that the
observed binding could have resulted from a snmmalbunt of residual [4Fe-4S] cluster.
Under prolonged low iron conditions, the [2Fe-28]ster was unstable, resulting in a
cluster-free form, which does not bind DNA. In thesm, RirA can no longer function as
a repressor and the iron-uptake machinery of thesckilly activated.

The three states ([4Fe-4S], [2Fe-2S] and apo) A Riay represent three distinct
physiological responses within the cell, which aceessed through the lability of iron in
the cluster and which have different outcomes imseof expression of RirA-controlled
genes, see Figure 4.28. Further investigation balineeded, including with additional
promoters, to determine whether the [2Fe-2S] fofnRioA is physiologically relevant.
Although there is no information on the clusterfogguration of RirA inR. leguminosarum
itself, anaerobically purified RirA generated frdmaterologous expression in aerobically
grown E. coli contained a mixture of both [2Fe-2S] and [4Fe-di8¥ters, see Chapter 3
(section 3.2). This supports a mechanism in whicister transformation occurs in the

cell.
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Figure 4.28. RirA mediated regulation of iron-respmsive genes inRhizobium. Under iron
sufficient conditions, RirA accommodates a [4Fe-dbter (via the Suf system) and binds to the
IRO motif (sequence shown) present in the promagions of RirA-regulated genes, repressing
their transcription. In low iron medium, the [4F8}4 cluster of RirA is unstable to
conversion/degradation, yielding apo-RirA via a¢2FS] form. Apo-RirA does not bind the IRO
motif and so these genes are no longer repress®irBy [2Fe-2S] RirA retains some ability to
(weakly) bind the IRO motif, resulting in a partialeviation of repression under conditions of
mild iron deficiency. Qoxidative stress destabilizes the RirA clustegdiag to increased
turnover of [4Fe-4S] RirA even under iron-repletaditions.

The conversion of the [4Fe-4S] RirA cluster to apuler low iron conditions
(generated by presence of chelator) was in genaiah more rapid in the presence of O
Thus, it appears that iron insufficiency and thespnce of @lead to an enhanced rate of
cluster conversion/degradation and the interplawéen these conditions will control the
rate of cluster reaction. It has been noted thatifip, as yet unidentified, cellular factors
might also be involved in, and influence the rdtecluster degradation.

The behaviour of RirA allows comparison with otiven-sulfur cluster-containing
regulators. For example FNR controls expressiorgaies in response to, @Ghrough
reaction with its [4Fe-4S] cluster cofactor. Thimmotes conversion to a [2Fe-2S] cluster
form that can no longer bind DNA [6, 7]. FNR is theaster switch for the transition
between anaerobic and aerobic metabolism. Therelasae similarities in terms of the
cluster conversion reactions of FNR and RirA. Ie ttase of RirA, the reaction is

mediated by the synergistic influences of low ieord Q. FNR does not respond to%He
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Fe** chelators in the absence of,®@ut their presence was found to enhance theofate
[2Fe-2S] formation [8].

ESI-MS experiments and global analysis of chelatediated cluster degradation
using an approach that was developed to study W €luster conversion reaction [9]
showed that the first step of the reaction from[#fee-4S] to apo- RirA is the loss of ¥e
from the [4Fe-4ST cluster to form a [3Fe-4S] cluster intermediatepsl. A similar step
was also observed in,@nediated [4Fe-4S] cluster degradation in FNR [@], 1where
cluster degradation is initiated by,-@hediated oxidation. In the case of RirA under
anaerobic conditions, there is no oxidant, so éselting cluster is likely to be [3Fe-4S]

In RirA, the [4Fe-4S] cluster can also lose a delfion as the first step of
degradation, but the formation of the [4Fe-3S] ugpresumably with +4 charge) is
slower than the formation of the [3Fe-4S] internageli (0.04 mift and 0.23 mif,
respectively). It is noted that the [4Fe-3S] formsmot observed in FNR disassembly [9].

The [3Fe-3S] cluster was the next intermediate ivfeske This results from the loss
of one sulfide ion from the [3Fe-4S] cluster (s@®p(or the loss of a Béfrom the [4Fe-
3S] form). This novel cluster intermediate was akscently observed during FNR cluster
degradation [9]. An inorganic model [3Fe-3S3luster was recently described for the first
time, in which all iron and sulfide ions lie in treame molecular plane forming a
hexagonal arrangement [11]. The oxidation statb@{3Fe-3S] cluster in RirA is unclear.
Loss of sulfide from the [3Fe-48]ntermediate would be expected to generate a [3Fe-
3SF* form. The mass spectrometry data is not suffityemigh resolution to determine the
overall oxidation state on the cluster intermediatbough the data are consistent with
both 2+ and 3+ states, see Chapter 3 (section)3.2.2

The [3Fe-3S] intermediate undergoes loss 6f Bad sulfide to [2Fe-2S] and just
loss of sulfide to [3Fe-2S], representing a secbrahch point of the mechanism. The
conversion from the [3Fe-3S] to [2Fe-2S] is alssarkied in the reaction of FNR with, O

(step 3).
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The [3Fe-2S] cluster form is not observed duringRFlisassembly [9]. Further
loss of sulphide from [3Fe-2S] RirA results in aruaual [3Fe-S] form.

The last part of the conversion is the formatiorapd-RirA from either [2Fe-2S]
or [3Fe-S] forms. This is the part of degradatiaaation about which the mass
spectrometry provides the least information. Int,ptdwis is because the formation of the
apo-protein could not be followed due to the féetttit is the most abundant specie for
nearly the entire experiment.

The conversion of [4Fe-4S] RirA to apo-RirA invobvsteps that are similar to
those detected in the reaction of FNR with &though the branches of the reaction
mechanism are different and the oxidation stateth@fintermediate species are likely to
be different. Recent ESI-MS studies of the FNR @action revealed the cluster
conversion reaction in great detail, identifyingavel [3Fe-3S] cluster as an intermediate
[9]. In FNR, cluster sulfide is readily oxidizedalding to the formation of a persulfide-
coordinated [2Fe-2S] cluster, which can undergovemion back to the [4Fe-4S] form
upon addition of reductant and ¥€[12]. It is noteworthy that no evidence for a
persulfide-coordinated [2Fe-2S] cluster in RirA wasind, and only small amounts of
persulfide adducts of apo-RirA were observed. Thiusppears that sulfur is not stored on
RirA and so repair of the [2Fe-2S] form back to f#ee-4S] form would be very unlikely
without additional sulfide.

The properties of RirA described here are alsorlglealated to those of the Rrf2
superfamily member IscR [13], which B coli controls the expression of approx. 40
genes, including thasc and suf iron-sulfur cluster biosynthesis operons [14, 15].
Unusually, IscR binds to two types of promoterpéyl and 2); binding to type 1 is
dependent on the presence of a [2Fe-2S] clusterasb binding to type 2 promoters is
independent of the cluster (apo-IscR binds aslyighs [2Fe-2S] IscR) [14, 15]. Under
conditions where there is sufficient iron-sulfuustier supply, [2Fe-2S] IscR binds type 1

promoters and represses Isc iron-sulfur clustegdmesis. When iron-sulfur cluster supply
93



is insufficient, apo-IscR is formed and clusterdyiathesis is de-repressed. Iron-sulfur
cluster demand varies and is higher under aerabiditons than anaerobic, particularly
under oxidative stress, where turnover of irontgufflusters in the cell is higher. Under
these conditions, apo-IscR is the predominant famd this is able to bind type 2
promoters to inhibit expression of anaerobic iratits cluster containing respiratory
proteins and activate Suf iron-sulfur cluster brdbgsis. Thus, there is a complex
interplay between iron-sulfur cluster demand amdduer due to g@oxidative stress [14-
17]. It has noted that the Rrf2 family NO-respoesiggulator NsrR fromBacillus subtilis
has also been shown to recognize two types of pimsdes, only one of which is cluster-
dependent [18].

While there is no evidence for more than one typ®MNA-binding site, ourin
vitro data on RirA indicate some similarities to IscReTsignificant sensitivity of RirA to
O, suggests that even when iron is sufficient, thetgan is susceptible to cluster
conversion/loss [16]. It has been noted that thé ig&n-sulfur cluster biosynthetic
machinery ofR. leguminosarum is under RirA regulation (and is also regulatedrpy[5,
19]. Under iron sufficiency, iron-sulfur clusterolsiynthesis is still required for multiple
processes in the cell. The continuous breakdownh4B€-4S] RirA by Q@ might be
important for the cell to maintain iron-sulfur cles biosynthesis. Because iron-sulfur
cluster biosynthesis is also required for RirA-na¢ed repression, this provides a
mechanism to ensure the cellular demand for irdfwiselusters is met. The data are
consistent with RirA functioning as a sensor ohikaa iron-sulfur cluster availability (see
Figure 4.28), rather than as a direct sensor 6f fheough, for example, a [4Fe-48].
[3Fe-4S{ equilibrium dependent on Feion availability, or through repair of [2Fe-2S]

RirA back to [4Fe-4S] RirA.
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Chapter 5. Characterization of a putative NsrR homdngue in
Streptomyces venezuel ae.

