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Abstract

Rhizobia are members of the Gram-negativgroteobacteriaRhizobium
leguminosarum controls genes involved in iron uptake throughrespion under
conditions of iron sufficiency. This part of irorgulation is co-ordinated by the
dimeric rhizobial iron regulator, RirA. The sequeraf RirA contains four cysteines
in close proximity, three of which have been shdwibe essential to the regulatory
functions of RirA and have been proposed as thelitgnsite of an iron-sulfur
cluster. RirA has been overexpressed, purified srwbnstituted with an iron-
sulphur cluster. EPR spectroscopy combined with and sulphide assays suggests
that the protein binds a [4Fe-4S] or [3Fe-4S] duger monomer.

Cytochromecd; is a homodimeric nitrite reductase found in défyitrg
bacteria. Each monomer binds a hentbat transfers electrons to the structurally
unique hemel; at the active site. It is shown that the inactngeprepared form of
cd; from Paracoccus pantotrophus is activated by pre-exposure to the substrate
NO, . Although oxidisedcd; from Pseudomonas aeruginosa does not require
similar activation, it undergoes the same reactith NO, to produce a novel form
of nitrosyl-hemed;. The NO derivative ofPseudomonas aeruginosa cd; was
prepared and characterised using variable-temperatariable-field (VTVF)
Magnetic Circular Dichroism (MCD) spectroscopy. eTimovel hemel, nitrosyl has
thus been identified as an unprecedentet]-R®" species. In absorption spectra,
this form of nitrosyl-heme, is indistinguishable from the low-spin 'fFestate. But
simulation of EPR spectra of the oxidisedis has allowed quantitation of the two
hemes and shows that there are no populationedféhNO" product-bound active

site heme.
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Chapter 1. Introduction.

Chapter 1.

Introduction

1.1: The Nitrogen Cycle

Elemental nitrogen is a largely inert diatomic d¢laat is both tasteless and
colourless. It is the fifth most abundant elememtthe solar system [1] and
approximately 79 % of the air in the Earth’s atnfeee is nitrogen. It is an essential
component of two important groups of biological swmlles. The first group
comprises amino acids that make up proteins, aads#dtond are bases that are
components of DNA and RNA that are fundamentaifeodn Earth. It is vital that
sources of nitrogen can be converted into forms$ wiach living organisms can
utilise [2]. Nitrogen can be liberated through tieological recycling of rocks over
many millions of years, and this formed the baersan early nitrogen cycle [3, 4].
However, the nitrogen cycle now involves a more plecated network of microbial
mediated redox reactions. The biogeochemistrytobgen today is largely reliant on
these redox reactions (see Figure 1.01), with teelogical recycling of rocks

playing a lesser role [3, 5].

1.1.1: Nitrogen Fixation

The nitrogen cycle can be divided into severalisast In a process called
nitrogen fixation, atmospheric nitrogen is convdrte ammonium by the bacterial
enzyme nitrogenase [6]. The nitrogenase acts astadyst to lower the activation
energy barrier associated with breaking the trijmad of dinitrogen. To do this the
nitrogenase hydrolyses 16 ATP molecules to drivatvigan endergonic reaction, as
well as utilising 8 electrons as shown in Equafion

N, + 8€ + 8H" + 16ATP— 2NHz+ H, + 16ADP + 16Pi (2)
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NO3™(+5)

Nitrate Reductase

DENITRIFICATION

NO (+2) Nitrite Reductase

Nitric Oxide
Reductase

N,O (+1)

Nitrous Oxide
Reductase

/

NITROGEN
FIXING

ANAMMOX

N> (0)

NO,™ (+3)

NITRIFICATION

NITRITE

AMMONIFICATION

(RESPIRATORY &
ASSIMILATORY)

H,N-OH (-1)

NH,*(=3)

l ASSIMILATION

Organic nitrogen

Figure 1.01: The routes of interconversion of coomus in the nitrogen cycle. Nitrogen
species are shown with oxidation states of thedwah brackets. The enzymes involved in

the steps of the denitrification pathway are alsows1. Subsections of the cycle are labelled

in upper case.

The nitrogenase system comprises of a MoFe-prataivunit and a Fe-protein

subunit. The MoFe-protein constituent contains aF®l@ofactor at each subunit

and a Fe cofactor (P-cluster) at edthsubunit [7]. The Fe-protein constituent

contains a [4Fe-4S] cluster (see Figure 1.02 ariB)1.The MoFe-protein of

nitrogenase is arranged as,f, tetramer and the Fe-protein section is dimer. All

2
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diazotrophs contain the molybdenum nitrogenase rapzybut there are also
vanadium and iron alternatives of this enzyme idiedtin the obligate, free-living
aerobesAzotobacter vinelandendAzotobacter chroococcuf8]. From the locations
of the cofactors it is suggested that the electransfer occurs in the order [4Fe-4S]
in the Fe-protein to the P-cluster [8Fe8/7S] (smtractures have 7 sulphurs and
some have 8 sulphurs [9, 10]) in the MoFe-proteamd then to the
(7Fe9S[Mo/V/Fe]) cofactor itself. This then donatekectrons to the substrate
dinitrogen[6]. Two moles of ammonia are produced for eachenadl nitrogen gas
consumed. Blue-green algae, free-living bactercn s the aerob&zotobacteand
symbiotic bacteria such aRhizobium that can form root nodules with many
leguminous plants such as peas and beans, fixgeitr¢l1-13]. Nitrogen fixation
allows bacteria to produce nitrogenous compoundsdan be used in the synthesis

of structural components such as amino and nuat2ds.

1.1.2: Nitrification

As well as assimilation into organic matter, thenawnium can also be used
in nitrification [14]. Through nitrification, ammamm is converted via
hydroxylamine into nitrites and then nitrates. Nitation involves the oxidation of
ammonium to nitrite by soil bacteria such l[ddrosomonas.These are known as
nitrosifying bacteria.Bacteria such asd\itrobacter then consequentially convert
nitrite to nitrates [14]. These are known as njing bacteria. The reaction schemes
for these two bacterial types are shown in Equatiand 3.
Nitrosifying bacteria: NH+ O, — NO,” + 3H" + 2¢ (2)

Nitrifying bacteria: NQ + H,O — NO;™ + 2H +2¢€ (3)
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Fe-protein.
Magenta and cyan

[4Fe-4S] cluster

P-cluster (8Fe8/7S)

MoFe-protein.
Green ¢-subunit)
Blue (3-subunit)

FeMo-cofactor and homocitrate

Figure 1.02: The subunit composition and structafethe nitrogenase complex from
A. vinelandiishowing the separate subunits of the Fe-protaistéaent (magenta and cyan)
and the MoFe-protein constituent (green and blue fandp subunits respectively). Amino
acids are represented by line representations amdprotein groups by spheres. The
cofactors are shown in more detail in Figure 1.Bure was produced using Pymol.

Source: 1IM1Y.pdb [9].
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MoFe-complex

Homocitrate

4

His442

[BFe8/7S] cluster

Figure 1.03: Ball and stick models of the MoFe-ctda and P-cluster with associated
ligands.o and 3 denoted on the cysteines for the P-cluster indisatounit origins of the
cysteines. Colour key is as follows: pink — carbad — oxygen, blue — nitrogen (central
atom in MoFe complex is predicted), orange — sulplhrown — iron and cyan —

molybdenum. Figure was produced using Pymol. SodigdN.pdb [10].
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The two bacterial types are usually found in mixeterdependent communities
called consortia. The accumulation of nitrite has @hibitory effect on
Nitrosomonaswhich thereforeelies on species such B#robacterto convert any
excess nitrate. ConverseNijtrobacterdepends omitrosomonadgo generate nitrite
that it can utiliseThese bacteria derive energy from the oxidatioaromonium and
nitrite; they use C@as a carbon source for organic compound synthesisase
therefore chemoautotrophic [14].

Nitrification (see Figure 1.01) firstly involvesdloxidation of ammonium to
hydroxylamine through the enzyme ammonium mono-ergge (AMO). No crystal
structure has been resolved as yet for this enzyigosomas europaealso
possesses a membrane bound ammonium monooxygdBaite.are thought to
contribute to the conservation of energy [15-17heThext enzymatic step is the
oxidation of hydroxylamine to nitrite by the enzyrmgdroxylamine oxidoreductase
(HAO) (see Figure 1.04). INl. europaeahis is a periplasmic, water-soluble trimer
[18]. Each monomer has a total of eight covaleattpched hemes. Seven of these
are bis-histidine coordinatexlhemes, while the eighth is heme P460 (Figure 1.05)
The iron of heme P460 is pentacoordinated anceisdibstrate binding site. Residues
associated with this P460 heme include a uniquealently bound tyrosine from an
adjacent monomer, and an axial histidine ligand.CHperforms the two electron
oxidation of hydroxylamine. The& hemes allow multiple routes for transfer of
electrons which results in the reduction of cytoche css4 [18]. Finally the
conversion of nitrite to nitrate is catalysed byrite oxidoreductase. There is no
definitive crystal structure of this enzyme, butriv@n Nitrobacter organisms has
revealed that these membrane-bound proteins comaiybdenum and iron-sulphur

centres [19, 20].
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Central domain

Hemec (heme 8)
P460 heme (heme 4)

Hemec (heme 6)

Hemec (heme 2)

Hemec (heme 3) S N-terminal domain

Figure 1.04: A subunit of hydroxylamine oxidorecass# (HAO) fromN. europaeashowing

the N-terminal and central domain, in blue and greespectively, as a cartoon
representation. Bis-histidine coordinated hemesshosvn as red sticks and the P460 heme
in orange sticks. Lettered cyan circles denote € Mrtermini. Figure was produced using

Pymol. Source: 1FGJ.pdb [18].
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Cys
\ O Figure 1.05: Structure of heme P460
S OH

S— Cys showing the covalently bound tyrosine

\ residue.

Nitrification has implications for agriculture arttuman health. Positively
charged ammonium ions are not easily washed ousais by rainfall. The
ammonium readily adsorbs to negatively charged racgmatter and clay colloids.
Nitrites and nitrates however have a negative ahargl bind less effectively to soil
components. These are washed from the soil in aepsocalled leaching. The
consequences of these nitrites and nitrates legchime poor soil fertility and
accumulation in water sources such as rivers, lakes groundwater. This can
contribute to environmental problems such as ebtogpion [21, 22] in which
aquatic and marine ecosystems become anoxic oxltypoore acidic in nature and
overwhelmed by large scale growth of primary praatacsuch as algae. Human
health problems can also be associated with eutrafibn [22] and inorganic
nitrogen compounds. Examples include ‘blue babydseyme’ and the creation of
carcinogenic nitrosamines in the gut which can leadtomach, bowel and colon

cancers [23-26]. ‘Blue baby syndrome’, also knownrdant methemoglobinemia, is

8
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a condition caused by nitrites binding to oxyhaelobig. This causes the formation
of methaemoglobin which does not have the ability hind oxygen. If
methaemoglobin is present in high enough conceomstthe infant shows
symptoms such as blue colouration of the mucous bremes and lethargy or
irritability [23, 24]. It has been shown that higisk groups include infants who
ingest well-water or fresh vegetables with highrai¢ concentrations [27].
Nitrosamines, which have also been linked to preeggoods (such as cured and
smoked meats) and tobacco use [28, 29], have bemmnsin rats to cause specific
cancers, dependent on the form of nitrosamine [B@}tain nitrosamines have the
ability to be converted to metabolites that carucedlmutagenesis through alkylation
of DNA [31]. There is controversy over these twartan health issues and the nitrate
levels in drinking water, with some scientists icgjlfor nitrate levels to be raised
due to health benefits such as cardiovascular eielfpand defence against infection

[32].

1.1.3: ANAMMOX (Anaerobic Ammonium Oxidation)

Many organisms live in, or temporarily endure, anbe&e conditions and
therefore cannot gain energy through processes sgchnitrification. These
organisms can use nitrate as a terminal electroepaar in the oxidation of organic
molecules to obtain energy. Nitrite lies at an im@ot junction in the nitrogen cycle
(Figure 1.01) and can be reduced via three diftegpathways [33] The first is the
ANAMMOX or anaerobic ammonium oxidation pathwd$4]. This is the reaction
of ammonium and nitrite that creates nitrogen gasaaproduct as shown in
Equation 4.

NH4Jr + NGO, — N + 2H,0. (4)
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An example of a bacterial phylum that performs ANMAMMOX process is the
planctomycetes [35]. These ANAMMOX organisms hameéraportant function as a
sink for fixed nitrogen in the oceans. They cantdbate up to 50 % of the nitrogen
gas produced in an ocean. ANAMMOX may offer a rotaeimprovement of
nitrogen removal in wastewater treatment, whichveationally would have been
removed by nitrification / denitrification methof6]. Elucidation of the genome of
the ANAMMOX bacterium Kuenenia stuttgartiensi§37] has initiated work on
identifying the proteins in this pathway and theertiical stages that thenzymes

undertake to convert ammonium to dinitrogen [3§, 39

1.1.4: Nitrite Ammonification (Respiratory & Assimilatory)

The second pathway by which nitrite can be redudsd nitrite
ammonification. This involves the reduction of i@&rto ammonium with no release
of intermediate products, as shown in Equationlévbe
NO, + 6€ + 8H — NH;" + 2H,0 (5)
Plants, fungi and certain bacteria that utiliseiteitand nitrate as a source of nitrogen
possess a cytoplasmic enzyme that can catalysectmisersion. It contains a
specialised siroheme co-factor (Figure 1.06) foanly in this class of enzyme and a
related class of sulphite reductases [40]. Thie tgb enzyme is assimilatory in
nature, producing ammonia which is incorporated well material. Other bacterial
types possess the protein cytochrammstrite reductase (NrfA) which does the same
nitrite-to-ammonium six electron reduction [33]. Iilke the siroheme protein NrfA
serves a respiratory role. NrfA contains no spes®dl co-factors such as siroheme

but is instead a homodimeric protein with tetype hemes.

10
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COOH
|\ Figure 1.06: The structure of
H,C
—— COOH ;
HOOG siroheme.
HsC COOCH
HOOC
| COOH
HOOC \\lOOH

In each monomer, four hemes are spatially arranged in a similar faskoofour of
the hemes in hydroxylamine oxidoreductase (HAO).[IT®e fifth heme has the
unusual coordination set of a distal lysine ligamdl a proximal water/hydroxide
ligand. Crystal structures of NrfA exist for seMeddferent organisms [41-43]. The
homodimeric structure, the five hemes per monomer, the unique active site
coordination and an active site calcium that pky®y role in positioning active site
residues are conserved in structures of the enzyfmas Sulfurospirillum
deleyianumWolinella succinogeneand Escherichia coli[41-43]. The structure of
the NrfA from E. coliis shown in Figure 1.07. A structure is also alag for the
hexameric, octaheme nitrite reductase fibmoalkalivibrio nitratireducengTvNIR)
[44]. TVNIR in total contains 48 hemes. It reduogsite to ammonium and as with
NrfA, there are detectable intermediates. TVNIR &lwtA subunits share the four
CXXCH heme-binding motifs, the active site CXXCK tificand the catalytically

important active site residues. There is howevedly di20% sequence identity

11
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between NrfA and TvNIR [44]. The nitrite ammoniunatipway is seen as a short

circuit to the stepwise reductions of the denttafion pathway that is discussed next.

Heme 1 (Lys126, OHH,0O)

Heme 3 (His94, His213)

Heme 2 (His164, His301)
Heme 4 (His286, His393)

Heme 5 (His275, His318)

Figure 1.07: Structure of tHe coli NrfA dimer showing the separate monomers in déffier
shades of green. Bis-histidine coordinated hemesshown as red sticks and the lysine
ligated heme as orange sticks. Amino acids in latsclare proximal and distal ligands
respectively. Lettered cyan circles denote C andriini for the selected monomeFigure

was produced using Pymol. Source: 1GU6.pdb [45].

1.1.5: Denitrification

The third pathway of nitrite reduction is via deffitation. Denitrification
converts nitrates back into atmospheric dinitroges through ordered, reductive
enzymatic steps. Nitrate is reduced to nitrogen thasugh the intermediates of
nitrite, nitric oxide and nitrous oxidg¢45]. The majority of the denitrifying bacteria

are heterotrophic, such &aracoccus denitrificansind Pseudomonas aeruginasa

12
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However there are examples of autotrophic deretsfi such asThiobacillus
denitrificans [46]. The four enzymes responsible for these cmiors are nitrate
reductase, nitrite reductase, nitric oxide redwci@sd nitrous oxide reductase. The
overall denitrification process is shown in Equatt
2NO;” + 10€ + 12H — Ny + 6H,0 (6)
Denitrification has far reaching environmental camqsences as it is linked to
the greenhouse effect. The excessive use of nitoagecompounds in agriculture
and the burning of fossil fuels has resulted initthl nitrogen entering the
nitrogen cycle, resulting in many human health angironmental problems [47].
The proportions of nitrogen entering the cycle thvay is comparable to levels
through natural nitrogen fixation. Denitrificatiazan result in the leakage of,®
through intermediate release or incomplete derm#tiion. Nitrous oxide is a very
efficient greenhouse gas [48, 49]. It is 300 timesre potent then carbon dioxide
and is the third most important contributor to glblivarming. Nitrous oxide is
thought to be the most important ozone depletinggion [48, 49]. MO converts to
NO and NQ (collectively termed N@ which are the gases that react with ozone as

shown in Equations 7-9.

NO + O; —» NO, + O; (7)
O+NO,— NO + O (8)
Overall: 0 + Q — 20, 9)

1.1.6: Denitrification — Nitrate Reductase

The first enzyme in the denitrification pathwaytrate reductase, has two
distinct types in bacteria. The first type is sdéuddnd periplasmic (NAP) and the
second is membrane-bound (NAR). The NAP proteinsbeasubdivided further in

that certain species such@ssulfovibrio desulfuricanandE. coli produce a
13



Chapter 1. Introduction.

monomeric NapA protein which contains a [4Fe-48ktdr and a MdisMGD
cofactor [50, 51]. The [4Fe-4S] cluster is ligatedour cysteine residues and the
molybdenum ion is ligated to a cysteine residuer Bulphur ligands from the two
MGD molecules and an HH,O ligand. The other type of NAP, found in bacteria
such aRhodobacter sphaeroideslso has an associated NapB as well as a NapA
subunit [52]. NapB contains twohemes that are bis-histidine ligated [52-54].d$ h
been suggested that electrons are donatBd desulfuricandNapA via NapC, NapG
or a unique tetraheme cytochromilapM, but there is no NapB homologue [55].
The NapAB ofR. sphaeroides shown in Figure 1.08. Crystal structures are
available for the membrane-bound NAR fr&mcoli[56, 57]. It comprises two
soluble subunits, NarGH and a hydrophobic cytoplasnembrane anchor Narl.
Narl contains two bis-histidine coordinatedype hemes and receives electrons from
the quinol pool via a Q binding site. The NarH suibgontains three [4Fe-4S]
clusters and a [3Fe-4S] cluster. These clusterasaatpathway for electrons to reach
the catalytic NarG subunit. NarG contains a [4FgelSster which is coordinated by
three cysteine ligands and one histidine ligandtatlons of the [4Fe-4S] histidine
ligand have significant effects on catalytic ratel @n the incorporation of the
cofactors during assembly [58]. NarG also contaiido-bisMGD cofactor, which
has different coordination in different publishedistures [56, 57, 59]. It has been
postulated that these coordination changes exfilaiobserved pH dependence of
the enzyme activity. In the structure of Jormakkal[57], the aspartate 222 is
hydrogen bonded to the conserved residue histiiige It has been postulated that
the transition from active to inactive forms of #gr@zyme (low to high pH) is a result
of the histidine 546 becoming protonated and dissiog from the aspartate 222.
This structural change is then thought to bringualdorotation which results in the

formation of a bidentate Mo ligand as seen in Berg¢ al[56].
14
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NapA subunit

[4Fe-4S] cluster

MGD molecules ' o D fss ; chemes

NapB subunit

Figure 1.08: Structure of NapAB &. sphaeroideshowing the separate monomers in different
shades of green as a cartoon representation. Tip& slebunit is coloured bright green and the
NapB subunit pale green. Bis-histidine coordinatdtemes are shown as red sticks, [4Fe-4S]
cluster as orange sticks, MGD molecules as blukstind Mo ion as a cyan sphere. Model

constructed using Pymol. Source: 10GY.pdb [52].

The bidentate Mo ligand blocks the binding of tlstrate nitrate, which renders
the enzyme inactive. In the structure from Bertetral. [56], the ligands are side-
chain carboxylate group oxygen atoms from aspa@afe and four sulphur atoms
from the bisMGD molecules. Alternatively, the structure of dakkaet al [57]

shows coordination to four sulphur atoms fromhieeMGD molecules but only one
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carboxylate group oxygen atom from aspartate 222ix# ligand is assigned to a

water molecule. The NarGHI complex frdfn coliis shown in Figure 1.09.

From left to right.
Mo ion 3 [4Fe-4S] clusters (FS1-3)
[3Fe-4S] cluster (FS4)

NarH subunit

NarG
subunit

[4Fe-4S] cluster (FSO) ¢
3 Cys, His ligation

Narl subunit
MGD molecules

Figure 1.09: Structure of NarGHI &. coli showing the separate monomers in different
shades of green as a cartoon representation. Ti@ $Ndounit is coloured bright green, the
NarH subunit pale green and the Narl subunit limeeqg. Bis-histidine coordinatddhemes

are shown as red sticks, [4Fe-4S] and [3Fe-4Starisiss orange sticks, MGD molecules as
blue sticks and Mo ion as a cyan sphere. Modeltoaeted using Pymol. Source: 1Q16.pdb

[56].
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1.1.7: Denitrification - Nitrite Reductase

Different species of denitrifying bacteria use ealent metalloproteins in
each reduction step, with the exception of theaaetron conversion of nitrite to
nitric oxide, the second step in the denitrificatmathway. This particular step is
catalysed by one of two distinct enzymes. One h@aspaer active site, the other is a
heme enzyme containingcdheme and a uniqul heme [60]. Any particular
denitrifying organism will contain one or the oth&here is no known denitrifying
organism that possesses both. One of the focusbssafork is the nitrite reductase
containingc andd; hemes. This was originally reported to be a cytogta oxidase
on the basis of what is now considered a secoratdiyity. Thecd;s from
P. pantotrophusndP. aeruginosawill be described in detail in the next sectioheT
alternative nitrite reductases, the copper nitetductases or CuNIRs, are
homotrimers. Each subunit contains a type | coppatre and a type Il copper
centre. Both type | and Il centres contain a sigieper ion. The ligands that
coordinate the type | copper ion are two cysteiagsgthionine and a histidine. It is
thought that that the type | copper site playsla imtransferring electrons from
donors such as pseudoazurin, azurin or cupred®kimtype Il copper site in the
oxidised state is coordinated by three histidirsgduges and an HZH,O. The type II
copper site is thought to be the substrate bingitay Structures for CuNIR from
Achromobacter cycloclastesmdAlcaligenes xylosoxidartsave been published [61,
62]. The structure of a subunit Af xylosoxidan€uNIR is shown in Figure 1.10.
CuNIR catalysis results in formation of a coppdrasyl intermediate [63-65]. The
catalytic residues Asp98 and His255 are directipived in the mechanism, with
Asp98 involved in hydrogen-bonding to substrate gradiuct and His255 thought to

be involved in either direct or indirect protonriséer [66, 67].

17



Chapter 1. Introduction.

Type Il copper site with

coordinated ligands His94,

His129 and OH Catalytically
important residue Asp92 also shown.

Type | copper site with / >
coordinated residues His89, X
Cys130, His139 and Met144 (
3
"-.\

Figure 1.10: Structure of a subunit &f xylosoxidansCuNIR showing the monomer as a
cartoon representation. Copper ions are shownas sgheres. Coordinated ligands for the
type | copper site are displayed as orange stidks.type Il copper ligands are displayed as
red sticks. The ligands His249 and His300 cooreuh&b the type Il copper ion are from an
adjacent subunit and are therefore missing in tbesentation. Lettered cyan circles
denote C and N termini for the monomer. Model camsed using Pymol. Source:

10E1.pdb [68].
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1.1.8: Denitrification — Nitric Oxide Reductase

Following reduction of nitrite, the product nitrmxide is then reduced to
nitrous oxide. This reaction is catalysed by nitngde reductase (NOR). A structure
of NOR from P. aeruginosahas recently been published [69]. This is shown in
Figure 1.11. These enzymes are members of the faopsr of heme-copper
oxidases. Heme-copper oxidases have a heme andparcm close proximity at
their active site. The NOR enzymes however areattarised by the presence of a
non-heme iron (R9 in place of the Gyof HCOs [70, 71]. Both the NorB and
catalytic subunit | of the HCOs have six conserteddidines which correspond to
ligands for the dinuclear centre and the low-spemba. NorB has a conserved
glutamate residue as a further ligand t@.FEhere is also a calcium ion associated
with hemeb andb; of NOR. A calcium ion appears to be at the saméiposn cbhb;
oxidase [72], and is thought to play a role in nimng structure to allow
intramolecular transfer of electrons. The NOR engymbacteria is divided into the
subclasses ctNOR (cytochroméependent NOR), gNOR (quinone dependent NOR)
and gqCyNOR [73, 74]. The most complete biochemical, smeciopic and
structural data have been obtained for cNOR [69, 7&4. Bacterial cNOR is
composed of two distinct subunits [69]. NorB, tlaeger of the two, contains the
hemebs-Fes dinuclear catalytic site. The henbg and Fg have a bridging ligand
which in a structure d?. aeruginosdNorBC is identified as an oxygen species@H
HO™, O%) [69]. This subunit also contains la heme which is bis-histidine
coordinated. Thdéd heme serves to transfer electrons to the actiee She second
subunit, NorC, has a singke type heme with axial ligation to a histidine and a
methionine residue. Thisheme accepts electrons from an external eleciamec,
such as cytochromes; in P. aeruginosaThese are then donated to theeme and

subsequently the binuclear centre.
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NorB subunit

Fesion
bheme

cheme

Figure 1.11: Structure of NorBC d?. aeruginosashowing the separate monomers in
different shades of green as a cartoon representafhe NorB subunit is coloured bright
green and the NorC subunit pale green. Hemes amensas red sticks and labelled with the
specific heme type. The Fé@n is represented as an orange sphere and ttiaroabn as a

blue sphere. Model constructed using Pymol. SolB©€R.pdb [69].

The electron transfer pathway of NOR from hente the hemds/Fe; centre
shows similarities to the Guo hemea pathway in the cytochrome oxidases [69,
77]. There are currently three postulated reacti@mthanisms for NORs ability to

reduce NO, with all three allowing two NO molecutesind to the binuclear centre.
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These are categorised as trans mechanism where the NO molecules are bound to
different metal centres to form an intermediate ¢ts Fes mechanism where the
second NO molecule reacts with the first NO moledubund to the Fecentre to
form an intermediate, and th@s hemebs; mechanism which is mechanistically
identical to thecis Fgs mechanism but the intermediate is formed on hbg{&8-

81].

1.1.9: Denitrification — Nitrous Oxide Reductase

The final step in denitrification is the conversiai nitrous oxide to
dinitrogen by the enzyme nitrous oxide reductas®@®). Structures of pOR have
been solved foPseudomonas nauticd&aracoccus denitrificansAchromobacter
cycloclastesand Pseudomonas stutzef82-85]. The structure oP. denitrificans
N2OR is shown in Figure 1.12. This enzyme exists heraodimer. Each monomer
contains two distinct copper sites. The first is B, site, a metal centre that can
also be found in HCOs [86]. This is the site oftalen entry, with electrons usually
being supplied by single heme cytochromes or cupredoxins. The, Gite is
binuclear and is contained in a domain that haspsecloxin fold. The coordinated
residues for the two coppers {fand Cuy are two bridging cysteines, a histidine each
and methionine for Guand tryptophan for Gu

The Cuy site is the second site and is structurally uni@ré. The Cuy site is
the centre for catalytic activity. This metal ckists contained in a bladed propeller
structure comprising sevdhsheets. The Gusite is comprised of four copper ions
coordinated by seven histidine residues, two kblecules and an inorganic
sulphide bridge (two sulphide bridges are preserthé structure presented recently
by Pomowskiet al [85]). The subunits lie in such a way that theaGaf one

monomer receives electrons from the;Gaf the other monomer. The distance
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between the CuA and CuZ of the different monomerspiproximately 10 A [88]. It
has been suggested that the mechanism of nitrade ceduction by the Gusite is
through the binding of the substrate of one offthe coppers. This allows the other
coppers to act as reservoirs for electrons to safelgagainst the formation of
inhibitory or dead-end products [82, 83, 89]. Thylbuspectroscopic and kinetic
analysis of the different forms of CuZ a reacticheame has been proposed [87 and

refs therein], but this has yet to be proven.

Cu, site

Cu, site

Cl-ion

Cl-ion

Cu, site Cu, site

Figure 1.12: Structure of the, @R homodimer ofP. denitrificansshowing the separate
monomers in different shades of green as a caremmesentation. Copper ions are shown as
brown spheres and specific sites indicated by sabdsociated chloride ions are shown as
cyan spheres. The small space of 10.75 A betweenCiy and Cuy sites of different
monomers is clear and therefore shows that eledtemrsfer takes place between,Gand

Cu, sites of different monomers. Model constructedigigtymol. Source: 1FWX.pdb [83].
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1.1.10: Thecd; Nitrite Reductases

Thecd, nitrite reductases catalyse the reduction ofteito nitric oxide in the
denitrification pathway. The firstd; purified was from the organisf. aeruginosa
[90]. It was shown to be a soluble, periplasmicyemez. The first activity identified
for this cd; was cytochrome oxidase activity, the reductiondmfxygen to water
using 4 electrons as shown in Equation 10 [90]s®utivity was inhibited by both
CO and cyanide [91].
O, + 4H' + 46 — H,0 (10)

The one electron reduction of nitrite to nitriadex was subsequently
recognised as the physiologically relevant activitgd; (Equation 11). This
enzymatic activity is inhibited by cyanide but thés a report that CO has no
inhibitory effect [92]
NO, +2H + e — NO + H,O (11)
A third, non-physiological activity has also beeantnstrated: the two-electron
reduction of hydroxylamine to ammonia as shown gu&tion 12 [93]. Cyanide and
carbon monoxide are both effective inhibitors o$ tieaction.
NH,OH + 2H + 2é — NH3 + H,0O (12)
Other activities claimed focd, are the oxidation of carbon monoxide to carbon
dioxide and NO reduction toJ® [94, 95]. However the accepted view is that the
nitrite reductase activity is the only physiolodigaelevant function. This is based
on kinetic and equilibrium data [96]. More evidensgrovided through the inability
of nirS inactivated strains d?. aeruginosdo proliferate orN-oxides [97].

The product of the nitrite reductase activity, initoxide, has been found to
have a serious impact on the environment. NO islhigeactive, and along with
other nitrogen oxides it participates in ozone-depyj gas. MO is currently the

dominant ozone-depleting emission [49]. Inefficienincomplete denitrification can
23



Chapter 1. Introduction.

result in the release of NGspecies. Therefore it is important to understand a
characterise enzymes such as the nitrite reductAsediscussed, the bacterial nitrite
reductases are divided into two distinct types; @@NIRs and thecd; nitrite
reductasescd;, specifically from the organisn®. aeruginosaandP. pantotrophus
is a major focus of this work. A general discussibred; proteins will be presented,
usingP. aeruginosaas an example. This enzyme is very similacdgs from several
other specieslhe cd;, from P. pantotrophugd; will then be described, highlighting

the differences between this enzyme and othgs.

1.1.11:Pseudomonas aeruginosa cd; Nitrite Reductase

The primary structure of thie. aeruginosamature enzyme was determined
in 1989 [98]. Comparison between the mature proseiguence and that deduced
from DNA translation ofmirS shows that the enzyme is synthesised with a leade
peptide to allow periplasmic export. The sequenokgd; nitrite reductases in
general show that thé; heme containing C-terminal of the monomer sequésce
much more conserved amoad; proteins than the heme containing N-terminal. In
particular, the N-terminus has a low degree of Isinty between differingcd;
proteins [60]. This is highlighted in Figure 1.1&ich shows a sequence comparison
between thed; nitrite reductases of seven bacterial speciesL[B8- The sequence
conservation and sequence identity amamly nitrite reductases in the genera

featured in Figure 1.13 is at least 66% and 52%eets/ely.
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v

Pa ----MPFGKP---------- LVGTLLAS-------- LTLLGLATAHAKDD 028
Pp MRQRTPFARPGLLASAALALVLGPLAASAQEQVAPPKDPAAEKEHZ)T 050
PS oo MSNVGKPI 008
R MLISH-------- KKTWALRVTALCTA 019
HE --mmmmmeem e MRKRKKVLI 011
RE ---mmmmmmmmmmmeeeeeeeeee MKAK--=-===-- NWLYPAIAAL 014
R MALG-LAAP---------- MVAAQDSHGSDA 020
vV V LYV dY

Pa MKAAEQQGAASAVDPAHVVRTNGAPDMSESEFNEAKQIYEAQRIY 078
Pp DNRYEPSLDNLAQQDVAAPGAPEGVSALSDAQYNEANKI¥RER BV 100

Ps LAGLIAGLSLLG-----LAVAQAAAPEMTAEEKEASKQIYFERCAGCHGV53

Pf LVAPYAFADQPTTPESPRVVKTEGAPDLSQADFDSAKEIYFQRCAG@IGV
Ht GGALVFVLFAGTYAQQQQKEELPPPPPLTKQEMERAKEIYFDRCAGGBIGA
Re PLSLWLGLPHAATKAEPKAEPKAAIPTLTAAEFDHARQIYFERCAGCBEAV
Rp GAAYQPSMTTLGALNLEIPGRREGDPVMTQEEYNIGNKIYFERCAGCHGV

v
Pa LRKGATGKPLTPDITQ------------ QRGQQYLEALITYGTPLG N 115
Pp LRKGATGKALTPDLTR------------- DLGFDYLQSFITYGSPAG N 137
Ps LRKGATGKNLEPHWSKTEADGKKTEGGTLNLGTKRLENIIAYGTEGEIAVN
Pf LRKGATGKPLTPDITQ-------wn--- SRGQAYLEALITYGSPAGMPN 106
H LRKGATGPALTPDKTR-------n---- KLGTETLKTFITYGTPGGMPD 096
Re LRKGATGKSLTPDITR------------- ARGTEYLKTFIKYGSPAGMPN 101
Rp LRKGATGKPLTTDITR------------- DVGYEYLRDFITYGSPAGMPN 107

Pa WGSSGELSKEQITLMAKYIQHTPPQPPEWGMPEMRESWKVLVKPEBRPKK
Pp WGTSGELSAEQVDLMANYLLLDPAAPPEFGMKEMRESWKVHVAPEBRPTQ
Ps Y--DDILTKEEINMMARYIQHTPDIPPEFSLOQDMKDSWNLIVPVEKRVTR1

Pf WGTSNALTKDQITVMAKFIQHTPPTPPEWGMAETLKTWKVLVETRORBTK
H WGRQGILTPEEVDLMARYIQHDPPPPPELPLGEMKKSWKVYVPPEKREP QK
Re WGTSGDLTDPEVDLMARYIQLDPPTPPEYSLADIEKSRKDILPVAQRESIK

Rp WGTSGEMSEEEIDIMARYILLDPASPPEFGMAEMRETWKVLVAPADRFTE

\4
Pa QLNDLDLPNLFSVTLRDAGQIALVDGDSKKIVKVIDTGYABRMSASG 215
Pp QENDWDLENLFSVTLRDAGQIALIDGATYEIKSVLDTG LSASG 237
Ps QMNKINLQNVFAVTLRDAGKLALIDGDTHKIWKVLESGYAVHISRMSZBG
Pf QLNNLNLQNLFSVTLRDGGKIALIGGDSKKIVKLIDTGYAVHISRISASZD6
H PEHNRNWQNFMAVILRDIGKVAIIDGDTKELVSTVDTGYAVHIARY SASE
Re KMNQYNLDNLFSVTLRDAGEVALIDGDSKQIINIVKTGYAVHISRMS A5G
Rp KMNDIDIDNLFSVTLRDSGQVALIDGASYKIHAVIDTGYAVHISRISASZD7
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Pa RYLLVIGRDARIDMIDLWAKEPTKVAEIKIGIEARSVESSKFKG----YE 261
Pp RYLFVIGRDGKVNMIDLWMKEPTTVAEIKIGSEARSIETSKMEG----WAB3
Ps RYVYTTGRDGLTTIIDLWPEEPMTVATVRFGSDMRSVDVSKFEG----¥4&
Pf RYLLVIGRDAKIDMIDLWPKEPTKVAEIKVGIEARSVETSKFKG----YE252
Ht RYLYTIGRDGKVVLIDLWMKKPDKVAEVKTCYDGRSLDTSKYKGPKZBFL
Re RYLYVIGRDARLDLIDLWLPKPDIVAEVKVGMEARSVETSKYKG----Y&7
Rp RYLFVIGRDALVNMIDLWMETPATVAQIKVGSEARSIETSKFKG----FE53

Pa DRYTIAGAYWPPQFAIMDGETLEPKQIVSTRGMTVDTQTYHPEPRVAHXI
Pp DKYAIAGAYWPPQYVIMDGETLEPKKIQSTRGMTYDEQEYHPEPR\VISAIL
Ps DKYLIGGTYWPPQYSIVDGLTLEPIKVVSTRGQTVDG-EYHPEPRVAZG
Pf DKYTVAGSYWPPQFTIMDGETLEPKQIVSTRGMTVDTQQYHPEPRZAAII
H DKLAIIGCYWPPSFVIVDGQTLEPLKIVATSAYTYDTNEFLREARVASRDG
Re DKYAVAGSYWPPQYVIMEGDTLKPLKVVSTRGMTVDN-EYHPEPR\2881V
Rp DMYAIAGSYWPPQYVIMDGDTLEPLKIKSTRGMVYDDQSYHPEPR\28SIV

Y

Pa ASHEHPEFIVNVKETGKVLLVNYKDIDNLTVTSIGAAPFDGGWDSSHR 361
Pp ASHYRPEFIVNVKETGKILLVDYTDLDNLKTTEISAERHDGGLDGSHR 383
Ps ASHIKPEWVVNVKETGQIILVDYTDLKNLKTTTIESAKFLHDGGWDY SK&
Pf ASHEWPEFIVNVKETGKVMLVYNYQDIKNLTITSIDAAPFLHDGGWDSEH2R
Ht ASHYDPEWVVNVKEAGQIWLVDYSNIHAPKITMIDAERFLHDGGWIEB¥SKR
Re ASHFHPEFVINAKETGKILMVNYSDLSNLKTTTIDSAKFLHDGGFDAT3R
Rp ASHFNPEFIVNVKETGKILMIDYSDIKNLKVTEIEAERFLHDGGFDSSRKRRB3

vV

Pa YEMTAANNSNKVAVIDSKDRRLSALVDVG- RGANFVHPKYGPVW 410
Pp YEITAANARNKLVVIDTKEGKLVAIEDTGGQTHPGRGANFVHPTFGPVW 433
Ps YEMVAANASNKVAAVDTKTGKLAALIDTA-KIPHPGRGANFVHPQFGD3W
Pf YEMTAANNSNKVAVIDSKERKLTALVDVG-KTPHPGRGANFNHPLY@ePYVW
H YFLVAANFRDTISVVDTKEKKLVKNIKVG-TRPHPGRGANIDHPKY GRBR%/
Re YFLVAANASDKIAVVDTKEDKLAALIDVG-KTPHPGRGANFMHPKLGB3IBN
Rp YFLVAANARGKVAVVDTKDSTLTALVETGGQTPHPGRGANLMHPTYGRPVW

Pa STSHLGDGSISLIGTDPK-----NHPQYAWKKVAELQGQG--GGSLFIKT453
Pp ATSHMGDDSVALIGTDPE-----GHPDNAWKILDSFPALG--GGSLFIKT476
Ps STGHLGDDVVSLISTPSEESKYAKYKEHNWKVVQELKMPG--AGNLEVRT
Pf ATSHLGDAGVSLIGTDPV-----KHPQYAWKQVASLQGQG--GGSLFIKZ44
Ht CTGHLGDNTIRCIGTDPV-----KHPQYAWKVVVKMEMPGEGGGNL FKd0
Re ATSHLGDETISLIGTDPA-----GHPAQAWKVVQTIKGQG--GGSLFIKT 438
Rp ATSHLGDETVALIGTDPE-----GHPDNAWKVVQTLYAQG--GGSLFVK&16
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Pa HPKSSHLYVDTTFNPDARISQSVAVFDLKNLDAK-----YQVLPIAEWAB98
Pp HPNSQYLYVDATLNPEAEISGSVAVFDIKAMTGDGSDPEFKTLPIAE®2AG
Ps HPKSKHFWADAPMNPEREVAESVYVFDMNDLSKAP-----IQLNVAKDBEBG
Pf HPASRHLYVDTTLSPDAKLSQSVAVFNIDKLDAG-----YTVLPIAEYAGI89
H HPKSPHLWADRALNNDPKLQRSLFVFDKNTFQIK------ KVIEIPP--- 481
Re HPKSSNLWVDTPLNPDAKLNQSVAVFDTRNLEAG-----YKVLPIADWA&3
Rp HPTSEHLYVDAPLNPDAEISGSVAVFKLGDLAQE--EPEYTVLPIVEWAE

Pa LG--EGAKRVVQPEYNKRGDEVWFSVWNGKND--SSALVVVDDKTLRLKA
Pp IT--EGQPRVVQGEFNKDGTEVWFSVWNGKDQ--ESALVVVDDKTLELKH
Ps LPESKAIRRAVQPEYNKAGDEVWISLWGGKTD--QSAIVIYDDKTLKLEI®
Pf IK--KGALRVVQPEYNKAGDEVWFSVWSGQED--ESALVVIDDKTLK\A3S
Ht ----EFQGRAVHLEYNKNGDEVWVAVWSKKNEPEKQAILVYDDKTLTBRK
Re LKG-AGARRVVQAEYNKAGDEVWESVWGTKDG--ESALVVVDDKTRBOKT
Rp IG--EGQPRVVQGEFNQEGNEIWFSVWNAKDL--ESAIVVVDDKTLELEH0

Pa VVKDPRLITPTGKENVYNTQHDVY 568
Pp VIKDERLVTPTGKENVYNTMTDTY 596
Ps VITDPAVVTPTGKENVENTMNDVY 560
Pf VIKDKRLITPTGKENVYNTQHDIY 559
H AITGNWVATPTGHFENVYNTMKDIY 551
Re VIKDKRLITPTGKFNAYNTQHDVY 554
Rp VIKDPRLITPTGKFENVYNTRADVY 564

Figure 1.13: (This and previous pages) Multipleusggre alignment afd; nitrite reductase
proteins from seven genera of bacteria (accessiorbars from top: P24474.1, P72181.2,
P24040.1, AAG34381.1, BAE45629.1, CAJ97059.1, AAYSZ.1). A grey highlight

denotes the residue is conserved in all seveniigldpecies. Residues involved in heme
ligand coordination or hydrogen-bonding to hemarigs are boxed fd?. aeruginosaand

P. pantotrophus Red arrows and letters indicatbeme residues. Green open triangles and
letters indicatal; heme residues. Alignment constructed using CM&aind Jalview [105,
106]. Abbreviations: Pa — Pseudomonas aeruginosa, Pp — Paracoccus fpaptus, Ps

— Pseudomonas stutzeri, Pf — Pseudomonas fluaresee— Hydrogenobacter

thermophilus, Re — Ralstonia eutropha, Rp — Ruagesineroyi.
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From Figure 1.13 it can be observed that the Citerhends of the severt, types
show a much higher degree of conservation compswethe N-terminal ends.
Despite the lack of sequence similarity among #weescd; types at the N-terminal
ends the sequence of amino acids that constita@te theme site, as well as the
residues in close proximity in the sequence, havdgh degree of conservation
amongst thed, proteins. This highly conserved sequence of 2zZvaracids contains

a CXXCHc heme binding site. In thed;, protein sequence comparison (Figure 1.13)
the motif is conserved as CAGCH. These are the twbycysteine residues in the
mature sequence of tfe aeruginosasubunit, which has over 500 amino acids [98].
These cysteine residues covalently bind to the hewieyl groups. The histidine
residue in the motif is also important as one ef tihvo axial ligands to the heme
iron. The other residue involved in hentecoordination inP. aeruginosais
methionine 88. Although methionine 88 is not in kiighly conserved 22 amino acid
sequence containing the CAGCH motif, it is alsossoied in the sequences featured
in Figure 1.13.

Residues that act as ligands for theheme or involved in hydrogen-bonding
to OH have also been identified i aeruginosaHistidine 182 is the axial ligand in
the P. aeruginosasequence associated with ttieheme [107]. A sequence of 15
amino acids including histidine 182 has a high degvf conservation amongst the
bacterial species in Figure 1.13. Histidines 32d 369 are also conserved in six of
the seven species shown in Figure 1.13. They adeoggn-bonded directly to the
HO™ ligand in oxidised,P. aeruginosacd; nitrite reductase [107]. These play an
important role in catalysis, with histidine 369 tgiessential in affinity for nitrite,
the physiological substrate [108, 109]. The congens these residues are involved
in the dehydration and protonation of nitrite. Fiynan the amino acid sequence of

P. aeruginoseacd; is tyrosine 10. Tyrosine 10 hydrogen bonds to thé and in
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thed; heme pocket. This is specific to tReaeruginosanzyme. It is not involved in
catalysis and does not influence NO orientation rwtitee enzyme is in a reduced

state [110, 111]. Figure 1.14 shows the positidrikese key residues.

a-helical domain

Al 2 o
N

\ﬁf'- J 5; Sl cheme

\/

-
Eight-bladed propeller domain d, heme
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His182 ¢ Phe533

Figure 1.14: (This and previous page) Structuresoxitlised P. aeruginosa cd nitrite
reductase and the and d; hemes. [A] P. aeruginosa cd homodimer in cartoon
representatioru-helices are coloured cyan apeheets are coloured magenta. Domains are
labelled for one of the subunits for claritg. and d; hemes are also shown in stick
representation and are coloured red and greenatasgg. [B] Thec heme ofP. aeruginosa
cd; in ball and stick representation. The hemé shown in red, the covalent cysteine
linkages are shown in magenta, the heme iron ligamdrange and close surrounding amino
acids in salmon. This conformation applies to omedi and reduced enzyme. [C] Tte
heme of oxidisedP. aeruginosad, in ball and stick representation. The hetipés shown in
green, the heme iron ligands in orange and closewuding amino acids in salmon
(including tyrosine 10, histidine 327 and histidiB&9 which hydrogen bond to the OH

ligand). Figures constructed using Pymol. SourdéR1pdb [107].
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Crystal structures for both the oxidised formRaf aeruginosacd; and the
reduced NO-bound form (Figure 1.15) have been oeted [107, 112]. Thed;
enzyme is homodimeric and has a tdtlof 120000 Da. Each enzyme monomer is
structured as two distinctive domains. The N-teahisection is composed of
helices and the C-terminal section hag3-propeller arrangement as shown in
Figure 1.14. IrP. aeruginosa cdthe N-terminal end of each monomer extends into
the d; site of its neighbour. The quaternary structurewsh that non-covalent
interactions between monomers that make up therdineeexceptionally strong. The
presence of & urea or 1 NaCl does not result in dissociation. Only proletg
succinylation or exposure to a pH greater than liyweld monomers [113, 114].
Hydrophobic interactions at the interface of tde domain are the majority
contributor to the stability of the dimer. This hlasen confirmed by proteolysis
studies and structural analysis [99, 107].

Each subunit containsccheme and a novell heme as shown in Figures 1.14
and 1.16. Theu-helical, N-terminal section of the monomer carrtee c heme
whereas the-propeller, C-terminal domain binds tlhile heme at which catalysis
takes place [107]. The hemes within a monomerppeoximately 11 A apart, from
edge to edge, or 20 A from iron to iron. All henente distances between subunits
are greater than 35 A. The function of hemis as an electron-accepting site of the
protein molecule.Pseudomonasises cytochromess; and azurin as its electron
donors for catalysis [115, 116]. Tkkheme is low-spin and hexacoordinated in both
Fe' and F&' oxidation states [117, 118]. In contrast to hemthe d, heme at the
active site is a cofactor unique to this reductasgenitrifying bacteria. Thd; heme
Is non-covalently bound to the protein and candmeaved through an acidic acetone
wash [119]. This yields “semi-apoprotein” contaigionly hemec. Thed; heme can

be reconstituted in the protein structure, and ltlas been achieved using chemically
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synthesisedl; or hemed; removed from the protein. The spectroscopic festand
activities of the enzyme are then largely rest¢i@d]. Both hemes and hemal; are
low-spin and hexacoordinated in the ferric statewkever, on reduction to the
ferrous state henmay becomes high-spin and pentacoordinated. The cardmand
spin states of both ferrous and feriandd; heme have been elucidated using NMR,

EPR and MCD spectroscopies [117, 118, 121].

His369
His327

Phe441
Phe425

Phe533

His182

Figure 1.15: Structure of thi site of P. aeruginosacd; with NO bound. The representation
is shown as a ball and stick model. Theheme is coloured green, tdeheme iron ligands
(histidine 182 and the product NO) are colourechgeaand residues close to ttheheme
including those involved in hydrogen bonding (tynes10, histidine 327 and histidine 369)

are shown in salmon. Figure constructed using PySmirce 1INNO.pdb [112].
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Cys—S
S—Cys
\
HOL\O O)\OH
Hemec (protoporphyrin 1X) Hemel; (dioxoisobacteriochlorin)

Figure 1.16: Structures of the two heme types faoraytochromecd,.

In the protein, thal; heme deviates from planar conformation and instehapts a
distorted saddle shape [99, 107, 112]. In solutioee d; heme adopts a domed
configuration with an out of plane pentacoordindted (lII) [122].

In summaryP. aeruginosa cdnitrite reductase is typical of the majority of
cdis from organisms such &s stutzerj P. fluorescensindH. thermophilus They are
homodimers, with each monomer containing and d; heme. Heme has fixed
ligands (histidine and methionine) and theheme has axial ligation to a histidine
and a water or hydroxide molecule in the oxidisadlesP. pantotrophus cdis also a
homodimeric enzyme with one heme and oné; heme per monomer. However,
P. pantotrophus cddiffers slightly from the typicatd;s previously described. The
heme ¢ has unusual bis-histidine ligation in the oxidissthte but revert to
histidine / methionine coordination on reductiohe®; heme site also has a tyrosine

residue as the sixth axial ligand instead of théewa hydroxide molecule in the

33



Chapter 1. Introduction.

oxidised state. The differences f pantotrophus gdcompared to the more typical

proteins, such aB. aeruginosa cd are described next.

1.1.12:Paracoccus pantotrophus cd; Nitrite Reductase: Differences Between this
Enzyme and that ofPseudomonas aeruginosa.

The P. pantotrophus enzyme shares many characteristics with the
P. aeruginosaenzyme andcd;s from other organismslike P. aeruginosathe
enzyme is a soluble 120 kDa homodimer containingelactron accepting heme
and a catalytid; heme per monomer as shown in Figure 1.17. Howthese are
some crucial differences between the two enzymes, leing the identity of the
sixth ligand of thed; heme. InP. aeruginosahe sixth ligand is a water / hydroxide
ion [107], but inP. pantotrophughe sixth ligand is the phenolate of tyrosine 29|]
This tyrosine is located in the N-terminal sectand therefore is part of the heme
domain. Tyrosine-25 has little conservation amadgproteins from other species
[60]. Mutagenesis experiments carried out on tyregi0 of P. aeruginosaand
tyrosine-25 ofP. pantotrophusshows only a minor role in nitrite reduction [110,
123]. Tyrosine 10 oP. aeruginosa cdand tyrosine 25 dP. pantotrophus ¢ddo not
have equivalent roles. Tyrosine 25 in oxidigeédpantotrophusd; is ad; ligand,
whereas the tyrosine 10 Bf aeruginosacd; has been shown to hydrogen bond to
nitric oxide [111]. Figure 1.13 shows that thesm$ynes are not conserved among
the cd; nitrite reductases. There is a general consermisthie oxidised, tyrosine-
coordinated state of the enzyme represents a gesttite. This form of the enzyme is

inactive catalytically. It has not been observedny othercd,.
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a-helical domain
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d, heme

Eight-bladed3 propeller domain

Cys65

Met106 £

Phe97
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Phe444

Figure 1.17: (This and previous page) Structuremxdlised P. pantotrophus cdnitrite
reductase and the and d; hemes. [A] P. pantotrophus cd homodimer in cartoon
representatioru-helices are coloured cyan afitheets are coloured magenta. Domains are
labelled for one of the subunits for claritg. and d; hemes are also shown in stick
representation and are coloured red and greenatesgg. [B] The ¢ heme of oxidised
P. pantotrophugd, in ball and stick representation. The hets shown in red, the covalent
cysteine linkages are shown in magenta, the hewe ligands in orange and close
surrounding amino acids in salmon, including théused heme ligand methionine 106.
[C] The d; heme of oxidisedP. pantotrophusd; in ball and stick representation. The heme
d; is shown in green, the heme iron ligands in oraamye close surrounding amino acids in
salmon (including histidine 345 and histidine 38&at hydrogen bond to a water molecule
(not shown) in the oxidised enzyme). Figure comséd using Pymol. Source: 1QKS.pdb

[99].
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The difference in the sixth ligand of tdgheme (water / hydroxide fétseudomonas
and tyrosine 25 foParacoccus results in subtle changes elsewhere indhbeme
pocket. The conserved histidines (histidine 327 laistidine 369 inPseudomongs
show differences in hydrogen bonding associatiortee oxidisedPseudomonas
enzyme has the residues in question hydrogen bawodind hydroxide bound to the
d; heme [107], but the oxidiseBaracoccusenzyme is different. The conserved
histidines are hydrogen bonded to a water moleouléydroxide ion [99]. The
ligand water / hydroxide i. aeruginosa cdis replaced with the substrate nitrite
during catalysis, which is subsequently convertet®. InP. pantotrophus cdit is
the tyrosine 25 ligand that is replaced by nitbigfore conversion to the product NO.
NO bound to thel; heme ofP. pantotrophus cdcan be seen in Figure 1.18. Tdhe
heme itself also differs iR. pantotrophugrom othercd, proteins in that it assumes a
more planar arrangement, as opposed to a twistitlesarrangement [99, 107, 112,
124]. Thec heme ligands are also very different between Reeudomonasnd
Paracoccusenzymes. The oxidise@Pseudomonadigands are histidine-51 and
methionine-88, whereas for tiRaracoccusenzyme the ligands are histidine-17 and
histidine-69. Both oxidised enzymes have been studhrough spectroscopic
methods [118, 125, 126]. The results confirm thé pattern ot heme ligation is
also true in solution. When the enzyme is redutedligands remain unchanged in
Pseudomona§l1?]. However, in theParacoccusenzyme, axial ligand switching
occurs. The histidine-17 and histidine-69 comboratchanges to histidine-69 and
methionine-106 as shown in Figure 1.19, which fatés large conformational
changes that extend to tlile domain [124]. The ligand switching to histidine /
methionine is thought to be a requirement for ereattivity, with the bis-histidine
coordination proposed as a resting state [127]uthér difference is the rates of

electron transfer are different. The rate of etactiransfer from the heme to thel;
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heme is much faster in tHearacoccusenzyme than for th®seudomonagnzyme

[128, 129].

Phe557

Phe444

His388

Figure 1.18: Thal; heme of reduce®. pantotrophusd; with NO boundn ball and stick
representation. The hendgis shown in green, the heme iron ligands (hised@0 and the
NO molecule) in orange and close surrounding arapi@ms in salmon (including the
oxidised enzymel; ligand tyrosine 25 and the conserved histidinedtees involved in
catalysis, histidine 345 and histidine 388). Figuwenstructed using Pymol. Source:

1A0Q.pdb [124].

The Paracoccusenzyme has an electron transfer rate of 146@ampared to the
Pseudomonagnzyme figure of 6 . The rate-limiting step in th@aracoccus
enzyme is thought to be the rate of NO dissociafidre NO dissociation has been
calculated at 6578, which is similar to the overak..; of 72 $* perd; heme [130,

131]. There also is currently a suggestion that Ni@ dissociates in a biphasic
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manner at different rates between the two monorfi88]. Evidence of inherent
asymmetry, supporting anticooperativity between thenomers is reported in
kinetic studies with nitrite [132], ligand bindirgjudies [109, 133], potentiometric

titrations [134] and studies on intramolecular &lae transfer [135, 136].

Cys65

Figure 1.19:The c heme of reduce®. pantotrophusd; in ball and stick representation.
The hemet is shown in red, the covalent cysteine linkagessaiown in magenta, the heme
iron ligands in orange and close surrounding amao@s in salmon. Note that the
histidine 17 is replaced by methionine 106 (Seeaufeigl.17B). The histidine 17 is not
shown as the pdb file does not have it represeRigdre constructed using Pymol. Source

1H9X.pdb [137].

Further evidence comes from the crystal structafda pantotrophus ¢d both with
and without ligands bound. These structures shoat the two monomers are
different in structural appearance [99, 124, 133je high dissociation rate of NO

from cd, is largely attributed to they heme cofactor. However, comparison between
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cdy andd;-containing myoglobin (Mt,) reveals that there is a higher dissociation
rate for cd;, which leads to the possibility that a feature tbé protein itself
contributes to optimum NO release [130]. A possib@ndidate thought to be
contributing to optimum NO release was a conforarati change involving tyrosine
197 and a hinge region, connecting the heme donuaimgprising residues 132-136
[137]. The identity of the protein moiety responsibas yet to be determined from a
molecular level.

Another difference betwed?. pantotrophus ¢gdandP. aeruginosa cgdis the
identity of the preferred electron donor. Both eneg can accept electrons from a
blue copper protein or a simple cytochrome. HowekRerpantotrophususes both
cytochromecssp and pseudoazurin as its donors. Mutants lackinly theese electron
donors grow poorly under denitrification conditigd88]. P. aeruginosaises solely
cytochromecss; for electron transfer. Azurin has been shown tcehay involvement
[139]. The two cytochromes share the same basidinigl patterns but the
P. aeruginosaytochromecss; is significantly smaller at 82 amino acids complaie
134 for theP. pantotrophuscssg [140, 141]. A large deletion at the bottom of the
heme crevice accounts for much of the large diffeean the amount of amino acids
in the primary structure. Both cytochromes have @x&XCH motif, with the other
heme ligand coming from a methionine (methioninarb&s, and methionine 61 in
Css1) [140, 142]. The copper proteins pseudoazurin @andin are both members of
the cupredoxins and share the sgivgheet topology. They also share the same rigid
backbone dynamics [143, 144]. They differ in thember of helices in their
structures and their locations [145]. Pseudoazewimains two helices located after
the VIII B-strand, whereas azurin only has one helix betwestiands 1V and V.
The copper ligands in the two proteins are alsoilaimwith azurin from

P. aeruginoséhaving a claimed extra weak glycine ligand [14H}e pseudoazurin
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from P. pantotrophudas histidine 40, cysteine 78, histidine 81 anthioaine 86 as
the copper coordinated ligands [147], whereasigands fromP. aeruginosaazurin
are glycine 45, histidine 46, cysteine 112, hisidi17 and methionine 121 [146].
The twocd; enzymes also have different oxidised visible absoce and
EPR spectra [96, 125, 148]. Between 620 and 740themUV-visible absorption
spectrum ofParacoccuscd; shows two bands at 644 nm and 702 nm, as opposed t
thePseudomonasolitary band in the 640 nm region. The two baardsas a result of
two different spin states in thermal equilibriuns, @posed to a single but different
species that produces two bands [125]. The EPRirspe®f Paracoccushas only
one detectable g-value jat 3.05 for thee heme, the other two not easily detected.
All three g-values forc heme are found in the EPR &f aeruginosa located

approximately at 3.01, 2.29 and 1.40 [125, 148].

1.1.13:cd; Nitrite Reductases — Nitrite Binding, Mechanism ad Catalysis.

A general reaction mechanism that encompassesfatheocd; enzymes
includingP. aeruginosad; andP. pantotrophus gchas been proposed and is shown
in Figure 1.20 [130]. This mechanism is generatlgepted and is consistent with the
majority of published data ond; nitrite reductases. As outlined previously the
Pseudomonasand Paracoccus enzymes differ in terms of the heme ligands.
P. aeruginosa cghas fixedc heme ligands whereas h pantotrophud; reduction
activates a ligand change. pantotrophus cdalso has a sixth tyrosine ligand at the
d; heme in the oxidised state, wherdasaeruginosa cdhas a bound water /

hydroxide molecule at the sixth coordination site.
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However, the starting point of the mechanism isrédiced state in which the two
cdy proteins are in terms of ligation tleeand d; hemes. In the reduced form, both
have histidine-methionine coordination at hesrand an open sixth coordination site
for nitrite binding at hemd,;.

It is generally accepted that nitrite binds to feerousd; iron and through
intramolecular electron transfer forms the reducipooduct NO [149]. The reduced
hemed; of P. aeruginosa cdbinds nitrite with an affinity oK, = 6 um [108]. This
results in the formation of the Michaelis compledd2] with the nitrite molecule
binding via the nitrogen atom (a nitro complex)isTis based on structural data from
P. pantotrophus cd nitrite binding [124], nitrite binding from otheproteins
containing heme [150-153] and synthetic iron porphgomplexes in both ferrous
and ferric states [153-156]. The nitrite N-bindingpde is part of the accepted
reaction mechanism in which a double protonaticenéwccurs on one of the oxygen
atoms of the nitrite [130]. The high affinity ofrfeus hemed, for nitrite, and other
anions such as cyanide [109], is unusbalype hemes commonly bind anions such
as nitrite and cyanide more readily when in theidestate. The high affinity for
nitrite exhibited byd; heme is thought to be attributed to the preseiidastidine
327 and 369 in the active site pocket helping tbiite the anion. Studies of
cyanide-bound reduced. pantotrophus gdshow these histidines within hydrogen
bonding distance, suggesting that a positive alstdtic potential is required for
anion stabilisation [133, 157]. THe. coli sulphite reductase, which can bind both
sulphite and nitrite with high affinity, has alsedm shown to have a high charge
density [150]. Histidine 327 and 369 have been shaw affect activity of
P. aeruginosa cdthrough mutagenesis studies [108, 109]. The nuutadf histidine
369 to an alanine residue results in a 100-foldetse in the rate of turnover [108].

A scheme of the active site with nitrite boundpegposed by Rinaldet al, is shown
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in Figure 1.21 [130]. The structure of nitrite boud. pantotrophusd; also shows
both conserved histidines in thlg pocket hydrogen-bonded to the nitrite. The
histidine nitrogen to nitrite oxygen distances &ach histidine are 2.9 - 3.2 A and

therefore are close enough to allow hydrogen bandif4].

DG

His

Figure 1.21: Proposed scheme of thective site from Rinaldet al. 2011 [130] showing the
imidazole groups of the two conserved histidinddugess in relation to the nitrite. The two
protons of the histidine imidazole groups bondhe bxygen to form a molecule of water

which is subsequently released. From this a NO thduheme species is formed.

Once the nitrite is bound to the ferradisheme reduction to NO occurs. This
results in the elimination of a water molecule dryaroxide ion. Histidine residues
provide the protons required. This leaves an irdnosyl species that can be
described as the resonance specidsH® — Fd'-NO*. Electron transfer from the
c heme to thel; heme yields a FeNO species. The heme is then rereduced with

an electron from a donor protein. The electronsf@anfrom thec heme to thed;
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heme has recently been investigated using pulselyai$ [136]. This technique
used 1-MNA (1-methylnicotinamide) and @Cradicals to directly reduce only the
heme c. The results demonstrated kinetic evidence foratieg cooperativity
between thel; hemes of the two subunits in the dimer. The rafedectron transfer
from c to d; heme have been shown to be significantly affebydcreases in the
amount of electrons introduced into the enzyme J13® increase in electrons
introduced tacd; results in a decrease in the rate of electrorstearby over an order
of magnitude. This has been attributed to the gissn of electronic coupling
between the andd; heme due to conformational changes in oxidisedraddced
species [112]. The differences between oxidisedraddced wild type enzyme is the
loss of the sixth ligand hydroxide ion and a slfttyrosine-10 away from the
position it adopts when the enzyme is oxidised.rétee also changes in hydrogen-
bonding between the interface of thandd; domains. The mutation of histidine 369
to an alanine results in an approximate tenfoldeiase in the rate of intramolecular
electron transfer [136]. This is explained by ardase in the positive charge density
of the distal side of thé; heme. This results in the destabilization of th¢ Ggand,
which in turn lowers the energy barrier that netale surmounted for electron
transfer to occur, hence the increase in rate. AIBE9A mutants show great
topological changes compared to the wild type. THeme domain is displaced
from the wild type position, part of the distal section is rearranged and the N-
terminal end with tyrosine-10 shifts completely gweom the catalytic site. This
rearrangement of structure has a pronounced effetite position of the NO bound
to the H369A mutant compared to the wild type.

Transfer of a single electron from tlg heme to the nitrite produces NO
bound to an oxidised; heme iron, with the release of a molecule of waker

structures oP. pantotrophus cdandP. aeruginosa cdthe NO that is bound to the
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reduced, wild type enzyme is bent in its geometty2] 124]. This nitrosyl
conformation results from NO binding to ferrous feerirerric heme results in NO
binding in a linear nitrosonium conformation. Aglwthe nitrite binding studies, key
hydrogen-bonding residues have been identified@khdundd, [158]. For the wild
type enzyme, histidine 369 and tyrosine 10 have lentified as residues that form
hydrogen bonds to stabilise the NO-bound completh & lesser hydrogen-bonding
role for histidine 327. This is shown in Figure A.Zhis contrasts with the crystal
structure which shows displacement of tyrosine fdmfthe NO [112]. In the
tyrosine 10 mutant, histidine 327 is thought toypteuch more of a role in hydrogen-

bonding. Tyrosine 10 is displaced completely indbable histidine mutant [158].

Figure 1.22: Scheme of the proposed

N-His;g
N-Hi8327 / hydrogen bonding of NO-boundy, heme
\ ,'H in wild-type P. aeruginosa cd It is not
H\\ O/ known whether His 327 hydrogen bonds
7 to the N or the O of the nitric oxide and so
N\‘\\ H—O-Tyrlo the hydrogen bond is drawn midway.

Adapted from Radouwdt al[158].

S

His g,

Figure 1.20 shows thakFe'-NO" is interconvertable with the isoelectronic
d;F€"-NO- form. Both di;Fe'-NO* and d;F€"-NO- forms are EPR silent. In
comparison, nitrosylmyoglobin and nitrosylhaemogtolbind NO in a F&NO
conformation which is EPR active [159]. Ttig€'-NO" species has been shown to

be an intermediate throudfO/°N exchange experiments fh aeruginosa cdq160],
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through FTIR of NO-bound, oxidiseR. stutzerienzyme [161] and in SF-FTIR
spectroscopy, as part of a mixture dfFé'-NO* andd;F€"-NO- species, in
P. pantotrophus cd[162]. It was initially thought thathFe"-NO- andd,Fé'-NO*
were chemically unstable and decayed rapidly tease NO, leaving the heme iron
ferric [163, 164]. This was based on comparisor wignthetic F&NO* complexes
[165, 166]. A further reaction mechanism was theappsed, which added NO
displacement frone®*d,**-NO by nitrite as well as NO dissociation frafiFe"-NO-
[167]. For considerable time the formation &fd,*-NO was considered to be a
stable dead end product [163, 164]. Tdfédh*"-NO as a dead-end species was
initially observed by Silvestrinet al [168] in stopped-flow and EPR studies at pH 8.
This was backed up by further examples of NO bigdightly to the ferrous heme of
proteins [169]. However, recent work has shown that physiological substrate
nitrite displaces NO from the ferrous enzyme atfHvhich allows the enzyme to
undergo a new catalytic cycle [170]. Further everfor this is provided by the
accumulation o£**d;**-NO in the histidine 369 mutant. This accumulati®nlue to
the decreased affinity of ferrows heme for nitrite, which results in the enzyme
being trapped in a fully reduced, NO bound sta@8[1170]. The latest reaction
mechanism, shown in Figure 1.20, shows in additmnhe previous mechanisms
[167, 171] the need of excess reducing equivalemtstop the enzyme becoming
trapped in thel®*-NO bound form [131, 162, 172-174]. Electrons feduction are
provided by an external electron source such agaxliromec or a copper protein.
NO dissociation is then thought to occur from théyfreduced enzyme with NO
bound [130, 171]. Once the NO has dissociated ftoend; heme the enzyme is
restored to its fully reduced state and a new gitatycle can be initiated.

The respective turnover numbers foraeruginosaandP. pantotrophusd;

are 6 §' and 72 S respectively in assays with cytochromas electron donor [131,
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171]. The rate-limiting step in the reactionfafaeruginosa cdand nitrite appears to
be the intramolecular electron transfer from thieeme to thel; heme. It has been
reported that the electron transfer rate fromcthed; heme is in the order of 1-4's
which is comparable to the turnover number of'§108, 136]. Earlier studies using
pulse radiolysis had calculated the transfer mfeet3 s'in P. aeruginosd128] and
23 st in the related organisi. stutzeri[135]. In P. pantotrophus cdthe electron
transfer rate is many orders of magnitude highd#a0 §'[129, 162]In the case of
P. pantotrophus cdthe slower phase of NO dissociation appears tahberate-
limiting step. The slower and faster rates of N®sdtiation are 65 Sand 200 &
respectively [130]. The slower rate of 65 dosely correlates to the overall turnover
number of 728 [131], making it the process most likely to be the limiting step.

In comparisonP. aeruginosa cgdhas a singular NO dissociation rate of 7 ¥71].

1.1.14: Hemes - Synthesis and Roles.

As shown in previous sections, many of the enzymesdved in the nitrogen
cycle contain hemelHemes are a class of iron-containing tetrapyrraeactors
found in a diverse range of proteins spread adfusshree kingdoms of life [175].
They consist of an iron ion bound in a square plameangement by four pyrrole
nitrogens from the porphyrin. Along with chloroplsylthey are the principal
tetrapyrroles in nature. Heme is a very versatitesthetic group with a diverse array
of functions. This range includes oxidation-redoctreactions such as the electron
transferring cytochromes [176], the transportadod storage of oxygen such as the
well-studied myoglobin and haemoglobin [177], ckltusignalling [178], gene
regulation [179], and catalysis. Examples of prigghat employ hemes for catalysis
include heme copper oxidases [71] and peroxidat@8, [181]. The synthesis of

heme occurs through the common intermed&tminolevunic acid as shown in
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Figure 1.23. The synthesis then involves condemsatieactions of twod-
aminolevunic acid molecules initially to form pogiilinogen, and then four
porphobilinogen molecules to produce hydroxymetitfie. Uroporphyrinogen Il
synthase then completes the cyclisation of the cotde Systematic enzymatic steps
involving uroporphyrinogen decarboxylase, copropgrmogen oxidase and
protoporphyrinogen oxidase respectively forms grotphyrin IX. Ferrochelatase
then inserts the iron into the protoporphyrin sinee [182, 183]. This product
formed is protoheme or hente[184]. Hemeb is a precursor for the formation of
many of the other hemes found in nature. One ofhérees formed as a synthesis
product from hemd is hemec. These two heme types are the most common in
nature [185].Hemec is a widely studied and very common heme foundnany
extensively studied proteins [186]. Both hebn@ndc are structurally similar and are
shown in Figure 1.24. Hemgis bound non-covalently, whereas heme bound
covalently to the protein: the two vinyl groups tbfe porphyrin form thioether
linkages to cysteine residues. The majoritycofieme proteins have the heroe
attachment site of CXXCH. This is a pentapeptidgise consisting of the cysteines
that provide the covalent thioester bonds to thendjea histidine residue that
functions as an axial ligand to the heme iron avmldther amino acids (X). In nature
the XX section of the attachment motif is so vdeain proteins that every amino
acid has been found with the exception of cystelieere are deviations from this
signature motif. There are examples that only usiegle cysteine to covalently bind
to the protein such as the cytochroocnaf Euglenagracilis that has an AXXCH site
attachment sequence [188]. Other motsigbstitute the axial histidine ligand with
another aminoacid. An example of this is the pentaheme niteuctase NrfA. The
motif in question is CXXCK, which binds the highispactive site heme. Lysine

serves as the axial ligand to iron instead of tis@dine [41]. Another type increases
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the number of variable amino acids (X) in the motibm one extra amino acid
(CXXXCH) in the diheme cytochrom®s, from P. stutzerito CX;sCH in MccA

from W. succinogengd.00, 189].

_ _ ALAsynthase _ o
8 glycine + 8 succinyl CoA 8 5-aminolevulinic acid
8 coenzyme A
8CO, ALA dehydratase
4 NH
,3: H,O H,0
hydroxymethylbilane 4 porphobilinogen
PGB deaminase
URO synthase
H,0 —
i URO decarboxylase _
uroporphyrinogen Il coproporphyrinogen i
20,
4CO, CO,+ CP oxidase
2H,0 o, 2HL:
protoporphyrin IX ,\ _ protoporphyrinogen IX
PP oxidase
Fe*
Ferrochelatase
2 H*
protoheme (hemeb)

Figure 1.23: Scheme showing the chemical heme bibsgis pathway. Intermediates,
reactants and products are shown in bold type. fBagyinvolved in each chemical reaction are
shown. Abbreviations: ALA - 5-aminolevulinic acid?GB - porphobilinogen, URO -
uroporphyrinogen lll, CP - coproporphyrinogen RR - protoporphyrinogen IX. Adapted from

Frankeret al [187].
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S— Cys

Hemeb Hemec

Figure 1.24: The two most common hemes in natueemeb andc. Hemeb is the
precursor to the structural variant hemeBoth are very similar structurally apart from
the cysteine residues found on hemeThis allows heme to covalently bind to the
protein structure, whereas heme b is non-covaldidiynd. Both are found in a diverse

assortment of cytochromes and enzymes.

The flexibility of heme and its multiple rolesastributed to the many factors
that contribute to the protein environment [1901]19ne of the most important
factors is the type and total number of axial ldgrat the iron derived from the
protein structure. The heme structure has two dreal coordination sites (proximal
and distal) above and below the plane of the partphWhere a heme has a role in
carrying or shuttling electrons both axial sitesséhgrotein derived ligands. For
instance the majority of cytochrorosgroteins are involved in carrying electrons via
oxidation and reduction cycles [192, 193]. The mumthmon residues that act as

axial ligands to electron carrier heme proteinshasédine and methionine. The two
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most common axial ligand arrangements in hexacoatdd heme for cytochromes
are histidine-histidinebfs-histidine) or histidine-methionine. Hemes with tidse-
histidine coordination include examples such as oayiomecss, [194],
cytochromecz [195] and cytochrombs [196]. Histidine-methionine examples
include hemes in cytochronbe; and cytochromésg, [197, 198]. These two
common ligand sets are found both in hemoproteiogkiwg to transfer electrons
between other proteins and as intrinsic sites teansg electrons within
multicentred structures. For example, in multihesmelases such asaa or cbbs
oxidases [192] the intramolecular hemes allow thetting of electrons from an
external electron donor, through the protein stmgctto the catalytic active site.
Other more unusual ligand sets include methioniegmnine biss-methionine) in
bacterioferritin [199] and N-terminal tyrosine artustidine axial ligation in
cytochrome [200].

Hemes do not act exclusively as electron carrigranany proteins heme
functions as an active site for oxygen carriers amziymes. In the majority of cases
the heme has a vacant axial coordination sitehercobordination site has a labile
ligand. The labile ligand can take the form of atewaor hydroxide molecule, or it
can also be an amino acid residue from the pradtew can dissociate to allow
function. The proximal ligand is often histidines an the globins and heme
peroxidase. In three related classes of proteen P50 enzymes, chloroperoxidases
and NO synthases, a cysteine is the single prokeiived axial ligand [201]. Less
common sole axial ligands include tyrosine in heratalases [201] and lysine in

NIfA [41].
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1.1.15: Hemes - Physical Properties and Types.

The electronic configurations of the different eadidn and spin states are
shown in Figure 1.25. Hemes exist typically in feerous (F&" or ferric (F&€")
oxidation states. Both these states can have aatwvhigh spin state. A low spin
state is one in which as many electrons as posaibl@laced in the lower-energy d-
orbitals before any are placed in the higher oldbita. pairing is maximal. High spin
states involve putting in as many unpaired electras is possible. Ferric iron in the
low and high spin state has a spin of S = 1/2 er5& respectively, whereas ferrous
iron in the low and high spin state is S = 0 and & respectively [202]. Typically,
axial coordination with two of the amino-acid dexivligands will result in a low-
spin heme. If the heme has only one axial ligarh tthis favours a high spin heme.
The oxidation state of iron influences reductionigmtials and binding constants of
exogenous ligands. For instance the proteins myigland haemoglobin have a
single axial histidine ligand coordinated to a des heme. The remaining
coordination site allows the physiologically relavdigand Q access to bind the
ferrous heme to form a six coordinate complex. tEbecrich ferrous heme typically
favours a neutral ligand such as @ CO, whereas the positively charged ferric
heme iron favours a ligand with a negative chargehsas CN or F.
Pentacoordinated, high spin heme often converkswicspin, hexacoordinated heme
when an exogenous, sixth axial ligand binds. AnngXda of this is fully reduced
heme copper oxidases comprising of cytochrdmg and cytochromec oxidase
treated with CO. The CO conveis o or b-type high-spin pentacoordinated heme
into low-spin, CO complexed hexacoordinated hen@3]2The protein environment
iIs also important in tuning the heme for optimunotpm function. Reduction
potential is thought to be altered by the planaafythe heme [204], which is

influenced by interactions of amino acids in thenkgyocket.
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Ferric heme
Low spin High spin y
S=1/2 Xy S=5/2 S
72 1

Ferrous heme

Low spin High spin
S=0 - S=2 —

e
4 XE

Figure 1.25: Energy level diagrams showing the atkich and spin states of heme iron. The

energy levels ®ffor ferric and @ for ferrous) from highest to lowest for each digrare xy,

7%, zx and yz, and> Y.

An example of this is in the hentecontaining nitrophorins, where high amounts of
ruffling are observed [205]. Greater distortiontloé heme structure lowers reduction
potential. Heme proteins have additional planarity influences thylo the variations
of the CXXCH motif. In tetraheme cytochromes the composition of heme
attachment motif strongly influences planarity, rgowith effects from the distal
ligand and interactions with heme [206]. The hermaing site can also influence
reduction potential through altering the histidiren bond character and strength.

The reduction potential is affected by the strengththe interaction, both in the
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oxidised and reduced states, whereas the spin atatereactivity is affected by
ligand-field strength. A way in which these factare tailored to the function of the
protein is the level of histidine character theesathain of the histidine axial ligand
possesses. It can be of a more neutral imidaz@eacter like histidine, or it can be
biased towards an anionic histidinate charactee. fAiktidine/histidinate character is
adjusted through the heme structure and the axssidime/heme environment. A
lower reduction potential usually results from arenanionic axial histidine residue.
Modifications through ligands and protein enviromtseare sometimes not sufficient
for function, and the hemes themselves are modifederform the functions
required. Hemé is the precursor for the other heme types includimgmec
(Figure 1.24). These however are not the only viana (Figures 1.05, 1.06, 1.16
and 1.26). Heme is synthesised through the addition of a 17-hydetixyifarnesyl
group at the 2-position. The reaction is catalysgchemeo synthase. Heme is a
stable intermediate of another variety called hamdemeo is modified to hema
by conversion of the 8-position methyl group taenfyl group by hema synthase
[207]. Both hemes can be found in the heme-coppgpiratory oxidases. It is not
clear why these enzymes require these more spaEdaliemes. Many examples of
the heme copper oxidases can function without tiserch as thebb; or bb; oxidase
types [203]. Heme is another variant found in certain catalases 20l unusual
terminal respiratory oxidases [209]. Like the heraemnda, there is evidence that
hemed is not essential in the case of the oxidasedyeasttucturally related cyanide
insensitive oxidases show no spectral charactesisif a hemal [210, 211]. The
structures of the three heme types are shown ur&it.26. One heme variant that is
very specific and required for functionality is hend;. Heme d; has been

unambiguously identified as a 3, 8—dioxo—17—aceylairphyrindione [212].
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Hemeo Hemea

Figure 1.26: Structure of some of the
hemes produced from the hemke
precursor. Heme anda can be found in
heme copper respiratory oxidases. Heme
0 is an intermediate of hermse Hemed
can be found in HPIlI catalases and

terminal respiratory oxidases.