Bioinformatic analyses of the genome sequence ofp&imyces venezuelae
revealed the presence of a homologue of NsrR c8Nexh6563. However, in vivo studies
revealed that it is not an NsrR, but instead agparegulate a range of genes in response
to redox stress, leading to it being named RsrRa tHis chapter, biochemical,
spectroscopic and mass spectrometric studies & Ber reported that show the protein
contains a [2Fe-2S] cluster and that the switctiwéen oxidized and reduced cluster
controls its DNA binding activityn vitro. Mossbauer and resonance Raman data confirm
that RsrR binds a [2Fe-2S] cluster and demonsthatieit is bound by one histidine along
with Cys residues. Experiments on site-directedssuion variants of RsrR are

consistent with His12 and Glu8 being cluster ligand

5.1. RsrR contains a redox active [2Fe-2S] cluster.
5.1.1. Absorbance, CD and EPR studies.

RsrR contains three C-terminal cysteine residueshwis characteristic of Rrf2
proteins that ligate Fe-S clusters. To investigagecofactor and DNA binding activity of
RsrR, thersrR gene (C-terminally (Hig)tagged RsrlRwas over-expressed B coli and
the protein was purified under strictly anaerolmaditions, see Chapter 2 (section 2.2.2).
Upon purification, the fractions containing RsrRrevgink in colour but rapidly turned
brown when exposed to,0Osuggesting the presence of a redox-active cafatte UV-
visible absorbance spectrum of the as isolatedeproFigure 5.1 (black continuous),
revealed broad weak bands in the 300 - 640 nm mediollowing exposure to Dthe
spectrum changed significantly, with a more inteabsorbance band at 460 nm and a
pronounced shoulder feature at 330 nm (Figure red). The form of the reduced and
oxidized spectra are similar to those previouslyoreed for [2Fe-2S] clusters that are

coordinated by three Cys residues and one His][T[i# anaerobic addition of dithionite
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to the previously air-exposed sample (at a 1:Dnatth [2Fe-2S] cluster as determined by
iron content) resulted in a spectrum very simitathat of the as isolated protein (Figure
5.1, black dotted), demonstrating that the cofactatergoes redox cycling.

Because the electronic transitions of iron-sulfusters become optically active as
a result of the fold of the protein in which thee d@ound, CD spectra reflect the cluster
environment [3]. The near UV-visible CD spectrumasfisolated RsrR (Figure 5.2, black
continuous) contained three positive (+) feature808, 385 and 473 nm and negative
features at (-) 343 and 559 nm. When the proteis exgosed to ambient,@or 30 min,
significant changes in the CD spectrum were obskenwgh features at (+) 290, 365, 500,
600 nm and (-) 320, 450 and 534 nm (Figure 5.2, fEte CD spectra are similar to those
reported for Rieske-type [2Fe-2S] clusters [1,]4which are coordinated by two Cys and
two His residues. Anaerobic addition of dithion{te equivalent per [2Fe-2S] cluster)
resulted in reduction back to the original formgitie 5.2, black dotted) consistent with

the stability of the cofactor to redox cycling.
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Figure 5.1. UV- visible absorbance characterizationf RsrR. UV-visible absorption of 309 uM
[2Fe-2S] RsrR (~75% cluster-loaded in buffer F (80 TRIS, 2 M NacCl, 5% (v/v) glycerol, pH
8)). As isolated RsrR (black lines ), oxidised Rg¢r&d lines) and reduced RsrR (dashed lines).
Initial exposure to ambient or 30 min was followed by 309 uM sodium dithientreatment.
The measurements were obtained using a 1 mm saadexiobic cuvette and buffer F for the UV-
visible baseline. Inset is the iron-sulfur clusédasorbance in the 300 — 700 nm region in more
detail.
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Figure 5.2. CD spectroscopic characterization of RR. CD absorption of 309 uM [2Fe-2S]
RsrR (~75% cluster-loaded in buffer F (50 mM TRESM NacCl, 5% (v/v) glycerol, pH 8)). As
isolated RsrR (black lines), oxidised RsrR (recesinand reduced RsrR (dashed lines). Initial
exposure to ambient Jor 30 min was followed by 309 uM sodium dithi@nitreatment. The
measurements were obtained using a 1 mm sealedoamaeuvette and buffer F for the CD
baseline correction.

The absorbance and CD data above indicate thabfaetor is in the reduced state
as isolated. [2Fe-2S] clusters in their reducetésiee paramagnetic (S = %2) and therefore
should give rise to an EPR signal. The EPR spectaurthe as isolated protein contained
signals at g = 1.997, 1.919 and 1.867 (Figure S.Bgse g-values and the shape of the
spectrum are characteristic of a [2Fe!?Sjluster. The addition of excess sodium
dithionite to the as isolated protein did not caasg changes in the EPR spectrum (Figure
5.3) indicating that the cluster was fully redu@sdisolated. Exposure of the as isolated
protein to ambient @resulted in an EPR-silent form, with only a sniede radical signal
typical for background spectra, consistent with dx@lation of the cluster to the [2Fe-
2SF* form (Figure 5.3), and the same result was obthingon addition of the oxidant

potassium ferricyanide (data not shown).
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Figure 5.3. EPR spectroscopic characterization of #R. EPR spectra of 309 uM [2Fe-2S]
RsrR (~75% cluster-loaded in buffer F (50 mM TR2SM NaCl, 5% (v/v) glycerol, pH 8)). As
isolated RsrR (black lines), oxidised RsrR (re@dinand reduced RsrR (dashed lines). As isolated
protein was first anaerobically reduced by 309 pddism dithionite, then exposed to ambient O
for 50 min and followed by 309 pM sodium dithioniteatment.

5.1.2. Mass spectrometry studies.

To further establish the cofactor that RsrR birmtgjve ESI-MS was employed.
Here, a C-terminal His-tagged form of the proteiaswionized in a volatile aqueous
buffered solution that enabled it to remain foldedh its cofactor bound. All Rrf2
proteins studied to date are dimeric, bound ansteturee states [6, 7] and it is expected
that RsrR is also a dimer. However, in the ESI-MBegiments, the dimeric form of the
protein may not survive ionization, leading to déten of at least some monomer. For MS
studies the observation of the monomer is extremadgful because it permits
unambiguous determination of cluster- or clusteeakr down species [8]. Thavz
spectrum for the reconstituted sample could bedduwiinto two distinct regions,

corresponding to monomeric Rsri®¢ 550- 2000), and dimeric RsriRviz 2000- 3000).
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Figure 5.4. ESI-MSm/z spectra of native RsrR. (A)monomer andB) dimer regions of thevz
spectrum are plotted with charge states as indic&eey lines indicate the presence of apo-RsrR
(monomeric and dimeric RsrR), [2Fe-2S] RsrR (bined), [2Fe-2S] (RsrR)red line) and [2Fe-
2S][2Fe-2S] (RsrR)orange lines).

The deconvoluted mass spectrum contained severakspén regions that
corresponded to monomer and dimeric forms of th@epr. In the monomer region
(Figure 5.5A), a peak was observed at 17,363 Dachwtorresponds to the apo-protein
(predicted mass 17364 Da, see Table 5.1), alortyasitiuct peaks at +23 and +64 Da due
to Na' (commonly observed in native mass spectra) and likety two additional sulfurs
(Cys residues readily pick up additional sulfurspassulfides [9], respectively). A peak

was also observed at +176 Da, corresponding tprbiein containing a [2Fe-2S] cluster
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(Table 5.1). As for the apo-protein, peaks corresprg to Nd and sulfur adducts of the
cluster species were also observed (Figure 5.5A9igAificant peak was also detected at
+120 Da which corresponds to a break down produtiteo[2Fe-2S] cluster (from which

one iron is missing, Fep
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Figure 5.5. Deconvoluted mass spectra of native R&rPositive ion mode ESI-TOF native mass
spectra of ~21 uM [2Fe-2S] RsrR in 250 mM ammonagetate pH 8.0, in the RsrR monomer
(A) and dimel(B) regions. Fullwz spectra were deconvoluted with Bruker Compass Bradidysis
with the Maximum Entropy plugin.
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In the dimer region, the signal to noise is siguaifitly reduced but peaks are still
clearly present (Figure 5.5B). The peak at 34,726 dorresponds to the apo-RsrR
homodimer (predicted mass 34728 Da), and the peaB%2 Da corresponds to the dimer
with two [2Fe-2S] clusters. A peak at +176 Da cgpands to the dimer containing one
[2Fe-2S] cluster. A range of cluster breakdown puotsl similar to those detected in the
monomer region were also observed (Figure 5.5Bkefaogether, the ESI-MS data
reported here demonstrate that RsrR contains ad3f&luster and are consistent with

RsrR being a dimer in solution.

Table 5.1. Predicted and observed masses for apaidacluster-bound forms of RsrR.