Hemed

Initially the hemed; was thought to have a chlorin core because aréen colour.
However, through spectroscopic data [213, 214] emparisons with compounds

used as models for herde [212, 215] the macrocycle was concluded to be a
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porphyrindione. The absolute structure has alsa begermined through synthesis of
an ester of thal; heme and comparing circular dichroism spectra aithester
prepared from native; heme [216]. Thel; heme is exclusive to the denitrifiers that
possess the cytochronmmh nitrite reductase. A biosynthesis pathway has been
proposed foid; heme vias-aminolevulinic acid and uroporphyrinogen Ill [6d]he
presence of oxo groups, which are electronegativeature, gives the iron of the
heme a more positive redox potential. The resulh iBe(lll)/Fe(ll) couple redox
potential more positive than any porphyrin hemeal$b makes thd; heme much
more difficult to oxidise than any correspondin@hacteriochlorins [217, 218].
Observations on model porphyrins ahicheme liberated from cytochronaé; nitrite
reductase suggest that there is divergence awaygtanarity. The structure of heme

d; is shown in Figure 1.16.

1.2: Iron Sulphur Clusters and Iron Regulation

Along with hemes, iron-sulphur clusters also playltiple roles important to
protein function. Similarly to heme, iron-sulphulugters can also act both as
electron carriers and as active sites of enzymeghé&r functions that iron-sulphur
clusters can perform include structural roles, lsutpdonation, disulphide cleavage
and gene regulation. Iron-sulphur clusters are wsedhe sensory element in a
diverse range of regulatory proteins, including Bo¥NR and RirA. The last of
these, RirA, is a transcriptional regulator foundmany of thex-proteobacteria that
repress iron uptake and acquisition genes in igplete conditions. Regulation of
concentration and supply of metal ions is import&xcessive uptake of iron can
lead to the formation of toxic products that cohlave detrimental effects to the
bacterial cell, whereas the cells do require th&akg of small amounts of iron to

survive. The following section describes iron-sulpblusters, the importance of iron
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regulation and the transcriptional regulators, BPikR and RirA, the last of which is

a focus of this work.

1.2.1: Iron-Sulphur Clusters — History, Cluster Types and Biosynthesis

Iron-sulphurs clusters are omnipresent prosthgiitips that have a diverse
array of structures and functions. These prosthgtinips are some of the most
ancient in nature. The atmosphere on earth durrg first billion years was
anaerobic, but with plentiful supplies of iron aadphur. Ancient organisms utilised
these to make iron-sulphur clusters as proteinactofs. Among other functions
these co-factors could transfer electrons and bxy@nions and nitrogenous species.
Today iron-sulphur clusters are still spread thiamg the three kingdoms of life
[219-221].

Iron-sulphur clusters are defined as co-factorgainmg iron and inorganic
sulphur. Sulphur is well suited as a constituernnafti iron clusters. It has the ability
to populate 3d orbitals and has a longer, weakeirdgen bond than oxygen.
Chemically, it also has a range of valencies frdinsulphides) to +VI (sulphates).
Combined with abundant iron, which can exist mashmonly in ferrous and ferric
oxidation states and in different spin states, @éhiesportant prosthetic groups are
created [222]. Iron-sulphur clusters can be founchore than 200 classes of protein.
The types of iron-sulphur cluster found in thesetg@ns are also varied [222-224].
The structures of the most common types, [2Fe-PH{e-4S] and [4Fe-4S] are
illustrated in Figure 1.27. Rubredoxin is also ut#d as an example of a species
with one iron atom, but is not technically an irsulphur cluster due to having no
inorganic sulphur in its structure.

Iron-sulphur clusters are produced through thrisgndt types of assembly

machinery. These are the NIF, ISC and SUF systétf§, [225, 226]. The NIF
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system is specific for iron-sulphur clusters systbed for nitrogenase maturation in
azototrophic bacterial species suchhasinelandii[227, 228]. The ISC system is the
principal machinery of cluster biosynthesis in mabgcterial species such as
A. vinelandii and E. coli [229, 230]. There is also an ISC system containing
additional components in eukaryotic mitochondri2dJk The SUF machinery
operates much like the ISC system in bacterial ispday playing a general role in
biosynthesising clusters, except that this parmicidystem operates under iron
limiting conditions, or when the organism is underdative stress [231]. The SUF
system also provides the foundation for clustettsgsis in plant chloroplasts [219],
archaea and cyanobacteria. There are also baa®aaiples of SUF machineries in
Gram-positive bacteria, pathogenic bacteria andntbphilic bacteria [231]. All
three systems assemble [4Fe?Sind [2Fe-2S] clusters on scaffolds before
transfer and incorporation into proteins. The fioret of iron-sulphur clusters are

now discussed.

1.2.2: Iron-Sulphur Cluster Function — Electron Transfer

The versatility of iron sulphur clusters allows iihéo perform a large range
of biological functions. One of the primary funci® of iron-sulphur clusters is
mediating electron transport. The clusters have abiity to delocalise electron
density over iron and sulphur atoms, and therefioey are ideally suited for their
purpose. Iron has an ability to exist in two staitedation states [223]. Therefore in
principle a cluster containing iron can exist Thoidation states but in practice they
only operate between two. Depending on the prasinronment of the cluster, iron-
sulphur clusters can have reduction potentialsegstive as —500 mV or as positive

as +300 mV [232].
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Fe(Cys) proteins (technically not a iron-

S—Clys
| v sulphur protein due to no inorganic sulphur
Fe., atoms).
g —
Cys—s8~ \S_( ““ Example: Rubredoxms
Fe3+(S=5/2)—& 5 Fe* (S=2)
Cys—s /S—*i'}'-"‘ FeS, proteins.
FE"‘\ /".[-‘e Examples: Iron hydrogenases, adrenodoxin
('y.s,-—,c;/ : \‘s_(;-}-,,- type and plant type ferredoxins.
[2Fe-2S} (S=0—E 5 [2Fe-2S] (S=1/2)
FeS, proteins.
Examples: Aconitases, some bacterial type
Cys—§ ferredoxins, hydrogenase.
1;} [3Fe-4St (S=1/2_€ 5, [3Fe-4S] (S=2)
™ |
- T‘_Fe\:“.‘i—{ VS
Fe—=
( \'s—S’/
Cys— g\ Fe,S, proteins.
Fe _ Examples: HiPIPs, some bacterialtype
‘ N |\ s— Cys ferridoxins, some hydrogenases
Fé [4Fe-4S}* (S= 1/2)% [4Fe-4SF* (S=0)
\ (for HiPIPs)
/Fe— [4Fe-4S]2+ (S= C-% [AFe-4S]+ (S=1/2)
Cys—8 (for ferredoxins, hydrogenases)

Figure 1.27: Crystallographically defined iron-dulip cluster structures, examples of
proteins that contain these clusters, oxidatiotestand the spin states of these oxidation
states. There are other iron-sulphur clusters hotva including [8Fe-7S] iron sulphur
clusters found in nitrogenases for example. Takehaalapted from Johnsehal [224]. Red
denotes iron, brown denotes cysteines and asso@atphur and orange denotes inorganic

sulphide.
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Specifically, redox potentials for two iron clusecan range from +300 mV to
— 110 mV for Rieske clusters, and — 150 mV to — #B0 for cysteinate bound [2Fe-
2S] clusters. Three iron clusters can have reducpotentials ranging from
+ 100 mV to — 450 mV. Four iron clusters are of tiypes, high potential and low
potential. The former category has a range of reolugotentials + 450 mV to
+ 50 mV, whereas the latter have negative potenfrain — 300 mV to — 600 mV.
Reduction potentials reported below — 600 mV havebeen proven beyond doubt.
Iron-sulphur clusters are involved in a wide ramgfesystems. They are vital
components of respiratory electron transfer, sushmgochondrial and bacterial
respiratory complexes I, Il and Ill. They are alsgortant in electron transfer in
photosynthesis as a component of photosystem ly @l constitute many of the
prosthetic groups used in electron transfer in kldelland membrane-bound redox
enzymes. Iron-sulphur clusters are also the redtixeacomponent of ferredoxins, a
large class of mobile electron carrier proteinsistdrs involved in electron transfer
include [2Fe-2S], [3Fe-4S] and [4Fe-4S] as shownFigure 1.26. Cysteinate
commonly completes the sulphur coordination for hearf the cluster irons.
Variations have been observed and are usually préseadjust reduction potential,
facilitate the coupling of proton and electron sport or act as a gate to electron
transport [233-235]. These variations include thé@tch of a cysteinate to an
aspartate, serine, histidine or ligation to a backdamide via an exclusive iron site.
Special mention must go to the specialised [8Feel&ter of nitrogenase. Whereas
most clusters act as an electron carrier for oeetn, nitrogenase has the capacity
to facilitate the transport of two electrons. Whtwe cluster is subjected to two-
electron oxidation large structural changes takacelthat allow the coupling of

proton and electron transfer [236, 237].
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1.2.3: Iron Sulphur Cluster Function — Enzyme Cataysis

Iron sulphur clusters are also co-factors involwad partly involved in
binding sites for a wide variety of enzymes. Enzgraech as aconitase have a [4Fe-
4S] cluster including one iron that is not ligatgda cysteinate. This iron serves as a
Lewis acid to extract water from citrate to convetb isocitrate [238]. Dehydration
and hydration via iron-sulphur clusters occurs ilarge range of dehydratases and
hydratases [239].

The radical-S-adenosylmethionine is a superfamflyran-sulphur cluster
proteins that adopts a similar method to the hyded and dehydratases. These
enzymes have roles in radical reaction catalysiolued in the formation and
degradation of biological products such as cofactdrerbicides, vitamins and
antibiotics. Through binding of carboxylato and amigroups of the methionine
fragment to produce a reductive cleavage, a 5-gaedanosyl radical is generated
[240].

Some iron-sulphur cluster enzymes are only effeciiva metal site that can
bind substrate is attached through a cysteinylgeridExamples include attachment
of a dinickel component in the functional acetyleooyme A synthase [241], a
siroheme attached to the iron-sulphur cluster tnt@iand sulphite reductase [242]
and the presence of a two iron centre in the adite of Fe-hydrogenase [243].
Other metals can also be incorporated into thetalu® allow the activation or
binding of substrate, such as CO dehydrogenasehtistan unusual [Ni-4Fe-5S]

cluster [244].
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1.2.4: Iron Sulphur Cluster Function — Structural Functions, Disulphide
Cleavage and Sulphur Donation

Other roles that iron-sulphur clusters fulfil in tm@e are as structural
constituents in such as endonuclease Ill and M@&¥5] 246]. Both these DNA
repair enzymes use the iron-sulphur cluster torobatprotein loop critical for repair
and recognition of DNA damage. Iron-sulphur clustare also involved in enzyme
activity regulation. An example is the enzyme ghitze
phosphoribosylpyrophosphate amidotransferase fBamillus subtilis This uses a
[4Fe-4S] cluster to stabilise the enzyme. Oxygepedéent degradation of the
cluster results in irreversible denaturation of émezyme in vitro [247]. Iron-sulphur
clusters can also perform the roles of sulphur donand reduction of disulphides.
Sulphur donation is a function of the enzyme biaymthase. A [2Fe-2S] cluster
contained within the protein is degraded, providisglphur for the catalytic
conversion of dethiobiotin to biotin [248]. In tesmof disulphide reduction,
hetreodisulphide reductase imMMethanothermobacter marburgensiand the
chloroplast enzyme ferredoxin:thioredoxin reductbeth use a [4Fe-4S] cluster to

carry out cleavage of disulphides through ordesedyle electron steps [249, 250].

1.2.5: Iron Sulphur Cluster Function — Gene Regulabn

Iron-sulphur clusters are also used in regulatibrgene expression at a
transcriptional or translational level [251]. Thesf transcriptional factor identified
to contain an iron-sulphur cluster was SoxR, a@enE NO and superoxide stress.
This regulator is activated through oxidation of {2Fe-2S] cluster in conditions of
oxidative stress. The conversion of the clustem@iites the transcription factor
SoxS that in turn activates enzymes involved inrdraoval of superoxide and the

repair of damage caused by its effects [252]. TINR Hfumarate and nitrate
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reductase) transcriptional regulator senses oxy§jetivation occurs through oxygen
converting the dimeric, DNA-binding [4Fe-4%]form of the protein to the
monomeric [2Fe-23] type. This conversion results in regulated geneession of
aerobic and anaerobic respiratory proteins [253n@nmalian example is the iron-
regulatory protein 1 (IRP1). When iron is plentithe IRP1 binds a [4Fe-4S] cluster.
This allows it to behave as an aconitase. In canditof iron depletion the IRP1
loses the cluster that gives it the ability to birah responsive elements (IRE) found
on MRNAs. The IRE binding can inhibit translatiéoicated at the 5’ ends through
blocking scanning to the AUG start codon by ribosemBinding to the IREs
through location at the 3’ ends can also confereiased translation. This shields the
MRNA from nucleolytic degrading [254-256]. Finalljpe assembly system for iron-
sulphur clusters themselves has regulators thatireegron-sulphur clusters. The
iron-sulphur cluster assembly proteins in ib@operon have a regulatory protein in
IscR. It is thought that gene expression of thisrop operates on a feedback loop
and that the [2Fe-2S] containing IscR is the primrapressor [257].

The iron-regulator RirA, a focus of this work, is@ believed to be capable
of binding an iron-sulphur cluster, the presenceloich allows the protein to repress
iron uptake genes when iron is sufficient. Iron ulagon is important to
microorganisms to prevent formation of toxic byprot$. Iron regulation and the

classes of regulator, including RirA, are discussext.
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1.2.6: The Need for Iron Regulation

Apart from a few exceptional examples, the vastomiigj of microorganisms
have a need for iron [258, 259]. Iron has alwaysnban abundant metal on Earth.
The atmosphere during the first billion years oftka existence was anaerobic, iron
was present in the soluble ferrous form and theeedwailable for early organisms to
utilise. Today the atmosphere is aerobic, with neéghe iron in the insoluble ferric
form. This insolubility presents major difficultiesd microbes use various strategies
to acquire ferric iron, such as the use of sidevoph Siderophores are organic
compounds with a low molecular weight that binasgly to iron in the ferric (F8)
state [260]. These are secreted by the bacter@dar to chelate ferric iron and
imported into the cell via dedicated transport@&l]. As well as inorganic iron in
ferric form, other types of iron sources are adddao bacteria including inorganic
iron in ferrous form, heme as a protein constitu@rds a free molecule and proteins
such as ferritin or transferrin.

As well as the insolubility problem, iron preseatsother potential problem.
It can also be toxic intracellularly. The reacti@iwn below constitute the Haber-
Weiss cycle. Overall these would result in hydrogemoxide decomposition via
radical intermediates. In reality, the second rlieactthe ‘Haber-Weiss reaction’
[262], has a rate constant in water that is essintiero. The Haber Weiss reaction
Is shown in Equations 13 and 14.
HO, + OH — H,O + O~ + H' (13)
Ho0; + O " — O + HO + HO' (14)
This reaction can however be catalysed by meta, iparticularlyin vivo by ferrous
ions. Hydrogen peroxide can oxidise thé”’Fimns in the Fenton reaction [263]

shown in Equations 15 and 16. Thé Fean then be rereduced by the superoxide ion.
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Fe* + H,0, — F€* + HO + HO (15)
Fé + 0, - Fé* + O (16)
The net result is the Haber-Weiss reaction. Supgeoand hydrogen peroxide are
both present in cells. Therefore any free iron Egecould lead to the production of
hydroxyl radicals, which are both highly reactivedgpotentially damaging. This is
one of the important reasons why utilisation anthke of iron is tightly controlled
by the organism. A balance is needed for intratallion levels. As a result many
genes involved in iron utilization, storage, meta and uptake have tight
regulation [264]. Expression of these genes in@gasen iron levels are low.

In terms of the classes of iron responsive reguiathe majority of work has
focused on the ferric uptake regulator, or Fur [264]. Particular attention has been
paid to Fur in they-proteobacteria such & coli and Pseudomonaf268-270]. A
second type of iron regulator, found in Gram-pesitbacteria, performs some of the
roles of Fur. An example is th€orynebacterium diphtheria¢oxin production
repressor DtxR [266, 271, 272]. A third class gulator is rhizobial iron regulator,
or RirA, found in theRhizobia a repressor of genes involved in iron utilisation

conditions of iron sufficiency [273, 274].

1.2.7: The Classes of Iron Regulators

The most widely studied of the iron regulators isr.FFur is known to
regulate iron acquisition systems in a range oaoigms [275-280], and was first
described irE. coli [281]. In E. coli the Fur protein is 17 kDa in size [282] and is
thought to be dimeric in both apo and®*Féinding forms [283]. A two domain
structure has been proposed for the Fur proteire CTherminus is involved in

dimerisation and the N-terminus is involved in DKgEognition and binding [284].
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In early experiments Fur was thought to operatdibyling tofur boxes in its F&-

Fur form [285]. This is not entirely clear howevas, there is evidence that Fur binds
DNA with bound metal ions other than iron, and alsth no metal ions bound at all
[270, 280, 286, 287]. Thestur boxes are conserved sequences located near
promoters of genes whose transcription it reguld2&8]. The fur box and the
interaction of Fur with DNA have also been the sgbpf much debate. Propoded
box models include a triple 6 base pair repeat esecpy followed by only two of the
proposed 6 base pair sequences embedded in aséduénce [265, 289, 290]. The
binding of Fé*-Fur to thefur boxes inhibits expression when iron is in abundance
Conversely, when iron is scarce,’Fés released from Fur, the protein loses the
ability to bind DNA and allows RNA polymerases todb associated promoters,
resulting in gene expression [265, 270]. Many oésth genes encode proteins
involved in the uptake of iron, examples being ¢éhasvolved in the synthesis of
siderophores and their uptake. However, as welleasg involved in the repression
of many genes, Fur is also responsible for ironedépnt induction of many other
operons, for example, through repression of RyhBiénpresence of iron. RyhB is a
SRNA that regulates the expression of genes indoimemetabolism of iron. A
SRNA, or small RNA, is a non-coding RNA that is 3@0cleotides or less in size.
RyhB inhibits a variety of genes that seem to be iRduced [291]. The crystal
structures of Fur fron. aeruginosaVibrio choleraeand Heliobacter pylorihave
been resolved [292-294], as well as that of the DiiAding domain oE. coli Fur
[295]. The structure dP. aeruginosaandH. pylori Fur is shown in Figure 1.28. The
P. aeruginosaandV. choleraeFur have two metal binding domains [292, 294]. One
of the sites is in the dimerisation domain, and thker site bridges both the

dimerisation domain and the DNA binding domain.
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[Al

Dimerisation domain

Zn2*binding site 2

DNA binding domain

Dimerisation domain

DNA binding domain

Figure 1.28: Structures of Fur monomers frBnaeruginosdA] and H. pylori [B] showing
the distinct domains in different shades of green aa cartoon representation. The
dimerisation domain is coloured bright green aredINA binding domain pale green. Zn
binding site ions are shown as grey spheres witlocated amino acid ligands in stick
representation, coloured according to the domape tirom which the residue belongs.

Figure constructed using Pymol. Sources: 1MZB.puth2X1G.pdb [292, 293].
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As with thefur box and the role of iron in activating Fur to biDMA, the details of
the metal sites are the subject of controversy,[28@Q, 294]. It is unclear which site
is the iron-sensing binding site, and whether or the other has a role beyond
stabilising protein structure. Thid. pylori structure has three metal binding sites
[293]. One has been identified as a structural metasite [296], whereas the other
two are homologous to the two binding sites of FheaeruginosaFur [292]. Iron
regulation in some of theRhizobia Gram-negativea-protobacteria can show
significant variation from the archetypal Fur regfidn. They have the ability to
form nitrogen-fixing symbioses with specific membeof the legume family.
Rhizobium leguminosaruroan form nodules on beans, peas, lentils, clover a
vetches. Differentiated forms &thizobia known as the bacteroids, fix atmospheric
nitrogen. There is a significant requirement farnirin nitrogen fixation due to it
being a component of nitrogenase and other elediramsfer proteins such as
cytochromes and ferredoxins. As well as these, plaat also produces a large
amount of leghaemoglobin. In a free-living state #hizobiacan produce and
import siderophores to acquire iron [297]. They e use ferric citrate and haem.
The use of haem is particularly remarkable as iaoquisition from haem (or
haemoglobin) is normally a trait of pathogenic kaet An example of the
differences in iron regulation can be seemradyrhizobium japonicumrhe Fur of
Bradyrhizobiumrecognises sequences that are very different themmusual fur box
sequences, such as thosekofcoli. Also Fur mutants have some iron acquisition
systems that remain unaffectebllesorhizobium lotihas no Fur protein in its
proteome, andR. leguminosarunand Sinorhizobium melilothave the manganese
uptake regulator (or Mur). Mur is a very close hdmgoe of Fur but it responds to
Mn?* and not F& [298]. It was found that Mur had no structurafZion but instead

bound two MA" ions per dimer [299]. It represses tieABCD ABC transporter
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operon under replete conditions of Mn300]. Mur binds to Mur recognition
sequences (MRS) under such conditions [301] butnieasole in the regulation of
iron uptake genes. There are also zinc and nigiialke regulators in the Fur family
[302-304].

As well as Gram-negative bacteria, Fur family pridehave also been
discovered in cyanobacteria and Gram-positive Ibiacf805-307]. In Gram-positive
bacteria, however, there is another important cla@sgron-responsive regulation
proteins. These are the DtxR family members (Figu&8) [264, 308]. DixR was
first discovered and identified as a repressor h&f production of toxin in the
organism Corynebacterium diphtheriad309]. To date, more than 30 DtxR
homologues have been identified, including the-dependent repressor IdeR from
Mycobacterium tuberculosi810]. DixR and Fur appear to share some structural
similarity between bacterial classes. Both haveslaturn helix motif at the DNA
binding site located at the N-terminal domain. BatBo have at least two metal
binding sites located at the C-terminal domain BAgrminal / C-terminal interface.
Both of these metal binding sites are essentiatHerfunction of DtxR [311, 312].
The N-terminal domain also contains the dimerisaind metal-binding sites. The
C-terminal domain is homologous in structure to aey&tic SH3 domains [313,
314]. It is unclear what function the C-terminahain performs. The DtxR proteins,
like Fur, also have dual functionality as a repoessd an activator of iron uptake
and storage genes [316, 317]. DtxR and Fur howagwerot share any similarities in
sequences [264, 266]. The DtxR protein does nodl bior boxes, but binds to
operators with the common 19 bp core consensus esequ
TTAGGTTAGCCTAACCTAA [318, 319]. DtxR has been acted in vitro by
many divalent cations other than’EeThese include Nf, C&*, Mn?*, Zn** and Cd*

[320-323].
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[Al

C-terminal domain P

Helix turn helix
motif

Secondary metal site
R Primary metal site
Dimer interface

[B] Helix 8 (orange)

Helix 1 (magenta)
Helix 5 (blue)

Helix 4 (red)

Figure 1.29: Structures of DtxR fro@. diphtheriashown in cartoon representation. Metal
atoms are shown as pink spheres and associatawidiga stick representation coloured
according to the domain or helix they belong td. P&R showing the N-terminal domain in

bright green and the C-termindbmainin pale green with key features labelled. [B] DtxR
showing the helices that contain key residues &ssacwith the proposed mechanism [315].

Figure constructed using Pymol. Source: 1COW.pdB](3
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The crystal structures of DtxR have also utiliséldo& these divalent transition
metals [311, 313, 324-327]. The structure of DtxRhwbound to the two metal
binding sites is shown in Figure 1.29A. A mechani®mthe stepwise binding of
divalent metal ions and structural changes throcalorimetric and spectroscopic
studies of wild type and mutant DtxR has been psedo[315]. Binding of the
primary metal ion results in the organisation cfidees at helix 5 and the subsequent
N-terminal loop. The DNA binding domain then asstes with the rest of the
protein through methionine 10 at helix 1. The méialding at the secondary site
then fixes the positions of helices 4, 5 and 8, mletmg the folding of the N-domain
and the formation of the dimer interface. The posg of the key helices can be
found in Figure 1.29B.

Another member of the Fur superfamily is the iresponsive regulator Irr
[328]. R. leguminosarunir is 30% identical to Fur i&. coliand 62% identical to Irr
in B. japonicum The sequence alignment demonstrating this is showigure 1.30.
Irr is a wide-ranging iron-responsive regulator tthreegatively regulates haem
biosynthesis and positively regulates ferric iroemsport [329-331]. It is thought to
be a haem protein that functions in conditions whbere is little iron available. No
crystal structure for Irr has so far been publisHadR. leguminosarunit has been
shown that heme binding dramatically reduces thieigf of the Irr protein for its
associated DNA operator sequence [332]. As welthes heme binding at the
second, lower-affinity site promotes oligomerizati@B@33]. In B. japonicumIrr
rapidly degrades via an unknown mechanism when haeniron is present.
B. japonicumirr binds haem at two sites at least. The fir& & the haem regulatory
motif, or HRM (Gly-Cys-Pro-Trp-His-Asp) and the s&dl is the HxH (Histidine-x-

Histidine) [334, 335].
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Figure 1.30: (Previous page) Multiple sequencenatignt of Irrproteins from six genera of
bacteria plus family membeg. coli Fur for comparison (accession numbers from top:
YP_765719.1, AAK85974.2, NP_384335.1, AAO89498.1RP_¥989516.1, AAC32183.1,
YP_001457481.1). Light grey highlights denote tlesidue is conserved in all six Irr
proteins. Dark grey highlights denote that thedesiis conserved in the six Irr proteins and
the Fur sequence. Residues involved in the HRF@stB. japonicumand the HxH motif
are boxed. Alignment constructed using ClustalW@ dalview [105, 106]Abbreviations:

Rl — Rhizobium leguminosaruinr, At — Agrobacterium tumefacierisr-like protein, Sm—
Sinorhizobium melilotirr, Ba— Brucella abortudrr, Bb — Bartonella bacilliformislrr, Bj —

Bradyrhizobium japonicurirr, Ec — Escherichia coliFur.

R. leguminosarumrr has high identity but lacks the HRM site (it edo
contain the HxH site). Proteins such as ferrochsktleliver haem to Irr in vivo. Trr
mutants inR. leguminosarunoverproduce protoporphyrin [298]. Like RirA mutant
Irr” mutants are Fixand Nod. Irr controls iron-induced expression of geneshsag
hemAlandrirA through ICE (Iron Control Element) motifs [328, 33Bhese exist
near the promoters of many genes controlled byiriris thought to bind to the ICE
sites. Other genes R. leguminosarumvhere ICE sequences are located rabgA
which encodes a protein which is thought to be Ive in conferring resistance to
high iron levels,fssA which has 50% identity to a (FeS) cell cycle tatpr
interactor protein in humans, anpA, which in Synechococcus a iron-repressed
OM protein controlled by Fur. All three of thesengs are iron induced by Irr. Irr can
work with other iron regulators, for example Ritt&, control genes such asf The
suf gene is iron-repressed by RirA and repressed unolerdeficiency by Irr. The
genesrirA andrrpl (an Irp6A like protein that binds to siderophoras} also under

dual control of RirA and Irr [328]. It has also Ineeecently demonstrated that tine
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gene inB. japonicumis repressed by Fur and antirepressed by Irr [3B7inediates

the repression of iron-induced genes when theaglask of iron in the environment.
The opposing regulation iRR. leguminosarums co-ordinated by rhizobial iron
regulator (RirA). RirA controls the genes involved the uptake of iron through
repression under conditions of iron sufficiencyt/ARis a focus of this work and is

discussed next.

1.2.8: The Rhizobial Iron Regulator (RirA)

In R. leguminosarunandS. melilotithe Fur protein is replaced with RirA as
the global iron-responsive regulator [273, 274,,38®)]. Recent work published on
Agrobacterium tumefaciensas also shown that RirA is the main regulatoirom
uptake genes and not Fur [340, 341]. The RirA magu$ fairly extensive in that
~ 100 proteins have been found to be RirA reprebyd®l leguminosarumand 45 in
S. meliloti[339, 342, 343]R. leguminosaruniRirA is involved in the regulation of
vicibactin synthesisvpg and uptake ffiu) genes, genes that are involved in the
uptake of haem such &nB andhmuy and genes that are thought to be involved in
Fe’* transport §fu). As well as these it regulates an ECF RNA polyses factor
calledrpol. These genes are repressed in wild-type cells iwathin abundance, but
not in the RirA mutants [328, 338, 342]. It has been shown titd mutants
overproduce vicibactin fourfold. Another charadgd is slightly impaired growth.
RirA mutants are also Fixand Nod. As well as repression, RirA is also thought to
positively regulate certain genes. Examples are Rh&019 protein, thought to
confer resistance to microcin B17, a tRNA modifyiGgtB-type enzyme and the
ABC transporter binding proteins Rip2, Rip4 and Rif842]. As mentioned

previously, RirA also represses genes, suckuéandrrpl, in tandem with Irr. RirA
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is also itself dual-regulated. In iron-replete cibinds it is negatively autoregulated,
whereas in conditions of low iron it is repressgdrb[328, 338].

Examples of proteins tha. meliloti RirA represses are iron and heme
transportation geneemuPSTUand shmR the genesxoY and exoN involved in
exopolysaccharide production and predicted metalggnedixN3, fixP3 andgxtAB
[339]. Like R. leguminosarunRirA it also regulatesuf genes involved in iron-
sulphur cluster formation. Only four unspecifiechgs were shown to be positively
regulated byS. meliloti RirA [339]. In additionS. meliloti also has a positive
regulator called RhrA which is repressed by RirArRis involved in transcription
of rhb genes that are thought to be involved in the pebidn of rhizobactin 1021, a
siderophore [339, 343].

A single monomer of RirA irR. leguminosarunis 17441 Da in size. The
RirA amino acid sequence contains four cysteinasdhe in close proximity to each
other. It has therefore been suggested that Rirkaiws a FeS cluster that is bound
by the four cysteines in its sequence. The iroptaud cluster availability is thought
to be utilised by RirA as a measure of binding épress target genes. High iron
levels result in a high probability of cluster bimgl and binding to DNA to repress
target genes, whereas low iron results in scaraitglusters and therefore little
likelihood of DNA binding to initiate repression48]. RirA binds to IRO motifs
found at promoter regions of RirA repressed geiibgse are cis-acting regulatory
sequences with the consensus sequence TR [344, 345]. They are located
near some of the promoters of the genes RirA repsesvhen responding to the
availability of iron.

RirA has very similar homologues in close relagieéRhizobium They have
approximately 70% identity to homologues foundinorhizobiumMesorhizobium

Agrobacterium BartonellaandBrucella The multiple sequence alignment of these
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RirA homologues is shown in Figure 1.31. Interagiin B. japonicumhas no
obvious homologue of RirA in its genome. RirA shoa® sequence similarity to
DtxR or Fur. Instead RirA also has around 30% segeasimilarity to a large family
of proteins known as the Rrf2 family. The multiglequence alignment for the well
studied Rrf2 family members is shown in Figure 1.BRree of the cysteines in the
sequence oR. leguminosaruniRirA are highly conserved (~70%) among the Rrf2
family. These three cysteines have been shown tesbential to all the regulatory
functions ofR. leguminosaruniRirA by site-directed mutagenesis. Very few of the
Rrf2 family have been studied in detail. No crystalictures have been published for
RirA or any of the Rrf2 family. Examples that haveen well studied other than
RirA include Rrf2, which is found irDesulfovibrio vulgarisand is involved in
regulation of cytochrome synthesis [346], IscR.epressor ofscRSUAIn E. coli
(This operon is involved in [FeS] production) [2547] and NsrR, a transcription

regulator inNitrosomonas europaeandE. colithat is sensitive to nitrite [348, 349].
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MRLTKQTNYAVRMLMYCAANDGHLSRIPEIAKAYGVSELFLFKILQPRNK
MRLTKQTNYAVRMLMYCAANEGYLSRIPEIAKAYGVSELFLFKILQPBUK
MRLTKQTNYAVRMLMYCAANGEKLSRIPEIARAYGVSELFLFKILQPRTR
MRLTRQTNYAIRMLMY CAANDGKLSRIPEIARAYNVSELFLFKILQPLSE
MRLTRQTNYAMRILMY CAANNDRLSRIPEIATAYSVSELFLFKILQPLYME
MRLTKQTNYALRILMYCADNQESLSRIPEIAKAYAVSELFLFEKILQPL?B

AGLVETVRGRNGGVRLGKPAADISLFDVVRVTEDSHAMAECFEDDGBYEC
AGLVETVRGRNGGVRLGKPPTDISLFDVVRVTEDSFAMAECFED-G3YEC
AGLVETVRGRNGGVRLPRPASEITLFDVVKVTEDSFAMAECFE BEDC

HGLVETVRGRNGGVRLGRASQDISLFDVVRVTEENFSMAECFEN{RSEC
NGLVETVRGRNGGVRLGRAAEAISLFDVVRVTEESHA MAECFE DAAEC

AGFVKTVRGRNGGVKLAKPAAEISVADVVKVTEDN SMAECFD ABGBNC

PLVDSCGLNSALRKALNAFFAVLSEYSIDDLVKARPQINFLLGITG-ERA9
PLVDSCGLNSALRKALNAFFDVLTEYSIDDLVKARPQINFLLGLD--ELTA7
PLVDSCGLNAALRKALNAFFEVLQGYTIDDLVKARPQINFLLGLE--ER¥%7
PLVDSCGLNAALREALNAFFAVLMKYSIADLVKARPNVRLLLGLD--EME
PLVDSCALNSALREALNAFFAVLARYTIADMVAARPNVRNLLGID--ML47
PLIDFCSLNTALQKALNAFFDVLSVISLADLQ--RPSFRNQLKIDNREII147

YR----KPAIVAPAA 160
HRGIAKKMPITAPAA 162

RP—-emme- QTSAA 154
J\-J— RIAR 153
] S— APAA 153

NSN------- HVKGN 155

Figure 1.31: Multiple sequence alignment of Ripfoteins from six genera of bacteria

(accession numbers from top: CAC35510.1, ACM2554ZAC45302.1, EFH32853.1,

NP_102801.1, YP_033417.1). Grey highlights deribte residue is conserved in all six

RirA homologues. The four conserved cysteine ressdinought to be ligands for an iron-

sulphur cluster are boxed. Alignment constructsitigi ClustalW2 and Jalview [105, 106].

Abbreviations: Rl — Rhizobium leguminosarymAr — Agrobacterium radiobacter Sm —

Sinorhizobium melilofiBa — Brucella abortusMl — Mesorhizobium lotiBh — Bartonella

henselae
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RirA° MRLTKQTNYAVRMLMYCAAN-DGHLSRIPEIAKAYGVSELFLFKI 44
NsrR MRLTNYSDYALRILTYLGLK-REELSTITEIADCYGISRNHVVKI 44
IscR MRLTSKGRYAVTAMLDVALNSEAGPVPLADISERQGISLSYLE@%
Rrf2 MKLTTRSRYGTRMLLDIAMHGSEQPVSIKDIAQRQGISVKYLEKIS

RirA LQPLNKAGLVETVRGRNGGVRLGKPAADISLFDVVRVTEDSFAEA
NsrR VHHLGQLGYVDTLRGKNGGIRLAHAPEKINIGEVIRHTETSMD89
IscR FSRLRKNGLVSSVRGPGGGYLLGKDASSIAVGEVISAVDESVDSOT
Rrf2 IRVLRKAGYITSTLGAHGGYQLAHKAEDIPVGDVVYALEEMEAPQ

RirA ECHEDDGEVHCGPLVDBCGLNSALRKALNAFFAVLSEYSIDDLVK34
NsrR EGFSNQN--SCIGCSCYLRTAISEALSAFMAVLDDYTLADLIAP 132
IscR RQQGKG---GGOGGDKCLTHALWRDLSDRLTGFLNNITLGELVNIBR
Rrf2 ECDEENP--CQHRRMAVIGLTRTIWGEAAKAMYRKLNTFTLADLMREB

RirA RPQINFLLGITGEPAYRKPAIVAPAA---- 160

NsrR RRQLSRKLHVMQISDSLSD----------- 151
IscR QEVLDVSGRQHTHDAPRTRIQDAIDVKLRA 162
Rrf2  ASLCPKNACNISPHATH------------- 150

Figure 1.32: Multiple sequence alignment of Rriilig proteins from four genera of bacteria
(accession numbers from top: CAC35510.1, NP84100R1001459324.1, P33395.1). Grey
highlights denote the residue is conserved. Theethonserved cysteine residues found in
70% of the Rrf2 members are boxed. Alignment coegtd using ClustalWw2 and Jalview
[105, 106].Abbreviations: RirA— Rhizobium leguminosarurhizobial iron regulatgr NsrR

— Nitrosomonas europaestrite sensitive repressdscR —Escherichia coliron -sulphur

cluster regulator, Rrf2 Besulfovibrio vulgaris cytochromg&ynthesis regulator.
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1.3: Aims of the Work Described in the Thesis

The work described in this thesis is divided inteotprojects. The first
subject is RirA, an iron responsive regulator fr&nleguminosarumThe general
objective was a molecular characterisation of RisA, building on genetic work
carried out by the Johnston laboratory at UEA [388)]. Specific objectives were as
follows:
1. To establish protocols for the growth Bf coli strains overexpressing the
RirA protein.
2. To establish purification methods in order to abt@uantities of RirA
sufficient for detailed characterisation.
3. To determine the fundamental properties of RirAhsas oligomeric state and
electronic absorption extinction coefficients.
4. By attempting to reconstitute an iron-sulphur ausin the purified apo-
protein, to test the proposal that, in order tocfion as a repressor, RirA binds such
a cluster.
5. To investigate and characterise any iron-sulphustels reconstituted in
RirA protein using spectroscopic methods such asMiBible electronic absorbance,

EPR and MCD, and by performing iron and sulphuagss

The second project involved thé nitrite reductases from. aeruginosaand
P. pantotrophu$125, 127]. The objectives for this project were:
1. To adapt previous purification methods to obtaindygields of highly pure
protein that did not contain trace contaminantshsws pseudoazurin and

cytochromec.
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2. To investigate the effect of pH @h heme spin state iR. aeruginosa cd In
the P. pantotrophusenzyme, low pH results in a higher proportion @fhhspind,;
heme and acceleration of activation by nitrite.

3. To investigate the product of reactiRg aeruginosaandP. pantotrophusd;
with the small ligands NO, NDand Ny and so to investigate the possible existence
of a novel F&-NO- form of heme nitrosyl at hende

4. To investigate, by simulation and integration ofREgpectra, whether or not
the as prepared samplesRofaeruginosaandP. pantotrophus cdcontain previously
unidentified sub-populations of an EPR silent' #¢O- form.

5. To investigate the activation of oxidis&d aeruginosaandP. pantotrophus
cdy by nitrite through activity assays, and to analiyse effect of pH and $0/D,O
on this activation.

6. To investigate the reoxidation of reducdd pantotrophus c¢d with
hydroxylamine. This gives an indication of whethiee hemec ligand switch, the

novel form ofd; heme or both are required fooh activation.
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Chapter 2.

Experimental techniques

2.1: General Materials, Methods and Techniques.
This chapter describes the techniques, procedureésreethods used in all
parts of this work. Methods that are unique to Hme@rojects, such as the

purification of RirA, are described in more detailater chapters.

2.1.1: Buffer and Growth Media Preparation.

All buffer and growth media components were wetgbat in weighing boats
using either Ohaus Adventurer weighing scales foangties in grams or Ohaus
Explorer weighing scales for quantities in milligra. All buffer solutions and
growth media were prepared using distilled waterDg© in some experimental
cases. Buffers made with,O are given a pH* value, where pH* is the appayht
of the DO solutions measured using a standard glass alectpH was measured
using a Hanna Instruments pH 210 Microprocessor rpeter. Unless stated,
concentrated hydrochloric acid was used to lowerpH and 5v sodium hydroxide
used to raise the pH. Whilst adjusting the pH,ldb#er is stirred using a stirrer bar
powered by a Stuart SB161 stirrer plate. Bufferunegy for anaerobic use was
sparged with nitrogen or argon (depending on buftdume and headspace) for at
least an hour. The gas used for sparging was fedigh a line and bubbles through
the buffer via a needle. Any possible points ofrerfior oxygen were sealed with
Parafilm except for a pressure outlet. This outles a second needle. The buffer

was kept moving slowly with a stirrer bar and ag@®t5B161 stirrer plate. Growth
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media once made was autoclaved in a LTE ScierKiistrel autoclave on a media

cycle before any bacterial growth cultures were w@mced.

2.1.2: Anaerobic Experiments.

Anaerobic work was performed in multiple glove bex A Faircrest
anaerobic glove box was used in the preparatiomeobnstituted RirA and NO
saturated solutions. A Belle glove box containirgnaall Belle anaerobic fridge was
used to store sensitive reconstituted RirA samatescarry out oxygen experiments
on reconstituted RirA. Finally another Belle andétoglove box was used in
preparinged; for EPR and MCD spectroscopy and to carry ouvdgtassays omd;.
Anaerobic solutions of certain compounds or pra&esach as nitrite and reduced
horse heart cytochromein cd; assays were prepared by weighing out the correct
amount before transferring into the glove box. Bb&utions were then prepared in
the anaerobic glove box using prepared anaerobiterbuAll buffers were
thoroughly sparged (see buffer and growth medigparetion section) and left at

least overnight before being used as anaerobiebsdéiutions.

2.1.3: General Protein Purification Technique.

The S200 gel filtration column, DEAE-Sepharoseaunut, Phenyl-Sepharose
column and all HiTrap columns were stored in 20%@eptl (absolute ethanol diluted
with water) at room temperature when not in usethBnPseudomonas aeruginosa
cd; and RirA preparations the CM, DEAE and Heparinuouils were from the
HiTrap range of columns. The gel filtration columsed in all three preparations was
a HiPrep 26/60 S200 gel filtration column. The %00 volume of DEAE-Sepharose

used in the preparation &aracoccus pantotrophus cd; was contained in a XK 50
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column. The column was packed using a reservoabtain uniform packing of the
DEAE-Sepharose medium. The Phenyl-Sepharose calutie P. pantotrophus cd;
preparation was also packed by hand. The 15 mLheh{-Sepharose medium was
contained in a 16/20 column. This column was retyleleaned and repacked as
contaminants that tightly bind to the medium teadbuild up quickly and proteins
can precipitate in the medium causing blockageg. dieaning procedure involved
pouring the medium out of the column. The mediurs tWen washed in & sodium
hydroxide to remove precipitated protein and 70¥%aebl to remove any tightly
bound protein. The medium was washed in distilletewbefore being repacked. 10
column volumes of distilled water were then rurotigh the column before storage
in 20% ethanol to stop microbiological growth. Quhs are used either in
conjunction with an AKTAprime Plus purification $gsn connected to Primeview,
or they were fitted with a syringe adaptor so buffeuld be syringed through the
medium. Purification steps using the AKTAprime Plsygstem use the fraction

collector with 13 mL plastic test tubes to collpobtein fractions.

2.1.4: Concentration of Protein Samples.

The concentration of protein samples used diftenreathods depending on
sample volumes. When the volume of protein wasiemicrolitre to low millilitre
range, 10000 MWCO Microcons were used with a Sigerech top microcentrifuge.
Millipore 3000 MWCO Centricons were used in conjume with an ALC PK121R
centrifuge with an A-M10 rotor for volumes of teak millilitres. Larger volumes
than this are concentrated using an Amicon 805filttation cell under argon

pressure with an YM10 filter disc.

109



Chap2. Materials, methods and experimental techsique

2.1.5: SDS-PAGE.

SDS-PAGE was carried out using Hoefer SE 250 ppheatus. Firstly the
back plate, glass front plate and side pieces wiaraped together. The gel caster
was then assembled as per instructions but mogjanvaas pipetted along the rubber
seal. This was allowed to set to provide a tigisteal when the unset liquid gel is
transferred to the plates. Table 2.01 shows thepooents required to make two

separating gels of different percentages.

Required chemicals / | 12% 15% 4% Stacking Gel
solvents Running Running Gel
Gel
Water 10 mL 7 mL 6.15 mL
Tris (1m) pH 8.8 7.5 mL 7.5 mL n/a
Tris (1m) pH 6.8 n/a n/a 2.5 mL
SDS (10% wiv) 300puL 300l 50 pL

30%  Acrylamide/Bis

Solution (37.5:1) 12:mlL 15mL 1.35mL
Ammonium

persulphate (10% wi/v) 150uL 150uL 50 uL
TEMED 200L 20nL TouL

Table 2.01: The volumes required for the differemihponents of resolving
and stacking gels in SDS-PAGE. These were scalehdmlown as required.
Abbreviations, Tris - tris(hydroxymethyl)aminomettea SDS - sodium

dodecyl sulphate, TEMED - N,N,N’,N’-tetra-methylhgtenediamine.

The 15% gel gives a better resolution for the sengroteins, whereas the 12% is
better for higher molecular proteins. Once the @etage is chosen, the components
listed in Table 1.01 were combined apart from them@nium persulphate and

N,N,N’,N’-tetra-methyl-ethylenediamine (TEMED). Tla@nmonium persulphate and
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TEMED were only added when the separating gels vesdy to be cast. A 1.5-2 cm
gap is left at the top for the stacking gel. Wates carefully layered onto the top of
the separating gel to remove bubbles and levehepdp. The separating gel was
then left to set. Once the gel was completelylsen the water was carefully poured
off. The stacking gel was then prepared. Again,dbmponents listed in Table 1.01
were combined except for the ammonium persulphadetlae TEMED. They were
only added when the stacking gel was ready to pbloe. stacking gel was poured
such that the gel level reached the top of theepltcomb was then placed at the top
of the plate to create lanes for protein loadinige Btacking gel was then left to set.
Once this had set, the plates with the containédaed be removed from the caster
and clamp. The plate was then clipped onto the tartk buffer chamber core. The
sample wells and tank were then filled with runnibgffer. A 5x concentrated
solution of running buffer contains 15 g/L tris(mggymethyl)aminomethane (Tris),
72 g/L glycine and 5 g/L sodium dodecyl sulphat®$$ This was then diluted 5
times to create a 1x solution to use in SDS-PAGEu®ning lane decal was then
placed on the plate to show the position of the$aifhe comb was then removed so
loading can proceed. The first lane was filled vidthL of Biorad Precision plus All
Blue Standard. This is the protein marker with rgeaof 10 — 250 kDa. The protein
sample concentration was dependant on the purgdbe gel. As a general rule the
sample should contain at least {9 of protein, but some gels in this work are
heavily overloaded so trace contaminating protemda be detected. A maximum of
20 pL could be transferred into each well. This comslsof 10uL of a suitably
concentrated protein sample andlOof loading buffer. Loading buffer consists of

the components listed in Table 2.02
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Required chemicals/ solvents _ Required volume /
and final concentrations Stock solution weight

100 mv Tris pH 6.8 Im Tris pH 6.8 | 1 mL of stock solution
200 mv DTT ImDTT 2 mL of stock solution
4% SDS (w/v) 10% SDS 4 mL of stock solution
20% Glycerol 100% Glycerol| 2 mL of 100% Glycerol
0.2% Bromophenol Blue (w/v) n/a 20 mgs

Water n/a 1mL

Table 2.02: Components required for making 10 ngrotein loading
buffer. Abbreviations, Tris - tris(hydroxymethyl)amomethane, DTT —

dithiothreitol, SDS - sodium dodecyl sulphate.

Each sample to be tested was transferred to ausielty a 2QL Gilson pipette. Once

all the samples were loaded the decal was remdakedyuffer levels were checked
and the lid was clicked into place. The cables fritva lid were connected to a
Consort E844 power pack. The power pack was swdtdmeand the voltage adjusted
to 180 mV. The gel was left to run for 45 mins tbhdur until the markers are clearly
resolved. The gel was then removed from the appsiatd put into a plastic tray. A
sufficiently amount of Coomassie stain to coverdgbewas poured into the tray. The
stain is prepared by dissolving 1 g of BrilliantuBlin 500 mL water, 400 mL

methanol and 100 mL acetic acid. The gel was lefthe stain for an hour on a
Thermo Scientific MaxQ 2000 shaker. The stain wentdiscarded and replaced
with a destain solution. This was prepared by ngxifO0O mL water, 200 mL

methanol and 100 mL acetic acid. The gel was th#troh the shaker and in destain

until all markers and protein bands could be cleagen. Once the bands were clear
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to see the gel could be put between two piecesaokparency film and scanned

using a HP Scanjet 2400 scanner.

2.2: Materials, Methods and Techniques Used for the Rir A Project.

The following techniques and procedures were usédio the RirA project.

2.2.1: Determination of the Extinction Coefficient of Rir A Apoprotein.

A 2 ml sample of 4@m RirA protein in 50 nrm HEPES pH 7.5 was prepared.
Sample and reference quartz cuvettes were theramepvith 2 mL of 50 m
HEPES pH 7.5 in each. These cuvettes were then umezhsin a Helios
spectrophotometer to establish a baseline. Oncédkeline was established, 1 mL
of RirA sample was then placed into a 1 cm pathlenmiartz cuvette. The volume
was then made up to 2 mL by addition of 1 mL of @ HEPES pH 7.5. The
solutions were then stirred carefully using a glass The cuvette was then placed in
the spectrophotometer. A spectrum is then meastm@th 260-360 nm. The
absorbance at 280 nm was then recorded. This vea28B nm native absorbance
value.

A further 1 mL of RirA was placed into a 1 cm gdatigth quartz cuvette. The
volume was then again made up to 2 mL through maddf 6.6m guanidine-HCI in
75 mv HEPES pH 7.5. A glass rod was again used to cdyestir the solutions
together. The cuvette is placed in the spectropheter and a spectrum was
recorded at 260-360 nm. The absorbance at 280 raagan recorded. This was the
280 nm denatured absorbance value. The estimat#cteon coefficient is then

calculated using Equation 1.

ENative 280 nn €Denatured 280 nnf (ANative 280 nibA Denatured 280 n% (1)
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The epenatured 280 nmwas calculated from the amount of tryptophans, diyres and
cysteines in the amino acid sequence. In RirA theeee five tyrosines and four
cysteines. From model compounds the extinctionfibexfits are known at 280 nm
for tyrosine and cysteine, 1,490 and 25 cm* respectively [1]. Therefore a RirA
monomer has @penatured 280 nPf 6925M ™1 cmit. This extinction coefficient then

needs to be multiplied by the ratio ofi#ve 280 n#ADenatured 280 0 g€t an estimated

ENative 280 nm

2.2.2: Biorad (Bradford) Protein Assays.

A 1 mg/mL solution of bovine serum albumen (BSAjsmmade using the
buffer that the sample protein is contained in. Bbteck solution of BSA was
transferred to 13 mL plastic test tubes in volurok®, 20, 40, 60, 80 and 1QQ..
These stock solutions were diluted accordingly veitiffer to make the final volume
100uL. This gave a range of concentrations from 0 mgB3A to 1.0 mg/mL BSA
in increments of 0.2 mg/mL. As well as these staslatwo samples of protein of
unknown concentration, volumes 25 and&Owere transferred to two 13 mL test
tubes. These unknown samples were also diluted final volume of 100ul. A
working strength Biorad dye is then made by adding part Biorad dye-reagent
concentrate with four parts buffer. To each of #8emL test tubes was added 5 mL
of working strength Biorad dye. Each test tube wadexed briefly to mix. The
samples were left for 15 mins to allow colour tawelep. In the presence of protein
the dye-reagent will change from red-brown to bWer 15 mins had elapsed the
samples were measured in a Helios spectrophotomsitey 1 mL, 1 cm pathlength
cuvettes. Because absorbance increases over tithethwg assay, three runs were

performed in succession. A standard curve for gachis drawn from which the
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concentrations of protein can be calculatédhe values are close for the multiple
runs then an average was used. If the subsequeoemation calculations for the
two unknown samples are also close then again erage was used. This is used as

the final protein concentration.

2.2.3: Iron Assays.

112 uL of BDH Spectrosol standard iron solution was w@ithto 10 mL with
water to give a final iron standard concentratib@@0.133uM. Incremental volumes
of the standard iron solution (0, 10, 20, 30, 40, &), 70, 80, 90 and 1Q@Q.) were
transferred to 2 mL screw top Eppendorf tubes. 8dmp Eppendorf tubes were
used so the lids did not open when tubes were theate90°C after nitric acid
addition later in the assay preparation. Each Egméntube containing the iron
solution was diluted with water to give a final unle of 100uL. This gives a range
of iron concentrations from 0 to 200.13@8. Two more Eppendorf tubes containing
10 uL and 20uL of solution with unknown iron concentration wgneepared. These
were also diluted with water to give a final voluroé 100 uL. To each of the
samples was added 1@QQ of 21.7% nitric acid. The samples were incubatada
Grant heat block for 30 min at 90°C. The heatedpesnwere then placed in a
freezer to cool for 20 min. The samples were thentrduged at 9000 x g
(10000 rpm) for 30 seconds in a Sigma bench topribgge to collect the resulting
condensate. Then 0.6 mL of 7.5% ammonium acet@teull of ascorbic acid and
100uL of 10 nmv ferene were added to the samples. Each samplevertéexed
briefly to allow mixing. The reactions were allowéa develop for 30 mins before
each sample was analysed at an absorbance of 593gway mixtures produce a

dark blue colour in the presence of iron. A staddaurve was drawn and the iron
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concentrations of the two unknown samples wereutatied. If the calculated iron
concentrations were similar then an average coeldafien to give a final iron

concentration.

2.2.4: Sulphide Assays.

A 500 mL solution of 10 m NaOH solution waprepared. The solution was
then sparged with nitrogen to make the solutioreseot@ic. Approximately 0.25 g of
sodium sulphide was added to the anaerobic solutiomake a sulphide standard
solution. In Eppendorf tubes were added 0, 5, 50,20 and 2%uL of the sulphide
solution. These were diluted with water to makénalfvolume of 20QuL. A 10 uL
and 20 uL aliquot of solution with an unknown sulphide centration were
transferred to Eppendorf tubes. These aliquots \aiueed to a volume of 200L
with water. Separately to each tube is added 0.6.%6Lzinc acetate and Dl 12%
sodium hydroxide. The two unknown sulphide con@imn samples were left last.
The precipitation was allowed to occur for 15 miline samples were placed in a
Sigma bench top centrifuge and spun at 500 x gQ(pM) for 5 minutes to collect
the precipitate. Then separately for each tube, 156f 0.1% DMPD (in 5m HCI)
was added slowly in a swirling motion so that thecppitate disappeared. As soon as
the precipitate disappeared, 00 of 10 mw iron chloride (in Im HCI) was added.
The samples were vortexed and allowed to develapcuoise colour for 30 mins.
The sample absorbance was then measured at 678 standard curve was drawn
from which the concentrations of sulphide could bGalculated. If the two
calculations were of similar value then the averags taken as the final sulphide

concentration.
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2.3: Materials, Methods and Techniques Used for the cd; Project.
The following techniques and procedures were efdpbnly to thecd;

project.

2.3.1: Purification of Pseudomonas aeruginosa cd;.

The purification ofP. aeruginosa cd; was performed as described in the
thesis of Parr [2] with the following modification$he P. aeruginosa cells were
subjected to an anaerobic processing stage aftevesimng (see Anaerobic
Processing). This was to ensure that the cellsymexi a good yield ofd; protein.
Omitting this stage can occasionally result in évsence otd; in the cell extract.
The column stages were also altered from the Pasis. The DEAE stage was
conducted using a Hi-Trap column and not a DEAEsgery. The DEAE stage was
performed multiple times to ensure complete remasalcontaminants such as
flavoproteins. The Sephadex G75 gel filtration cmtuwas replaced with a S200
26/60 gel filtration column and the Amberlite CG-8@s replaced with a Hi-Trap
CM ion-exchange column. Thal; protein was deemed ready for use if there were
no contaminating bands on SDS-PAGE correspondirgtoin or cytochrome and

the As1onndA2sonmWas greater than 1.25.

2.3.2: Purification of Paracoccus pantotrophus cds.

The purification ofP. pantotrophus cd; is performed as described in Mair
al. [3] with the following modificationsAs with theP. aeruginosa cd; preparation,
the P. pantotrophus cells were subjected to an anaerobic processiagesafter
harvesting to ensure a good yield. The only chrograiphy column change was the

replacement of the sometimes used second DEAE stéthea S200 26/60 gel
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filtration column. This was found to remove smalfgptein contaminants such as
pseudoazurin much more effectively than DEAE iookenge and without the need
to dialyse out any salt afterwards. Removing pratesuch as pseudoazurin is
important as they have been shown to affect kireatit spectroscopic data [4]. Like
with theP. aeruginosa preparation, thed; protein was deemed ready for use if there
were no contaminating bands on SDS-PAGE correspgnth pseudoazurin or

cytochromec and the AondA2sonmWas greater than 1.25.

2.3.3: Anaerobic Processing.

Once the cells were harvested from the cultureg Were resuspended in a
minimum volume of the spent medium supernatants Teicrease in volume creates
a dense culture which will go anaerobic rapidlyidgrsparging in the sparging
fridge. The arrangement of the anaerobic fridgshewn schematically in Figure
2.01. Initially the gas delivery system taps fottbtNLET and OUTLET lines were
switched to the off position. The gas delivery systand lid of the anaerobic bottle
were wiped with a tissue saturated in 70% (v/viaeth. This includes the delivery
tubing for both INLET and OUTLET lines, the glasg &nd the inside of the screw
top lids. This was done for at least a minute tsuea that contamination was kept to
a minimum. The delivery system was then screwed anpre-sterilised 1 L screw-
top bottle which acted as an anaerobic growth flasking sterile technique, the
newly resuspended culture was transferred to tlaerabic growth flask, ensuring
that the level of culture in the bottle was 700-800 as a maximum volume. The
culture then had 10 g/L NaN@dded. This was mixed well via vigorous swirling of

the bottle. Then 0.2% (v/v) or 2 mL per litre Aiiim 204 was added to the culture
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Figure 2.01: The arrangement of the Sparging Frittgens in RED are taps. Nitrogen flow
is controlled by the gas regulator and deliverea tmur-way INLET manifold. Only two

sparging cultures are shown. Unused lines are phliggith “Suba-Seals”. Nitrogen gas
enters the cultures through glass frits, leavesugin OUTLET lines leading to a 2 L culture

trap and on to an external HEPA-CAP filter befoeinly fed into a fume hood.

to stop foaming when nitrogen was bubbled througiain the culture was swirled
well to mix the culture and Antifoam 204. The neakthe screw top bottle and
bottom of the screw cap were then sealed with Rlana-This ensured that no
oxygen could get into the bottle nor any cultureage. The culture was then
transferred to the “sparging fridge”. The IN linétbhe gas delivery system of the
anaerobic growth flask was connected to one oflittes of the four way splitter

from the fridge INLET line. There is capacity faur growth flasks, so any unused
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lines were plugged with Suba-Seals and sealedeldittrical tape. The OUT line of
the gas delivery system of the growth flask wasitbennected to the four way
splitter of the fridge OUT line. Again any unuséaek were plugged. Checks were
made to ensure the correct lines were connectesthtegso culture does not flood
the fridge. The gas in line outside of the fridgaswhen connected to the nitrogen
gas tap using a screw clip. This prevented the frdse coming off the gas tap and
rendering the culture aerobic. The OUT line outsitithe fridge was also secured in
the fume cupboard. The nitrogen gas tap was tutmed0% of the maximum. The
taps that close the gas in and gas out lines ftr the splitters and growth culture
were switched to the open position. The flow manikas then set to 6 L/min by
adjusting the control knob resulting in a streamnitfogen bubbling through the
culture. If the connections are incorrect thereaifluid trap to catch any culture
flowing out. There is also a O2n HEPA cap filter to trap any microorganisms that
may reach the OUT line outside of the fridge. E tultures were still sparging with
nitrogen correctly after 10 minutes then they wiefe to incubate overnight or for
~16 hours. The cells are then harvested readyefurspension and sonication in the
preparation oP. aeruginosa cd;, or resuspended in spheroblast buffer and lyzozyme

treated forP. pantotrophus cd.

2.3.4: Dialysis.

Dialysis was used in the preparation Ff aeruginosa cd; and to buffer
exchange pureed; protein from bothPseudomonas and Paracoccus for use in
spectroscopic measurements. Spectra/Por molecoau® membrane tubing with a
capacity of 6.4 mL/cm was used for dialysis. Thigiig was thoroughly washed in

distilled water first before the solution to belgsed was transferred to the tubing.
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The tubing was tied and fastened with clips at lawitts to keep the solution securely
in the tubing. The tubing containing the solutioaswlaced in a 5 L plastic beaker of
dialysis buffer. There was a stirrer bar in the ®fLdialysis buffer powered by a
Stuart SB161 stirrer plate to keep the buffer mgvor more effective dialysis. The
dialysis was kept at ~ 4°C in a cold room. EacHlydia step was carried out for at
least 10 hours. The 5 L beaker of dialysis buffaswhen replaced if the first step

had not been effective in removal of the unwantgdts.

2.3.5: Preparation of NO Solution.

NO solution was prepared by adding a small volwhduffer to a pear-
shaped pyrex flask in an anaerobic glove box. Ametg flea was placed in the
pear-shaped flask along with the buffer. A NO bwhs then clamped to the arm of
the pear-shaped flask. The pear-shaped flask veas dlamped in place to a stirrer
plate so that the flea spins in the buffer. A SGlea! was then used to plug the neck
of the pear-shaped flask to prevent the NO escajing glass taps on both the bulb
and the pear-shaped flask were then switched tgen’ position to allow the NO
gas to flow into the pear-shaped flask. The diseglof NO gas into the buffer to
create a saturated solution took approximately tyeninutes to complete. The
concentration of NO in the saturated solution .7 M in the temperature ranges
5 - 40°C [5]. Saturated binding of NO to proteinultb also be achieved by

substitution of the buffer for a concentrated prosslution.

2.3.6: Activity Assaysfor cd;.
Activity assays ortd; protein were performed as described by Ricbkte

[6]. Further details are given in Chapter 4.
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2.3.7: Calculation of cd; Concentration.
The concentrations o€d; for both Pseudomonas and Paracoccus were
calculated using the absorbance of the 411 nm $aret and applying the extinction

coefficient of 149,000 ‘cm™. All concentrations therefore are per monomer.

2.4: Spectroscopic Applications and Technique.
Both projects involved the use of multiple speatogsc techniques to probe
the metal cofactors of both RirA amd;. The three techniques used are described

below.

2.4.1: The Theory and Application of Electronic Absorbance Spectroscopy.
Electronic absorbance spectroscopy is a techniagsociated with the
excitation of molecules from a ground state to anited state by promotion of
electrons within an orbital ladder. The radiatied to excite the electrons fall into
two regions, ultraviolet (200 to 400 nm) and visi{400 to 800 nm). Electronic
absorbance spectroscopy measured in the UV-visdoige is useful in the detection
of chromophores such as the metal ions in protems$ the aromatic rings of
tryptophan, tyrosine and phenylalanine. From thecsp can be deduced protein
concentration and metal ion oxidation state. Abaonde of the aromatic side chains
of tryptophan, tyrosine and phenylalanine is duexaitation of electrons in to =*
transitions. This accounts for the absorbance ateprs at 230-300 nm. If the protein
contains a metal then charge-transfer bands cancal#ribute to absorbance across
the UV-visible range. These charge transfer baaasbe classed as ligand to metal
charge transfer (LMCT) or metal to ligand chargensfer (MLCT). d-d (metal-

centred transitions) can also contribute but thesgsitions are symmetry forbidden
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through Laporte’s selection ruledto g is forbidden) and can also be spin forbidden
(for exampled® ion transition from 4, to g). They are therefore of extremely weak
intensity ¢ << 500m~cm ).

UV-visible spectrometers usually have two radmteources, a source of
light in the visible region and an ultraviolet ligfource. These two sources combine
to give a continuous wavelength range over the i8ible region (200-800 nm). A
prism or diffraction grating separates the radmtioto component wavelengths.
Each monochromatic beam is then split into two leaften by a half-mirrored
component. The first beam passes through the sapgite which contains the
compound or protein of interest in solution. Theoswl beam passes through a
reference path, which only contains the solventuffedn used to dissolve the
compound or protein. The intensities of these beam@shen compared.

Absorbance is defined as A = l@do/ |, wherely is the intensity of the light
travelling to the sample ards the lower light intensity that leaves the saergdter a
proportion is absorbed (Figure 2.02). At a paraiculvavelength, absorbance
intensity can be used to calculate concentratioth@fcompound through the Beer-
Lambert law. This is shown in Equation 2.

A =logiolo/ =gl (2)

Thes, is defined as the molar absorption coefficient xtinetion coefficient
of a chromophore at a given wavelengthlt is a measure of the strength of
interaction between a chromophore and radiatioa given wavelengthe is defined
as the concentration of the chromophore specidgsisample antis the pathlength
of the radiation through the sample. Togetlaand! is a measure of the quantity of

molecules in the path of the radiation.
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Source Detector

Sample cell

Figure 2.02: Diagram showing the path taken by tagliation in a UV-visible

spectrophotometer

Most spectroscopic measurements were carried oua dtitachi U4100
spectrometer. However for measurements involvieguse of anaerobic glove boxes
a Jasco V550 spectrometer was used. The majorgpeaxtra were obtained using a
1 mm pathlength quartz cuvette. For anaerobic mmeasents a gas-tight cap was
used to stop oxygen entering the cuvette. A baselias always obtained through

zeroing against the buffer solution.

2.4.2: The Theory and Application of Continuous Wave EPR Spectroscopy.
Electron Paramagnetic Resonance or EPR is a tpehrthat can be used to
study species that contain unpaired electrons usiimgowave frequencies [7, 8.
Free radicals and some transition metal ions psssapaired electrons and are
paramagnetic. There are many examples of proteatséquire one or both of these
to function. As a consequence of its spin (S = kg eharge, an unpaired electron
gives rise to a magnetic moment. The interactiothi magnetic moment with an
applied magnetic field is known as the Zeeman &ffébe magnetic moment can

take one of two allowed orientations relative te thagnetic field. These are labelled
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ms = +1/2 and m= -1/2 according to whether the spin is roughlyaflal or anti-
parallel to the field [7, 8]. The difference in egg between the orientations is given
in Equation 3 [9].

AE = @3B (3)

In the equation, g is the measure of the Zeemamation strength termed a
g-value,f is the Bohr magneton constant @& the magnetic field. From this it can
be seen energies of the twq states diverge linearly in an increasing magrfegid.

By keeping the electromagnetic frequency constadtszanning the magnetic field,
resonance can be reached and microwave absorpti@cteld. Absorption occurs
when the energy difference of the twq states matches the photon energy. The
spectrum is recorded as the first derivatives @ogition for instrumental reasons.
Differences between paramagnetic species arise finenelectron environment and
the orientation between molecule and magnetic .fi€lte environment changes the
strength of the Zeeman effect. This in turn iseet#®d in the magnitude of the g-
value and consequently the rate of divergence legtvemergies of the parallel and
antiparallel states. The variation of g-values thuerientations of the molecule with
the magnetic field is known as g-value anisotropy®]. For transition metal ion
EPR, fast relaxation rates mean that low tempezatare often needed for detection.
Freezing the solution containing the molecule tostuglied will result in molecules
distributed randomly over all possible orientatioaktive to the magnetic field. This
results in a spectrum covering a broad magnetid frgth a range of g-values.
Through these spectra characteristic axial and bhoitmeshapes can be observed.
Axial lineshapes occur when g-values are equivdlanthe x and y-axis but not the
z-axis. Rhombic spectra arise when the x, y andig-are not equivalent to each

other. There are also other effects which can emibe lineshape, including the
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presence of orbital angular momentum from deloedliglectrons and hyperfine
coupling [7, 8]. The latter results from an elentinteracting with an atom that has a
non-zero nuclear spin. The consequence is thdisglbf EPR resonance signals in
doublets, triplets and other multiple types.

The type of EPR used in this work is continuouseya-band EPR. X-band
EPR uses a frequency of 9-10 GHz. Each sampleoefrin an EPR tube using
liquid nitrogen. A typical volume of sample woulé B50uL. As the measurements
would be conducted from 5-100 K temperatures liguéfium is used in the EPR
spectroscopy. The EPR spectrometer is supplied lwkdB and consists of the
following components. It has an EPR cavity in whidte flash frozen sample
contained in an EPR tube is placed. In simple teantavity is a metal container
which creates a standing wave, such that the mavewenergy is stored in the
cavity. When the sample absorbs microwave enerdpwiers the quality factor (a
measure of the efficient storage of microwave epérgthe cavity, denoted Q). This
is due to coupling changes and increasing energgelthrough changes in cavity
impedance by sample absorption. This results ircévity no longer being critically
coupled, therefore permitting the reflection of roigaves to the bridge component.
The bridge contains the electromagnetic radiatmurce and the detector. The EPR
apparatus also uses a magnet to tune electronigyernevels. The magnet is
regulated through a Hall probe located in the magap. The Hall probe compares
voltages between itself and a reference voltagey émor results in a corrective
voltage being sent to the magnet. This alters otrflew, and consequently the
magnetic field. Once corrected through adjustiregdtror voltage to zero, the field is
stabilised. The EPR apparatus also uses a phasgtiserdetector to enhance

spectrometric sensitivity. The phase sensitive aletecompares the modulated
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signal with a reference signal. It then senses dhbse signals with the same
frequency and phase as the field modulation to wemnoise and electrical

interference. Electronic damping with a chosen teoastant is also used to filter
random noise. Modulation amplitude, frequency anetconstant can be adjusted
and are crucial to the clarity of EPR spectra. Higbdulation amplitude can result in
signal broadening and poor resolution, long timestants can result in distortion or
the disappearance of signals and high modulatiegquincy can also result in broad

signals with poor resolution.

2.4.3: Theory and Application of Magnetic Circular Dichroism (M CD).

MCD spectroscopy measures intensity differencevéen the absorbance of
left and right circular polarised light when a maga field is applied. The magnetic
field is parallel to the direction of circular paked light propagation. The quantity
measured in MCD is th&A (A.cp — Arcp) against wavelength. Molecular properties
can be deduced from the magnitude of observed Mi@the Beer-Lambert lanA@
= Ae.c.l). As a technique MCD is more useful then apgon spectroscopy through
having a greater wavelength range (200-3000+ nna) @ffering more detailed
spectra by virtue of its double-signed nature. §heater wavelength range allows
detection of metal bands in UV and near-infraredvelengths. Through MCD
fingerprinting, co-factor type, oxidation statejrgpand even axial ligands can be
identified. This is very useful in characterisingrolecules such as metalloproteins
[10]. Using a magnetic field lifts the degeneractdselectronic orbital and spin
states, as well as causing the mixing of electratates. This results in slightly
different energies for the absorptions of left aight polarised light. The angular

momentum selection rule 18V = +1 for left polarised light andM = -1 for right
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polarised light. The equation for total MCD intdg<jEquation 4) can be written as
follows.

| ~ [A1 (=3f(E)/5(E)) + (Bo + Co/KT) f(E)] (4)
From the equation three contributions to the MCBcsum can be discerned. These
are known as A, B and C-terms [10, 11]. The A-tesrtemperature independent and
occurs due to ground or excited state degeneramyesmes both) through the
Zeeman effect. The B-term is also temperature ieddent and results from zero-
field electronic states experiencing field-inducetxing. Finally the C-term is
temperature dependant and arises due to a populatiange over the Zeeman
sublevels of a species with ground-state paramegmeBy lowering temperature the
C-term intensifies. Through variation of temperatwand field the ground state
parameters such as zero-field splitting, spin affactpr can be determined [12].

The MCD apparatus consists of a Jasco J-810 COrepetarimeter and an
Oxford Instruments SM4 split-coil superconductinggnet. Radiation from a xenon-
arc lamp is prism monochromated and then circulpdiarised by a polariser and
photoelastic modulator. The circularly polariseghti then impinges on the sample.
The sample is held in a modified quartz cuvettpathlength 1 mm and volume 120-
360 uL. For low temperatures, the sample has a glasagent such glycerol or
ethanediol added, such that the ratio of glassiggntito sample is 55:45. If
measurement at 1400-3000 nm is required then thmplea are prepared in,O
buffers. The cuvette is held in a long probe withal probe and a carbon glass
resistor to allow measurement of field and tempeeatThe probe is placed in the
sample space of the cryostat such that the cuvettesible through the optical
windows, located at the bottom of the cryostatthie position of maximum field.

Temperature control can be achieved through then rii@iiid helium can of the
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cryostat. Raising the temperature is achieved titoemptying and heating the
sample space or lowering temperature can also beedaut through filling and
pumping on the sample space. The superconductimmets used here allowed the

generation of fields up to 8 T (room temperatura@as) or 5 T (low temperature).
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Chapter 3.
The Iron-Responsive Regulator RirA in thhd’roteobacteridrhizobium

leguminosarum.

3.1: Introduction

As described in Chapter IR leguminosarum possesses a monomeric
17441 Da protein called RirA (rhizobial iron regiolg that represses iron uptake
genes when iron is sufficient. RirA is a 160 amawad protein that has four essential
cysteine residues in its amino acid sequence aarshio Figure 3.01. The three
cysteines at positions 92, 101 and 107 are condarv@0% of the Rrf2 family of
proteins that RirA belongs to. These cysteinesttawaght to be ligands for an iron-
sulphur cluster. Members of the Rrf2 family suchNssR [1, 2] and IscR [3] have
been shown to contain iron sulphur clusters. Nsi®lacR are members of the Rrf2
family that have the three conserved cysteine vesidthat RirA possesses, and
therefore it is assumed that RirA also has an golphur cluster that is key to its

function.

MRLTKQTNYA VRI\/LI\/hT@AAN DGHLSRI PEI AKAYGVSELF 40
LFKI LQPLNK AGLVETVRGR NGGVRLGKPA ADI SLFDWWR 80
VTEDSFAMAE [OFEDDGEVEG PLV NS ALRKALNAFF 120
AVLSEYS| DD CVKARPQ LLG PAY RKPAI VAPAA 160

Figure 3.01: Sequence of RirA froRileguminosarum showing in boxes the
four conserved cysteine residues that are thoogbe involved as ligands to

the iron-sulphur cluster. Accession number: CACZb651
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Currently, the published work oR. leguminosarum RirA has focused on genetic
expression and regulation [4-6]. The majority ofrkvpublished on RirA from other
species is also focused on the genetics [7-10]y little has been reported on the
characterisation of the protein and of the postdlaton sulphur cluster for any of
the organisms that has RirA regulation. JonathaadT¢School of Biological
Sciences, UEA) constructed BLA. coli with a pET21a plasmid containing the
RirA insert from which RirA could be successfullyevexpressed. He also
performed preliminary purification of the overexgsed RirA. This chapter describes
work following on from these preliminary studiesftéx two years of use, this
pET2l1a plasmid failed to overexpress any RirA pro&nd was replaced with a
pET11a plasmid containing a RirA insert synthesisg&enScript.

The chapter describes the establishment of a gogbto grow transformed
E. coli BL21 cells containing the RirA insert, to overesgs the RirA protein and to
purify the protein so it can be used for spectrpsrstudy. Following purification,
the RIrA is then reconstituted with an iron-sulplaluster, which is subsequently

investigated through assays and spectroscopy éondiete the nature of the cluster.

3.2: Protocolsfor the Purification and Reconstitution of RirA.

Analysis and characterisation of proteins requiles generation of soluble,
purified protein in high quantityNative strains seldom meet the requirements for
guantity and ease of purification. Recombinant giroexpression is often employed
to generate high yields of purified protein. Thegé¢hat encodes the protein can be
introduced into a vector such as a plasmid. Thenpid contains an expression

system such as thkc operon to regulate transcription and translatiéonthe
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recombinant gene. An inducer, such as IPTG in #se of théac operon, is used to
activate gene expression.

The plasmid is transformed into a host bacteriairstE. coli is commonly
used as such a host strain for recombinant pratpression [11]. It can be
cultivated at high cell densities, the genetics \ae#i understood, it is a relatively
simple organism to work with and it is inexpensiwe.this study, BL21E. coli
transformed with either a pET21a or pET1la plasisicused. These plasmids
contain the RirA gene from. leguminosarum.

If the recombinant protein is a metalloproteirgah sometimes lack the metal
cofactor when overexpressed. RirA was expressedparitied in apo-form in this
study. It is generally agreed that RirA binds amisulphur cluster, and therefore
incorporation of a cluster into the protein wagpted. Iron-sulphur clusters can be
inserted into apoprotein by several methods. Fampte in FNR iron-sulphur
clusters can be reconstituted into purified apanof12] or producedn vivo by
supplementing anaerobic cultures with ferric amrmaoncitrate and methionine [13].
In this work, RirA is reconstituted with a clustesing ferrous ammonium sulphate,
L-cysteine / DTT and NifS.

The following section describes the protocols usedverexpress, purify and

reconstitute RirA.

3.2.1: Construction of the Rir A Overexpressing Strain of BL21 E. coli.

These methods apply to both preparations perforwidd the pET21a and
pET11la plasmid. The pET21a plasmid containing & Rasert, obtained from the
Johnston group at the School of Biological Scier{tdsA), is shown in Figure 3.02.

The pET1la with RirA insert was synthesised by podchased from GenScript.
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BL21 cells were freshly transformed with the pETagshid and checked for

overexpression before any growth and purificatiommenced.

T7 Terminator BamHl

F1 Ori

RirAinsert

Ndel

T7 Promoter

pET-21a
~4953 bp

AmpR

pBR322 Ori

Figure 3.02: Plasmid map of pET2l1a containing the\ Rhsert and showing the major
sequence landmarks. The RirA insert is in the mpldticloning region that contains the
restriction enzyme sites BamHI and Ndel. Abbrewiasi F1 Ori: F1 origin of replication,
AmpR: ampicillin resistance gene, pBR322 Ori: pBR32®jiar of replication,lacl: gene

encoding lac repressor protein.

Following an established protocol, competEntoli cells were prepared for
both BL21 and the storage strain DH%A 5 mL culture of Luria-Bertani medium
(5 g NaCl per litre, 10 g tryptone per litre, 5 gagt extract per litre) was inoculated
with the E. coli strain of choice. The culture was incubated owgrhiat 37°C.

0.4 mL of the 5 mL culture was then used to inoeu#0 mL of LB medium in a
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250 mL conical flask. The 40 mL culture was theovgn at 37°C and agitated at
200 rpm until the Aso reached 0.4-0.5. The culture was then transfeoea sterile
50 mL Falcon tube. The cells were then centrifuge®000 rpm for 8 minutes at
4°C, using an ALC PK121R centrifuge with an A-MIar. The pellet was drained
and resuspended in TF-1 buffer. TF-1 buffer coasi$t7.4 g/L KCI, 30 mL of
CH3COOK, pH 7.5, 1.5 g/L CagPkH,0O and 150 g/L glycerol. This was made up to
a volume of 950 mL, pH adjusted to 6.4 with ®Zcetic acid, divided into 95 mL
volumes and autoclaved. Once the autoclaved TF-4 eomled, 5 ml of filter
sterilised IM MnCl,.4H,O was added to each 95 mL aliquot. The TF-1 reswigue
cells were then placed on ice for 15 minutes. Téits avere then centrifuged again
using an ALC PK121R centrifuge. The cells were spuB8000 rpm for 8 minutes at
4°C. The cell pellet was then drained thoroughlyBf1 buffer and resuspended in
4 mL of TF-2 buffer. TF-2 consists of 0.74 g/L K@l g/L CaCJ.2H,0 and 150 g/L
glycerol. The volume was made up to 980 mL anddéigiinto 98 mL aliquots. The
TF-2 buffer was then autoclaved. After cooling, P af filter sterilised 0.5 MOPS
buffer at pH 6.8 (KOH adjusted) was added to ea8hm@ of TF-2 buffer. The
resuspended cells were then kept on ice readydnsformation.