. Predicted OAI;/Seé?\?ee d AMgss
RsrR species masas Mmass (Predicted -
(Da) (Da) observed) (Da)
Monomeric

Apo 17364 17364 0
[2Fe-2S1"-SNa 17657 17659 -2
[2Fe-2S}-S, 17602 17604 -2
[2Fe-2S}-S 17570 17571 -1
[2Fe-2ST* 17538 17539 -1
[FeS]* 17512 17514 -2
[FeS]* 17482 17484 -2
2S/Na 17450 17452 -2

2S 17427 17426 +1

Dimeric

Apo 34728 34725 +3*
[2Fe-2S}/[2Fe-2S]* 35076 35077 -1
[2Fe-2S} /[Fes)1? 35020 35022 -2
[2Fe-2S1'/S, 34965 34966 -1
[2Fe-2S}* 34901 34901 0
[FeS]* 34845 34848 -3

2S 34790 34788 +2%

®The difference in predicted mass depending on Wieeatl charge on the cluster is due to charge
compensation of cluster binding. A lower overallister charge would result in more protons

remaining bound and consequently a higher massLff0,
The average observed mass is derived from at fle@st independent experiments, with standard

deviation of + 1 Da.
"AMass could be due to disulfide bonds. One disulfidad results in -2 Da relative to reduced

protein.
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Gel filtration was also used to determine the ohgoic state of RsrR in solution.
The same experimental set up was used as des¢ob&irA, section 2.2.1. The elution
volume for [2Fe-2ST RsIR (as isolated) was 59.3 mL and from the caiibn plot, the
deduced molecular mass was 32.2 kDa. This indichtgshe reduced form is a dimer, as
the mass of RsrR monomer is 17.4 kDa. Similarlg,ehution volume for [2Fe-28]RsrR
was 58.7 mL giving a deduced molecular mass of BB&. Therefore the oxidized form
is also a dimer. Removal of the cluster to genempteprotein sample also gave rise to a
elution band at a mass of 33.2 kDa, along with lation band at a mass of 128.4 kDa,
that most likely arises from some aggregated RpdRgibly consisting of 3 RsrR dimers),
see Figure 5.6. The data presented here clearigaitedthat RsrR is a homodimer,

irrespective of the presence of ttester or its oxidation state.
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Figure 5.6. Gel filtration analysis of RsrR associ#on state. Chromatograms fof2Fe-2S}*
(black line), [2Fe-2ST (red line) and apo-form (blue line) samples of R$r220 uM protein)
following elution from Sephacryl S-100 HR colummseét, calibration curve for the Sephacryl
100HR column. Standard proteins (open circles) vi&®& (66 kDa), apo-FNR (30 kDa), and
cytochromec (13 kDa). [2Fe-2S] RsrR, [2Fe-2S] RsrR and apo-RsrR are shown as a black, red
and blue squares, respectively. Buffer F (50 mMS,RI M NaCl, 5% (v/v) glycerol, pH 8) was
used for the holo RsrR and buffer G (50 mM Trig 2NaCl, 5% (v/v) glycerol, 2 mM DTT, pH
8.0) for the apo-RsrR. mAu, milliabsorbance units.
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5.2. Cluster- and oxidation state dependent binding of RsrR to
RsrR-regulated promoter DNA.

To determine which form of RsrR is able to speaific bind DNA, EMSA
experiments were performed with DNA fragments dagythe intergenic region between
svenl847 andsvenl848 of the S venezualae chromosome which was shown by ChiP-seq
experiments to be amm vivo binding site for RsrRSven1847 encodes 3-oxoacyl-[acyl-
carrier protein] reductase whiggen1848 is an unknown hypothetical proteihheywere
PCR amplified using. venezualae genomic DNA with 56-FAM modified primers [12].
Increasing ratios of [2Fe-2S] RsrR to DNA resultedh clear shift in the mobility of the
promoter DNA from unbound to bound, see Figure 5.7.

Equivalent experiments with cluster-free RsrR dat result in a mobility shift,
demonstrating that the cluster is required for abserved DNA-binding activity. These
experiments were performed aerobically and so 2ke{2S] cofactor would have been in
its oxidised state. To determine if oxidation stateects DNA binding activity, EMSA
experiments were performed with [2Fe-2Sind [2Fe-2S] forms of RsrR. The oxidised
cluster was generated by exposure to air and coefirby UV-visible aborbance. The
reduced cluster was obtained by reduction with woddithionite (confirmed by UV-
visible absorbance) and the reduced state was anadot using EMSA running buffer
containing an excess of dithionite. The concemmatheeded to maintain RsrR in a
reduced state for the entire EMSA experiment wasrdened prior to beginning the
EMSA analysis. The resulting EMSASs, Figure 5.7B @&nghow that, in both cases, DNA-
binding occurred but the oxidised form bound sigatifiitly more tightly. Tight binding
could be restored to the reduced RsrR samplesidyiag it to re-oxidise in air. It cannot
be ruled out that the apparent low affinity DNA dhimy observed for the reduced sample

results from partial re-oxidation of the clusterridg the electrophoretic experiment.
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Nevertheless, the conclusion is unaffected: oxili@Fe-2ST" RsrR is the high affinity

DNA-binding form.

A

[2Fe-2S]2* RsrR (nM) - 60 100 - - - -
Ratio [Fe-S:DNA - 17 29 - - - -
ApoRsrR(nM) - 88 147 87 105 122 140
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Figure 5.7. Cluster and oxidation state-dependent IBA binding by [2Fe-2S] RsrR EMSAs
showing DNA probes unbound (U), bound (B), and speeifically bound (NS) byA) [2Fe2S}"
and apo-RsrR(B) [2Fe-2S{" RsrR andC) [2Fe-2S}" RsrR. Ratios of [2Fe-2S] RsrR and [RsrR]
to DNA are indicated. DNA concentration was 3.5 1 the [2Fe-2S]*** and apo RsrR
experiments. For (A) and (B) the reaction mixtunege separated at 30 mA for 50 min and the
polyacrylamide gels were pre-run at 30 mA for 2 mpifor to use. For (C) the reaction mixtures

were separated at 30 mA for 1hr 45 min and theguoliffamide gel was pre-run at 30 mA for 50
min prior to use using the de-gassed running beffataining 5 mM sodium dithionite.

5.3. Identification of the ligands of the cluster.

5.3.1. Mdssbauer studies.

Mdossbauer spectroscopy provides definitive and upadéine determination of the

type of iron-sulfur clusters present in a samplé ensome cases can provide clues to the
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nature of the ligands coordinated to the clustgrBrough a collaboration with Dr Saeed
Kamali at the University of Tennessee Space Instifliullahoma, USA), Mdssbauer
spectra of RsrR were recordetFe labelled [2Fe-2S] was generated as described in
Chapter 2 (section 2.1). The spectrum of Hf@-enriched RsrR was measured following
exposure to air to generate the oxidized stateu(Ei®.8). The Mdssbauer spectrum for
[2Fe-2SF" RsIR consists of an unresolved asymmetric doulle. spectrum was hence
fitted with two subspectra, with close lying hypeef parameters. The first component, Q
has an isomer shif6) value of 0.285 mm/s and quadrupole splitting4, of 0.545 mm/s,
while the second componenty,(has & value of 0.289 mm/s andXEqg of 0.761 mm/s.
The isomer shifts and quadrupole splittings of mibspectra are characteristic of [2Fe-
2SF* clusters and are very similar to those reportedsitR [13] and Biotin synthase [14].
The hyperfine parameters for the oxidized sammesammarized in Table 5.2.
Mossbaueris a technique that can also help to differentthie ligands of the
clusters. When the cluster is coordinated to 4etyss, the doublet is symmetric because
the irons are in essentially the same environmiérgrefore the data indicate that the [2Fe-
2S] cluster of RsrR is not coordinated to 4 cyssi[l5]. The Rieske proteins contain two
cysteines and two histidines as ligands. The Massbspectrum of these types of proteins
consists of a superposition of two quadrupole detsilL6, 17] where the two doublets are
more distinct than observed here for RsrR. Accajiginthe RsrR cluster is not of the
Rieske-type. However, the spectrum is characterigtia [2Fe-2S] coordinated by 3
cysteines and 1 histidine [13, 15, 18], but becal&@#ssbauer is not sufficiently
discriminating, other possible combinations of tiga cannot be ruled out. Thus, other

techniques were used to try to establish the ligamyironment of the [2Fe-2S] cluster.
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Figure 5.8. Méssbauer spectrum of ‘Fe- enriched [2Fe-2S] RsrR at 6 K. Mossbauer
spectrum recorded of anaerobically isolated Rsrinfd [2Fe-2S]cluster in buffer F (50 mM
TRIS, 2 M NaCl, 5% (v/v) glycerol, pH 8)) that heden exposed to air for 1 hr.

Table 5.2. Summary of refined Méssbauer parameter&entroid shiftd, quadrupole splitting,
AEqg, Lorentzian linewidthl”, and intensitied, of the different components. Estimated errors are
in | +£3%, ind andAEq+0.005 mm/s, and ifi £0.01 mm/s.