For each transformation, 0.2 mL of competent oglise transferred to 2 mL
chilled Eppendorf tubes. Up to4 of prepared plasmid DNA (via DHb5storage
strain containing the plasmid and QIAprep® Spin idiep Kit) was then added to
the competent cells. The tubes were gently roliedce to mix. The cells were then
left on ice to incubate for 40 minutes. The competells were then placed in a heat
block set at 42°C for 2 minutes. This heat shoblkscells into taking up the plasmid
DNA. After the heat shock treatment the cells werteirned to the ice for a further

5 minutes incubation. Once the incubation period wxer then 0.7 mL LB medium
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(pre-warmed in an incubator) was added to eachhef®2 mL competent cells.
These were then incubated in a heat block at 3@fQ hour to allow resistance gene
expression. Once incubated, the cells were cegaduin a bench top micro-
centrifuge at 10000 rpm for 5 mins. Approximatelyp OnL to 0.7 mL of the
supernatant was then removed and discarded. Tlsewssle then resuspended in the
remaining supernatant. A 200 mL aliquot of the newdsuspended cells was then
used for plating out. LB agar plates containingdhébiotic ampicillin were used to
select for those containing the plasmid. The LBrggates were then incubated
overnight at 37°C. The plates were checked forigafit colonies before a sterile
loop was used to transfer a colony into fresh 5valumes of LB media containing
ampicillin. Test cultures were grown using isoprefyD-thiogalactopyranoside

(IPTG) to check for overexpression before commamuiith a purification run.

3.2.2. Growth and Preparation of Transformed Cells Containing the RirA
Insert.

Four 5 mL LB cultures were inoculated with frestihansformed BL21
E. coli containing a pET21a or pET11a plasmid with theARmsert. The chosen
media was LB (Luria-Bertani) broth. Each of the % rmB liquid media also
contained fuL of 100 mg/mL ampicillin. The cultures were inctdsé with shaking
at 37°C until there are a sufficient number of £étl give an Okyonm Of at least 1.0.
The OD, or optical density, is the absorbance ofoptical element for a given
wavelengthh per unit distance i.e. 1 cm. Each 5 mL culture thes added to a 2 L
conical flask containing 500 mL of LB. Each flaskswlugged with a foam bung. A
500 puL volume of 100 mg/mL ampicillin was added to eaththe 500 mL of LB.

This was incubated at 37°C aerobically with shakimgil the ORQoonm Was in the
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region of 0.4 — 0.6 for each flask. A 1 mL sampi¢he culture was then removed to
determine the level of overexpression of RirA us8igS-PAGE electrophoresis. The
cultures were then inoculated with 50QL of 1m isopropylf-D-
thiogalactopyranoside (IPTG) each to trigger therexpression of RirA in the
E. coli cells. The newly inoculated cultures were thenubated at 37°C with
shaking for 3 hours. A sample of IPTG-induced a@ltwas then compared to a
sample that contained no IPTG by SDS-PAGE analifsi®irA overexpression was
detected then the next stage could proceed.

The cultures were transferred to 250 mL centrifuagetainers and balanced
to within 0.1 g. This involves transferring amounfsculture to each other until they
weigh approximately the same. The cultures were tmatrifuged using a Beckman
J20 Avanti centrifuge and the JA14 rotor. They weeatrifuged at 10000 rpm
(12500 x g) for 15 minutes. The supernatant wasowenh and discarded, while the
pellet was kept and stored in the freezer afteshffiseezing in liquid nitrogen. A 2 L
conical flask with 500 mL culture yields roughly52g of wet cell paste. If SDS-
PAGE electrophoresis reveals a good degree of xpregssion then the purification
can proceed. The frozen cell pellets were resusggend 40 mL Buffer A (25 m
HEPES, 2.5 mMCaCh, 50 nm NaCl and 10 ma diaminoethanetetra-acetic acid
disodium salt (EDTA), pH 7.5). The resuspension tes sonicated for 8 minutes
and 20 seconds in an aerobic microbiological cdbifkeis was carried out twice.
The sonicator was set at 50% of its maximum pow#pwt and sonicating for
0.2 seconds in every second. The sonicated suspengas then transferred to
Falcon tubes. These were balanced and centrifug@@G®90 rpm (12500 x g) for
30 minutes. The result was a yellow supernatarh apellet of cell debris. The cell

pellet was discarded and the yellow supernatant wsained. The yellow
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supernatant containing RirA was then filtered usimgSartorius syringe filter

(0.20um pore size) ready for the Heparin column purifamat

3.2.3: Column Purification of Rir A

For the purification, two buffers were preparedffBr A, used to resuspend
the frozen cell pellets, contains 2MMEPES, 2.5 m CaC}, and 50 v NaCl at
pH 7.5. Buffer B contains 25 mMHEPES, 2.5 m CaC}, 50 mv NaCl and 750 m
KCl at pH 7.5 and is used for elution purposes hBatffers were filtered using a
Sartorius syringe filter (0.4pm pore size) before being used in the column
chromatography.

The column stage uses a 5 mL HiTrap Heparin HBnenlconnected to an
AKTA Prime system. A Heparin column consists ofumally occurring sulphated
glucosaminoglycan ligands covalently coupled taagmbeads. The column has two
modes of interaction. It can act either as an #ffihgand or as a high capacity
cation exchanger (due to the anionic sulphate grouphe lines were washed out
first before equilibrating the column with 10 colamolumes (50 mL) of Buffer A at
5 mL/min. 5 mL of the filtered crude extract wasnhapplied to the column through
a 5 mL syringe. Then the column was washed withfeBuk. 5 mL fractions were
collected. A total of 15 x 5 mL wash fractions weadlected altogether at a flow rate
of 5 mL/min. The elution stage followed. The gradief Buffer A to Buffer B was
from 0% B to 100% B over a total of 50 mL. Elutibactions were again 5 mL. A
total of 15 x 5 mL elution fractions were collectad5 mL/min. 10 column volumes
of Buffer A were then used to regenerate the colupsfore repeating this
purification stage. The fractions were checked bgasuring the absorbance at

280 nm. This was done using a quartz cuvette andHelios UV/Vis
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spectrophotometer. The RirA fractions eluted at 58uffer B. The fractions
corresponding to the highest absorbances at 28Wem analysed on SDS-PAGE.
Those fractions containing the RirA at high concatidn and purity were pooled.

In some instances further column purification wexguired to purify the RirA
fractions. This was achieved using a HiPrep 26/@00Sgel filtration column
connected to an AKTA Prime system. The S200 wasliecated with a column
volume of Buffer A, containing 25 mHEPES, 2.5 m CaC}, and 50 mm NaCl at
pH 7.5. Once equilibration was complete 4 mL of ploeled RirA was injected by
syringe and pumped onto the column at 1 mL/min.iAgae pooled protein was not
concentrated as this risked precipitation. Thgo#y trace was monitored using
Primeview, since all of the contaminating protearsd RirA are colourless. The
fractions were collected in volumes of 2 mL andlsRirA was spread over several
collection tubes. SDS-PAGE gels were used to deteritmne best fractions to pool.
Concentration using an Amicon ultrafiltration stdrcell model 8050 (using an YM5
membrane disc) or spin columns was required if greein was too dilute. The
concentration of protein was estimated using a dlioprotein assay. This was
required as the concentration of ammonium ironglilphate that will be required in
the reconstitution is dependent on the protein eotration. The pooled protein
fractions were flash frozen and stored in a — 80f€ezer until needed for

reconstitution.

3.2.4: Reconstitution of RirA
The reconstitution involves the addition of ammoniiron (II) sulphate, L-
cysteine, DTT and NifS protein to the purified Ripfotein. The mixture was placed

in a conical flask sealed into a beaker. The bedlasr an inlet and an outlet for
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temperature control via a water bath. A stirrer Was also present in the conical
flask part of the container to thoroughly mix tleactants during reconstitution. After
there is sufficient yellow colour in the reactionxtare the reconstituted protein was
cleaned of excess reactants using a Heparin colémally the reconstituted protein
was checked by recording an absorbance spectrueneXjeriments were attempted
using samples where RirA and breakdown product weee50:50 ratio, with a little
high molecular weight contaminating protein alsesant.

To begin the reconstitution of the RirA samples tbllowing were weighed
out: - 78.5 mg of ammonium iron (ll) sulphate hey@date into a 2 mL screw top
Eppendorf tube. 12.8 mg of L-cysteine into a 3 notew top Eppendorf tube and
41.7 mg of DTT into a 2 mL screwtop Eppendorf tubbe screw top lids were
pierced four times with a needle as they are tearedl to an anaerobic cabinet. 1 mL
of anaerobic Buffer A was used to dissolve the amioro iron (ll) sulphate in the
anaerobic cabinet. The 1 mL solution was then teared to a 10 mL volumetric
flask. Another 9 mL of anaerobic Buffer A was addednake the ammonium iron
(I) sulphate solution to 10 mL. For the L-cysteiaed DTT 1 mL of anaerobic
Buffer A was added to each tube in the anaerothined The 1 mL solution of DTT
was then transferred to the 1 mL solution of L-eyst to create a 2 mL solution of
DTT / L-cysteine in a 3 mL screw top Eppendorf vied mL of the RirA protein was
then pipetted into the special container. The wadgh was set to 25°C and turned on
to allow the protein to reach temperature. Then ftiilowing were added; an
appropriate volume of the DTT / L-cysteine solutsmthat the total concentration is
1 mwvm, an appropriate volume of ammonium iron (ll) swalfEh solution so the
concentration is 7 times that of the protein andib®f purified NifS protein. NifS

is a cysteine desulphurase that catalyses the m@nudvsulphur from L-cysteine,
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which results in the production of elemental sulpdnd L-alanine. The DTT donates

electrons to the elemental sulphur to produce stdpfEquation 1).

NifS
R-CH,-SH R-CH;+ &
2e

1)

The temperature of the circulating water was thenreased to 37°C. The
reconstitution reaction was carried out for updarfhours. A yellow colour starts to
develop as the reaction proceeds. Once the reast@sndeemed to be complete,
through no further changes in colour, the recamsbih mixture was purified of
excess iron and sulphur using a 1 mL HiTrap Hepdfncolumn fitted with syringe
adaptors. 15 mL of Buffer A was applied to the cotuusing a 5 mL syringe from
the top. The yellow protein solution was then agablat the bottom of the column. A
1 mL syringe with filter and adaptor was used fus tprocess. Up to 10 mL of the
yellow reconstituted protein was loaded. The columas then washed using Buffer
A from the top of the column, again using a 5 mtirgye. 15 mL of Buffer was used
to wash the column. The bound protein was thereélutith anaerobic Buffer B
from top to bottom. The samples were collected .l L Eppendorf tubes. Each
fraction contained 5QL to 200uL volumes. A brown / yellow band was observed.
The fractions with the reconstituted protein weamsferred to a glass screw top vial,
sealed with Parafilm and transferred to an anaerbiige for storage at°C. A
sample of reconstituted protein was analysed bgrdétg a spectrum on a V550
UV-Vis spectrophotometer (see Figure 3.18) to skethe protein has any
characteristic features of an iron-sulphur clusteprotein assay was also performed
to obtain the protein concentration after recoustn.

If removal of the cluster was required, 128 af holoprotein was incubated

with 1 mv EDTA and 1 nm TCEP aerobically for three hours. The sample waa th
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carefully buffer exchanged using 10000 MWCO micreedo remove any free

sulphide and iron in solution.

3.3: Purification, Characterisation and Spectroscopic Analysis of RirA
The following section describes the results of thwurification,

characterisation and spectroscopic analysis of RirA

3.3.1: Purification of Rir A Apoprotein.

The materials and methods for the preparation iof Rre described in
Section 3.2.3. The first stage of the purificatiovas to check for RirA
overexpression. Once the incubation time has eth@sd mL sample of the newly
induced culture was then removed for SDS-PAGE edpbbresis. This sample can
then be compared to the other sample (pDCGulture with no IPTG) to check for
overexpression (Figure 3.03).

Figure 3.03: 12% SDS-PAGE gel showing

the overexpression of RirA. RirA was

Uninduced

Induced
Ladder

induced by using IPTG. The first lane

shows the induced cell protein with the

250 EDa
150 kDa ; "
100 kDa overexpressed RirA (band indicated), the
75kba second shows the protein in the uninduced
50 kDa

cells with clearly no overexpression and
37 kDa

the third shows the ladder with key
25kDa markers indicated.
20 kDa

RirA overexpression
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From Figure 3.03 it is clear to see there was arilelefined band at around 20 kDa
where the protein has overexpressed in the ‘inddaad. This band is not present in
the ‘uninduced’ lane, and therefore the band isrésellt of overexpression through
the induction of IPTG. RirA is 17441 Da in size,ialh correlates with the induced

band just below the 20 kDa marker.

Elution profile of 5 mL crude extract on 5 mL Heipazolumn

2.5+
- Azsonmtra(.:e
1 —— Salt gradient
2.0
1.5

100% Buffer B (0.75 M KCl)

Absorbance (AU)

; —— .
0 20 40 60 80 100 120 140
Volume of fractions collected (mL)

Figure 3.04: Elution profile of the 5 mL HiTrap Ham column. The black line
indicates the Asonmtrace used to track proteins eluting from the cwiuThe red line
indicates the Buffer B gradient used to elute tiepaiin bound protein. For the red
line, 1.0 on the absorbance scale is equivaleaiution with 100% Buffer B (salt
concentration 0.7® KCI) as indicated on the profile. The wash stagaucz at

0-75 mL and the elution stage occurs at 75-150Fhbw rate is 5 mL/min.
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Crude Elution peak fractions
Ladder extract 2 3 4

250 kDa—»
150 kDa—»
100 kDa—»

75 kDa——»

50 kDa——»

37 kDa—»

25 kDa—»
20 kDa—»

15 kDa—»

10 kba—»

Figure 3.05: 12% SDS-PAGE gel showing the washifras (fractions 2-4) corresponding
to the large peak at 5-20 mL in the elution profileone Heparin column run (Figure 3.04).
The wash fractions show no significant indicatidrmeerexpressed RirA, compared to a

sample of crude extract (unpurified RirA) that che@hows overexpressed RirA (circled).

Once the overexpression has been confirmed, thestage is the Heparin
purification to remove the majority of contaminariairing Heparin purification, an
elution profile was plotted from the absorbance28t nm (Figure 3.04). The elution
profile shows two significant peaks where the f@atd contain protein. The first
peak occurs in the wash stage at 0-30 mL. RirAxjgeeted not to be here, since
RirA binds to Heparin in Buffer A. 5 mL fractions$ the wash stage were collected.
Fractions of interest were analysed by SDS-PAGHEalysis of SDS-PAGE gels of
fractions collected at the 0-30 mL first peak shwavsignificant bands that could be

attributed to RirA (Figure 3.05). The second peakuss at the elution stage at 95-
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130 mL, corresponding to a gradient of 50% BuffeRBA is anticipated to elute at
or near this salt concentration because it bindsaHe strongly and requires a high

salt concentration for elution.

Elution peak fractions

Ladder 16 17 18 19 20 21 22 23 24

250 kDa:
150 kDa:
100 kDa:

75 kDa
50 kDa
37 kDa

25 kDa
20 kDa

15kDa

10 kDa

Figure 3.06: 12% SDS-PAGE gel showing the elutractions 16-24 for one Heparin
column run. These correspond to the total volumgea/5-120 mL in the elution profile
(Figure 3.04). The RIirA (circled) is below the 2D&marker on the ladder and the
breakdown product is above 15 kDa on the laddez.rmfjority of the RirA is eluted at
fractions 21 and 22. This corresponds to 100 aidlO total collected volume in Figure

3.04. Protein loadings for lanes 20-23 are 20 Ag4q, 41 pug and 12 pg respectively.

There is also a third peak at 70-80 mL. Howeveg, Absonm trace indicates only a
small amount of protein and the peak correspondsetdransition between the wash
and elution stages. Therefore it is unlikely thatARs present in these fractions.
Again 5 mL fractions were collected for the elutistage. The elution fractions of
interest, corresponding to the peaks at 70-80 md. 35130 mL were analysed on

SDS-PAGE to locate overexpressed RirA (Figure 3.06)
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The elute fractions 20-23 on Figure 3.06 (corredpumnto the elution peak at 95-
130 mL in Figure 3.04) show a large band betweenlith kDa and 20 kDa mark
corresponding to RirA. These fractions were poobfddo there is a large band nearer
the 15 kDa mark for the same fractions. This isigid to be a breakdown product of
RirA where a small chain of amino acids is lostnfr@ne of the terminal ends.
Evidence for the breakdown product is provided BSSPAGE in the next section.
If RirA is stored at 4°C in a fridge and not flaflezen, and RirA samples are
checked periodically on SDS-PAGE gels, over time ffand that corresponds to
RirA becomes less intense and narrower, wherealahe that corresponds to what
is thought to be a breakdown product becomes nmbease and broader.

Another problem encountered with the RirA purifioas was that the
Heparin purification stage was inconsistent. Theam of contaminants removed
was variable, with some preparations pure and stldth many contaminants
remaining. To remedy this problem the pooled Hepé#mactions containing RirA
that had contaminants were further purified using200 gel filtration column
connected to an AKTA Prime system. The resultshef gel filtration profile are
shown in Figure 3.07The higher molecular weight contaminants are lgrgel
removed as shown in the sharp peak at ~ 100 mLigar& 3.07. This results in
highly pure protein but the protein is dilute amtemd across many fractions. This
can be clearly seen if the fractions are analyse8mS-PAGE. Figure 3.08 shows an
example of such a gel. The RirA is highly pure,haainly very faint contaminating
bands around the 50 kDa area. This degree of paritgcessary as the reconstitution
technigue used is not specific and can actuallpnstitute an iron-sulphur cluster

non-specifically into other proteins.
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RjrA

Absorbance (mAU)
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Figure 3.07: S200 gel filtration profile of poolefdparin-purified RirA showing the
presence of contaminants and RirA (indicated) thhomeasurement at 280 nm. The

column is run at 1 mL/min.

Ladder
250 kDa—»
150 kDa—>»

100 kDa——
75 kDa—» —

50 kDa—

37 kDa——»

25 kDa—> g

20 kDa—»

<+—— Breakdown
product

15 kDa——pum—

Figure 3.08: 12% SDS gel showing some of the foastihat correspond to the RirA peak

shown in Figure 3.07. The protein loading for ekete is 14-16 ug
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All protein fractions that contain significant ammsi of RirA were pooled and
filtered through a single-use syringe filter. Degiexy on how concentrated the final
fractions containing RirA were, the fractions we@ncentrated using an Amicon
ultrafiltration stirred cell model 8050 (using anM$ membrane disc) or spin
columns. This sometimes led to RirA precipitatingidg concentration and so was
only performed if the RirA concentration was partaly low. Once the
concentration of RirA is known then appropriate ams of L-cysteine and
ammonium iron (II) sulphate can be calculated awbmstitution can proceed. The
concentration needs to be such in that a yellowwotan be easily detected as
clusters are formed and the volume is small enotmhfit into the special

reconstitution chamber.

3.3.2: Investigation of Rir A Overexpression and Breakdown Product.

Protein degradation can be a significant problempunification. Often this is
caused by proteases hydrolysing peptide bondsti@atuto the problem of protein
degradation by proteases include the use of irdmbiand changing to a bacterial
host strain deficient in proteases (for example2Blacks cytoplasmid¢on and
periplasmicompT proteases [14]). In this study, RirA degradatiacws if IPTG
incubation is left for too long. It also appearsattfiormation of the breakdown
product occurs over time once the protein is ekghérom the cells, and is linked to
free iron in solution.

As described in the previous section, the RirA aptgn is prone to forming
a breakdown product. Even before the RIirA is pedfi using column

chromatography, it can suffer degradation. As showigure 3.09 the timing of the
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IPTG incubation is important for the quantity of omin gained during

overexpression.

after induction
246 minutes

after induction
280 minutes

after induction

Before induction
161 minutes

Ladder

75 kDa
50 kDa
37 kDa

25kDa
20kDa

ol

<«—— RirA

15kDa

!

Figure 3.09: 12% SDS-PAGE gel showing the degradatf RirA if IPTG induction is left
for too long a time period. Key markers from thddar are indicated. RirA can be seen just
above the 20 kDa marker as indicated by the arrd®ie8 label, which correlates with the
estimated 17441 Da size from sequencing. SDS-PAGE kindly performed and

photographed by Nick Cull.

SDS-PAGE analysis (Nick Cull, personal communiagtishows that RirA degrades
when the cells are left to incubate for too longree period. This is clearly different
from the formation of breakdown product during gireparation and purification of
RirA. As the RirA bands decrease in intensity olerger incubation times there is

no trace of a growing breakdown product band ab kDa. This correlates with the
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observation that RirA can be stored without anyakdewn product formation in
BL21 E. cali cells if they are frozen as a pellet. Presumadypgresence of RirA at
high concentration has a disadvantageous effecthenBL21 E. coli cells, and
therefore the cell takes measures to reduce theursnad intracellular RirA. The
protein is not toxic to the BL21 cells since cetbwgth is not slowed down and
overexpression is consistently high.

Once RirA is overexpressed and cell extract is meduafter sonication the
breakdown product begins to form. The breakdownlpcoforms at around 15 kDa,
below the intact RirA band at ~ 20 kDa. Eventualllyof the RirA breaks down into

the breakdown product over a period of weeks as/shio Figure 3.10.

After
Heparin
purification
(0O weeks) 1 week 2 weeks 3 weeks
= =
75kDa —» E— — —
50kDa —» - - R
37kDa —» - e
25kDa —» — - -
20kba —» - - - <« RIrA
—— —— —
— — - S «<—— Breakdown

15kDa > product

l10kDa —»

Figure 3.10: 15% SDS PAGE of Heparin purified Rsowing the timescale of formation
of breakdown product over a period of weeks at re@mperature. Protein loading for lanes
0, 1 and 2 weeks 54 pg. The week 3 lane containsg4fgrotein due to a small amount of

precipitation occurring.

By adding 10 mm EDTA to all buffers and carrying out the prepaoatin an

anaerobic cabinet, the formation of the breakdowwdpct is slowed. From this
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effect of EDTA it was postulated that free metalaynhave had an effect on the
degradation of RirA. This was tested by adding dasr iron (100 p
Fe(NH,)2(S0Oy)2.6H,0) to RirA protein in both aerobic and anaerobigiemments

at 4°C. The resulting SDS-PAGE is shown in Figufel 3

Aerobic Anaerobic
<1 | <
= =
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o ° °
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ks S + w s 5] + w s
— o + + o + +
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50kDa — ..

37kDa —»
25kDa —»
20kDa — «.
~— — v — S e «— RirA
15kDa —» T W et Sy e e SR .n. 4+— Breakdown
product
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Figure 3.11: 15% SDS PAGE gel showing the effedtsran and oxygen on RirA
degradation at 4°C. Protein loading for all lanes8 pg. Samples containing iron had

100 M Fe(NHy)2(SOy),.6H,O added and samples containing EDTA had &t EDTA
added.

From Figure 3.11 there appears to be evidenc®nfhiaving an effect on breakdown
product formation. The band corresponding to inRicA is almost removed in both
the aerobic and anaerobic sample containing irtverd is however no evidence for
oxygen causing rapid breakdown product formationt®own, as the corresponding
aerobic and anaerobic samples look very similagaoh other. The EDTA would
chelate any free iron in solution and stop any lecagon in breakdown product
formation, therefore the samples containing EDTAI &we + EDTA should look
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similar to the control sample which contains naioy EDTA. Figure 3.12 shows a

gel after Heparin purification with much less bréan product then that shown in

Elution peak fractions

21 20 19 18 17 Ladder

" 250 kDa
+ 1cokpa
g— <«—100kDa
- = <+—50kDa
-_— —

—— S <«——37kDa

s «<——25kDa

ww «—20kDa

Figure 3.12: 12% SDS PAGE of Heparin purified Rw#h a small amount of breakdown
product (circled). Note the comparative size ofltheakdown product to the corresponding
earlier preparation SDS PAGE shown in Figure 3H6tion fractions are comparative to
those of Figure 3.06, and therefore also correspotite elution profile shown in Figure

3.04. Protein loadings for lanes 20 and 21 are@dnd 69 g respectively.

Figure 3.07 due to the use of EDTA. However, theTEBDchelated with the
ammonium iron (ll) sulphate in the reconstitutidage. Reconstitutions involving
EDTA would develop no colour in the time periodpghno characteristic shoulder
in the electronic absorbance spectrum and wouldltrés black precipitation. The
chelation of iron by EDTA resulted in more and miwo& becoming unavailable and
therefore clusters could not be produced. The bfaekipitate was the result of

formation of iron (Il) sulphide occurring throughulghide generation becoming
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uncontrolled or accumulation of too much unreast@ghide in the reaction mixture.

Thus EDTA was only used in buffers up until the Biep purification stage.

3.3.3: Sequencing of the Rir A Apoprotein.

DNA sequencing is an important tool in the identfion of genes.
Sequencing of DNA can be performed through chaimitgation methods such as
the use of dideoxyribonucleotides [15] or throudte tuse of next generation
sequencing methods [16]. Once the sequence of @igdmown and is linked to a
function then it can be used for many purposesh g identifying genes with
similar functions in other organisms, or confirmiwwbether a correct gene is inserted
into a plasmid and checking for mutations, as is study.

To confirm that the overexpressed protein was iddRe&A, the pET2la
plasmid containing the RirA insert was sequenceadguBurofin MWG sequencing.
The sequence data shows that the insert is 1008ticgedkto the amino acid sequence
shown in Figure 3.01. The sequence data for the2p&Tplasmid with the RirA
insert is shown in Figure 3.13. The sequence has banslated using the EXPASyY
translate tool. Features of the plasmid such asib@some binding site, the two
restriction sitedNdel and BamHI, the His.Tag region and the T7 terminator were
checked against a pET21a cloning/expression regiap on the Novagen website
and found to be exactly the same in sequence. Henyvexamination of the sequence
of the plasmid around and at tKeal restriction site showed significant mutation.
The Xbal site is close to the T7 promotor that controlpression. Any mutations at
the T7 promotor could adversely affect expressibmese mutations could be an
explanation as to why overexpression of the protsinmg pET21a in the third year

was largely unsuccessful. The sequence requestedetaextensive enough to tell
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whether the T7 promotor or other important siteshsas thelacl operon were
mutated.
The replacement pET11a plasmid artificially comsted by GenScript has

also been sequenced. The sequence data is shéugune 3.14.

rbs Ndel

t aalgaaggagal at acat at gicggt t gacgaagcagacgaactatgcggttcgcatgttg
M RL T K QTNYAVRML

atgtattgt gctgccaat gacgggcactt gagccggatt ccggaaat cgccaaggcct at
MY CAANUDU GMHTLSIRI P EI A KAY
ggcgtttccgagctctttcttttcaagat ccttcagccgcet gaacaaggcgggt ctggtc
GV S EL F L F K1 L QPL NKAGWLV
gagaccgt gcgcggt cgcaat ggcggcgt gecgcet t gggcaaaccggccgccgacat t agt
E T VRGRNU GGV RUL GKUPAWATIDII S
cttttcgacgt cgttcgggt gacggaagat agct t cgccat ggccgaat get t cgaggat
L F DV VRV TEU DSV FAMMATETCTFE D
gacggt gaagt cgaat gcccgct ggt cgacagtt gcgggtt gaatt cggecget gecgt aag
D GEVET CWPLVID ST CGLNJSA AL RK
gcgctcaacgecttcttcgecgtget gt cggaat at t ccat cgacgacct cgt caaggceg

A L NAFFAVL S EY SI DDUL V KA

cgt ccgcagat caattt cctt ct cggaat t accggcgagecggeat at cgcaaacccgeg

R P QI NFL L GI T GEWPAY RK P A

atcgtt gccccegecegect gaatt aaggagcagaat at get t ct gaacdggat cclgaat t

I V. A P A A - BamHI

cgagct ccgt cgacaagct t gcggccgceact cgagcaccaccaccaccaccadt gagat ¢
His.Tag

cggct gct aacaaagcccgaaaggaagct gagtt ggct gct gccaccget gagcaat aac

[t agcat aacccctt ggggcect ct aaacgggat ctt gagggat ttttt dct gaaaggaggaa
T7 tanator

ctat at ccggatt ggcgaat gggacgcgccct gt agcggcgeat t aagcgecggegggt gt

ggt ggt t acgcgcagegt gaccgetacactt gccagcgecct agcgeccgct ccttt cge
tttcttcccttcctttctcgecacgttcgeecggetttcceccgt caagcet ctaaat cgggg
gctccctttagggttccgatttagtgetttacggcacct cgaccccaaaaactt gattag

ggt gat gggt t cacgt agt gggccat cgccct gatagacggtttttcgecctttgacgtt

Figure 3.13: Sequence data of the pET21a plasnifdtive RirA insert. The RirA sequence
is highlighted in yellow with the amino acid conpesding to the codon below. Features of

the pET21a plasmid that fall into the sequencergare boxed and labelled.
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rbs Ndel

t aggaaggagdt at gcat at gcgcct gacgaaacagacgaact at gccgt gcgt at gct g
M R L T K QTNYAVRML

at gt att gt gccgct aacgat ggt cacct gagccgt at cccggaaat t gcaaaagctt at
MY CAANUDUGMHULSWRI P EI A KAY
ggcgt gt ct gaact gttt ct gt t caaaat cct gcagccgct gaacaaagcaggcect ggtc
G Vv S EL FL F KI L QP L NKAGIL V
gaaaccgt gcgt ggt cgt aat ggt ggt gt ccgt ct gggt aaaccggcagcagatatttca
E T VR GRNU GG GVIRL GKUPAATUDI s
ctgtttgacgtggttcgcgttacggaagattcgtttgcgatggccgaatgett cgaagat
L F DV VvV RV T EIDSUFAMAIETCZFE D
gacggcgaagtt gaat gcccgcet ggt cgat agt t gt ggt ct gaact ccgeccct gecgt aaa
D GEV ECU&PULV D SO CUGLNJSA AL RK
gcact gaat gcgtttttcgcggt gctgagcgaat act ctatt gat gacct ggt t aaagca

AL NAF F AV L S E Y S I D DL V K A
cgcccgcaaatcaactt cct gct gggcat cacgggcgaaccggcegt at cgt aaaccggct
R P QI NF L L GI T GEWPAY RK P A

at cgt t gct ccggcagegt agggat ccgget gct aacaaagcccgaaaggaagct gagt t
I V. A P A A -

Figure 3.14: Sequence data of the pET11a plasnilutiwe RirA insert. The RirA sequence
is highlighted in yellow with the amino acid conpesding to the codon below. Features of

the pET11a plasmid that fall into the sequencergase boxed and labelled.

The insert for the pET21a plasmid and pET11la plddmais 100% identity to the
sequence identified as RirA by Todd and co-worké}sThis alignment is shown in
Figure 3.15. The multiple sequence alignment demnates that the protein
overexpressed throughout the study has been Ro# fivhich the sequence was
determined by Toddat al [6]. It also demonstrates that the insert in thé 2k
plasmid has no mutations which affect the amind aeiquence. Thus, the problems
encountered with pET21a can easily be rectifiedubh restriction digestion with
Ndel and BamHI to remove the insert from the mutated vectore RirA insert can

then be religated to fresh pET21a plasmid and peepas before.
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Todd 2002 MRLTKQTNYAVRMLMYCAANDGHLSRI PEI AKAYGVSELF 40
pET1la MRLTKQTNYAVRML MYCAANDGHL SRI PEI AKAYGVSELF 40
pET21a VRLTKOQTNYAVRML. MYCAANDGHL SRI PEI AKAYGVSELF 40

Todd 2002 LFKI LQPLNKAGLVETVRGRNGGVRLGKPAADI SLFDVWVR 80
pET11la LFKI LQPLNKAGLVETVRGRNGGVRLGKPAADI SLFDVWVR 80
pET21a LFKI LOPLNKAGLVETVRGRNGGVRLGKPAADI SLFDVWVR 80

Todd 2002 VTEDSFAMAECFEDDGEVECPLVDSCGLNSALRKALNAFF 120
pET1lla VTEDSFAVAECFEDDGEVECPLVDSCGA-NSALRKALNAFF 120
pET21a VTEDSFAVAECFEDDGEVECPLVDSCGA-NSALRKALNAFF 120

Todd 2002 AVLSEYSI DDLVKARPQ NFLLG TGEPAYRKPAI VAPAA 160
pET1lla AVLSEYS| DDLVKARPQ NFLLA TGEPAYRKPAI VAPAA 160
pET21a AVLSEYS| DDLVKARPQ NFLLA TGEPAYRKPAI VAPAA 160

Figure 3.15: Multiple sequence alignment showirgggbquence of RirA as
published in Todet al. 2002 [6] compared to the RirA inserts of the pETathd
pET11a plasmids used in this work. All residuescameserved for all three

sequences. Alignment constructed using ClustalWRJatview [17, 18].

3.3.4: Characterisation of Protein by Size Exclusion Chromatography

Determining the oligomeric state of a protein caveal information relevant
to function and structure. Oligomerization give®tpins functional and structural
advantages, including increased control over aditeeaccessibility and specificity,
higher complexity and improved stability. It cas@be disadvantageous; leading to
the formation of structures that are pathogenid.[T8ere are several methods that
can be used to determine the oligomeric state diveguanalytical centrifugation,

gluteraldehyde crosslinking [20] and size exclusionromatography.For the
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purposes of this study size exclusion chromatograpas performed to determine
whether the unreconstituted RirA apoprotein was onoeric or multimeric. This is a
technique whereby proteins of known sizes are agpio a gel filtration column
under the same conditions. The proteins eluteffgruig elution volumes (Y. From
this a size exclusion calibration curve can be tetbt The protein of unknown
oligomeric state can then be applied to the coluifime elution volume of this
protein can then be compared with the known stalsdtr determine the molecular

weight and oligomeric state.

100+

RirA ]  Bovine serum albumin (66 kDa)
molecular ]

weight

: 39 kDa approx. Carbonic anhydrase (29 kDa)

E ~

.g ‘é‘

s < 104 Horse heart Bovine lung
I3 ] cytochromec (12.4 kDa) aprotinin (6 kDa)

| |

g8

O o«

= © .

RirA Ve/V0 1 1.72

Figure 3.16: Size exclusion chromatography calibraturve showing the protein standards
and the associated trendline. RirA hased V, of 1.72 which gives a molecular weight of

39 kDa as indicated on the logarithmic scale.

A HiPrep 26/60 S200 gel filtration column was us@&tie calibration was
performed using blue dextran (~ 2,000,000 Da) fetedmining the void volume,
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bovine serum albumin (66,000 Da), carbonic anhywlr@®,000 Da), horse heart
cytochromec (12,400 Da) and aprotinin from bovine lung (6,504). The calculated
molecular weight of RirA is shown in Figure 3.16.

The deduced molecular weight of 39 kDa is clos¢ht molecular weight
anticipated for dimeric RirA (each monomer is 1kBa). The size exclusion
chromatography was also tried with protein contajrthe cluster. However this was
unsuccessful due to cluster degradation during nchtography. Analysis of the
collected protein using electronic absorbance spsobpy revealed no characteristic

iron-sulphur cluster shoulder at 410 nm (Figure8R.1

3.3.5: Characterisation of Protein by Determination of Extinction Coefficients
and Recording of Electronic Absorbance Spectra.

Extinction coefficients can be used to accuratalargify the amount of
protein in a given sample. Approximate extinctiomefficients can be estimated
through assigning a molar extinction coefficientueato each tryptophan, tyrosine
and cystine (disulphide-bonded cysteine) in theginosequence. From the figures of
Paceet al. the extinction coefficients for tryptophan, tyirees and cystine are 5,500,
1,490 and 12%~* cm* respectively [21]. Adding all the tryptophans,dsines and
cystines in a sequence would give an estimate efetttinction coefficient of the
protein. This calculation can be performed throagtomputer program such as the
ExPASYy extinction coefficient calculator.

The extinction coefficient can be more accuratebtednined through
measuring absorbances at 280 nm of native protaihtlae same protein sample
denatured by 6.64 guanidine-HCI. The extinction coefficient of the nd¢éured

protein can then be calculated using the extinctoefficients of tryptophan,
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tyrosine and cystine as reported by Petcal. [21]. The native extinction coefficient
can then be calculated through Equation 2.

ENative 280 nn EDenatured 280 nif (ANative 280 nr¥ADenatured 280 nph (2)
An extinctioncoefficient for the RirA apoprotein was calculatedusing the
ExXPASy extinction coefficient calculator and byattenic absorption spectroscopy
of native and unfolded forms (See section 2.2.8pdfimental calculations from the
ExPASy extinction coefficient calculator predictadvalue of 7450m *cm™* for
RirA that has not broken down. This doubled to take account that RirA is a
dimer is 14900v~*cm . Determination of the extinction coefficient by asering

the absorbances of folded and unfolded protein8@t rin gave a similar value of

16000
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e (M cm)
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Figure 3.17: Electronic absorption spectrum of R@mpoprotein showing the extinction

coefficient at 280 nm as 14880 cm ™.
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14800m tcm ™. This was calculated using the 14960 cm ™ denatured extinction
coefficient and dividing by (Retve 280 nADenatured 280 nmh These extinction
coefficients may have significant error however tluehe lack of tryptophan in the
RirA sequence [21]. An electronic absorption speutrof RirA apoprotein can be
seen in Figure 3.17.

An estimation of the extinction coefficient of tHeloprotein was also
calculated by taking an electronic absorption spettat the same concentration of

protein as the apoprotein as shown in Figure 3.18.

40000+
35000
30000+
25000+

20000+

e (M*cm)

15000+

10000+

5000+

T . . T : : : .
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Wavelength (nm)

Figure 3.18: Electronic absorbance spectrum of Ridloprotein that is 11.8% cluster

loaded. An extinction coefficient of 32988 *cm’ per RirA monomer at 410 nm is

calculated for 100% loading.
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By applying the same multiplication factor using tmnvert the apoprotein
absorbance te the two spectra can be compared. However, thenstitated protein
does not have 100% loading of cluster. Iron anghaul assays of the reconstituted
protein shown in Figure 3.18 revealed a dimeridginroconcentration of 313wy a
sulphide concentration of 2964uand an iron concentration of 315vuThe
electronic absorption spectra shown in Figure ¥sléharacteristic of a [3Fe-4S] or
[4Fe-4S] spectrum, since the [2Fe-2S] clusters hmoee features present in their
electronic absorbance spectra [22]. If the protmdl sulphide concentrations are
compared, since these would be the same for b&ie-4F] and [4Fe-4S], then the
sulphide concentration suggests that 11.8% of ttal tsulphide required for
complete loading has been reconstituted. The sigptoncentration should be eight
times that of the protein concentration for 100%diag, as the RirA dimer has two
sites for a [3Fe-4S] or [4Fe-4S] iron sulphur ctugione per monomer). This gives
an extinction coefficient of ~ 3300@ *cm™ at 410 nm, which correlates to two
[4Fe-4S] clusters at around 4000*cm™ per iron [22]. The apoprotein in Figure
3.17 gives no significant absorbance in the 350-8@0range. Therefore the total
absorbance from 300-500 nm in Figure 3.18 must e sblely to the cluster.
Therefore the extinction coefficient can be estedaat 410 nm as there are no

underlying bands due to protein absorbance.

3.3.6: Dithionite Reduction and EPR of Reconstituted Protein.

Spectroscopic techniques such as UV-visible, ERRM&D can be used as
tools to identify the type and oxidation state ofieon-sulphur cluster present in a
protein. The common iron-sulphur cluster types [25¢ [3Fe-4S] and [4Fe-4S]

have characteristic EPR and MCD spectra [22]. Feurémalysis of cluster type can

160



ChapterThe iron-responsive regulator RirA in thigroteobacteri&hizobium leguminosarum.

also be performed through reduction or oxidation tleé iron-sulphur cluster.
Oxidised and reduced iron-sulphur clusters can dentified through MCD
fingerprinting. EPR, used to detect species withpaimed electrons, is also
particularly effective. Reduction or oxidation of aon sulphur cluster can restore or
silence EPR signals, providing additional inforroatfor assigning cluster types. In
this study, electronic absorbance and EPR spedra mecorded for the reconstituted
RirA in reduced and oxidised states. Dithionite éewiicyanide were used to reduce
and oxidise the clusters respectively.