Components Oxidized
01 (mm/s) 0.285
AEg (mm/s) 0.545

1 (mm/s) 0.27

l1 (%) 50

&, (mm/s) 0.289
AEq, (mm/s) 0.761

[, (mm/s) 0.26

12 (%) o0

5.3.2. Resonance Raman studies.

Through a collaboration with Prof. Michael Johnsdrthe University of Georgia
(Athens, USA), resonance Raman spectra of RsrR wewerded. Resonance Raman
facilitates identification of cluster type, and tbpectra of air-oxidized and dithionite-
reduced RsrR in the Fe-S stretching region showarEi5.9 and Figurg.10are uniquely
characteristic of [2Fe-2%] and [2Fe-2ST clusters, respectively. Resonance Raman also

107



provides a useful indicator of [2Fe-2SLluster ligation through detection of ligand- Fe
vibrational bands [19] and is particularly helptuhen used in conjunction with EPR of
the reduced cluster and Mdssbauer of the oxidikester.

The resonance Raman spectra of oxidized RsrR agérlexcitation at different
wavelengths are indicative of a [2Fe-ZStenter with one His ligand and three Cys
ligands based on published spectra for several-Z&jecluster containing proteins: the
His-to-Cys variant of a Rieske-type protein (1 Hil 3 Cys ligands) [20]; the structurally
characterized mitoNEET protein (1 His and 3 Cyanigs) [21], IscR (1 His and 3 Cys
ligands)[13], and the Grx3/Fra2 homodimer (1 His, 2 Cys] ane unknown ligand) [15].
Histidine ligation is evident in the low-frequenmgion due to the presence of two bands,
one between 258-275 ¢hvand one between 292-304 ¢nin place of one broad band
between 282-302 cthat is attributed to the out-of-phase symmetriathing modes of
the two tetrahedral Fe8nits in [2Fe-2S] centers with complete Cys ligation or with one
Ser, Asp, or Arg in place of a Cys ligand [14, Z}:-2ZThe available pH-dependence and
N-isotope shift data for the Rieske-type and mit&NEproteins argues against the
assignment of the bands in the 258-275*aegion to pure Fe-N(His) stretching modes
[20, 21]. Instead the Fe-N(His) stretching is dlsited over low-energy Fe-S stretching
modes and internal modes of coordinated cystegantls and enhanced via the visible S-

to-Fe(lll) charge transfer transitions, see Figu&
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Figure 5.9. Resonance Raman spectra for oxidized s at pH 7.0 and 8.0 using 514 nm, 488
nm and 458 nm excitation.A) Air-oxidized RsrR (4.8 mM in [2Fe-2S] clusters) baffer F (50
mM TRIS, 2 M NaCl, 5% (v/v) glycerol, pH 8B) Air-oxidized RsrR (4.0 mM in [2Fe-2S]
clusters) in buffer F. The band at 424 tarises in whole or in part from glycerol.

Resonance Raman spectra of the valence-localizkded [2Fe-2S] cluster in
RsrR are shown in Figure 5.10. The spectra compngefour Fe-S stretching modes and
are very similar to the spectra reported with agails visible excitation wavelengths for
all-cysteinyl-ligated [2Fe-23] ferredoxins [24, 25]. This is a consequence ofyahe
stretching modes involving the four Fe-S bondshenvalence-localized Fe(lll) site being
significantly resonantly enhanced using 488- andi&h excitation. This indicates that in

its reduced form RsrR has two cysteine ligandshennon-reducible Fe site of the [2Fe-

2SF* cluster.
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Figure 5.10. Resonance Raman spectra for reduced MRs using 514 nm and 488 nm
excitation. The RsrR sample (4.8 mM in [2Fe-2S] clustershuffer F (50 mM TRIS, 2 M NacCl,
5% (v/v) glycerol, pH 8), was reduced anaerobicaiih 1 equivalent of sodium dithionite.

5.4. Substitution of potential cluster ligands of RsrR.

5.4.1. Spectroscopic analysis of site-directed variants.

A series of site-directed substituted variants sfRRwere generated (constructs

purchased from GenScript) and proteins purifiede Missbauer and resonance Raman

data described above confirm the presence of mstids a cluster ligand. Therefore, the

two histidines present in the RsrR sequence wdrstisuted to alanine and cysteine (for

His12) and to alanine (for His33).

Recently, thestal structure of hol&NsrR has been

obtained and it reveals coordination of the clubtethe three invariant Cys residues from

one monomer and, unexpectedly

, Asp8 from the d2r As RsrR and NsrR belong to

the same Rrf2 family, the amino acid in the positfoof RsrR, which is also a carboxylic

acid residue (Glu8), was substituted with alanind aysteine (E8A, E8C). An RsIR

variant, E8C/H12C, was also generated in which tfothe possible ligands were

substituted to cysteine.
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Upon purification, wild type RsrR contains a [2F8}Zluster in the +1 state
whereas in all of the Glu8 and His12 variants, ¢hester was in the oxidised form after
anaerobic purification. Figure 5.11 and Figure 5shaw the UV-Vis and CD spectra for
as isolated E8BA and H12C respectively with the imed and reduced wild type RsrR
presented for comparison. Although the shape aantspectra do not exactly match that
of oxidized wild type RsrR, it can conclude thateafpurification Glu8 and His12 variants
are mostly oxidized (data for the E8C, H12A and H82C shown in the Appendix
(Figure A-C)). On the contrary, for H33A, after gimation the stable form is the reduced
[2Fe-2S] (Appendix (Figure D)). RsrR variants wepsedized and then reduced to see if
the [2Fe-2S] cluster that they contain is redoxvactTo confirm the [2Fe-28] form of
the cluster after purification, Glu8 and His12 aats were exposed to oxygen for 30 min.
This did not cause a change in the shape of thetrsipg, confirming the presence of a
[2Fe-2Sf" cluster (Figure 5.13 and Figure 5.14, Appendig(ié E-G)). Then, 30 uM
sodium dithionite was added and the signal forctheter dramatically diminished in both
UV-Vis and CD spectra. This sample was then expdsedxygen to determine if the
sample could be re-oxidized. The spectra did naiwer to that of the as isolated proteins.
The same experiment was performed using H33A RarRiis case, the cluster was found
to be redox active; the same redox cycling behaasoobserved for wild type RsrR was

apparent (Appendix (Figure H)).
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Figure 5.11. Spectroscopic characterization of E8/RsrR. UV-visible absorption(A) and CD

(B) spectra of as isolated/oxidised E8A RsrR (blue)linvild type RsrR as isolated (black line)
and wild type oxidised RsrR (red line). 30 uM [2ZE8} ES8A RsrR and wild type RsrR were in
buffer F (50 mM TRIS, 2 M NacCl, 5% (v/v) glycer@H 8). In A, inset is the iron-sulfur cluster
absorbance in the 360 — 600 nm region in more lddta¢ measurements were obtained using a 1

mm sealed anaerobic cuvette and buffer B for tiselbze.
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Figure 5.12. Spectroscopic characterization of H12®srR. UV-visible absorptior(A) and CD
(B) spectra of as isolated/oxidised H12C RsrR (blne))iwild type RsrR as isolated (black line)
and wild type oxidised RsrR (red line). 30 uM [2Fs} H12C RsrR and wild type RsrR were in

buffer F (50 mM TRIS, 2 M NacCl, 5% (v/v) glycergiH 8). In A, inset is the iron-sulfur cluster
absorbance in the 360 — 600 nm region in more |[d&la¢ measurements were obtained using a 1

mm sealed anaerobic cuvette and buffer B for tiselbze.
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Figure 5.13. Redox cycling of EBA RsrRUV-visible absorption&) and CD B) spectra of30

MM [2Fe-2S] E8A in buffer F (50 mM TRIS, 2 M NaG% (v/v) glycerol, pH 8). EBA RsrR as
isolated are shown in blue. Spectra following expego air for 30 min are shown in red. Spectra
for samples subsequently treated with 30 uM of wadilithionite for 1 hr 41 min are shown in

green. Spectra of the same samples following resxe to air for 1 hr 33 min are shown in
orange. The measurements were obtained using a $eal®d anaerobic cuvette and buffer F for

the baseline correction.

114



o
o
X

©
o
®

Absorbance
o
o
N

©
o
e

Absorbance

Wavelength (nm)

260 360 460 560 660
Wavelength (nm)

©c o o ©
N R O

CD [mdeq]
o

o o o
o > N

'08 T T T T T
280 380 480 580 680

Wavelength (nm)

Figure 5.14. Redox cycling of H12C RsrRUV-visible absorptionA) and CD B) spectra o80

UM [2Fe-2S] H12C in buffer F (50 mM TRIS, 2 M NaGRko (v/v) glycerol, pH 8). H12C RsrR as
isolated are shown in blue. Spectra following expego air for 30 min are shown in red. Spectra
for samples subsequently treated with 30 uM of wadilithionite for 1 hr 46 min are shown in
green. Spectra of the same samples following resxe to air for 52 min are shown in orange.
The measurements were obtained using a 1 mm seabsglobic cuvette and buffer F for the

baseline correction.
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5.4.2. Mass spectrometry analysis of site- directed variants.