The RirA was first checked by recording an eledtr@bsorbance spectrum
of the reconstituted protein such as that showirigure 3.18. The reconstituted
protein was also checked by SDS PAGE to ascerta@nthe protein that has been
reconstituted is indeed RirA (Figure 3.19). A saengl the reconstituted protein was
then reduced using sodium dithionite. A recongilidample was used containing an
estimated 125 ym of dimeric protein, 126 y of iron and 119 m of sulphide. The
concentration of iron-sulphur cluster can be esiahafor either a [3Fe-4S] or [4Fe-
48], by assuming an extinction coefficient of 4600 cmi* per iron [22]. This
allows comparison of cluster concentration with &R dataOriginally 2uL of
0.88 mm dithionite was to be delivered to the sample fexhespectrum recorded. A
spectrum was recorded of the original reconstituprdtein and the protein
containing eight 2 pL additions (final dithioniteorecentration 33.85 wyi) of
dithionite (Figure 3.20). The main difference ig ttisappearance of the shoulder at

the 360 nm to 460 nm range when the sodium ditteasiadded.
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Figure 3.19: 12% SDS PAGE of a small sample of mstituted protein showing RirA and
its breakdown product below the 20 kDa marker dmala the 15 kDa marker respectively.

Protein loading was 23 pg.
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Figure 3.20: Electronic absorption spectra of retituted RirA holoprotein (black line) and
after treatment with eight 2 pL additions of dithite (total concentration 33.83dithionite)

(red line).
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Subsequent additions resulted in no significantpehehanges at the shoulder or
280 nm band. There was however an emergence aflaghe815 nm associated with
dithionite. The dithionite solution used in the wetion of the RirA holoprotein was
used to reduce a solution of cytochromef known concentration. Dithionite is a
reductant that donates two electrons. However ptinéy of dithionite stocks can
alter the quantity required to completely reducesample. Using oxidised
cytochromec a titration was performed to determine what cotregion of dithionite
was required for complete reduction. The resultiiigation demonstrated that
21.5 wv of dithionite was required to completely reduce |6 of cytochromec.
Since eaclt heme in cytochrome requires one electron for reduction, this equates
to 1.21 electrons. From an iron concentration 186 v and a dithionite
concentration of 33.85Mu(41 um electrons) the total of 0.32 electrons per iron can
be deduced. This is in close agreement with [3Heelitsters (0.33 electrons per
iron) and near to [4Fe-4S] clusters (0.25 electpmarsiron).

As well as addition of dithionite, ferricyanide.88 mv) was also added in
2 UL aliquots to reconstituted protein to see if ahanges could be observed in the
electronic absorbance spectrum. The observed spetiteconstituted protein with
ferricyanide additions showed no changes to thgiral reconstituted spectrum.

The reconstituted protein in oxidised and dithienmgeduced form, as shown
in Figure 3.20, were transferred into quartz EPBesuin an anaerobic cabinet and
flash frozen in liquid nitrogen for EPR spectrosgof ferricyanide-oxidised sample
of reconstituted protein was also analysed thrdtigR spectroscopy.

The EPR spectra of reconstituted RirA oxidised witérricyanide
(Figure 3.21) were recorded at three different terafures. At 10 K the spectrum

contains a sharp derivative-shaped feature at .§2 2
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2.03|

2.02

10 K

300 320 340 360 380
Magnetic Field (mT)

Figure 3.21: EPR spectra for ferricyanide-oxidisedonstituted RirA protein measured at
different temperatures. The microwave power wast lk@pa constant 2 mW and the
modulation amplitude was 1 mT. Protein was in 26 HREPES, 2.5 m CaC}, and 50 m
NaCl at pH 7.5. Protein concentration was 12f jpon concentration 126Nuand sulphide

concentration 119m. The total ferricyanide concentration wasj28.
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The shape and g-value is absolutely typical foref8S] clusters, the spin S = 1/2
oxidised state of a three-iron cluster, as typiftedthe EPR spectra of oxidised
ferredoxins from certaiesulfovibrio bacteria and aconitase fro coli [22-26].
The g-value of 2.02 is also close to the reporigucal value of 2.01 reported for
these ferredoxins and aconitase. Another typicatufe of [3Fe-4S]clusters that is
observed in Figure 3.21 is the temperature depeeddrne pronounced decrease in
intensity with increasing temperature is typicalr filnis species. Due to rapid
relaxation, such spectra cannot generally be obdeat/temperatures above 20 K.

The EPR spectra of reconstituted RirA reduced withionite (Figure 3.22)
were recorded at two different powers. The smatluther at low field from the
sharp 2.05 feature and the trough at high field.88 become more pronounced at
higher power. The increase in size of these featigendicative of a fast relaxing
species. They could be tentatively assigned tongracting pair of paramagnetic
species such as two [4Fe-ASjlusters, which have been observed to undergo
electron spin relaxation at a more rapid rate #F2f4S] ferredoxins [27]. [4Fe-45]
clusters have a spin S = 1/2 and can be eithet axidnhombic with one of the g-
values lower than 2 [28]. Reduced ferredoxins fregneralDesulfovibrio bacteria
typify a classic [4Fe-4S]rhombic signal with g-values of around 2.06, 1294l 1.90
[22, 24-26]. The g-values indicated on Figure 3&22.05, 1.97 and 1.93 are
suggestive of those typical [4Fe-4$}values.

The EPR spectra of the as reconstituted sampldiréf are complex and
contain signals from several species (Figures 8rZB3.24). Since RirA holoprotein
is also thought to be dimeric there could be mamwylunations of different iron-

sulphur cluster types interacting with each otbgsrbduce complicated spectra.
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Figure 3.22: EPR spectra for dithionite-reducedonstituted RirA protein measured at
different microwave powers. The temperatures amicated on the figure and the
modulation amplitude was 1 mT. Protein was in 26 HEPES, 2.5 m CaCl, and 50 m
NaCl at pH 7.5. Protein concentration was 124 igon concentration 126nuand sulphide
concentration 119 . The same sample is used in Figure 3.20 so theréferetotal

dithionite concentration was 33.8p
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Figure 3.23: EPR spectra for as reconstituted Ri@tein measured at different microwave
powers. The temperature was kept at a constant 80d<the modulation amplitude was
1 mT. Protein was in 25 mHEPES, 2.5 m CaCl, and 50 nu NaCl at pH 7.5. Protein

concentration was 125v4iron concentration 126quand sulphide concentration 1181

Because of this it is difficult to assign iron-salp cluster types to particular EPR
spectral features. Figure 3.23 shows EPR spectasuned at a constant temperature
of 10 K but at different powers. From these speatraxial spectrum with features at

2.02 and 1.97 can be identified.
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Figure 3.24: EPR spectra for as reconstituted Rptein measured at different
temperatures. The microwave power was kept at &taoh2 mW and the modulation
amplitude was 1 mT. Protein was in 2MEPES, 2.5 m CaCl, and 50 nv NaCl at pH
7.5. Protein concentration was 125u,uiron concentration 126Nt and sulphide

concentration 119m.
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The features at these g-values increase in siZe wdreasing power. From this
power dependency it can be deduced that this apeties is a fast relaxdtigure
3.24 shows EPR spectra measured at a constant pdvw&eemW but at different
temperatures. An axial spectrum can again be iiemtivith features at 2.04 and
2.02. In contrast to the axial spectrum that cardéduced from Figure 3.23, this
spectrum indicates this species is a slow relakes,to the increase in the size of the
features at higher temperature.

In principle, MCD spectroscopy could also be usdte paramagnetic forms
of these clusters, [3Fe-4S][3Fe-4S], [4Fe-4S], all give, at low temperatures,
characteristic MCD signals that could be used tenidy and quantitate these
clusters in oxidised and reduced samples. Unfotéiy& proved possible to prepare
samples of only 150Nu concentration, well short of the 400 needed to prepare
MCD samples. Furthermore, samples require the iaddiof equal volumes of
ethanediol or glycerol in order that they form oplily transparent glasses when
frozen. In the presence of either of these glassiggnts, reconstituted RirA

precipitated on freezing and we were unable toyaaut an MCD characterisation.

3.4: RirA: Summary and Conclusions

The rhizobial iron regulator protein RirA has besxpressed, purified and
characterised by electronic absorbance and EPR 8atecess with iron-sulphur
cluster reconstitution has yielded EPR spectra phatide valuable insight into the
type of cluster present, as well as allowing obson of properties such as the
cluster degradation in the presence of oxygen. Weweproblems arose during

protein overexpression with the pET21a plasmid.
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Initially the overexpression of RirA using the pEIE2plasmid worked well.
However, instances of RirA failing to overexpreggdime more frequent. Many cell
cultures revealed no overexpression of the RirAtggnowhen analysed by SDS-
PAGE. This occurred when cultures were grown frdyeeyol stocks of BL21 cells
containing the plasmid and also from freshly transied BL21E. coli cells. It
appeared from looking at the sequence data oflHsemid that there were mutations
around and at th&bal restriction site. The limitations of the sequertaa meant
that other coding sequences could not be investighir mutations. However the
sequence in and around tKbal site was certainly mutated. The T7 promotor is in
close proximity to theXbal site and could also contain mutations. This woléd
likely to have a significant effect on overexpressiThe pET21a plasmid has now
been replaced with a pET11la plasmid containing Rivd insert synthesised by
GenScript. This plasmid has many of the same featof pET21a. It has the T7
promoter, the pBR322 origin of replication, the aillin resistance gene as a
selection marker and thacl repressor as the target gene for overexpreshimugh
induction with IPTG.

Another problem encountered was that the puriR@d contains two forms
of the protein due to the formation of a degradatwoduct. Around 10-20 amino
acids are lost from the C-terminal end of the Rpfotein. Initially, just after
producing the crude extract very little of the Ribfeaks down. With time more of
the RirA turns to breakdown product. The change lmambserved via SDS-PAGE
electrophoresis as shown in Figure 3.08. The Rirdtgin band is at ~20 kDa,
whereas the breakdown product can be observedrdmsee 15 kDa marker. There
is no indication that NsrR or IscR behaves in thesy [1, 29]. As described, RirA

also degrades if the IPTG overexpression stagdlasved to go on for too long
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(Figure 3.03). This suggests that the RirA protgira certain level of expression is
possibly cytotoxic. This may result in tHe coli cells degrading the protein in
response to the cytotoxic effect. The possibiligttthe protein is being cleaved by a
protease in the cell extract is unlikely. The additof 1 nm AEBSF (and later
PMSF) to the buffers was used to combat this, bliad only a minor effect. A
protease inhibitor cocktail tablet by Roche wa® aised to completely eliminate any
form of protease activity. This was not successfulstopping the breakdown.
Therefore post cell break, protease activity camubed out up to a point, dependant
on whether the inhibitors were effective at blogkarctivity of their target proteases.
The breakdown product formation was slowed downiBaantly by the inclusion of
EDTA in the purification buffers. This suggeststtifiiee metals such as iron may
play a part in the degradation of RirA in the @sltract. Oxygen was also tested for a
role in the breakdown of RirA once the cell extraets obtained. There is however
no evidence of this from SDS-PAGE analysis (Figr@9). From Figure 3.03 it
appears that RirA degradation to breakdown prodaes not happen in the cell, but
only once the RirA is extracted out of the celtsislalso unlikely that RirA has an
oxygen sensing role. Oxygen dependent cluster dagiam is linked to function in
other proteins. For instance FNR, an oxygen resperteanscriptional regulator of
over 100 genes, has a cluster that converts frgafFra4S]" to a [3Fe-4S] with a
pseudo first order reaction of 0.061T §30]. In contrast WhiD converts from a
[4Fe-4S] to apoprotein approximately 300 times malewly than this at
2.403 x 10* s [31]. It has been suggested that WhiD does no¢ laawle in sensing
oxygen on the basis of comparison with proteinshsus aconitase [32].
Reconstituted RirA when left exposed to oxygen does see rapid cluster

degradation of that described for FNR.
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RirA solubility posed problems, with precipitati@tcurring during protein
preparation and concentration. NsrR was also fdonge unstable in the apo-form
with precipitation occurring readily (Dr Jason Ckapersonal communication). With
both the apo-forms of RirA and NsrR prone to priéaton, it was considered
whether the cysteines associated with the ironhsmlplusters were responsible for
the instability. The stability of RirA when concesttied is greatly improved when the
protein is reconstituted with an iron-sulphur clustDithiothreitol is used in the
preparation of NsrR to keep the protein stable Ttials using dithiothreitol in the
buffers to stop RirA precipitating only delayed gpetation but did not prevent it.
Apoprotein stability did not seem to significanthcrease with the inclusion of 5-
10% glycerol or 50 m arginine and glutamic acid in the buffer solutif88].
Guruprasadet al. devised an instability index of proteins from aisalg their
primary sequences. A score of 40 or less predids the protein is most likely
stable, whereas a score of over 40 predicts thieipres most likely unstable. If the
RirA sequence is inputted into the instability indarough ExPASy and ProtParam,
the prediction is slightly unstable at 41.63 [34].

Through size exclusion chromatography the RirApaptein was shown to
be a dimer. This technique was also attempted thi¢hiron-sulphur reconstituted
protein but the cluster fell apart on applicatidntlee protein to the gel filtration
column. Two of the Rrf2 family members that contdia conserved cysteines, NsrR
and IscR, are also homodimers [1, 35], and thesetbe proposal that RirA is a
dimer would correlate with the structure of thes® trelated proteins. The Rrf2
family members that do not have the capacity t@eernodate iron-sulphur clusters
can also provide insight into the structure of RirA recent study by Shepaetial.

[36] described the crystal structure of CymR, a@ye biosynthesis repressor. This
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study described the possible structure of RirA e positions of the clusters. This
is described in more detail in Chapter 5. The iit@bd is that the holoprotein is also
dimeric and can accommodate two clusters. The pecesef four cysteines at each
site allows the possibility of the cluster typesh® either [2Fe-2S], [3Fe-4S] and
[4Fe-4S]. The clusters present were characteris@adigh electronic absorbance and
EPR spectroscopy. The significance of the speamsadata obtained is discussed
next.

Despite the problems encountered, it was possiblebtain highly pure
overexpressed RirA and reconstitute it. The recdtutistin technique is not specific
and can insert a cluster into proteins that noynatbuld not possess one such as
bovine serum albumin [37]. It was therefore impotttb have pure protein so that
contaminants could be ruled out of any iron-sulptiuster signals observed. Iron
sulphur clusters observed in IscR and NsrR hava bethe [2Fe-2S] type, although
there is now a question mark to whether NsrR agtbéhds a [4Fe-4S] cluster [1, 3,
29, 38]. However, the presence of a [2Fe-2S] clusteRirA is unlikely. The
electronic absorbance spectrum of RirA in FigurB8B3only shows a characteristic
shoulder at ~ 400 nm. Most examples of [2Fe-2Sjtedaic absorbance spectra have
more than one distinct feature. For example thezé&m® dioxygenase from
Pseudomonas putida has features at ~ 350 nm, 450 nm and ~ 550 nm [f&2}ever,
the electronic absorbance spectra of [3Fe-4S] df@-BS] clusters can be very
similar in appearance, and therefore cannot be getaly to identify the cluster
present. The [4Fe-4%]of aconitase and the [3Fe-4%jf native Thermus aquaticus
ferredoxin have similar features in their electooaibsorbance spectra [22, 39].

The EPR of ferricyanide-oxidised reconstituted R{fAgure 3.21) shows a

characteristic S = 1/2 [3Fe-4Sjignal in terms of shape and g-values that cooresp
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with [3Fe-4SJ clusters in aconitase and ferredoxins [22-26]ufég3.21 also shows
typical temperature dependence of [3Fe48iisters, with increasing temperature
resulting in a decrease in signal. No [3Fe’483s been reported for as isolated,
oxidised or reduced forms of NsrR or IscR [1, 2, 29]. A [3Fe-4S] cluster
intermediate has been observed in NsrR as thet iifsexposing [4Fe-4S] clusters to
oxygen in the presence of DTT [2]. As well as tHeREdata, the presence of [3Fe-
4S] clusters in the reconstituted protein is cdesiswith iron and sulphide assays
which give the average ratio as 1 iron to 1.33sdks. This is close to the 1 iron to
1.25 sulphide ratio of a [3Fe-4S], as opposed &altiron to 1 sulphide ratio of [2Fe-
2S] and [4Fe-4S]. It is also consistent with thiewated value of 0.32 electrons per
iron in titrations with dithionite. A [3Fe-4S] cltesy would have a value of
0.33 electrons per iron to reduce. It is howevesoatlose to the value of
0.25 electrons per iron for [4Fe-4S]. It is not Wwmowhether the [3Fe-4S] is as a
result of incomplete construction of a [4Fe-4Sjfaris physiologically relevant.

The EPR of dithionite-reduced reconstituted RirAowh features that
undergo fast relaxation and g-values suggestivintefacting [4Fe-4S] clusters.
Reduced [4Fe-4S] NsrR has a fast relaxing, axi& Bignal at g = 2.04, 1.93 which
is assigned to [4Fe-4Stlusters [2]. In comparison the spectra of ditit@mneduced
RirA (Figure 3.22) also has features that show falkstxation at g ~ 2.06 and 1.93.
The existence of a [4Fe-4S] cluster per monomesugported by the calculated
extinction coefficient of the holoprotein. At 16483 cm™ per monomer it supports
a [4Fe-4S] cluster at approximately 4000 cm™ per iron [22]. A single non-
interacting S = 1/2 [4Fe-45Eluster, such as those seen in reduced ferred{dins
26], show a typical rhombic signal with g-value6&.1.94, 1.90. Figure 3.22 has g-

values at 2.05, 1.97 and 1.93 that are suggestigesimgle [4Fe-4S] This suggests
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that there is a proportion of reconstituted RirAthwiwo interacting [4Fe-45]
clusters and another proportion with a [4FeZ4Sister in one monomer only. For a
single [4Fe-4S] cluster to show a rhombic g = 2.05, 1.97, 1.93naigin
reconstituted RirA the other monomer site wouldéh&wy be occupied by an EPR
silent species such as [3Fe-28i it would have to be empty.

It is certain that [3Fe-4S] clusters are one of i@y species that has been
reconstituted into RirA in this study. There isdamce for [4Fe-4S] clusters present
also. However, there is still much to be done om ¢haracterisation of the iron-
sulphur clusters in reconstituted RirA. The as nstituted EPR spectra of RirA are
very complex, with several species present thaixrat different rates. Further work
to elucidate the identity and proportions of théfedent species would involve
simulation of the EPR spectra. Further spectroscopirk to characterise RirA
would also include preparing a MCD sample. This Mqarovide further information
that would aid in identifying the clusters. Unfarately attempts to prepare a MCD
sample were unsuccessful, due to problems withesaration and precipitation from
addition of the glassing agent. Methods in the rutto combat this could include
trying a less common glassing agent instead, singalding the glycerol or
ethanediol very slowly or employing different bueand/or detergents to stabilise

the protein.
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Chapter 4.
Novel heme derivatives formed in the reactionsxudlised (as-prepared)

cd; with NO, substrate and other nitrogenous ligands.

4.1: Introduction

A long established method of probing the transitioretal sites of
metalloproteins is to monitor their interactionsthiwiand accessibility to, small
exogenous ligands. This approach was used exténgivthe analysis of the hemes
in cd,, particularly in the case ¢fseudomonas aeruginosa. Some ligands bind to the
d; heme ofcd; in a straightforward coordinative manner. For egbamfluoride,
cyanide and imidazole ligands show simple coordinato the hemael, ferric ion,
modifying but still exhibiting the F& EPR spectrum [1, 2]. In the case of fluoride
coordination, the hemd; EPR spectrum changes from rhombic to axial. Cyanide
complexation withcd; causes more extensive changes to bathdd; EPR features.
A peak attributable to henemoves fromg = 2.98 tog = 3.31. Thed; spectrum is
rhombic withg values 2.47, 2.35 and 1.61. By comparison withmecomplexed
sperm whale myoglobin the authors concluded thahicke binds to the heme of
cd; [3]. Imidazole-complexedP. aeruginosa cd; also has a resonance attributable to
thed; heme aty, = 2.58. Thec heme is again affected, with theresonance shifted
to g=3.55. Some unliganded heme also remains agt=2.98 [2]. It is unclear
whether histidine or methionine is displaced bynigia or imidazole. nIR MCD
spectroscopy may elucidate which amino acid residugisplaced. The histidine-
methionine charge transfer band has a peak at ~AmM75Both cyanide and

imidazole give rise to IR charge transfer MCD wawgjths that are similar to
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histidine. Therefore if these ligands displace thistidine, the wavelength at
~1775 nm will not change significantly. If the migthine is displaced however then
the new ligand set will appear as bis-histidinee Maavelength at which a bis-
histidine charge transfer band occurs is ~1550 Tfinerefore the displaced amino
acid ligand can be identified. Thus with fluoridjanide and imidazole, although
hemec may also be involved in binding, hende remains low-spin ferric with

detectable EPR. In contrast it has been reporidatiditions of nitrite, NO or azide
lead to the complete removal of df|EPR features [1, 2, 4].

Although cd; was first identified as a cytochrome oxidases ihow accepted
that its physiological substrate is nitrite. Niéris ambidentate, being able to bind to
heme in two different confirmations. Both are moawigte. The first is bound via
the nitrogen atom and is termed nitro, while theose is bound by one of the
oxygen atoms and is termed nitrito. In inorganicdele nitrite is always bound to
iron by the nitrogen atom whether the iron is ie ferrous or ferric state. Protein
heme-nitrite structures are limited. Three protsiructures have been reported in
which NOQ, binds via the nitrogen atontd; from Paracoccus pantotrophus [5];
sulphite reductase hemoprotein frdgscherichia coli [6]; and cytochrome nitrite
reductase fronWolinella succinogenes [7]. However there is an example of a protein
heme-nitrite structure that does not conform to kibinding mode. Horse heart
met-myoglobin binds nitrite in the oxygen atom bngl nitrito conformation,
although this is changed to the nitro conformatwinen the distal heme pocket
residue histidine-64 is mutated to a valine [8, 9].

Both cd; and myoglobin have nitrite reductase propertieth \the resulting
product being NO [10-12]. NO is a very strong biglligand to heme, especially so

when the heme iron is in the ferrous state. Then&bion constantskg) for NO
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binding to ferrous and ferric heme are generally*-10" and 16-10" m™*

respectively [13 and refs therein]. This is obvigus potential problem for a heme-
containing enzyme that makes NO as a product. TBelijands are bound to the
heme iron by the nitrogen atom in an arrangemeatithhs a relatively strong ligand
field strength. In inorganic chemistry, NO as afid can vary in character between
two common types. The first is the linear nitrosmniligand with an M-N-O bond
angle in the range 160-180°. This is the N&pecies, a 2-electrasrdonor with an
N-O bond order of 3. The true NG@pecies has a high stretching frequengy of
2200-2400 crit as demonstrated by the nitrosonium salf'BR)~. The second type
is the bent nitrosyl arrangement with a bond araflet20-140°. This is the NO
species that has a bond order of 2.5. The NO spéeie a lowevyo than the NO
species. The figure for the gaseous form is 18786. dfarric heme bound NO adopts
the linear mode of binding becoming"MEO" whereas ferrous heme bound NO
adopts the bent conformation as shown in Figurd.4There is a third nitroxyl
species, NQ but this is rare. Theyo for this form of NO is 1150-1170 ¢h

The azide ligand has weak to intermediate ligamdt fistrength. Like the
nitrite ligands it is monoanionic and monodentaiéthe azide ligand has two
resonance forms as shown in Figure 4.02. In hoesat hmetmyoglobin the azide
ligand favours an angled conformation when bounth&éohaem iron [14, 15]. The
binding to heme only requires one of the lone piom the three on the®N Horse
heart myoglobin with an azide ligand bound displaysixture of high and low spin
species [16]. This is very similar to tyrosinataeihd P. pantotrophus cd; in that a

high spin / low spin equilibrium also exists foeth heme [17].
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Figure 4.01: The two NO conformations formed frdra binding of NO to ferric and ferrous

heme. The ferric linear conformation is diamagnatd therefore EPR silent, whereas the

bent conformation is s = 1/2 at the NO- and theecdPR active.

R
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Figure 4.02: The two Lewis Structures for azide ion

At room temperature the population of high spirc(&2) and low spin (S = 1/2) is
three quarters high spin to one quarter low spims 1S due to a degeneracy of two
for the S = 1/2 and six for S = 5/2. The liganddistrength of azide is also close to

the spin crossover when histidine is the fifth igaTherefore the difference of the
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energy level between high and low spin states iallsit is also worth noting that
histidine / hydroxide is similar in ligand fieldrehgth and can also give a high spin
and low spin mixture. However it can exist alsgasely low spin.

It was reported that nitrite would bind to ferdcheme in a form of the active
site made transiently accessible by redox cyclivgrk using hydroxylamine to
reoxidise the enzyme suggested that,NfBbund immediately after product (MH
formation [18]. The conclusion was that Ninds ferricd; heme at the distal site
before the tyrosine 25 can rebind as illustratedrigure 4.03. However, as the
authors pointed out, this model did not fully explall observations. The “nitrite-
bound” form appeared to take longer to stabiligntthe time required for reversion
to the as-prepared form, approximately 20 minutesoam temperature. Also the
EPR data showed no characteristic signals of law fgpric d; heme, an observation
reminiscent of those reported for azide and nitdeition to the as prepared form.
Only a single species was observed, with g-valuesilas to those of the
histidine/methionine coordinated heme in the putative ammonia-bound
intermediate (Figure 4.03) [18].

Subsequently, Van Wonderesh al [4] showed that, following addition of
NO,™ to as-preparedd; (Paracoccus and Pseudomonas species), the low-spin Fe
hemed; is made EPR silent through spin-coupling to a @diocrmed in a reaction
with the nitrite. They proposed a novel nitrogyesies involving NO bound to Ee
hemed; but one in which the usual electron transfer ®itbn had not taken place
i.e. a true F&-NO'" species and not the '=8l0" form usually encountered in hemes.
The absorbance spectra of these species showed sont&rities to those o€d;

treated with NO and ferroud; heme reacted with NO [19-22]. However, Wang
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and Averill reported a species with a 1913 trRTIR band consistent with a

Fe'-NO"* form [19].

His Tyr Met
c | d; | 2e c | d,

—F e » —Fe— —Fe—
| | | |

His His His His
~ 20 mins NHZOH
NH, ,7
Tyr Tyr
Met NO,” Met NH,
c | d, | NO,” c | d, |

—F— —Fe— —Fe—
| | | |

His His His His

Figure 4.03: Scheme showing the reoxidation of ceduP. pantotrophus cd; with
hydroxylamine followed by a gradual reversion te tixidised form. The proposed reaction
of NO,™ with ferric d; heme at the distal site is also shown as suggéstédlen et al [18].

Adapted from Scheme 1 shown in van Wondeteh [4].

Added toP. aeruginosa cd;, azide ion was reported to remove the majority of
the d; EPR signal in a similar way to nitrite [2]. Muhobe and Wharton describe
two features at g = 2.50 and g = 1.73 as beinglailyireduced in intensity by both
ligands [1]. This observation was never furtherestigated and it is not known
whether or not the azide-treatedi contains the same form of EPR silent hamas
with nitrite. While it is obvious thateduction of nitrite can lead to the radical NO

the only known radical form of azide ig'Nformed byoxidation of Ns".
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The work described in this chapter was undertaketin the aims of
understanding the nature of the reaction obN@ith oxidisedcd; and of identifying
the novel species formed at hethe The product formed with azide was also

prepared for spectroscopic comparison.

4.2: Oxidised (as Prepared)Pseudomonas aeruginosa and Paracoccus
pantotrophus cd;: Characterisation of Starting Material.

The electronic absorption spectra of two sampleasgburified, oxidisedd;
from P. aeruginosa and P. pantotrophus are shown in Figure 4.04. The
Pseudomonas and Paracoccus oxidised enzymes both have absorption maxima at
526-527 nm and 406-411 nm. The Soret band at 4Q6¥iland the band at 526-
527 nm are assigned to tbéneme for botted; enzymes. The Soret anfl bands of
the d; heme both appear to longer wavelength than theegmondingc heme
features. Thel, features take the form of a shoulder at 450-47Camch a peak at
640-646 nm. Again, these are present in both caidisnzymes. The shoulders at
450-470 nm appear very different however betweea twvo enzymes. For
Pseudomonas cd;, the shoulder is located at ~ 470 nm and is muohder than the
Paracoccus cd; equivalent, which is narrower and located at 4%0 fhe bands at
640-646 nm are from ferrid; in the low spin state. IR. aeruginosa cd,, all d; heme
Is in this spin stateBut the Paracoccus enzyme has an additional peak at 702 nm.
This is due to the presence of the high spin stétéerric d; heme. This was
originally deduced from low temperature absorptaovd MCD spectra [17]. The
spectrum oParacoccus cd; at 1.5 K resembles the spectraPoferuginosa cd; at all
temperatures with a singtk a-band at ~ 640 nm. Thuk has an S = 1/2 ground state

with a high spin S =5/2 state at higher energy dretmally accessible at room
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temperature. The two spectra shown in Figure 4.@ rapresentative of the
preparations ofd, prepared as described in Materials and Methodsuaad for the

experiments described here.
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Figure 4.04: UV-Visible electronic absorption spacbf oxidised (as-preparedy; from
P. aeruginosa (A) and P. pantotrophus (B). The P. aeruginosa cd; is at a concentration of
32um in 20 mu potassium phosphate buffer pH 6. TRe pantotrophus cd; is at a

concentration of 18pM in 100 nv Tris buffer pH 8.

4.3: Oxidised (as Prepared)Pseudomonas aeruginosa cd;:
pH Dependence of Electronic Absorption and EPR.

The nitrite reductase activity &. pantotrophus cd; is reported to be higher
at acidic pH [23]. This could be due to consumptadrprotons during the reaction
and there has been no report of pH dependent chamgiee spectroscopic properties
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of the oxidised enzyme. The electronic absorbapeetsa ofP. pantotrophus cd;
show no significant changes in the pH range 5.5(240. However EPR spectra of
samples at the two extremes of pH show significifierences [24]. At 10K, a
significant high-spin ferricl; signal is present in the pH 6.5 sample. It wagestgd
that lowering the pH protonates a histidine in distal pocket; this hydrogen-bonds
to the distal tyrosinate weakening its ligand fisttength and so reducing the energy

gap between the two spin-states (Figure 4.05).

Fd! hemedl spin states Figure 4.05: Energy diagram showing the

energy differences at pH extremes for high

and low spin ferria; heme.
High spin——-_.

LOW Spin ———----------smmoee _
pH 9.0 pH 5.6

A protonated histidine residue interacting with thstal hemael; ligand can
in principle also be present in the case of Bseudomonad cd;s because two
histidine residues in the distal pocket are corerWwVe therefore examined
P. aeruginosa at different pHs using electronic absorbance spsctipy and EPR to
seek evidence for analogous behaviour. Four samples0.5 mL, 233um
P. aeruginosa cd; were buffer exchanged into mixed buffer (12 racetate, 12 m
MES, 12 v MOPS and 12 m Tris) in D,O. Mixed buffer is chosen to cope with
the pH range required. Eacll; sample is buffer exchanged into a mixed buffea of
specific pH* in BO (see Chapter 2 for explanation of pH*). The d¢t palues for

the four samples were 5.5, 6.5, 7.5 and 8.5. Thfebaxchange is continued until

187



Chapter 4.Novel heme derivatives formed in the reactionsxidised (as-preparedjl; with nitrogenous ligands.

the original buffer is less than a hundredth ofttital volume. Electronic absorbance
spectra were recorded for the four samples usidgran pathlength cuvette. The
electronic absorbance spectra of the two extrentevallies, shown in Figure 4.06,
reveal only very minor spectral changes but theseoccur at bands from both

hemes.

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Figure 4.06: Electronic absorbance spectr®.aderuginosa cd; The samples are in mixed
buffer (12 v acetate, 12 m MES, 12 nm MOPS and 12 m Tris) in D,O at pH 5.5 and

8.5. Concentration of sample at pH* 5.5 is at @04 the pH* 8.5 sample is at 21d.

The four samples were concentrated using microsoribat each was approximately
450uM in a volume of 25Q@L. This concentration left the absorption spectrum
unchanged at visible wavelengths (not shown). Doe $§amples were then frozen in
guartz tubes for examination using X-band EPR spscbpy. The results are shown

in Figure 4.07: g-values of the features are ineédan the figure.
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7.29 \ 3.44 1\72 pH* 55
pH* 6.5
\ 4./29 \ /2.44 1.\71 pH* 7.5
2.51-

429 303

j \ 245 Yt pH*8s
! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
100 200 300 400 500

Magnetic Field (mT)

Figure 4.07: X-band EPR spectra f aeruginosa cd; at pH* values 5.5, 6.5, 7.5 and 8.5.
Buffer used was a mixed buffer (12/mnacetate, 12 m MES, 12 nu MOPSand 12 rm Tris)
in D,O set to the pH* required. Microwave power was 2 raid temperature was 10 K for

each spectrum.

Changes in heme spin-state, as were observed ddPatacoccus enzyme, are not
evident here. Minor but unmistakable changes aem sn the envelope of theyg
features of hemd,;. However, the shifts are not systematic acrossdabr samples,
possible indicating that more than one change esiroing over this pH* range (the
distal pocket contains two conserved histidines)e Thagnetic field scales for the
spectra were adjusted to account for small diffeesrin the microwave frequencies;
the intensities were normalised to thefepture ofhemec (g ~ 3) and the resulting
spectra are overlaid in the panel to the left af flyure. The broad feature at

~265 mT (arrowed) is assigned to hetlh€see simulations later in this chapter and
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in the Appendix). Thus overall the spectral shiftglicate that the hend is
responding to changes in external pH* but any chang heme are negligible. In

this respect the results mirror those for Baeacoccus cd;.

4.4: Oxidised (as Prepared)Pseudomonas aeruginosa and Paracoccus
pantotrophus cd;: Quantitation of EPR Species.

It is well established that EPR spectracdf contain signals of two distinct
types. The first is a highly recognisable low-sgaerric heme spectrum as is
frequently observed for the ubiquitobs andc-type hemes. Such spectra fall into
two classes, referred to as rhombic and laxgg Both give a gusually in the 2.7-
3.5 range. For largengk spectra, the gvalue is to the higher side of ~ 3; and
especially g may be broad and undetected. This signatijrarises from heme In
both P. aeruginosa andPseudomonas stutzeri the heme EPR tends to the rhombic
type and all threg-values can often be identified. In as-prepdpPadacoccus cd;,
hemec gives rise to EPR more largg.gin nature and arises from hemevith bis-
histidine ligation in a form with approximately pendicular ligand planes [17, 25].
The large gax EPR arises because of the ligand orientationtheotigand identity.
There are also examples of largg,gspectra from hemes with histidine-methionine
coordination [26]. The second type of signal in ERR ofcd; is unusual. It has a
narrow spread ofy-values, generally with sharp features. The g-valaee also
reversed in order so that the@lue is at low field [25]. This signal arisesrfrdhe
hemed;. The threeg-values of thed; heme can all be identified in tloel; species
collected in Table 4.01. The EPR spectradoheme can be axial or rhombic. Here
“rhombic” is in the general sense of three différgrvalues rather than the specific

meaning for normal hemes. Each of these distinctisadd; signal types described
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are usually heterogeneous. Thus electronic abscebapectra of as-isolateatl;
contain signatures for henseand for hemel; in only the F& oxidation state and
two distinct types of F& heme are observed in the EPR. Previously, therefoere
was no reason to suppose that all the hemes ollsarvhie absorbance were not
represented in the EPR. It would not have beearg$iiforward to quantitate the
and d; hemes from EPR spectra because of the heterogearsit extensive signal
overlap. However, work by van Wondereh al [4] raised the possibility of a
Fe'"-NO’ form of cd; which would contain EPR-silent herdebut which would still
appear as low-spin ferric in the absorbance spectrThis has important
implications because it would be a form with pradwstill bound. When the
physiological ligand N@ is added, to solutions ofd; from P. stutzeri and
P. pantotrophus, the typical low-spin, ferricl; EPR features are no longer observed.
However, electronic absorbance spectra still shmmdpin ferric features at ~640
nm [4]. P. stutzeri cd; shows no significant change at 640 nm when nitsitadded
but the hemel; signals disappear from the EPR [4]. The oxidiBegantotrophus
cd; enzyme exists as a thermal equilibrium of low-sgiound state (S = 1/2) and
high-spin excited state (S = 5/2). These give tsdands at 640 nm and 702 nm
respectively. Following treatment with nitrite, td82 nm band corresponding to the
high-spin disappears; the low-spin band shifts fé& nm to 631 nm and intensifies
consistent with a low-spin/high-spin mixture becogientirely low-spin [4]. But
retention of low-spin ferric characteristics in #lectronic absorbance spectrum with
an absence of hengg features in the EPR requires a more complex egfitamthan

a simple spin-state transition. The visible regibemed; band is relatively
insensitive to oxidation state changes (compareda @ndc-type hemes) but high-

spin F€ hemed, in reduced enzyme gives rise to intense SorebnelICD that is
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not observed for this species. One explanationthierack of EPR is that nitrite has
created a radical species that has coupled toawespin, ferricd; heme. Two
possible explanations for the nature of the radveate suggested [4]. One was a
single nitrite turnover creating a radical on anirevacid residue near the heme
(possibly tyrosine or tryptophan) and dissociatidrNO. This then spin couples to
the low-spin F& d; heme. Another nitrite ion may act as the disgérid on the;
heme. A second explanation again involves a sitgleover of nitrite but with
retention of NO as thd, ligand. The NO radical then couples to the lowasferric
d; heme. This would require a very unusual form of &é¥® complex. The
common form of an NO molecule bound to a ferric bBeis best represented as
nitrosyl heme in the FeNO" configuration. This species is diamagnetic and EPR
silent but is assumed that'FRO" ond, heme would present a ferrous character that
would be observed in an absorbance spectrum. Ttendecandidate is a novel
Fé'"-NO’ on thed; heme. The ferric iron component is S = 1/2 andNI. radical
component is also S = 1/2, resulting in a silenREPecies.

Work was therefore undertaken with two aims related questions
concerning the nature of NGtreatedcd;:

(i) In as-prepared samples cd;, are there sub-populations of “H&O™
that have gone undetected because they appear-apilo F&' hemed, in the EPR?

Samples ofcd;, in the as-prepared form, fror®P. pantotrophus and
P. aeruginosa were carefully characterised by EPR spectroscomeunormal and
under non-saturating conditions. The spectra wdezonvoluted into the
contributions from individual hemeand hemael; species by simulation. By double
integrations of the simulations, the contributi@i$ieme s, andc to the EPR were

guantified,;
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(i) Can it be proved that the NGtreated form of oxidisedd; does indeed
contain a novel F&NO’ species?

This question was approached by attempting to ntadeéNO-bound form of
oxidisedcd; and characterising it using ratio-data MCD meth@i3-MCD) so as to

make a comparison with RD-MCD of the N@reated form.

4.4.1: Preparation of EPR Samples

A 200uL portion of 500um P. aeruginosa cd; was buffer exchanged into
50 mv phosphate buffer in J® at pH 6.5* using microcon filtration devices. iFh
D,O based buffer system was chosen so that samplés ke used, if necessary, for
MCD studies. Once exchanged, an absorption spectrasnrecorded to ensure that
the sample remained in the oxidised state. Theplamas then transferred to a
quartz tube and frozen in liquid nitrogen for ERRdges. EPR spectra were then
recorded for at two combinations of temperature g@adver: 10 K/2 mW and
20 K/0.64 mW. These are chosen because, although'dtandard” 10 K/2 mW
combination gives excellent signal-to-noise (anidved comparison to previously
reported spectra), théy heme saturates significantly under these conditent is
quantitatively underrepresented in the spectruntur8agon at 20 K/0.64 mW is
negligible and so spectra recorded under theseitgamsl can be used to quantitate
the relative spin concentrations of hecend heme;.