Native-MS was used to investigate how the subgiiiudf potential cluster ligands
affects cluster incorporation. In the monomer ragiapo-RsrR was the most abundant
peak for all the variants with the exception of B8C2C where the most abundant peak
was the [2Fe-2S], see Figure 5.15A-Figure 5.20A.the dimer region, when the
replacement residue was cysteine (E8C, H12C andHE&T), the most abundant peak
was the [2Fe-2S][2Fe-2S]. In the E8C and H12C spdtis also possible to observe the
peak due to the [2Fe-2S], see Figure 5.16B and r&idgul8B. For E8A, peaks
corresponding to apo and [2Fe-2S] RsrR have the sai@nsity. Also, sulfide adducts for
the apo and the [2Fe-2S] forms are observed, spad5.15B. Apo-RsIR is the most
abundant peak for H12A, and sulphide adducts feragho and [2Fe-2S] are observed as
well (Figure 5.17B). For H33A, the most abundardlkpwas [2Fe-2S] although the peaks
for the apo and the [2Fe-2S] [2Fe-2S] have simiigensity (Figure 5.20). An important
observation from the MS data related to the EBC%ariant. The most abundant peaks
in the monomer and dimer area corresponded to2iRe-2S] and the [2Fe-2S] [2Fe-2S]
forms, respectively. Therefore, the cluster remgiméact in this variant to a greater extent
than the wild type or other variants. This suggdsiast these two substitutions in

combination have an important effect on the clusteironment.
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Figure 5.15. Native mass spectrometry of E8A RsrRPositive ion mode ESI-TOF native
deconvoluted mass spectrum of ~21 uM [2Fe-2S] E&ARRn 250 mM ammonium acetate pH
8.0, in the RsrR monomé¢A) and dimel(B) regions.
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Figure 5.16. Native mass spectrometry of E8C RsrRPositive ion mode ESI-TOF native
deconvoluted mass spectrum of ~21 uM [2Fe-2S] E8MRRn 250 mM ammonium acetate pH
8.0, in the RsrR monomé¢A) and dimel(B) regions.
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Figure 5.17. Native mass spectrometry of H12A RsrRPositive ion mode ESI-TOF native
deconvoluted mass spectrum of ~21 uM [2Fe-2S] HR2/R in 250 mM ammonium acetate pH
8.0, in the RsrR monoméA) and dimerB) regions.
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Figure 5.18. Native mass spectrometry of H12C RsrRPositive ion mode ESI-TOF native
deconvoluted mass spectrum of ~21 uM [2Fe-2S] HRZ(R in 250 mM ammonium acetate pH
8.0, in the RsrR monoméA) and dimer(B) regions.
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Figure 5.19. Native mass spectrometry of EBC/H12CdRR. Positive ion mode ESI-TOF native
deconvoluted mass spectrum of ~21 uM [2Fe-2S] E&CCHRsIR in 250 mM ammonium acetate
pH 8.0, in the RsrR monomégh) and dimer(B) regions.
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Figure 5.20. Native mass spectrometry of H33A RsrRPositive ion mode ESI-TOF native
deconvoluted mass spectrum of ~21 uM [2Fe-2S] HB3AR in 250 mM ammonium acetate pH
8.0, in the RsrR monoméA) and dimel(B) regions.

5.4.3. EMSAs of site-directed variants.

EMSAs were performed using the RsrR variants. Tresgnce of E8A, E8C,
H12A, H12C and E8C/H12C variants did not resulsignificant specific DNA-binding
(Figure 5.21 -Figur&.23. E8A shows a very small amount of DNA-bindindhaligh the
affinity remains the same when the concentratioslos$ter increases, therefore it is not

possible conclude that E8A binds DNA. Non-specifands appear for all the variants
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with the exception of H12C. In the case of the amairiH33A, the DNA-binding is weaker
in comparison with that observed for wild type RskbRt specific binding is clearly still
present, see Figure 5.24. These results indicate3lu8 and His12 are involved in cluster

binding, and are required for the cluster boundeginoto adopt the correct conformation

for specific DNA binding.

E8A WT
< > —>
[2Fe2SP-WT (M) - - - - - - - 469 637
Ratio [FeS[:DNA - - . . « . - 17 23
[2Fe2S]* EBA (nM) 0 269 470 672 840 1007 1108 1881

Ratio [FeS]:DNA 0

= HHHHHH;;

E8C WT
B < >
[2Fe2SF-WT (nM) . . = = - - - - 469 637
A Ratio [FeS]:DNA - 2 2 & : = . s 17 23
[2Fe2S]* ESC (nM) 0 248 495 8 1132 191 0

Ratio [FeS]:DNA 0

s— 1 R J\Hﬂﬁﬁ
NUUH_“_-‘_J--‘

Figure 5.21. Cluster dependent DNA binding by Glu&srR variants. EMSAs showing DNA
probes unbound (U), bound (B), and non-specificatiund (NS) by(A) ESA RsrR andB) ES8C
RsrR. Ratios of [2Fe-2S] RsrR and [RsrR] to DNA imdicated. DNA concentration was 2.5 nM.

The reaction mixtures were separated at 30 mA Gomb and the polyacrylamide gels were pre-
run at 30 mA for 2 min prior to use.
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Figure 5.22. Cluster dependent DNA binding by His1RsrR variants. EMSAs showing DNA
probes unbound (U), bound (B), and non-specifichtiyind (NS) by(A) H12A RsrR andB)
H12C RsrR. Ratios of [2Fe-2S] RsrR and [RsrR] toADa&te indicated. DNA concentration was
2.5 nM. The reaction mixtures were separated anB0for 50 min and the polyacrylamide gels
were pre-run at 30 mA for 2 min prior to use.

E8C/H12C WT
<€ > €—>
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Figure 5.23. Cluster dependent DNA binding by ESC/H2C RsrR variant. EMSAs showing
DNA probes unbound (U), bound (B), and non-spegliffcbound (NS) by E8C/H12C RsrR.
Ratios of [2Fe-2S] RsrR and [RsrR] to DNA are irdéd. DNA concentration was 2.5 nM. The
reaction mixtures were separated at 30 mA for 59anid the polyacrylamide gels were pre-run at
30 mA for 2 min prior to use.

124



H33A WT
<€ > €—>
[2Fe25]*-WT (nM) = = = o = s - = 475 660
Ratio [FeS]:DNA - - - - 4 - 17 23
[2Fe25]%* H33A (nM) 0 265 487 663 818 973 1128 1880 -
Ratio [FeS]:DNA 0 9 17 24 29 35 40 67

i

’ | L

SR
Buﬁuug H.UU

Figure 5.24. Cluster dependent DNA binding by H33ARsrR variant. EMSAs showing DNA
probes unbound (U), bound (B), and non-specifidatiynd (NS) by H33A RsrR. Ratios of [2Fe-
2S] RsrR and [RsrR] to DNA are indicated. DNA camication was 2.5 nM. The reaction
mixtures were separated at 30 mA for 50 min andptiigacrylamide gels were pre-run at 30 mA
for 2 min prior to use.

5.5. Discussion.

FilamentousStreptomyces bacteria produce bioactive secondary metabolhas t
account more than half of all known antibioticaassl as numerous other natural products
that form the basis of anticancer, anti-helmintdanel immunosuppressant drugs [27, 28].
Sreptomyces bacteria are well adapted for life in the compéexd environment and more
than a quarter of their ~9 Mbp genomes encode amk tavo-component signalling
pathways that allow them to rapidly sense and m$go changes in their environment.
They are obligate aerobes and have multiple systentgealing with redox, oxidative and
nitrosative stresi29]. NsrR which is the major bacterial NO stress sens&reptomyces
coelicolor (ScNsrR) has been characterised recently. NsrRlisaric Rrf2 family protein
with one [4Fe-4S] cluster per monomer that reaapsdty with up to eight molecules of
NO [8, 30]. Nitrosylation of the Fe-S cluster ré¢suh derepression of thesrR, hmpAl
and hmpA2 genes [8], which results in transient expressiorHofpA NO dioxygenase
enzymes that convert NO to nitrate [31, 32].

In this work, RsrR, a new member of the Rrf2 pmotéamily has been
characterisedThe purified protein contains a [2Fe-2Stluster, which is stable in the

presence of @and can be reversibly cycled between reduced &ntl) oxidized (+2)

125



states. ChIP analyses show that RsrR binds to i6&0 @ theS venezuelae genome [12].
Approximately 2.7% of the RsrR targets contain £lashinding sites which consist of a
MEME identified 11-3-11 bp inverted repeat. Clagarget genes includ&en6562 which
encodes a LysR family regulator with an N termifNthrA-type NAD(P)+ binding
domain. NmrA proteins are thought to control regoise in fungi by sensing the levels of
NAD(P), which they can bind, and NAD(P)H, which yheannot. A model was proposed
in which reduction of holo-RsrR induces expressobrbven6562 which in turn senses
redox poise via the ratio of NAD(P)+/NAD(P)H anathmodulates expression of its own
regulon which likely overlaps with that of RsrR.el'k600 class 2 target genes contain
only half sites with a single repeat but exhibiosg binding by RsrR in vitro. EMSA
experiments showed that RsrR binds weakly to eaidifihalf sites and this suggests
additional sequence information is present at cladsinding sites that increases the
strength of DNA binding by RsrR. Six of the clas&®jets are involved in glutamate and
glutamine metabolism [12]. The [2Fe-35jorm binds strongly to both class 1 and class 2
binding sequencei vitro, whereas the [2Fe-2S]form exhibited, at best, significantly
weaker binding and the apo form does not bind toAD&t all [12]. Given these
observations and the stability of the Fe-S clusteraerobic conditions, it has been
proposed that the activity of RsrR is modulatedtbg oxidation state of its cluster,
becoming activated for DNA binding through oxidatiand inactivated through reduction
or cluster loss. Exposure t@ @ sufficient to cause oxidation, but other oxitamay also
be importanin vivo. The properties of RsrR described here are regentsof anE. coli
[2Fe-2S] cluster containing transcription factollerh SoxR, which controls the expression
of the gene encoding another regulator, SoxS, ¢irdhe oxidation state of its cluster.
However, SoxR is a transcriptional activator thaitches onsoxS transcription upon
oxidation of the cluster to its [2Fe-ZSktate [33].

Mossbauer and resonance Raman data confirm thRt itsds a [2Fe-2S] cluster

and demonstrate that it is bound by one histidgie-directed substitution of the two His
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residues in the RsrR primary sequence (His12 amsd@3jiindicated that His33 is not a
cluster ligand (H33A behaved similarly to wild typeotein). Data for H12A and H12C,
on the other hand, are entirely consistent withlBlibeing a cluster ligand. The recent
structure of NsrR revealed that Asp8 is a clustemid [26]. Because RsrR also features a
carboxylate ligand, Glu8, at this position, the bgity that it serves as a ligand to the
RsrR cluster was also investigated by site-directabstitution. Again, the data are
consistent with Glu8 being a cluster ligand. Reptaent of RsrR Glu8 and His12 with
either Ala or Cys resulted in the loss of DNA bimgliaffinity. When His33 was mutated,
although it presented a weaker DNA binding the prbges are similar to the wild type
RsrR. Therefore, taking together the data obtaite@dn be concluded that the histidine is
bound to the [2Fe-2S] cluster of RsrR is His12. fitesthe fact that resonance Raman
data are indicative of a [2Fe-ZSEenter with one His ligand and three Cys liganasehl
on published spectra for several [2Fe-2S] clusbataining proteins, other possibilities in
cluster ligation can not be ruled out. Glu8 isr@rs candidate as a cluster ligand. If this
was the case, it would be the first time that a$feluster with three different type of
ligands has been characterised. Therefore, theraaresonance Raman data available in
the published literature to compare with the ddi@ioed in RsrR. The crystal structure of
RsrR would help to clarify the [2Fe-2S] clusteraligls of RsrR.

The midpoint potential for the SoxR and OxyR wesgneated to be -285 mV and
-185 mV, respectively [34, 35]. For [2Fe-2S] Rshe tidpoint potential was estimated to
be -165 mV very similar to OxyR (collaboration witbhn Wright and Dr. Maxie Roessler
at the Queen Mary University of London (London, YJKilata not published). Figure 5.25
shows the range of reduction potentials that haen lveported for a variety of iron—sulfur
cluster types. At neutral pH, clusters with Hisaligls have a higher reduction potential
than those with only Cys-ligands, due to the néutrarge of the ligating imidazole
compared to the negative thiolate ligand. Unlikes-@igands, which are incapable of

protonation (due to their depressdd, walues), the distal nitrogen of a ligating His can
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exist in either a neutral protonated form or a datgnated imidazolate form, where the
negatively charged state of the His-ligand resuitsa significant depression in the
reduction potential at higher pH values. Replacdnwnthese [2Fe-2S] cluster His-
ligands with a Cys residue results in an approxeyaB00 mV decrease in reduction
potential, suggesting that the charge on the clusgand strongly affects reduction
potential in these systems [36]. The [2Fe-2S] elustf SoxR is coordinated by four
cysteines (Cys-119, 122, 124, and 130) [37] andahasduction potential of -285 mV,
while the [2Fe-2S] cluster of RsrR is ligated bkistidine and the reduction potential for

this protein is -165 mV. This is consistent witle tioove discussion (Figure 5.25).

Rubredoxin —_—
s = o
. 2 2-His J
{ ) 3-Cys, 1-His
[2Fe-28] @ 2-Cys, 2-Glutathicne
() 3-Cys, 1-Arg
| 4Gy
[aFe-as] [ [
By THs
[4Fe-45] C ) 3-Cys, 1-Asp
A4Lys 5 . 4Cys(HPR) >
L 1 L 1 L 1 L 1
I 1 1 L 1 ] T 1 1
-800 -600 -400 -200 1] 200 400 600 ao0
En (SHE)

Figure 5.25. Fe—S cluster midpoint potential rangefor all known native cluster nuclearities
and ligand arrangements.Common coloring denotes a similarity in the ligarironments for
those cluster types. The more lightly shaded regimin2-Cys, 2-His, and 3-Cys, 1-His clusters,
represent potential ranges accessed by pH depen{i§jc

Therefore SoxR is a stronger reducing agent thaR Reid OxyR. It has been
proposed that whereas the activity of OxyR is raspe to the thiol-disulfide redox status
of the cell, the activity of SoxR is responsive redluced and oxidized nicotinamide
adenine dinucleotide phosphate (NAINPADPH, respectively) levels in the cell. In
general, the difference in the redox potentialhe& two major intracellular redox buffers
(GSSG /GSH and NADPNADPH) should allow for the regulation of proteingith

chemically diverse redox centers [35]. The functminRsrR in the cell has not been
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established yet but its properties are consistatit Wose of a regulator that senses

oxidative stress.
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Chapter 6. General discussion.

This thesis presents studies of two proteins thatehdiverse functions in
microorganisms. The first is RirA, a transcriptibnapressor in conditions of iron
sufficiency. While many bacteria maintain iron hasgsis primarily through the
regulatory action of the Besensing protein Fur, some members of the Gramtivega
alpha-proteobacterihizobia utilize the transcription factors Irr and RirA. Rhizobium
leguminosarum, Sinorhizobium meliloti, and Agrobacterium tumefaciens, RirA has a
global role in regulating the expression of gemeslved in iron metabolism, including
iron/heme uptake and siderophore synthesis [1]t2)elongs to the widespread Rrf2
super-family of transcriptional regulators, many mbers of which feature three
conserved Cys residues that characterise the lgndinan iron-sulfur cluster in Rrf2
family regulators that have been characterisedT[3¢ aims of this part of the project were
to purify and characterise the RirA protein frdR leguminosarum, investigating the
proposal that RirA is an iron-sulfur protein aneéntifying the nature of the cluster and
how the regulation of iron is achieved.

A range of biophysical studies, including UV-vigbldbsorbance, CD and EPR
spectroscopies, mass spectrometry, and DNA-binelkpgriments, have been carried out
that demonstrate RirA contains a [4Fe-4S] clusted that this form of the protein binds
RirA-regulated promoter DNA, consistent with it)@ition as a repressor of expression of
many genes involved in iron uptake. Under condgitdmt simulate low iron availability,
[4Fe-4S] RirA undergoes a cluster conversion reaatesulting in a [2Fe-2S] form, which
exhibits much lower affinity for DNA. Under proload low iron conditions, the [2Fe-2S]
cluster is unstable, resulting in apo-RirA, whicbed not bind DNA and can no longer
function as a repressor of the cell's iron-uptak&chinery. These properties lead to the
proposal of a novel regulatory model for iron hostasis. The three states ([4Fe-4S],

[2Fe-2S] and apo) represent three distinct phygiodd responses within the cell, which
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are accessed through the lability of iron in thestgdr and which have different outcomes
in terms of expression of RirA-controlled genes.