The sample was then thawed and, in preparatiopdssible low-temperature
MCD studies, the glassing agent deuterated glyosesd added (“deuterated” here
means that the exchangeable protons have beeredddy deuterons by repeatedly
mixing glycerol with DO and then removing the ,8/D,O under vacuum until

exchange is >99.5%). ThissIglycerol is added to the concentratedaeruginosa
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cd; solution in a slight excess such that the glycemnistitutes ~55% of the total
volume. The sample is then again frozen and ctetaed by EPR spectroscopy at
10 K/2 mW and 20 K/0.64 mW.

These procedures were repeated withRhpantotrophus cd;, which is also
quantitated by EPR. A 2Q4. portion of 500um P. pantotrophus cd; was buffer
exchanged into mixed buffer (12vymacetate, 12 m MES, 12 nv MOPS, 12 mw
Tris) in D,O at pH 6.5* using microcons. Once buffer exchan@deR spectra were
recorded folP. pantotrophus cd; at the same combinations of power and temperature
used for thePseudomonas enzyme. Then, as beforeg-Blycerol is added to the
concentratedP. pantotrophus cd; solution so that the volume of glycerol is ~55% of

the total volume and EPR again recorded at 10 Ki2 and 20 K/0.64 mW.

4.4.2: Simulation of EPR

The subsequent pages show the EPR data recorddtefeamples described
above. They are presented along with simulated &&R of the full spectrum and
of the individual species of both hemend hemel, in Table 4.02A and 4.02B
(spectra are shown in Appendix). For each santipéefollowing simulation strategy
was used. The EPR spectrum recorded under norasatuconditions for hemey
(20 K/0.64 mW) is the one to be used for quanatabf the EPR signals. However,
since heme gives broad and often relatively weaker featurageu these conditions,
each simulation was started by first using the 12 1W spectrum. This provided a
set of simulation parameters that could then be asea starting point for simulation
of the 20 K/0.64 mW spectra in which the hemieatures were less pronounced.
Furthermore, where assignment of features betwemmeb and hemel; was

ambiguous, comparison of the spectra under theseséts of conditions provided a
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guide: parts of the spectrum saturating at 10 KVZ oould be assumed to belong to
hemed;.

Spectra were initially simulated using the progrd8 HALF” (Dr. J.
Bradley, unpublished). This allows additive sintidas of several S =% species.
Input parameters, for each species, agg-\@lues and linewidths for individual
features. The program allows for a degree of aatethfitting at each feature. Once
a reasonable set of parameters was obtained, furdimement was achieved
manually using the program SimFonia v1.1 (Brukendpin). Quantitation of the
final simulations, in order to obtain heméhemed; spin concentration ratios, was
achieved by performing double integrations in WiREBruker Biospin).

Where one, or both, of hengeand hemeal; gave rise to heterogeneous
features, then previously reported EPR spectradg were used to guide the initial
choice of g-value sets. Table 4.01 summarisesuirently available EPR data used
for this purpose.

Where g-values cannot be detected, for examplehigpie-field g-value of
hemec, parameters were chosen on the assumption thautineof the squared g-
valueszg? = 16 and the linewidth set to an arbitrary largese. This is indicated in

Table 4.02B by brackets around the g-value and therlinewidth.
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Species and state Hemegx gy 0, | Hemed; g, gy ox | References
Pseudomonas

aeruginosa

Oxidised, as isolatect; | 2.97,2.25,1.4| 2.52,2.43,1.7 [1, 20]
cd; with NO,~ 2.95,2.30,1.42 - [1]

cd; with F ligand 2.94,2.26,1.48 2.53,2.53,1.62 [1]
cd; with CN' ligand 3.31, -, - 2.47,2.35,1.61 [1]
cd; with imidazole ligand| 3.55, -, - 2.58, -, - [2]

cd; with N3~ ligand 3.02, -, - - [2]

cd; with NO ligand 3.02,2.24,1.34 - [2]
Pseudomonas stutzeri

Oxidised, as isolatectl; | 2.96, 2.27,1.62 2.54, 2.40, 1.85 [16]
cd; with NO,~ 2.99, 2.29, - - [4]
Paracoccus

pantotrophus

Oxidised, as isolatect; | 3.04, -, - 2.51, 2.20, 1.85 [16]
cd; transient intermediate

(His/Met at c¢ heme)| 2.94, 2.33,1.40 2.67, 2.53, - [27]
designatead;*

cd; with NO,~ 2.93,2.32,1.40 - [4, 17]
Thiobacillus

denitrificans

Oxidised, as isolatect; | 3.60, -, - 2.52,2.44,1.70 [28]

Table 4.01: Experimental EPR g-values of low spmi€ c andd; hemes in different
species and states of cytochrocde Note that the g-values are reversed indthe
heme to represent the{¢h)*(d,,)" ground state. * - “ represent g-values not
determined from the EPR spectra. The g-values aante those shown in this table
by a small degree. This includes spread causedwg-fold heterogeneity that is

often seen irtd; EPR spectra.
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o Species type and %
Description of cd; o
contribution W
EPR sample and Oxyz Xyz
(for20 K/ 0.64 mW
state
spectra)
Pseudomonas aeruginosa cd;
d; heme 2.518,2.44,1.728 44,72, 125
Oxidised, as isolated
d; heme 2.638, 2.44, 1.70 160, 190, 250
10K /2 mwW
c heme 1.42, 2.28, 2.99 480, 160, 130
d; heme, 59.0 2.518, 2.44,1.723 44,72, 110
Oxidised, as isolated
d;heme, 41.4 2.633, 2.40, 1.72 170, 190, 190
20K/ 0.64 mW
c heme, 100.0 1.410, 2.282, 2.98 480, 155, 140
Oxidised, as isolated d; heme 2.518, 2.445, 1.7Q09 34, 46, 78
with ~ 55% deuterate d; heme 2.565, 2.267, 1.85 55, 32, 26
glycerol added c heme 1.38, 2.326, 3.011 450, 80, 93
10K /2 mW c heme 1.38, 2.245, 2.918 450, 100, 80
Oxidised, as isolated d; heme, 67.8 2.518, 2.445, 1.709 34, 46, 78
with ~ 55% deuterate d, heme, 23.9 2.53, 2.26, 1.85 55, 23, 26
glycerol added c heme, 59.7 1.38, 2.326, 3.011 450, 80, 93
20K/ 0.64 mw c heme, 40.3 1.38, 2.275, 2.918 450, 70, 80

Table 4.02A: Simulated EPR data for a seriesPofaeruginosa cd; samples, showing

contributions, g-valuesy,) and linewidths (W). Experimental and simulated EPR spectra

of samples are shown in the Appendix. Samples @ar&0inMm phosphate BD buffer,

pH 6.5*. Spectrometric parameters for all samples modulation frequency, 100 KHz;

modulation amplitude, 10 G; time constant, 40.96ansl sweep time, 83.886 s.
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o Species type and %
Description of cd; o
contribution W
EPR sample and Oxyz xyz
(for 20 K/ 0.64 mw
state
spectra)
Paracoccus pantotrophus cd;
d; heme 2.526, 2.223, 1.8417 46, 17, 65
Oxidised, as isolated d; heme 2.6, 2.208, 1.8598 80, 22, 43
10K/2mwW c heme (1.150), 2.24, 3.108 1000%, 80, 93
¢ heme (1.369), 2.29, 2.98 1000*, 100, 8d
d; heme, 61.7 2.534, 2.223, 1.841)7 43,17, 65
Oxidised, as isolated d; heme, 59.9 2.59, 2.208, 1.859¢ 80, 22, 43
20K/ 0.64 mwW cheme, 91.4 (1.192), 2.24, 3.092 1000*, 110, 155
c heme, 8.6 (1.350), 2.29, 2.989 1000%, 100, 80
Oxidised, as isolated d; heme 2.518, 2.226, 1.853 32,18, 42
with ~ 55% deuterated d; heme 2.562, 2.214, 1.87 68, 20, 30
glycerol added ¢ heme (1.089), 2.19, 3.165 1000%, 170, 115
10K /2 mwW c heme (1.350), 2.29, 2.989 1000%, 100, 80
Oxidised, as isolated d; heme, 57.3 2.518, 2.221, 1.854 32,22, 42
with ~ 55% deuterated d; heme, 80.1 2.557,2.218, 1.871 80, 18, 30
glycerol added cheme89.8 (0.0992), 2.24, 3.162 1000*, 110, 120
20K/ 0.64 mwW cheme, 10.2 (1.350), 2.29, 2.989 1000*, 100, 8(

Table 4.02B: Simulated EPR data for a seried?.opantotrophus cd; samples, showing
contributions, g-valuesyf,,) and linewidths (). Experimental and simulated EPR spectra
of samples are shown in the Appendix. Samplesrafe inM acetate, 12 m MES, 12 nm
MOPS and 12 m Tris D,O buffer, pH 6.5*. Spectrometric parameters forsalinples are
modulation frequency, 100 KHz; modulation amplitud® G; time constant, 40.96 ms; and
sweep time, 83.886 &s mentioned earlier, where g-values cannot bectide for example
the high-field g-value of heme, parameters were chosen on the assumption thautheof
the squared g-valuesg®= 16 and the linewidth set to an arbitrary largéue. This is

indicated by brackets around the g-value and *enihewidth.
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4.5: Activation / Deactivation of Paracoccus pantotrophus cd; - Activation of
Oxidised cd; by NO, .

The standard method of assayicdy nitrite reductase activity uses excess
reduced cytochrome as an electron donor and excess,N@n as substrate.
Following changes in the absorption spectrum ofcfiechromec as it is oxidised to
the ferric state quantitates electron transferrdyutiirnover.

It has been shown that reduction of Ehgantotrophus cd; enzyme results in
a ligand switch at the henedrom bis-histidine to histidine-methionine cooraiion.
Crystallography has shown that upon reduction dirst+17 is replaced with
methionine-106 for both monomers, although the tohistidine-methionine form
has only been proven in crystal structures [5]sTigjation is reported to revert back
to bis-histidine following reoxidation with hydrobamine over a period of about 20
minutes [27]. Histidine-methionine coordinated i@iemec can be detected using
MCD to track reoxidation oP. pantotrophus cd; in solution [29]. Kinetic, structural
and spectroscopic analysis led to the conclusianttie histidine-methionine form of
P. pantotrophus cd; is the catalytically competent form and thus reegiireduction
for activation [5, 23, 29]. An argument for thisnotusion is that bis-histidine
coordinatedhemec has a lower reduction potential than histidinehitetine
coordination. Therefore the bis-histidine coordashheme would require a lower
driving force for electron transfer from pseudoaz{B0].

It was also reported by Richtetral [23] that oxidised, as isolated; exhibits
a low ‘background’ catalytic activity using NOas substrate but amounting to no
more than 6% of the full activity observed if theotein is first activated by
reduction. Oxidised, as isolatéd pantotrophus cd; has a small population of the

histidine-methionine coordinated form. This smalbpplation of ‘catalytically
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competent’ enzyme could be responsible for the dgpaeknd activity, consistent with
the model of reduction being required to convelrtle cd; population to the fully
active histidine-methionine coordinated form. BanwVondereret al [4] reported
that exposure of oxidiseB. pantotrophus cd; to NO, leads to the switching of
ligands to histidine / methionine at hemeée. the conformational chandkat is
proposed to be required for activity can be efféetéthout the need for prereduction
[4]. These observations, in combination, sugghst gossibility thatcd; can be
activated by exposure to its own physiological swabe NQ . Both the NGQ
induced ligand switching [4and NQ turnover are more rapid at acidic pH. The
effect oncd; activity of exposure to NO at several pHs prior to the assay was
therefore investigated.

The method of assaying the activityffpantotrophus cd; was based on that
of Richteret al [23]. The assay works by using an excess of ratlagenchromes as
an electron donor and an excess of,N& the substrate. Thod; enzyme can then
catalyse the one electron reduction of N@ytochromec, when reduced, exhibits a
sharp band at 550 nm, whereas the oxidised forrwslo much broader spectral
feature with a weaker intensity at similar wavebtsg Therefore the changes of
intensity at 550 nm are a direct measure of theatiom of electrons by the reduced
cytochromec to cd;, and therefore the rate of turnover. Richeerl [23] used the
physiological electron donors pseudoazurin and atytame csso as well as horse
heart cytochrome. Only the last of these three electron donorsseddun this work
due to its ready availability. THe,s of oxidisedcd; that Richter reported using the
electron donors pseudoazurin, cytochroceg and horse heart cytochroroevere
5.3, 2.1 and 2.475 respectively. i.e. activity using these two cytashes was

comparable but, with pseudoazurin, approximateligdwas large. D-(+)-glucose,
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glucose oxidase and catalase are also used irsHag anixture to remove traces of
oxygen and peroxide respectively. This is importsintecd; also has significant
cytochrome oxidase activity: thed; protein can also catalyse the four electron

reduction of oxygen to water.

4.5.1: Preparation of Experiment

Solutions of reduced horse heart cytochranaed glucose were prepared in
batches for several assays. Solutions of reductatlmypmec were prepared from
lyophilised protein and degassed buffers insidaraaerobic glove-box. A sufficient
quantity of horse heart cytochroroevas measured to produce a stock solution of
400uM. The volume needed was dependent on the numbassafys undertaken.
Lyophilised cytochrome was taken into an anaerobic glove box and disdaivea
minimum amount of deoxygenated buffer (see Figui@ 4or different buffer
conditions). A small quantity (~ 10 mg) of sodiunthébnite was added to the
cytochromec. The solution changes from a dark crimson colauatlight cherry
colour upon dithionite addition. This reduced pnotevas then passed through a
5 mL HiTrap desalting column. 1 ml of the reducedtein was passed through the
desalting column in turn to remove the excess dlitité. The reduced cytochrorge
solution can be kept in the glove box for up toays] or it can be flash frozen and
kept in the freezer for 6 months. The glucose smiuwvas prepared using powdered
D-(+)-glucose and degassed buffers inside a glaove-&\ suitable amount was
weighed to give a 4% w/v stock solution. The glecess taken into the Belle glove
box, where the appropriate deoxygenated buffer aded. The glucose was left
overnight. This is because D-(+)-glucose in sohlutgpadually mutarotates through

equilibrium to one thirdi-D-glucose and two third$-D-glucose. Th@-D-glucose is
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the anomer on which glucose oxidase acts. Once ttves solutions were ready,
4 mmv sodium nitrite, glucose oxidase, catalase and nRO@xidised Paracoccus

pantotrophus cd; (as isolated) were prepared, also in the anaegbue box.

4.5.2: Assay Experimental Technique

To an anaerobic 1 cm pathlength cuvette in the rabae glove box was
added 0.5 mL chosen buffer, 0.5 mL #1rsodium nitrite, 0.5 mL 400m reduced
cytochromec, 0.5mL 4% glucose solution, 1 unitMLglucose oxidase and
400 units mC* catalase. The anaerobic cuvette was then sealidawiubber seal
(Suba-Seal). Thecd; protein was prepared by transferrinqul3 to a 0.5 mL
deoxygenated Eppendorf tube. To that was adddd df chosen buffer if the assay
was a control or kL of 4 mm sodium nitrite if nitrite incubation was takingagke.
Once the appropriate time for each incubation tegsed the protein was taken up
into a 10uL Hamilton syringe. The cuvette of reaction mixtamed the syringe was
removed from the glove box. The cuvette was placeal Jasco V550 spectrometer
and the 550 nm absorbance recorded befdreaddition. The syringe needle was
then used to pierce the rubber seal andcthes injected into the reaction mixture.
The cuvette was quickly inverted to mix and thesrcptl in the spectrophotometer. A

time course measurement was then immediately redatl550 nm (Figure 4.08).

4.5.3: Analysis and Results
The 550 nm time traces have an initial linear féottowed by a curve as the
reduced cytochrome is consumed. From the time of injection and clesaf the

spectrophotometer there is a period of 5 secondingluvhich the trace is
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uninformative. The shape of the curve is therefited from t ~ 5 seconds onwards

and back extrapolated to t = 0.

‘100 M Reduced
k

~ 120 m /,/“‘“/\\
Oxidisedt oo
TN 500 520 540 560 580 600

NG, NO Wavelength (nm)
1mm

Figure 4.08: UV-Visible electronic absorbance smecshowing the 550 nm band
disappearing as electrons are consumed by nitedieiction, as indicated by the arrow.
Included is a simple diagram of the reaction takph@ce. Reduced cytochroneedonates
electrons tocd; resulting in the flattening of the 550 nm featu@@ncentrations of nitrite,

reduced cytochromeandcd; in the reaction cuvette are also included.

Approximately 30 seconds of the time trace areditto a single exponential decay
using Microcal Origin. Once the curve is fitted th@rigin returns values for the
y offset (y), the amplitude (4 and the decay constan)(in the equation describing

the exponential decay: y 5 y Aexpg ™ (Equation 1)

df(x) devls A,
= A

1 = e—X/tl
dx dx t

1)

The initial gradient is then calculated by settingqual to 0. It is calculated in units
of mAu/s. Multiple runs were performed. The valdes one particular point are
totalled and averaged. This is done for all poifitse averages for all buffers and

incubation times are shown in Figure 4.09.
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The general buffer is a mixed buffer consistinglafmv acetate, 12 m 2-
(N-morpholino)-ethanesulphonic  acid (MES), 18m 3-(N-morpholino)-
propanesulphonic acid (MOPS) and 18 mtris(hydroxymethyl)aminomethane
(Tris). This mixed buffer has a wide ranging effeetpH range of 3.6 to 9 (acetate
3.6-5.6, MES 5.5-6.7, MOPS 6.5-7.9, Tris 7.5-9)eTd¢onditions that have been
altered are the pH and whether the buffer is p®© Hr D,O. Initially the buffer
system bis-tris propane (BTP) was used in the asddgwever this showed some
inhibitory effects by delaying or stopping the iaitreaction rate.

Figure 4.09 is in general agreement with the figdiof Richteret al in that
the lower pH values give faster turnover rates wiitrite [23]. They use the
physiological donor cytochromeso instead of horse heart cytochroméowever.
Non-deuterated and deuterated data sets were pedofor pH 5.5 and 6.5. The
deuterated and non-deuterated results for both grelscomparable to each other,
which suggests that the aqueous environment hasffact on the initial rate. At
pH 7.5 only a non-deuterated data set was genetatednserve BD. The pH 7.5
data set only showed a slight enhancement of lirgtivity, therefore the focus was
on the other two pHs. In terms of nitrite incubatite longer thed; is incubated

with nitrite the faster the rate of turnover.

4.6: Activation / Deactivation of Pseudomonas aeruginosa cd; - Activation of
Oxidised cd; by NO; .

The preparation, experimental techniques and aisabfsthe P. aeruginosa
cd; assays are conducted and recorded using the saetbods as the
P. pantotrophus cd; assays. The concentration of oxidised, as isolategr uginosa

cd; used in the assays was also ~ 200 u
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Figure 4.09: Plots of initial rates for differertl @nd buffer conditions fdp. pantotrophus
cd; (Top graph, buffers made using water. Bottom grapiffers made using deuterium).
Curves are fitted from sets of three rates measusin) the same conditions. The curve
used is a single exponential decay described tisangquation y =g+ Alexrf‘x’tl).

Individual rates measured shown as + (pH :8pH 6.5) and\ (pH 7.5).
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Figure 4.09 shows a trend of increasing turnovesravith nitrite for thd?aracoccus
enzyme at lower pH. Similarly tHeseudomonas enzyme also shows increasing rates

of turnover with acidic pH in Figure 4.10.
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Figure 4.10: Plots of initial rates for differer @nd buffer conditions fdP. aeruginosa
cd;. Curves are fitted from sets of three rates meakusing the same conditions. The curve
used is a single exponential decay described tisagquation y =g+ Alexri‘x’tl).

Individual rates measured shown as + (pH 5.5)a(uH 6.5).

The activities of the nitrite incubation assays faraeruginosa cd; were only
detectable at pH 5.5 and 6.5. A comparison of Eigu@9 and Figure 4.10 indicates
that the rates are markedly slower for Bseudomonas enzyme. This is in agreement
with published turnover numbers of 72 and 6 §* at pH 7 forP. pantotrophus and

P. aeruginosa cd; respectively [23, 31]. The difference between sbts of data for
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the two enzymes lies in the turnover increase dudttite incubation over a period
of time. In theP. pantotrophus cd; enzyme the turnover rates increased with longer
periods of nitrite incubation, whereas tReaeruginosa cd; turnover rate increases
instantly if nitrite incubation is performed buttef ~ 5 minutes of incubation
remains steady. This is due to tRepantotrophus cd; having an activation phase,
where the binding of nitrite to thé, heme of the oxidised heme drives a ligand
change at heme[4]. P. aeruginosa cd; requires no such activation, with todaeme
ligands retained throughout a catalytic cycle. Efme the initial rates remain the
same after a small incubation period.

The variation in initial rates for thee. aeruginosa cd; assays measured using
the same conditions was also smaller then the atguntP. pantotrophus cd; assays.
Differences of up to ~ 4 mAu/s were recorded fa Blaracoccus assays, whereas
the Pseudomonas data showed variation in the range of ~ £0.15 nsAand ~ +0.075

mAu/s for pH 5.5 and 6.5 respectively.

4.7: Reversion to the Oxidised State by Reaction oReduced Paracoccus
pantotrophus cd; with Hydroxylamine.

From the above section, it is clear that exposudrexidised cd; to NO,
activates the protein to the standard nitrite-réakes assay without the need for
reduction. The work of Van Wonderehal. [4] demonstrated that NOtreatment
triggers a ligand switch to His/Met at hembut also produces, at the active site, a
novel form of heme,;, the nature of which is addressed later in thegptér. It is not
obvious whether one or both of these two factdrs ligand switch at heneand the
novel form of hemel;, is required for activation. If henzeHis/Met ligation is a

critical factor, then activity should diminish ovérte same timescale that heme
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reverts to His/His coordination following reoxidati of the protein. It was therefore
decided to measure activity as a function of timko¥ing reoxidation of reduced
cd; by hydroxylamine. Bradley and Haynes (UEA, unmii#d) have monitored the
His/Met to His/His heme ligand reversion, following reoxidation of reducej by
hydroxylamine, using near-infrared MCD spectrosc(g®e Figure 4.03 for reaction
scheme). Reversion was accelerated at acidic pM/ésisuch that, at a pH of 6.5, it
would be feasible to assay the protein at a sefiéisnes during reversion. This was
therefore attempted.

Again, the method of assaying the activityPofpantotrophus cd; was based
on that of Richteret al [23]. Reduced cytochrome and glucose solutions were
prepared beforehand in the same way as for thikeniicubation assays. The same
assay mixture was also used. To an anaerobic latmlepgth cuvette in the
anaerobic glove box was added 0.5 mL buffer, 0.54mm sodium nitrite, 0.5 mL
400puM reduced cytochrome 0.5 mL 4% glucose solution, 1 unit ifLglucose
oxidase and 400 units mt catalase. These were all prepared in anaerobiednix
buffer (12 mu acetate, 12 m 2-(N-morpholino)-ethanesulphonic acid (MES),
12 mv  3-(N-morpholino)-propanesulphonic  acid (MOPS) and2 mv
tris(hydroxymethyl)aminomethane (Tris)) pH 6.5 mauél,O.

Thecd; protein is reduced with sodium dithionite in a telectron reduction:

a 250uL, 150 um sample ofP. pantotrophus cd; was reduced by adding a few grains
of sodium dithionite and agitating to mix. The @iot changes from a brown to a
green colour. The protein is then passed througm& HiTrap desalting column in

the same manner as the reduced cytochirt® remove any excess sodium
dithionite. An electronic absorbance spectrum éntrecorded of the desalted protein

to check for full reduction and also to calculate hew concentration of reduced
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protein after dilution through the desalting colunhthe band at 702 nm has
completed disappeared then the protein is deemdxd tceduced. The reduced;
protein is prepared for hydroxylamine incubationtlgnsferring 3L to a 0.5 mL
deoxygenated Eppendorf tube. To that is added df buffer if the assay is a
control or 1uL of 16 mv hydroxylamine hydrochloride if hydroxylamine inaitton

is taking place. As hydroxylamine is added to th@ucedcd; a stop clock is started.
At a set time after reoxidation, a sample ofdtieis removed with a 10L Hamilton
syringe, injected into the reaction mixture in thevette and assayed by monitoring
the change at 550 nm as was done following N@cubations. Again, initial rates
were calculated using the first 30 seconds of éaa® and using Origin to fit a first

order, exponential decay curve. The results oadsays are shown in Figure 4.11.

4.8: MCD and EPR of Pseudomonas aeruginosa and Paracoccus pantotrophus
cd; Treated with NO and NO, . Reaction of Oxidisedcd; with NO.

This section describes experiments to test the esiigy that the species
formed at the active site following treatment ofdised cd; with NO, is a novel
Fe"-NO" nitrosyl hemed;. Usingcd,; from bothP. aeruginosa andP. pantotrophus,
attempts were made to bind NO directly to th& Bemed, of the oxidised enzyme

in order to prepare samples for examination by ROENMmethods.
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Effect of hydroxylamine addition to reddce
22 4 Paracoccus pantotrophus cd, on the initial activity rates.
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Figure 4.11: Plot of initial rates ofl, activity after incubation with hydroxylamine. Thaie
line is the initial rate of reduced; with no hydroxylamine added (equivalent volume of
buffer added as a control). The red line is theahiate of oxidised, as isolated; (protein
not reduced by dithionite and no hydroxylamine @jdenlike the nitrite incubation assays
this is just one set of data and not an average gféen line is a first order, exponential
decay curve fitted using Origin with equation y0:+yA1ex;§‘X”1). Parameters:

y offset (y) = 3.1, amplitude (§ = 10.4, decay constant)(t 2.3.

4.8.1:Pseudomonas aeruginosa with Bound NO.

The work of Yamanaka et al in 1961 first showed ttth was capable of
reducing nitrite to NO [10]. Since then much work ¢lucidate the catalytic
mechanism o€d; has taken place [19, 32-35]. Given the naturdefaroduct of this
reaction and the extremely strong affinity of NO feemes in both Feand Fé&
oxidation states, a core question concerns therenaitithe hemd;-NO product

complex or other nitrosyl-heme intermediates.
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Using infrared spectroscopy, several studies halentified vibrational
frequencies characteristic both of"M¢O and of FENO', the latter being the
accepted best representation of the species usoathed when NO binds to a e
heme b, c-type etc.) [19, 21]. However, van Wondergiral [4] found that, when
oxidisedcd; from P. pantotrophus and fromP. stutzeri were exposed to NO the
resulting form of hemel, appeared to be low-spin 'Feas judged by electronic
absorption spectra, but was now EPR silent. Onbts#s of MCD spectroscopy,
which showed heme,; to be paramagnetic, they proposed that a nov&INf@’
species had resulted from the scavenging of anreteto allow a single turnover of
NO, . Both the ferric heme iron and the NO radical &re %2 species, resulting in an
EPR-silent state but the coupling between the tamssis relatively weak and does
not fully abolish the paramagnetism [4, 36]. Thestnce and nature of this putative
novel species can be investigated by preparingoinfNO and oxidisead; and
again characterising it using magneto-optical m#shoThe following section

describes work attempted to achieve this.

4.8.2:Pseudomonas aeruginosa cd; + NO: UV-Visible Electronic Absorbance.

A sample ofP. aeruginosa cd; of volume 20QuL and concentration 1w
was exchanged into 50Mmbis-tris propane (BTP) buffer solution at pH 6.5ngs
Microcons with a 10000 molecular weight cut off. f€entration followed by
dilution with new buffer was repeated until thegimal buffer made up less than 0.01
of the total volume. Thed; samplewas then placed in a 1 mm pathlength cuvette
and the electronic absorbance spectrum was recandéd range 260-900 nm using

a Jasco V550 UV-visible spectrophotometer.
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The 1 mm cuvette was then taken into an anaerdbiegox and 4uL of
saturated NO solution added using a Hamilton ggtet 8yringe (see Preparation of
NO solution in Materials, Methods and TechniqueBhis represents approximately
one equivalent of NO per monomer. The 1 mm cuwetse sealed with a rubber
stopper and taken out of the box. The spectrumagas recorded in the range 260-
900 nm. NO additions and absorption spectroscopy napeated until a total of six
equivalents of NO had been added. The spectraharersin Figure 4.12. The heme
d; visible region band at 640 nm only shows minorngjes. However, the hente
bands in the region 500-560 nm are significantlpnded by the NO additions.
These changes are typical for reduction of th® Remec to the F& state. Only

whencd; was exposed to gaseous NO could this autoredust@voided.

0.30] —— cd, before NO additions
] 1 equivalent NO per monomer

Absorbance
o
H
e
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Wavelength (nm)

Figure 4.12: UV-Visible electronic absorbance specbf 16um
P. aeruginosa cd; protein and the effects of NO equivalents. Thevasro

denote the changes in the spectra with higher ate@imMO.
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Again cd; protein was exchanged anaerobically until theioaigouffer made
up less than 0.01 of the total volume. The samale returned to the glove box and
transferred into a pear shaped flask ready for i@tinent. Thed; was exposed to
gaseous NO for 15 minutes. The absorption spéetiare and after NO treatment

are shown in Figure 4.13. There is a shift in tistble hemed; band from 642 nm to

636 nm. The hemefeatures remain largely unchanged.

2.0 5

—— Oxidised, as isolatect,
—— After exposure to gaseous N(

NI

Absorbance
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—T T T T T 1T 17T T T T 1T T T "1
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Wavelength (nm)

Figure 4.13: UV-Visible electronic absorbance speof 132uM P. aeruginosa cd,; protein

before andifter exposure to gaseous NO.
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4.8.3:Pseudomonas aeruginosa cd; + NO: EPR.

In preparation for LT-MCD studies, glycerol glagsimgent was added
anaerobically (to ~55% glycerol by volume) to an-R@und sample exhibiting no
apparent autoreduction of hemme The sample was frozen in a quartz tube for EPR
(Figure 4.14). A derivative feature at g = 2.02lige to a minority population (<5%)
of FE'-NO heme. Therefore, although the heie this sample remains Eethere
has been some autoreduction of the nitrosyl héameThe rest of heme, is now
EPR silent and the EPR is dominated by the rhomspiectrum of F& hemec

(gzyx = 2.94,2.25,‘).

2.94_ A Figure 4.14: Experimental
236 EPR spectra of NO bound
N 213 204
/ P. aeruginosa cd; with the

introduction of deuterated
glycerol at ~55% of the

total volume. Conditions

used are 10 K/ 2 mW (A)

1(|Jo I 260 I 360 I 4(|Jo I 5(|Jo I 600 and 20 K/ 0.64 mW (B).
Magnetic Field (mT)

Spectrometric parameters

B are modulation frequency,
100 KHz; modulation
amplitude, 10 G; time
constant, 40.96 ms; and
sweep time, 83.886 s.
160 I 2(!)0 I 3IOO I 4IOO I 5I00 I 600

Magnetic Field (mT)
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4.8.4:Pseudomonas aeruginosa cd; + NO: RD-MCD.

The NO-treatedcd; sample in buffer/glycerol was then frozen for MCD
characterisation (Figure 4.15). These MCD spewaieee recorded under “ratioed”

conditions i.e. the four spectra were recordedoat flifferent temperatures but the
magnetic field was adjusted so as to keep the ddtiagnetic Field / Temperature

constant. Under these conditions, signals arifioigp species for which S =% will

show fixed MCD intensity. At 450-550 nm the spadre virtually the same since

300 ' | ' | ' | ' | ' | ' |
— 1.7K-0.5T |
200 —4.2K-1T |
10K -3T
— 20K -5T
100 .

Ae

-100

-200 A ] A ] A ] A ] A ] A ] A
450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 4.15: Ratio-data MCD spectra from NO bo&nderuginosa cd;.
Sample is in 50 m phosphate buffer in @, pH 6.5* containing ~55%
total volume deuterated glycerol. Key at the tgticorner of the figure

shows the temperature / magnetic field combinations

these bands arise predominantly from the S = %spin-F&' hemec. In the region
550-700 nm, although the bands are, in form, cheriatic of a low-spin Fe
hemed,, the fact that they do not overlie indicates tt&t hemae; is not a simple

S =1 species. The spectra are, in fact, the ssswere reported for the NO
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treated forms of the oxidised cytochronuels from P. pantotrophus andP. stutzeri
[4]. The link is thus made between the NO and, Ni@ated forms in support of the

suggestion of a novel FeNO' form of hemed,.

4.8.5: Paracoccus pantotrophus cd; + NO: EPR.

Previous attempts to bind NO R pantotrophus cd; at pH 7 resulted in only
a trace of NO boundd;. ButP. pantotrophus cd; is now known to react with nitrite
more rapidly at lower pH [4]. Therefore concentdale pantotrophus cd; protein
was buffer-exchanged into a mixed (1R nacetate, 12 m MES, 12 nv MOPS,
12 mm Tris) D,O buffer at pH 5.5. A UV-visible electronic absagot spectrum was
acquired of 20QiL, 224 um oxidised, as isolate®. pantotrophus cd; (see Figure
5.04B). The 20@L, 224um cd; solution was then taken into a glove box and
transferred to a pear shaped flask ready for expasuNO (see Preparation of NO
solution in Materials, Methods and Techniques).eAft hour of treatment thed;
was examined by electronic absorbance to see ithagges had occurred. Teah
solution was then replaced in the pear shaped fiake glove box and left exposed
to NO overnight. An electronic absorbance spectmras again recorded. The
electronic absorbance spectra are shown in Figuré. dhere is a slight trace of
autoreduction of hemeas shown by the increase at 561 rifilne low spird; feature
at 635 nm has increased in intensity whereas thie $pind; feature at 705 nm has

decreased.

216



Chapter 4.Novel heme derivatives formed in the reactionsxidised (as-preparedjl; with nitrogenous ligands.

35
— Paracoccus pantotrophus cd,
3.0 control (no NO added)
—— After 1 hour exposure to NO
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Figure 4.16: Electronic absorption spectrdgpantotrophus cd;. Legend in
figure indicates whatd, state corresponds to which spectrum. The samjue is
mixed buffer (12 nn acetate, 12 m MES, 12 nm MOPS and 12 m Tris) in

D,0O at pH 5.5. Concentration ofl; protein is 224M.

2.20

100 200 300 400 500 600
Magnetic Field (mT)
Figure 4.17: Experimental EPR spectruniPopantotrophus cd; after
overnight exposure to NO. The sample is in mixeifien|{12 mv acetate,

12 mv MES, 12 nm MOPS and 12 m Tris) in D,O at pH 5.5. Conditions

are 10 K/ 2 mW. Spectrometric parameters are nabidul frequency,

100 KHz; modulation amplitude, 10.G
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Figure 4.18: Experimental EPR spectra at 10 K M2 and 40 K/ 2 mW of

P. pantotrophus cd; after overnight exposure to NO, focusing on th@-29
390 mT regions. The sample is in mixed buffer (12 atetate, 12 m MES,
12 mvM MOPS and 12 m Tris) in D,O at pH 5.5. Spectrometric parameters

are modulation frequency, 100 KHz; modulation atogi, 10 G for 10 K,

4 G for 40 K; time constant, 20.48 ms; and sweme ti41.943 s.

Also the shoulder at 430 nm, anothdr heme feature, flattens with increasing
exposure to NO. Thed; exposed to NO overnight was then transferred qoatz
tube to record EPR spectra. Spectra recorded Ktd 40 K are shown in Figures
4.17 and 4.18. Figure 4.17 still shows signals frooth hemes but the herde
features appear to have diminished in intensityatined to those of heme
Furthermore there has been a change in the linesbfapoth signals. The, §eature
of hemec is still two-fold heterogeneous but there is noarenof the rhombic form
with g, = 2.97. Similarly, the ratio of the two hemgspecies that contributed to the

feature at 2.5-2.6 has switched in slight favoutheflower field component.
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4.8.6: Reaction of Oxidisead; with NO;".

There have been reports of infrared spectroscdpaties ofcd; that detect a
1913 cm* band that is characteristic of a “normal” "M¢O" heme (19,21).
However, RD-MCD studies [4] gave rise to the sutigasthat a novel F&NO'
species can exist at hemle But there have also been significant differenoethe
wavelength reported for the heme in this species, varying between 631 and
640 nm [4, 18]. We therefore considered the pdggibthat there is a pH

dependence in the form of this nitrosyl compleslaswn below (Equation 2).

low-pH F&'-NO" = Fd'-NO" high-pH (2)

Unlike the F&'-NO’ species, which is paramagnetic! #¢0" is a diamagnetic form
and its presence would lead to a reduction in M@terisity at low-temperature. We
have therefore investigated the MCD propertieshef NQ -treatedcd; at several
different pHs in order to probe for the presenceaofariable F&-NO'/Fe'-NO"
mixture. However, since reaction with BQOs extremely slow at higher pH values,
the approach adopted was to perform the reactidm @ancentratead; at low pH

and to dilute small aliquots into volumes of buféthe required higher pH values.

4.8.7. pH on the Nature of NQ Treated Paracoccus pantotrophus cd;.
The binding of N@ to P. pantotrophus cd; was investigated at three pHs.
ConcentratedP. pantotrophus (~150-200uMm) cd; was buffer-exchanged into a dilute
mixed buffer (1.2 mn acetate, 1.2 mmn MES, 1.2 nv MOPS, 1.2 mu Tris) at pH 6.5.
The buffer-exchangedd; was then aliquoted into three gb volumes. To each
25 uL aliquot was added 130 of 100% glycerol and 9pL of concentrated mixed
buffer (120 nm acetate, 120 mn MES, 120 nv MOPS, 120 mu Tris) set at either

pH 6.5, 7.5 or 8.5. Measurement of the pH of theas after dilution into the three
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buffers gave pH values of 7.2 (pH 6.5 concentraigfter), 8.0 (pH 7.5 concentrated
buffer) and 8.7 (pH 8.5 concentrated buffer). Ptio refreezing for MCD, the

electronic absorbance spectrum of each sampleegasded (Figure 4.19).

0] —
633 nm

3
g 0.04f
Ao
(<}
o
c
@
e] L
o ——pH7.2
2 002 pHeo
< pH 8.7

—— pH 8.7 +30 mins incubation

(as prepared) 644 nm
0.00 I S A S S R T
500 600 700 800

Wavelength (nm)

Figure 4.19: Electronic absorbance spectra of N®eatedP. pantotrophus cd;, at three
different pHs The concentration afd; for each sample was ~ 150-2001..Buffer used
was a mixed buffer of final concentration 1®mcetate, 12 m MES, 12 vy MOPS and 12
mM Tris. The dotted line denotes oxidised, as isolatdgdwith thed; bands at 644 nm and
702 nm indicated. The blue shifted peak at 633 hiN@, -treatedP. pantotrophus cd; at
pH 7.2 is also indicated. The blue trace at pH&3 had 30 minutes incubation to minimise

the 702 nm band.

220



Chapter 4.Novel heme derivatives formed in the reactionsxidised (as-preparedjl; with nitrogenous ligands.

300 . . T ]
200f 1
£ A\ 4 |
S X v ~ 3
4 -100F ——1.66 K/0.424 T ]
g ——4.20K/1.05T :
-200F 10.6K/2.68T ]
g ——19.9K/5.00T :

A —— 10 1

1200

Ao

- / G SR
- \v pH8.0 ]
- ——1.71K/0.435 T -100

C 420K /1.07T 1

- 10.64 K /2.74 T4 -200

- ———19.3K/5.00 T 1
. 1.300

(wd ) 3v

/\M A

pH8.7 ]
——1.71K/0.487 T ]
——420K/1.16 T 1
F 11.73 K /3.19 T ]
300F ——17.49K/5.00 T

N

S

S
|

500 600 700 800
Wavelength (nm)

Figure 4.20: RD-MCD of N@-treatedP. pantotrophus cd;. Samples are in
mixed buffer (12 nu acetate, 12 m MES, 12 nv MOPS and 12 m Tris) at pH
denoted in legend. Temperatures and magneticd@itbinations shown in

legends.
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In the spectra of the NOtreated samples, the low-spin"Fdemed; band (at
644 nm in the as-prepared protein) shifts to the bith decreasing pH (633 nm at
pH 7.2, 639 nm at pH 8.7). Judged by absenceef702 nm band, the reaction is
complete in the pH 7.2 and 8.0 samples. At pH &.further 30 minutes incubation
was required to minimise the 702 nm band.