Recently developed methodologies for native ESISdflies of iron-sulfur cluster
proteins [4] were applied to RirA, illustrating tbher how this technique can be used to
study cluster reactions, in this case the disaserb the cluster. This provided
remarkably high resolution information about thaaten through detection of cluster
conversion intermediates and products, includingoeel [3Fe-3S] cluster, leading to a
comprehensive understanding of the mechanism oA Riuster conversion in the
presence of EDTA. Analysis of the kinetic mass spacetry data revealed a branched
mechanism in which loss of a single iron (to forg¢-4S}) or sulfide (to form [4Fe-
3S[") appears to be the first step in the cluster crmioe process with loss of sulfide or
iron following. The resulting [3Fe-3S] cluster refmm here was also detected as an
important intermediate in [4Fe-4S] to [2Fe-2S] tdmsconversion in the Osensor
regulator FNR fromE. coli [4]. An inorganic model [3Fe-3%] cluster was recently
reported for the first time, in which the iron asdlfide ions lie in the same plane
generating a hexagonal arrangement [5]. In the oa$arA, the charge on the [3Fe-3S]
cluster is not established. Loss of one sulfide fimm a [3Fe-4S]cluster would be
expected to generate a [3Fe-3Stluster. The mass spectrometry data cannot provide
unambiguous cluster charge state information, thdbg observed mass is consistent with
a +3 or +2 charge. The [3Fe-35form would be expected to be EPR active, while the
[3Fe-3Sf* form would not. Thus, future time-resolved EPRi&a should provide further
insight into this. This technique also detectedphesence of [4Fe-4S], [2Fe-2S] and apo
RirA consistent with their proposed importanceha tegulation of iron by RirA. Another
important observation from the mass spectrometig thaas that persulfide-coordinated
[2Fe-2S] was not observed. Such species were yeddtected in the case of FNR, in
which cluster repair was observadvitro upon addition of iron and reductant [6]. This

suggests that facile conversion of the RirA [2Fé-28ster back to [4Fe-4S] does not
132



occur. This is consistent with a model for regalatin which RirA senses the iron status
of the cell via iron-sulfur cluster ‘availabilityfhe [2Fe-2S] form most likely represents an
intermediate on the pathway between [4Fe-4S] andRafA. Under some circumstances,

the [2Fe-2S] form could be stabilised, but it appeto be for the most part an

intermediate.

The combination of low iron and ;Orapidly lead to cluster conversion/loss.
Whether apo-RirA can be recycled to incorporate@sd iron-sulfur cluster or becomes
degraded is not known. This could be investigateidgithe same strategy that showed
that FNR could be recycled, i.e. by monitoring degaon as iron levels are varied and
protein synthesis is inhibited [7].

The second protein studied in this thesis is RarRew member of the Rrf2 family
of transcriptional regulators. The aims of thistpair the project were to identify the
cofactor that RsrR binds and to investigate itscfamal properties. Biophysical
experiments showed that RsrR has a [2Fe-2S] claatthat the switch between oxidized
and reduced cluster controls its DNA binding atyivn vitro, suchthat it binds RsrR-
regulated promoter DNA tightly in its oxidised stadbtut not in its reduced state. Site-
directed replacement of Glu8 and His12 with eithlaror Cys had a clear impact on DNA
binding affinity and on the redox cycling behaviafr the [2Fe-2S] cluster. Therefore
Glu8 and His12 are potential ligands of the [2F¢-@Gster. The crystal structure of RsrR
IS necessary to provide definitive proof. Attempisdetermine the structure are currently
underway in the laboratory of Prof. Juan Fonted€liEmps in Grenoble, France. ChlP-seq
analysis in RsrR revealed that rather than requgatine nitrosative stress response like
Sreptomyces coelicolor NsrR, RsrR binds to a conserved motif at a differexuch larger
set of genes with a diverse range of functionslugding a number of regulators, genes
required for glutamine synthesis, NADH/NAD(P)H mmtdsm, as well as general

DNA/RNA and amino acid/protein turn over [8]. Thughile RsrR appears to be a sensor
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of redox balance in the cytoplasm &f venezuelae, the precise nature of the signal it
senses remains unclear. Further studies will beired) to establish this.

As has been mentioned above, RirA and RsrR bind-f$] and [2Fe-2S] clusters,
respectively. Comparisons can now be made with dgtarted for other members of the
Rrf2 family and there are strong similarities te thell-studied family members [4Fe-4S]
NsrR and [2Fe-2S] IscR. These proteins have thoeserved cysteine residues to which
iron-sulfur cluster are proposed to bind and haaenbdemonstrated to do so in NsrR [11],
see blue arrows in Figure 6.1. A major questiosirgi from this is why these proteins
coordinated different types of cluster if they sh#iree conserved ligands. This might be
answered by considering the nature of their effsctwhich are quite distinct and so most
likely require different cluster properties and ramments. IScR binds the cluster with a
ligation scheme of three cysteines and one higidi@ys92, Cys98, and Cys104 and
His107) [9]. His107 (green arrow in Figure 6.1n conserved in RsrR, NsrR and RIirA;
therefore this histidine can be considered as gnaal ligand and this feature is likely to
be highly relevant for the function of IscR as ass® of cellular Fe—S cluster status [10].
Recently studies of NsrR revealed coordinationhef ¢luster by the three invariant Cys
(blue arrows in Figure 6.1) residues from one mogoand, unexpectedly, Asp8 from the
other (red arrow in Figure 6.1) [11]. Asp8 is nonserved in the other proteins either.
Therefore this amino acid could be a key for thecfion of NsrR as a sensor of NO and
the regulation of expression of genes responsimeNlO metabolism [12]. RsrR data
reported in this thesis have established spectposaharacteristics that point to a His-
coordinated [2Fe-2S] cluster and that His12 ismapartant amino acid residue for cluster
redox cycling and DNA binding. Therefore His12 iery likely to be a ligand of the
cluster (red arrow in Figure 6.1). Glu8 in RsrRgal with Asp8 in NsrR and data
presented here also show that this residue is itaupofor cluster redox-cycling and DNA-
binding. If both His12 AND Glu8 are ligands, thenlyptwo of the three conserved Cys

residues would be ligands. This may be unlikely @stiould be recognised that structural
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changes that affect cluster properties and DNA4{bmaan occur when residues that do
not coordinate the cluster are substituted. An @tamof this is Glu85 in NsrR [3]. A
E85A variant of NsrR was severely affected in DNiAeling but Glu85 is is not a ligand.
The recently determined structure of NsrR showeq wiis substitution had such an
important effect; the side chain of this residugypla key role in stabilising the N-terminal
region of the protein. Thus, it remains a posgipbithat Glu8 has a similar function in

RsrR. The structure is needed to resolve this.

'* V20 V * 40 * 60

SvRsrR : MELSGGVEWALHCCVVL--TRASRPVPRAARLAELHDVSPSYLAKQMQALSRAGLVRSVQG : 58
EcIscR : MRLTSKGRYAVTAMLDVALNSEAGPVPLADISERQGISLSYLEQLESRLRENGLVSSVRG : 60
BsNsrR : MELTNYTDYSLRVLIFLAAERPGELSNIKQIAETYSISKENHLMEVIYRLGQLGYVETIRG : 60
RIRirZ : MRLTEQTNYAVREMLMYCA-ANDGHLSRIPEIARAYGVSELFLFKILQPLNKAGLVETVRG : 59

SRR T T P

SVRsrR : KTGGYVLTRPAVEITLLDVVQAVDGPDPAFVCTEIRQRGPLATPPEKCTKA--CPIAREAM : 116

EcIscR : PGGGYLLGKDASSIAVGEVISAVDESVDATRCQGEGG---—-—-—-----— CQGGDECLTHRALW : 110
BsNsrR : RGGGIRLGMDPEDINIGEVVRKTEDDFNIVECFDANK-NL------- CVISPVCGLEHVL : 112
RIRir2 : RNGGVRLGKPAADISLFDVVRVTEDSFAMAECFEDDGEVE--——---—— CPLVDSCGLNSRAL : 112
* 140 * 160 *
SVRsrR : GRAERAWRASLAATTIADLVATVDDESGPDALPGVGA--WLIE---G--LG- : 160
EcIscR : RDLSDRLTGFLNNITLGELVNNQEVLDVSGRQHTHDAPRTRTQDAIDVELRAE : 162
BsNsrR : NEALLAYLAVLDEKYTLRDLVENKEDIMKLLEMKE--—--—--—-—-——-—-—————-—— : 146
RIRirZ : REKALNAFFAVLSEYSIEDLVKARPQINFLLGITG--EPAYRKFRAIVAFPRR-- : 160

Figure 6.1. Alignment of Streptomyces venezuelae RsrR with other Rrf2 family regulators.
Alignment of S venezuelae RsrR (SvRsrR) with IscR sequence frdincoli (EclscR), NsrR
sequence fronBacillus subtilis (BsNsrR) and RirA sequence froRi leguminosarum (RIRIrA).
The alignment was carried out using Clustal Oméaga&nd presented using Genedoc [14].

For RirA, a recent study demonstrated that theethwenserved cysteines are
essential for RirA mediated repression of HiES2BCDS1XA operon, encoding the Fe-S
cluster biogenesis pathway @& tumefaciens [2]. The fourth ligand in RirA is still
unknown but on the basis of sequence comparisotts MsrR and IscR it could be
predicted that Asn8 or Asnl109 (red and green arrnowiSigure 6.1) might serve as the
fourth ligand in RirA. Another two possible ligandse Cys17 and His23 (grey arrow in
Figure 6.1) based on the fact that these residieesanmonly found as ligands to Fe-S
clusters. A model of the RirA structure was gerextaising the structure of holo-ScNsrR

and the RirA sequence using the Swiss PDB progrHsh, [see Figure 6.3. The three
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conserved cysteines residues appear to be inghe positions to be cluster ligands (red
sticks in Figure 6.3) and they are conserved antbifigrent RirA species (blue arrows in

Figure 6.2). Cysl17 is also conserved but His23ois(grey arrows in Figure 6.2). In the
model structure, Cys17 and His23 (magenta and dilaks in Figure 6.3) are not located
close to the cluster, and on this basis it seernikely that these amino acids are cluster
ligands. Asn8 and Asn109 (black and orange stickagure 6.3) are in a position close to
the cluster, and so they are strong candidatesuatecligands. Also, Asn8 and Asn109
are conserved in other RirA proteins from othercggse (orange arrows in Figure 6.2).
Site-directed replacement of Asn8 and Asnl109 wdddan interesting experiment to
perform in the future. Resonance Raman and thdatrgsucture of RirA would help to

clarify the identity of the fourth ligand.

V. 1.

RLEirh MELTEQTHNYAVEM I y X v i - a7
SfRirn MELTEQTHNYAVEMLMYCALN el AT. S LI LB Y e 5 X X i 57
SsRirk MELTEQTHNYAVEMLMYCALN Sl W4 . SE TP VRIL Y BN S X d = 57
EnRirlkh {RLTRQTHER?RMLMECEEHO———GKI-. ' LBIAY r, 4 g X v i a7
RaRirh MELTEQTNYAVE 4= : L X g 57
LERITrR 57
MsRirh 57
BEmRirh : a7
BtaRirk : a7
BttRird : 57
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SfRirn N CENGGVE = 114
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LtRirkR N CEINGGV VDS CELNEF : 114
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EmRirh I CEINGGV VDECELINkE = 114
BtaRirk : 57 siepiofelenty:y : 114
BttRirk : 57 iey=iofeienty:4 = 114
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SfRirR I 1a v ) AL 3D T TSAR-———————— . 154
SsRirk I 1& W ) E e e P ReAr IAE IO PR ———— ———— — . 154
EnRira [ 16 v ) . 3D T ) : 136
RaRirkR : I la v ) R G E : 138
LERITH HE 1a v ) AR T : 153
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Figure 6.2. Alignment of R. leguminosarum RirA with other RirA species. Alignment of RirA
sequence fromR. leguminosarum (RIRirA) with RirA sequence fromSnorhizobium fredii
(SfRirA), Snorhizobium sp. RAC02 (SsRirA), Rhizobium nepotum (RnRirA), Rhizobium alamii
(RaRirA), Agrobacterium tumefaciens (AtRirA), Mesorhizobium sp. L48C026A00 (MsRirA),
Brucella microti (BmRirA), Bartonella apis (BtaRirA) and Bartonella tamiae (BttRirA). The
alignment was carried out using Clustal Omega §tf#] presented using Genedoc [14].
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Figure 6.3. Superposition of holo-ScNsrR complex with RirA sequence. A) The RirA dimer is
shown as a ribbon representation, with the subgoitsured green and cyan. The grey parts of the
structure corresponds to the amino acids in thé&kNsructure that do not fit the RirA sequence.
The [4Fe-4S] clusters are represented as spheossahd sulfur atoms are coloured orange and
yellow, respectively. The positions of the consdregsteines residues are shown in red (Cys91,
Cys 100 and Cys106). The position of the candiditeshe fourth cluster ligand are shown in
black (Asn8), magenta (Cys17), blue (His23) andhgea(Asn109). B) A close-up view showing
the [4Fe-4S] cluster and the ligand candidates.

The studies reported in this thesis provide imparteew insight into two thus far
poorly characterised members of the Rrf2 familytrahscriptional regulators. The data
confirm the variability of cluster type, as alreadlstrated by IscR and NsrR and
significantly extend understanding of the functiomaportance of the family and the
variable signals to which they respond.

The proteins involved in the biogenesis of Fe-Sstelts are evolutionarily

conserved from bacteria to humans, and many irsigho the process of Fe-S cluster
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biogenesis have come from studies of model orgamisncluding bacteria, fungi and

plants [16]. The importance of iron-sulfur protefos life is documented by an increasing
number of human diseases attributable to defecthanbasic process of Fe-S cluster
biogenesis. Some of the diseases related to tliessns are colon cancer, different types
of anaemias, Friedreich's ataxia (progressive dan@aghe nervous system), mutations in
the tumour suppressor gene contribute to the dpeedat of a cancerous tumour, etc.
[17]. It is clear that thorough molecular insighito the mechanisms of Fe—S-protein are
prerequisite for the future development of therdipestrategies in the treatment of iron-

sulfur diseases.
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Figure A. Spectroscopic characterization of EBC RsrR. UV-visible absorptior(A) and CD(B)
spectra of as isolated/oxidized E8C RsrR (blue))inéld type RsrR as isolated (black line) and
wild type oxidized RsrR (red line). 30 uM [2Fe-Z3C RsrR and wild type RsrR were in buffer
F (50 mM TRIS, 2 M NacCl, 5% (v/v) glycerol, pH).8In A, inset is the iron-sulfur cluster
absorbance in the 360 — 600 nm region in more [d&la¢ measurements were obtained using a 1
mm sealed anaerobic cuvette and buffer F for tisellee.
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Figure B. Spectroscopic characterization of H12A RsrR. UV-visible absorptior{A) and CD(B)
spectra of as isolated/oxidized H12A RsrR (blue)liwild type RsrR as isolated (black line) and
wild type oxidized RsrR (red line). 30 uM [2Fe-2$]12A RsrR and wild type RsrR were in buffer
F (50 mM TRIS, 2 M NaCl, 5% (v/v) glycerol, pH).8In A, inset is the iron-sulfur cluster
absorbance in the 360 — 600 nm region in more lddta¢ measurements were obtained using a 1

mm sealed anaerobic cuvette and buffer F for tisellre.
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Figure C. Spectroscopic characterization of EBC/H12A RsrR. UV-visible absorption(A) and

CD (B) spectra of as isolated/oxidized EBC/H12A RsrR €Hine), wild type RsrR as isolated
(black line) and wild type oxidized RsrR (red lin@8D pM [2Fe-2S] EBC/H12A RsrR and wild
type RsrR were in buffer B0 mM TRIS, 2 M NaCl, 5% (v/v) glycerol, pH.8n A, inset is the
iron-sulfur cluster absorbance in the 360 — 600ragion in more detail. The measurements were
obtained using a 1 mm sealed anaerobic cuvettbuaffer F for the baseline.
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Figure D. Spectroscopic characterization of H33A RsrR. UV-visible absorption(A) and CD

(B) spectra of as isolated/reduced H33A RsrR (blug) liwild type RsrR as isolated (black line)
and wild type oxidized RsrR (red line). 30 uM [2F8} H33A RsrR and wild type RsrR were in
buffer F(50 mM TRIS, 2 M NaCl, 5% (v/v) glycerol, pH.8n A, inset is the iron-sulfur cluster
absorbance in the 360 — 600 nm region in more lddta¢ measurements were obtained using a 1
mm sealed anaerobic cuvette and buffer F for tsellvee.
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Figure E. Redox cycling of ESC RsrR. UV-visible absorptionA) and CD B) spectra o0 uM
[2Fe-2S] in buffer F (50 mM TRIS, 2 M NacCl, 5% (¥Mglycerol, pH 8). EBC RsrR as isolated are
shown in blue. Spectra following exposure to air3d min are shown in red. Spectra for samples
subsequently treated with 30 uM of sodium dithiedidr 1 hr 38 min are shown in green. Spectra
of the same samples following re-exposure to ailfbor are shown in orange. The measurements
were obtained using a 1 mm sealed anaerobic cumatkduffer F for the baseline correction.
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Figure F. Redox cycling of H12A RsrR. UV-visible absorptionA) and CD B) spectra 080 uM

[2Fe-2S] in buffer F (50 mM TRIS, 2 M NaCl, 5% (y/glycerol, pH 8). H12A RsrR as isolated
are shown in blue. Spectra following exposure tofa 30 min are shown in red. Spectra for
samples subsequently treated with 30 uM of sodiithioghite for 146 min are shown in green.
The measurements were obtained using a 1 mm seablsslobic cuvette and buffer F for the

baseline correction.
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Figure G. Redox cycling of EBC/H12A RsrR. UV-visible absorptionA) and CD B) spectra of
30 uM [2Fe-2S] in buffer F (50 mM TRIS, 2 M NaCPeSv/v) glycerol, pH 8). EBC/H12C RsrR
as isolated are shown in blue. Spectra followingoskre to air for 30 min are shown in red.
Spectra for samples subsequently treated with 30fidbdium dithionite for 189 min are shown
in green. Spectra of the same samples followingxpasure to air for 30 min are shown in orange.
The measurements were obtained using a 1 mm seaabsstobic cuvette and buffer F for the

baseline correction.
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Figure H. Redox cycling of H33A RsrR. UV-visible absorption4) and CD B) spectra of30
UM [2Fe-2S] in buffer F (50 mM TRIS, 2 M NaCl, 5%/\{) glycerol, pH 8). H33A RsrR as
isolated are shown in blue. Spectra following expego air for 30 min are shown in red. Spectra
for samples subsequently treated with 30 uM ofwsodiithionite for 144 min are shown in green.
The measurements were obtained using a 1 mm seabsgtobic cuvette and buffer F for the

baseline correction.
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