The RD-MCD data for these three samples are shawigure 4.20. For all
three samples, bands in the 450-580 nm region drse hemec and overlie,
consistent with the S =22 spin of this centre. do&r for ALL three samples, at
580-700 nm where the bands come mainly from heéimthe spectra do not overlie
but spread in the same manner as was reporteddgrtkeatedParacoccus cd; at
pH6.5 [4] and has been observed earlier here ®MNO-treated?. aeruginosa cd;.
Although there is a shift in the wavelength of #nésinds that reflects that seen in the
absorbance spectra, all show the same RatioedND@f effect that results from the
coupling of two S = % species in the"FBO" hemed;,. Changes in pH that cause
significant shifts in the wavelength of the hediebands do not result in major
changes to the intensity of the corresponding RDEM&2inds. There is therefore no

evidence for the presence of a diamagnetlcNF®"* species.

4.9: Reaction of Oxidisedcd; with N3~

The reaction of oxidisedd; with NO, discussed in this chapter displays
similarities to the behaviour reported when azidaswadded tocd; from
P. aeruginosa. Exposure to sodium azide led to a significarducdion in the
intensity of the low-spin ferric hentg EPR features but MCD showed that the

hemed; species produced was still paramagnetic [2]. plasluct of the reaction
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with azide has therefore been characterised by rptiso, EPR and MCD

spectroscopies.

4.9.1: UV-Visible Absorption Spectra of Pseudomonas aeruginosa and
Paracoccus pantotrophus cd; Treated with Nj3.

As with the samples used for binding NO, the mtriecductases were buffer-
exchanged into a 50MmBTP buffer at pH 6.5. For each experiment 2Q0of cd;
protein at a concentration of 150-20@ was used to obtain a “pre-azide” spectrum
with good signal/noise in a 1 mm pathlength cuveti@lL of 820 nm sodium azide
was added and mixed to give a total concentratioA0onm azide. The protein-
azide mixture is allowed to incubate in the cuvétte30 minutes before recording
absorption spectra until no further change was rviese

The P. aeruginosa cd; (Figure 4.21)shows small but clear changes at bands

160+
. —— Nitrite reductase before
1404 azide addition
120_‘ —— Nitrite reductase after
| 20mM azide additior
H‘E 100- (30 min incubation)
< 804
= i
E 60
w 4
404
204
0 L L L B

L L L R B

300 400 500 600 700 800
Wavelength (nm)

Figure 4.21: UV-Vis electronic absorbance spedtandng the changes

in d; features oP. aeruginosa cd, in the presence of 20nmazide. The

concentration of protein used in this experimens Wa6uMm.
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associated with hendh. The 460 nm shoulder flattens significantly and geak at
640 nm becomes less pronounced and shifts to 638 nm

The P. pantotrophus cd; was exposed to azide with the same proceduresas th
Pseudomonas cd;. The spectrum dParacoccus cd; before the azide addition and the
spectrum 30 minutes after the addition of azideewa#most identical, showing only
very minor changes in intensities but no detectahlés (not shown). The sample
was then left at 4°Covernight. The spectral changes were enhancedhisy t

incubation but still minor (Figure 4.22).

160
140_- —— Nitrite reductase
- before azide addition
120+ —— Nitrite reductase
1 with 20 mM azide additipn
100+ (overnight incubation)
80+

60+

e (MM*cm?)

40
20

0

LA L L L I AL R L L L R B L L L B R
300 400 500 600 700 800
Wavelength (nm)

Figure 4.22: UV-Visible electronic absorbance smeshowing the slight
difference in the 440 nm feature Bf pantotrophus cd, without azide and

in the presence of 20wn azide (incubation time overnight). The

concentration of protein used in tlegperiment was 148Mm.

4.9.2: EPR and MCD ofPseudomonas aeruginosa cd; Azide Derivative.
In preparation for MCD, glycerol was added to theide-treated
Pseudomonas cd; sample (to a level of ~55% v/v). This was theszén in a quartz

tube for EPR (Figure 4.23). As previously sugged®d with the exception of a
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trace at g = 2.46, the spectrum now lacks the E€&Rufes associated with "Fe
hemed,. Apart from the g = 2.98 and 2.32 features of kpin F&' hemec, the only
other feature is a derivative at g = 4.3. Thisften indicative of adventitious e

ion but here is unusually pronounced. A similgnsai was reported by Walsh al

[2].

4.3

T T T T T T T T T T
100 200 300 400 500 600
Magnetic Field (mT)
Figure 4.23: Experimental EPR spestt of azide-treated

P. aeruginosa cd; in buffer/glycerol mix.Conditions usedvere

10K /2 mW

This sample was transferred into a 2&0quartz cell and frozen in the MCD
cryostat. RD-MCD spectra then recorded are shomiigure 4.24. As was observed
for the NO-derivatives olPseudomonas cd;, these spectra show clear regions where
the spectra do not “ratio” i.e. they do not overli@his is observed in regions
associated with hendh, especially the 600-700 nm region, but the speateain

detail different to those of the NO-derivative.helTbroad band at 460-540 nm, which
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contains bands from both hemes, does not ratioismdimost double the intensity
observed for th&seudomonas cd; NO-derivative. Therefore, hentle again appears
to be low-spin F& in nature but rendered EPR silent presumably lpling to a

radical species. But the nature of this specieseiarly different to that found in the

NO derivative.

500 ———————

— 1.7K-0.5T

—4.2K-1T
10K -3T

— 20K -5T
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-200 (- -
. 1 . 1 . 1 . 1 . 1 . 1 .
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100

Ae
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Figure 4.24: Ratio-data MCD spectra from azide lbd@iraeruginosa cd;. Sample is in
50 mM phosphate buffer in f, pH 6.5* containing ~55% total volume deuteragbaerol.

Key at the top right corner of the figure shows tdmaperature / magnetic field

combinations.

4.9.3: EPR of the Azide-treatedParacoccus pantotrophus cd;

The Paracoccus cd; sample treated with azide (absorption in Figug2y.
was transferred to a quartz tube for EPR measuresniEigure 4.25). Signals from
hemec are observed at,g = 2.92, ~2.2, 1.55. The contribution from hethenow
an axial signal with @ =2.51 has diminished in relative intensity butt no

disappeared entirely as was observed witiPdseidomonas cd;.
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This sample was not examined by MCD. On additibglgcerol, the EPR

spectrum reverted to that of the oxidised as-pegpR@aracoccus cd;.

PR I T PO R
100 200 300 400 500 600

Magnetic Field (mT)
Figure 4.25: EPR spectrum d?. pantotrophus cd; treated with azidat a
concentration of 20 m. Sample is in 12 m acetate, 12 m MES, 12 nv
MOPS and 12 m Tris D,O buffer, pH 6.5*. Conditions are 10 K/ 2 mW.

Spectrometric parameters are modulation frequer@y KHz; modulation

amplitude, 10 G; time constant, 82 ms; and swesp,tl68 s.

4.10:cd;: Summary and Conclusions

At acidic pHcd; has a higher nitrite reductase activity and tteetien of the
oxidised form with N@ is more rapid [4, 20, 23, 34]. There are however n
published spectra showing actual pH dependencarfprtype ofcd; spectrum. The
work of Bennett in these laboratories showed tlespide the absorbance spectra of
P. pantotrophus cd; having no sensitivity to pH changbe EPR does [24]. Changes
in the EPR at acidic pH were assigned to protonatib histidine(s) in the distal
hemed; pocket, which then hydrogen-bond to tyrosine, ltegyuin a weakening of
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its ligand strength at henak [5]. TheP. aeruginosa cd; was investigated for similar
behaviour. This work has shown that absorbancetispeive rise to only minor
changes with changes in pH. Between pH 5.5 andt&Ee is only a 2 nm shift.
However EPR again responds to changes in pH. Tisen® spin-state change as
observed with th&aracoccus enzyme. Instead there is more complicated behaviou
observed irP. aeruginosa cd; at the pH range 5.5-8.5. This could indicate nbea
one process, such as the protonation of both digadines [37].

The suggestion of a novel eNO form of hemed; raised the possibility
that product bound enzyme could existcoh preparations without being detected
[4]. The FE'-NO" species appears as normal low-spin ferric in alzsa® spectra. In
EPR, unless there were extremely high proportidnBd-NO" this would not be
immediately apparent. Therefore an EPR study ofisa¢ated cd; from both
P. pantotrophus and P. aeruginosa was undertaken. The aim of this study was to
simulate spectra recorded under non-saturatingitonsl and therefore be able to
guantify the relative levels of EPR active hemandd;. Although EPR features of
both hemec and d; are heterogeneous, the integrations of the sieuilapectra
showed that inPseudomonas cd; the EPR contained 1.00 hemheper heme as
isolated. This indicates that no "R&O species is present in preparations of
P.aeruginosa cd;. The best simulation that could be achieved foe th
P. pantotrophus cd; EPR gave figures for the hentke that were in excess of 1
compared to thdhemec. There is no evidence for EPR silent hedie Work on
simulating EPR for as isolatd®l stutzeri cd; indicated a proportion ad; heme that
was EPR silent [4]. It is noted that, although thsidues are not equivalent in the

sequence, both the. aeruginosa and P. pantotrophus cd; have a tyrosine residue
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that interacts witthemed; or its distal ligand [38, 39]. The sequencePofstutzeri
has no equivalent tyrosine [40].

When oxidisedcd; was reported to undergo an unexpected reactioh wit
nitrite, it was also demonstrated thatinpantotrophus cd; this reaction triggers the
bis-histidine to histidine/methionine ligand switthat was believed essential for
activity [4]. It was previously believed that redion was required to initiate this
switching of ligands. In this work, assay methodséclearly shown that (i) nitrite
exposure activatesd; without the need for reduction and (ii) activatisrmore rapid
at acidic pH. While these rates are orders of nmagaitoo slow to be part of the
catalytic cycle, they do provide the method of \atibn of restingcd;. The
deactivation process was also studied. Using nIRBMBradley and Haynes have
followed the ligand changes at henw following reoxidation of reduced
P. pantotrophus cd; with hydroxylamine (UEA, unpublished). They iddigd a new
intermediate, with heme switching to a bis-histidine form with parallelgéind
planes, before slowly reverting to the perpendicligand conformation of the as-
isolated form (which was observed in the first taystructure [38]). By sampling
and assaying activity following reoxidation it hasw been shown that the loss of
activity parallels the histidine/methionine to tharallel bis-histidine switch, and not
the reversion to the true as-isolated form.

The work described here has provided the firstrad@&dence that the species
formed by reaction of nitrite with oxidisedt; is indeed a novel FeNO" form of
heme d;. Detailed VFVT MCD studies of the NO derivative aXxidised
P. aeruginosa cd; showed that the NO-bound hemhehas identical magneto-optical
properties to those oP. aeruginosa or P. pantotrophus cd; treated with NG@'.

However, it was not possible to stoichiometricaligplace the tyrosinate bound to
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Fé" hemed; of the P. pantotrophus cd; to produce the analogous fully NO-bound
form.

Other work here at UEA has shown that when they f(iWo-electron)
reducedP. pantotrophus cd; is one-electron oxidised by nitrite, a mixture tafo
forms that differ in the location of the remainielgctron results:

Fe'-hemec / hemed,-Fe'-NO* = Fé'"-hemec / hemed;-Fe'-NO
The position of the equilibrium is dependent on phatonation of one or both of the
distal hemed; pocket histidine residues. This raised the polsilthat the result of
nitrite reaction with the oxidised enzyme was atomg of two forms of heme:
Fe'-NO" and F&-NO". The former is the novel species identified irstviork. The
latter is the “normal” form of ferric heme nitrosylat is diamagnetic in nature and so
would not appear in the low-temperature MCD specR&-MCD spectra were
therefore recorded, at three different pH valuesitie product of nitrite treatment of
the P. pantotrophus cd;. Although there are detectable shifts in the baositions, at
all pHs studied, the henth was in the F&-NO' form. It therefore appears that the
F€'-NO" form of hemed; only occurs when hemeis reduced.

Oxidised cd; from P. pantotrophus and P. aeruginosa both reacted with
azide. However, foP. pantotrophus cd,, it was not possible to prepare a sample in
glycerol/buffer for VTVF MCD studies. This was aeted for theP. aeruginosa cd;.
Exposure to azide led to a complete removal ofhtreed; EPR and the RD-MCD
suggested a low-spin Eehemed; interacting with a radical. However the data
indicate this is not a form equivalent to the""MO" hemed; that results from
addition of NQ™ or NO. It is not clear what is happening in theaction. Azide is
known to form a M radical but this is an oxidative process and nductive as

NO, — NO.
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Chapter 5.

General discussion.

5.1: Introduction

This thesis presents the studies of two proteias liave important functions
in microorganisms that are involved in the nitrogeycle. The first is RirA, a
transcriptional suppressor in conditions of iroffisiency. This regulator is found in
the symbiotic, nitrogen-fixing bacteriuRhizobium leguminosarum, as well as many
of the otheiRhizobia, Bartonella andBrucella. The aims of this section of the project
were to purify and characterise the RirA proteironir R. leguminosarum,
investigating the proposal that RirA is an ironpdulr protein by attempting to
reconstitute and identify the nature of the cluttenugh spectroscopic methods.

The second protein isd; nitrite reductase, a denitrification enzyme that
catalyses the one electron reduction of nitritaitdc oxide. The focus here was on
the cd; nitrite reductases fromParacoccus pantotrophus and Pseudomonas
aeruginosa.

The possibility that the reaction of NOwith oxidised cd; produces an
unusual FE-NO hemed; nitrosyl species was tested in a variable-tempegat!CD
study ofcd; exposed to nitric oxide. This herdgspecies would appear as low-spin
F" in the electronic absorption spectrum but woultlappear in the EPR spectrum.
The possible presence of this product-bound forashprepared samplesaf; from
both species was investigated by simulation, arghgation, of the X-band EPR

spectra of these proteins.
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The reaction of oxidisecdtd; with NO,, which originally led to the
suggestion of a novel FeNO form, also led to the switching of the ligands
hemec from His/His to the His/Met coordination assocthteith activity. The
dependence of this activation on pH and time wasstigated using nitrite reductase

assays otd; pre-incubated with N© for variable periods at several pH values.

5.2: Rir A from Rhizobium leguminosarum

These studies of RirA involved the first purificatiand cluster reconstitution
of the protein, [1-7]. Comparisons can now be maité data reported for other
members of the Rrf2 family and there are strongilaiities to the well studied
family members, NsrR and IscR. All three proteiravéd three conserved cysteine
residues in which iron sulphur clusters could beoammodated (see Figure 1.30).
Size exclusion chromatography in this work has shdhat RirA apoprotein is
dimeric. This correlates with published work on Riseand IscR, which has
determined that these proteins are also dimeri8][&pecifically, NsrR and IscR are
dimeric in both apo- and holo- forms. Apart frone thenetic analysis (Figure 1.30)
[10, 11], no characterisation of the Rrf2 proteaslbeen reported and there are no
crystal structures published for RirA, NsrR, IscRRxf2. The PDB [12] has five
crystal structures available for the Rrf2 familymizers. None of these contain the
three cysteines that are found in the sequencearAf BcR, Rrf2 or NsrR [2, 11, 13,
14]. These are YwnA (pdb 1XD7) froBacillus subtilis, BC1842 (pdb 1YLF) from
Bacillus cereus, LP_0360 (pdb 3K69) fromactobacillus plantarum, Lin1550 (pdb
3LWF) from Listeria innocua and CymR (pdb 2Y75) iB. subtilus [15]. CymR is a
repressor of cysteine biosynthesis and cystinekeptgenes. The Lin1550 gene is

also a CymR repressor.
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Proposed dimerisationdomain

Proposed wHTH motif
Proposedwing

Figure 5.01: SWISS-MODEL generated Pymol cartogragentation of RirA using Lin1550

(pdb 3LWF) as a template. Cysteines are showndmasestick representations.

If the RirA sequence is put into SWISS-MODEL [16}18en the resulting predicted
model is constructed as a result of comparison whth Lin1550 structure (The
CymR (pdb 2Y75) shares 70% identity with Lin1550he model only has ~23%
sequence identity but it can be used to predictdbation of iron-sulphur clusters in
the Rrf2 family members such as RirA. The predictemtel for RirA from SWISS-
MODEL is shown in Figure 5.01. The three conserggsteines in this model are
located at an open loop, equivalent to tie and B3 regions of the dimerisation
domain in the CymR structure [15]. These threeeaigss are openly exposed and
may be the cause of the precipitation of the apgeproduring concentration and

preparation. The fourth cysteine (Cys 17) is lodaethe equivalent of the&l helix
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in CymR, close to the wing and helix-turn-helix DNbinding domain [15]. If RirA
does form a physiologically relevant dimer, likendy and many other prokaryotic
transcription factors, then it appears that an -solphur cluster requiring four
cysteine ligands such as [2Fe-2S] or [4Fe-4S] cdddformed from the three
conserved cysteines of one monomer combined wigh ftlurth cysteine of the
opposing monomer. However, the fourth cysteine maybe a ligand. IscR only has
three cysteines in its sequence. The fourth ligariterefore a non-cysteine residue.
A glutamate residue has been reported as the fbgaihd [19]. NsrR is also thought
to have a non-cysteine fourth ligand. A conservigtidine in the helix-turn helix
DNA binding domain is predicted to be the fourtgaind [20]. This suggests that
RirA could also have a fourth non-cysteine ligatsba

RirA would form a dimer with two iron-sulphur cless in close contact with
the wing and helix-turn-helix motifs that bind DN&& the minor and major grooves
respectively [15]. Evidence for the existence aoflimeric complex when RirA is
reconstituted with the clusters was sought throwghalytical gel filtration.
Unfortunately, several attempts resulted in tha-salphur clusters dissociating from
the reconstituted protein rapidly when applied he tolumn. Clusters would be
incorporated when iron levels are high, activatimg RirA dimer and allowing it to
bind to IRO sequences, repressing the target gdimesmethod of regulation could
indeed be more complicated. For example, a non-ikMing form could already
contain two [3Fe-4S] clusters bound at the siteshef conserved cysteines. As a
repressor of iron uptake genes in conditions af isafficiency it may utilise two
additional iron atoms to form two [4Fe-4S] clustérkis may induce conformational
changes that allow binding of RirA to the DNA topress its target genes. A

comparable example of a protein activated by in@@mon of a further iron ion into
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a [3Fe-4S] cluster to form a [4Fe-4S] is aconitfdH, an enzyme that converts
citrate to isocitrate.

The identification of reconstituted iron sulphuusters in the RirA is the
other key part of this work. On the basis of thecgbnic absorbance spectrum of
reconstituted RirA, it can be postulated that tlusters are unlikely to be [2Fe-2S] in
nature. The spectra of [2Fe-2S] clusters from weriterredoxins, xanthine oxidase
and benzene dioxygenase have several featuresoadtlito the ~ 400 nm shoulder
observed in Figure 3.18 [22 and refs. therein]sT®ingle feature is more indicative
of [3Fe-4S] and [4Fe-4S] clusters [22 and refsteimg. Interestingly, studies on both
NsrR and IscR have identified [2Fe-2S] cluster$,there is some dispute whether or
not the physiologically relevant clusters are [4/=3-[9, 14, 20, 23-25]. The
electronic absorbance spectrum shown in Yetkél. for the [4Fe-4S] containing
NsrR is strikingly similar to that of RirA in thisvork [9]. So far, only IscR
containing [2Fe-2S] clusters have been reportedd4j

These studies have provided evidence of [3Fe-48][4Re-4S] clusters in
many different combinations in reconstituted RirAhe EPR of the reduced
reconstituted RirA (Figure 4.22) shows a shoulddow field from the sharp feature
at g = 2.05 and a trough at high field at g ~ 1'B3ese spectral features increase in
size with increasing temperature, indicative ofaatfrelaxer. These fast relaxing
features can be tentatively assigned to spin-cdupl&e-4S] clusters. Interacting
paramagnetic species such as [4Fe-#BHergo much more rapid relaxation [26].
Reduced NsrR has a fast relaxing EPR signal a2 §4and 1.93 assigned to a [4Fe-
4ST also [9].

The g-values 2.05, 1.97 and 1.93 indicated on EigL22 are also suggestive

of [4Fe-4S] cluster g-values observed in reduced 7Fe ferreddg, 27-29]. These
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ferridoxins have a [3Fe-4S] and [4Fe-4S] clustezddtion renders the [3Fe-4S]
EPR silent, leaving [4Fe-4S]Jas the sole detectable species. The reduced EPR
spectra of reconstituted RirA show g-values of 2.7 and 1.93 which is
suggestive of a single [4Fe-4S§luster. This may occur if one monomer of the
reconstituted RirA dimer has a [4Fe-48hd the other monomer has no cluster or an
EPR silent species such as [3Fe%4S]

The spectroscopic data proves the presence of4SFeclusters. The EPR of
oxidised reconstituted RirA at 10 K (Figure 4.2Barly shows a typical shape for a
[3Fe-4S] cluster. The typical g-value of 2.01 reported fany [3Fe-4S] clusters in
7Fe ferredoxins and aconitase corresponds closellget g = 2.02 indicated on the
10 K, oxidised spectrum [22, 27-30]. There is asdassic temperature dependence
observed for [3Fe-4S]. As the temperature increabes[3Fe-4S] signal decreases.
The EPR of the oxidised [3Fe-4S] can also be qgteaet. The concentration of
127 v iron from assays correspond directly to the a®nsiituted absorbance
spectrum in Figure 3.20 (the ferricyanide-oxidisdx$orbance spectrum at the same
concentration showed no change at the 410 nm shiotrioim the as reconstituted).
The shoulder at 410 nm gives a crude estimatedcmooentration of ~ 100nuusing
the extinction coefficient for iron of 4000~* cm™. If the absorbance is all due to
[BFe-4S] clusters then the concentration of clugter 33 (. Integration of the
oxidised [3Fe-4S] cluster gave a concentration 86+m. The presence of [3Fe-4S]
in reconstituted RirA is unusual as [2Fe-2S] anBe[4S] clusters are far more
common in transcription factors such as FNR, SOX&R and IscR than [3Fe-4S]
[31, 32]. The [3Fe-4S] clusters appear to act nagran intermediate stage such as in

FNR or as the result of [4Fe-4S] cluster degraddtd3, 34].
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The as reconstituted RirA EPR spectra are complicaand therefore
assigning cluster types is difficult. Two axial s@s, a slow relaxer at g = 2.04, 2.02
and a fast relaxer at g = 2.02, 1.97, can be ifleditfrom spectra recorded at
different temperatures and microwave powers. Theppears to be a similar
behaviour for the two [4Fe-4S] clusters in the NQ®&@bunit of Paracoccus
denitrificans NADH-quinone oxidoreductase, with an axial slowaxeng species at
g =2.05, 1.93 and an axial fast relaxing specteg = 2.08, 1.90 [35]. The axial
spectra themselves are not similar, however. Thalges for the NQO9 subunit are
spread further apart than the equivalent RirA v&laad the axial spectra identified
in the NQO9 subunit are of the typg ¥ g, < g, whereas the axial spectra derived
from the reconstituted RirA is of the typggg, > g..

Future work would involve simulating the EPR datadentify the different
signals contributing to the spectra. To definitwalentify the clusters and establish
that RirA is indeed a dimer, MCD fingerprinting aketay crystallography would be
useful tools. Low temperature MCD would allow idéoation not only of the
cluster but of its oxidation state as well, using standards ddesulphovibrio gigas
ferredoxin Il for [3Fe-4S] andDesulphovibrio africanus ferredoxin 1l for [4Fe-4S]
[22, 36]. The crystal structure of RirA would camifi the dimeric structure, positions
of the cysteine residues and the type of clustezsgmt. This would also allow more
accurate predictions to be made for NsrR, IscRRxfig, as current crystal structures
of Rrf2 family members are those without iron-sulpltlusters. Once the cluster
type and protein characterisation are confirmagjises could then be focused on the

DNA binding mechanisms of RirA and the role of thasters.
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5.3: The cd; Nitrite Reductases of Paracoccus pantotrophus and Pseudomonas
aeruginosa.

One of the key focuses of this work was to provigieher evidence for the
EPR silentd; species FE-NO'. The work of van Wondereet al. suggested the
presence of EPR silent; Fé"-NO' in both oxidised P. pantotrophus and
Pseudomonas stutzeri cd; preparations following treatment with nitrite [3Hor the
‘as isolated’ preparations & pantotrophus cd, this work confirms that there are no
significant levels of the EPR siled{ species, as determined by spectral simulation
and integration. In contrast tike stutzeri cd; EPR simulation showed a population of
EPR silentd; heme. The same methods were here applied tocdhefrom
P. aeruginosa. As with theP. pantotrophus enzyme, the as preparBdaeruginosa
cd; appears to contain no product-bound EPR sitenbheme. The presence of a
tyrosine residue near the N-terminal of tRe pantotrophus (Tyrosine 25)and
P. aeruginosa (Tyrosine 10) enzymes may play a role in displgdhme product NO.
However, in the protein sequences, these two tyessare inequivalent residues and,
in the structures of the oxidised enzymes, theyabehvery differently: in
Paracoccus cd;, the tyrosine is a ligand to the hediebut, in the structure of the
P. aeruginosa enzyme it serves to hydrogen-bond a water/hydeodigand. Both
tyrosines have been shown not to be essential tadysss but may play a role in
stabilising the heme [38, 39]. T stutzeri enzyme has no tyrosine residue, and
indeed no potential heme ligand at all, near theedtinal and may therefore lack a
method of assisting NO dissociation.

For nitrite to be reduced by as prepacel, an electron is required. The
origin of the electron is unknown. It is howevert nmknown for metalloproteins

with high reduction potentials to undergo autoreunc[40, 41]. One explanation is
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that certain buffers can donate electrons. Pipeeazing-based buffers such as
HEPES have been shown to form radical species,ae@senorpholine based buffers
such as MES do not [42]. However, it has been ssigdethat the morpholine based
buffer MOPS can form a reducing radical [43]. listis the case then this could be
the electron source, since MOPS is part of the chixgfer used in this study. It has
also been shown that the reaction of nitrite wishpaeparedd; is several times
slower in phosphate buffer than in Good’s buffetd][(Dr Myles Cheesman and
Josh Dunne, personal communication).

This work provides the first evidence that the tiescof nitrite with oxidised
cd; enzyme produces a novel'=&O" species of heme,. Previous suggestions for
the product of this reaction included"F&0,", FéY=0 and F&-NO" but these have
been discounted [37, 45-48]."&&0,” was dismissed on the grounds that the EPR
spectrum shows no low-spin 'Fed; heme, which would be present."fz=D was
ruled out due to the lack of saturation at higldfief the MCD signals at ultralow
temperatures. This is more characteristic of a Weabupled spin systen{ = 1/2
plus S = 1/2) rather than a ferryl form of herde F€'-NO* has been suggested in
previous studies [47]. EeNO* would not however give rise to a'Fepectrum and
is diamagnetic, so would not give rise to intens€Mat low temperatures. From
studies of the pH dependence of the VFVT MCDPof&eruginosa cd; in this work
there is no evidence for the presence of populstasiré-NO*. The F&-NO* form
of hemed; is reported only when heneds reduced [49, 50].

The VFVT MCD spectra for nitrite treated oxidisemtl; from both
P. pantotrophus and P. stutzeri from van Wonderert al. [37] are identical to the
VFVT MCD spectrum of the NO treated oxidisBd aeruginosa cd; in this work.

This suggests that the'ENO" species formed from nitrite reacting with theheme
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of cd;s is a general process throughout this class ofreez. Unfortunately it was
not possible to produce a fully bound NO formRofpantotrophus cd;, apparently
due to the presence of the tyrosinate residue.uir& FVT MCD this would have
provided a direct comparison with the nitrite tezhP. pantotrophus cd; VFVT
MCD spectrum published in van Wondertral. [37].

As well as NO,P. aeruginosa cd; was treated with azide and analysed by
EPR and VFVT MCD. The EPR spectrum was identicalthat reported in
Muhoberac and Wharton [51] and Walshal. [52]. The VFVT MCD of azide
treated oxidisedP. aeruginosa cd; shows again that low spin 'Fed; heme is
interacting with a radical, as observed for NO tedaoxidisedP. aeruginosa cd;.
Unreacted N is not a radical and so not the ligand. It hashea®n possible to assign
the radical species in the azide trealedaeruginosa cd;. Ns' is a known radical
derived from azide but would be produced by an atwe& process and not a
reductive process such as that which occurs wititeni The low temperature MCD
of the azide derivative of tharacoccus enzyme could not be obtained. An EPR
spectrum was acquired but the addition of glyceapnMCD caused the return of the
EPR signals of the ‘as isolated’ enzyme.

At increasingly acidic pH the reaction of oxidised; with nitrite was
significantly more rapid and the enzymatic activitigher [37, 53-55]. Bennett
showed that despite no change in the electronicorabace spectrum of
P. pantotrophus cd; with varying pH, the EPR shows significant charj§é]. A
suggestion for this behaviour is protonation otitlises in thed; distal pocket. The
protonation of the histidines results in hydrogemding to the distal tyrosinate
residue. Through this hydrogen-bonding interactiom energy gap between spin-

states is narrowed, due to the weakening of tlatidield strength of the tyrosinate.
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The two histidines located in thtg distal pocket ofP. pantotrophus cd;, histidines
327 and 369, are also conservedPinaeruginosa cd; (see Figure 1.12) and have
been shown to be essential to activity [57]. Adwitite electronic absorbance spectra
of P. pantotrophus cd; the P. aeruginosa cd; spectra over the pH range 5.5-8.5
exhibit no significant changes. The EPR spectr®.aderuginosa cd; do not show
changes with pH. There are subtle changes in festaitributed to thd; heme. At
~ 265 mT there is a feature which becomes more ipgmat more acidic pH. There
are also changes at thg of thed; heme but these are not systematic, possibly due
to the protonation of more than one histidine. Tlmeme features of the EPR spectra
remain unchanged at different pHs for both EFheeruginosa andP. pantotrophus
cd.

Richteret al. first described an activation ofl; when pre-exposed to nitrite
[55]. In P. pantotrophus oxidised cd; the reaction with nitrite triggers the bis-
histidine to histidine / methionine switch thougbtbe essential for enzyme activity
[37]. Assays of enzyme activity were conducted wharacoccus cd; samples
incubated with nitrite for different lengths of ®@mThey demonstrated thed; is
activated by nitrite without the need for reductiand that this is more rapid at more
acidic pH. This work also includes nitrite inculatistudies oP. aeruginosa cd;.
The P. aeruginosa cd; shows no activation step when exposed to nitsteleserved
for the cd; of P. pantotrophus, and this is reflected in the shape of the cuines
Figure 4.09 and 4.10. For tlke pantotrophus enzyme, longer incubation times with
nitrite results in a faster initial rate. FBr aeruginosa, the initial rate is only faster
with longer incubation times within the first 5 mtes. After 5 minutes, longer nitrite
incubation times do not change the initial rate&kel.the P. pantotrophus enzyme,

P. aeruginosa cd; has faster initial rates at more acidic pH. Congaar of the two
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cd;s shows that thdP. pantotrophus enzyme has initial rates many orders of
magnitude faster thaf. aeruginosa cd;. This is in agreement with published
turnover numbers of 7Zsand 6 §* for P. pantotrophus andP. aeruginosa cd; at
pH 7 respectively [55, 58]. The rates in this wark magnitudes of order too slow to
be involved in the catalytic cycle.

As well as following activation oP. pantotrophus cd; using assays studies
on the deactivation were also performed. Bradley Haynes (UEA, unpublished)
observed changes in ligands at heméollowing hydroxylamine reoxidation of
reducedParacoccus enzyme. Through nIR-MCD they discovered a new heme
intermediate, a bis-histidine coordinated form wptrallel ligand planes. This form
slowly reverts to the perpendicular ligand confatiora seen in the first crystal
structure of the oxidiseBaracoccus enzyme [59]. Through assaying activities of the
hydroxylamine-treated, reducéthracoccus cd; at different time stages it has been
observed that loss of enzyme activity occurs frewversion of the reduced form to
the bis-histidine, parallel plane form, and not thg isolated’ perpendicular plane
form.

This work has provided insight into the mechanisimitrite reduction by
cd;. There have already been many revisions of theharesm, particularly for
P. aeruginosa cd; [50, 58, 60, 61]. This work provides further ewide that the
species resulting from the reaction of oxidized with nitrite is a novel FE-NO’
form of hemed;. Further evidence has also been provided of adaiivaof
P. pantotrophus cd; through exposure to nitrite without the need feduction, and
that this activation is more rapid at acidic pH. danjunction with the work of
Bradley and Haynes these studies have also provit®d insight into the

deactivation mechanism & pantotrophus cd;. Through continued research such as
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this the mechanism of treel; enzymes can be clearly defined. This knowledgédcou

provide key information on denitrification, useftdr world issues such as the

greenhouse effect, global warming and effectiveaisetrogenous fertilisers [62].
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Appendix.
Experimental and Simulated EPR Spectra of Paracoccus pantotrophus

and Pseudomonas aeruginosa cd,

This appendix shows the recorded experimental and ssmulated EPR spectra for
P. aeruginosa and P. pantotrophus cd; from Tables 4.02A and 4.02B. Each figure
contains the experimental spectrum, the sum of the smulated spectra and the
simulated spectra for each ¢ and d; heme species. Each figure has a table detailing
the % contributions of each species at 20 K / 0.64 mW, the g-values of each signal
(Oxyz) and the linewidths (W.y;). As with Tables 4.02A and 4.02B, where g-values
cannot be detected, such as the high-field gx of heme c, parameters were chosen on
the assumption that the total of the squared g-values is 16 (£g? = 16) and the
linewidth set to an arbitrary large value. This is indicated by brackets around the g-

value and * on the linewidth.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.01: (Previous page) Experimental and simulated EPR of oxidised, asisolated
P. aeruginosa cd;. Conditionsare 10 K / 2 mW. Samples arein 50 mmM phosphate D,O

buffer, pH 6.5*. Spectrometric parameters are modulation frequency, 100 KHz;

modulation amplitude, 10 G; time constant, 40.96 ms; and sweep time, 83.886 s.

Constituent number Oxyz Wiyz Species
type

D1 2.518,2.44,1.723  44,72,125 di heme

D2 2.638,2.44,1.70 160, 190, 250 d. heme

C1 1.42,2.28,2.99 480, 160, 130 ¢ heme
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.02: (Previous page) Experimental and simulated EPR of oxidised, asisolated
P. aeruginosa cd;. Conditions are 20 K / 0.64 mW. Samples are in 50 mM phosphate
D0 buffer, pH 6.5*. Spectrometric parameters are modulation frequency, 100 KHz;
modulation amplitude, 10 G; time constant, 40.96 ms; and sweep time, 83.886 s.

Species
type and %
contribution
D1 2518,2.44,1.723  44,72,110 d; heme,

0.590
D2 2.633,2.40,1.72 170, 190, 190 d; heme,
0.414
C1 1.410, 2.282,2.98 480, 155, 140 ¢ heme,
1.000

Constituent number Oxyz Wiyz
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.03: (Previous page) Experimental and simulated EPR spectra of oxidised
P. aeruginosa cd; asin Figure A.01 but with deuterated glycerol at ~55% total volume.
Conditions used are 10 K / 2 mW. Spectrometric parameters are modul ation frequency,

100 KHz; modulation amplitude, 10 G; time constant, 40.96 ms; and sweep time,

83.886 s.
Constituent number Oxyz Wyyz Speciestype
D1 2.518, 2.445,1.709 34, 46, 78 d; heme
D2 2.565, 2.267, 1.85 55, 32, 26 d; heme
C1 1.38, 2.326, 3.011 450, 80, 93 ¢ heme
Cc2 1.38,2.245,2.918 450, 100, 80 ¢ heme
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.04: (Previous page) Experimental and simulated EPR spectra of
oxidised P. aeruginosa cd; as in Figure A.02 but with deuterated glycerol at
~55% total volume. Conditions used are 20K /0.64 mW. Spectrometric
parameters are modulation frequency, 100 KHz; modulation amplitude, 10 G;

time constant, 40.96 ms; and sweep time, 83.886 s.

Constituent number Oxyz Wy, Speciestype and
% contribution

D1 2.518,2.445,1.709 34,46, 78 di heme,
0.678

D2 2.53,2.26,1.85 55, 23, 26 d; heme,
0.239

C1 1.38,2.326, 3.011 450, 80, 93 ¢ heme,
0.597

Cc2 1.38,2.275,2.918 450, 70, 80 ¢ heme,
0.403
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.05: (Previous page) Experimental and ssimulated EPR of oxidised, as
isolated P. pantotrophus cd;. Sampleisin 12 mM acetate, 12 mMm MES, 12 mm
MOPS and 12 mM Tris D,O buffer, pH 6.5*. Conditionsare 10K / 2 mW.

Spectrometric parameters are modulation frequency, 100 KHz; modul ation

amplitude, 10 G; time constant, 40.96 ms; and sweep time, 83.886 s.

Constituent Oxyz Wiyz Speciestype
number
D1 2.526, 2.223, 1.8417 46, 17, 65 d; heme
D2 2.6, 2.208, 1.8598 80, 22, 43 d; heme
C1 (1.150), 2.24,3.108  1000*, 80, 93 c heme
C2 (1.369), 2.29,2.98  1000*, 100, 80 ¢ heme
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.06: (Previous page) Experimental and simulated EPR of oxidised, asisolated
P. pantotrophus cd;. Sampleisin 12 mMm acetate, 12 mM MES, 12 mM MOPS and 12 mm
Tris D,O buffer, pH 6.5*. Conditions are 20 K / 0.64 mW. Spectrometric parameters are

modulation frequency, 100 KHz; modulation amplitude, 10 G; time constant, 40.96 ms;

and sweep time, 83.886 s.

Constituent Oxyz W,yz Speciestype
number and %
contribution
D1 2.534, 2.223, 1.8417 43, 17, 65 d;, heme,
0.617
D2 2.59, 2.208, 1.8598 80, 22, 43 d; heme,
0.599
Cc1 (2.192), 2.24,3.092  1000*, 110, 155 ¢ heme,
0.914
C2 (1.350), 2.29, 2.989 1000*, 100, 80 ¢ heme,
0.086
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.07: (Previous page) Experimental and simulated EPR spectra of oxidised, as
isolated P. pantotrophus cd; asin Figure A.05 but with the introduction of deuterated
glycerol at ~55% of the total volume. Conditions used are 10 K / 2 mW. Spectrometric
parameters are modulation frequency, 100 KHz; modulation amplitude, 10 G; time

constant, 40.96 ms; and sweep time, 83.886 s.

Constituent Oxyz W,z Speciestype
number
D1 2.518, 2.226, 1.853 32, 18, 42 d; heme
D2 2.562, 2.214, 1.87 68, 20, 30 d; heme
C1 (1.089), 2.19, 3.165  1000*, 170, 115 ¢ heme
Cc2 (1.350), 2.29,2.989  1000*, 100, 80 ¢ heme
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.
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Appendix. Experimental and simulated EPR spectra of Paracoccus pantotrophus and Pseudomonas aeruginosa cd;.

Figure A.08: (Previous page) Experimental and simulated EPR spectra of oxidised, as
isolated P. pantotrophus cd; asin Figure A.06 but with the introduction of deuterated
glycerol at ~55% of the total volume. Conditions used are 20 K / 0.64 mW.

Spectrometric parameters are modulation frequency, 100 KHz; modulation amplitude,

10 G; time constant, 40.96 ms; and sweep time, 83.886 s.

Constituent Oxyz W,yz Speciestype
number and %
contribution
D1 2.518, 2.221, 1.853 32,22, 42 d; heme,
0.573
D2 2.557,2.218,1.871 80, 18, 30 d; heme,
0.801
C1 (0.0992), 2.24,3.162  1000*, 110, 120 ¢ heme,
0.898
C2 (1.350), 2.29, 2.989 1000*, 100, 80 ¢ heme,
0.102
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