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Abstract

The ability of microorganisms to adapt to low oxggeoncentrations confers a
considerable growth advantage. Furthermore, theonction of microaerobic
environments by pathogenic bacteria, suchPssmidomonas aeruginosa is a significant
clinical issue. Thebbs cytochromec oxidases are members of the heme copper oxidase
superfamily that regulate microaerobic respiratiordiverse Proteobacteria. Cytochrome
cbb; oxidases are composed of four non-identical subuancoded by one or two
ccoNOQP operons. Surprisingly, the CcoP subunit contailtswapotential hexacoordinate
heme that binds CO in the reduced state followilsgldcement of the distal endogenous
ligand. The biochemical significance of CcoP is fyanderstood but thebbs complex
reports the redox status of the cell leading todcaptional activation of genes involved in
energy metabolism via the sensory kinase RegB/RBySxpressing the diheme subunit
CcoP from the non-pathogenic Pseudomorsgydomonas stutzeri in Escherichia cali,

we have now examined the biochemical propertiethefCO bindingc-type heme. We
characterized wild-type and mutant CcoP using ntediaedox potentiometrylJV-
Visible, magnetic circular dichroism, and electq@garamagnetic spectroscopies and have
clearly identified two low-spin His/His coordinatedype hemes, with redox potentials of
+ 185 mV and -15 mV. Examination of the specttaracteristics and oxidase activity of
both cbbs oxidase isoforms from the clinically relevaat aeruginosa suggested that the
cbb; -1 oxidase has an important metabolic functionigih oxygen tensions and thiebs-2

oxidase has a more significant role under oxygmitilig conditions.

In conclusion, our data suggests a prominent fandior the CcoP subunit of cytochrome
cbb; oxidases in the adaptive ability of Pseudomonadsotonize diverse environments.
Further understanding of this adaptive biochemistrgy reveal drugable targets for

P. aeruginosa.
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1.1 Thesis Aims
The aim of the work presented in this thesis wagdim a further understanding of the
function of cytochromecbb; oxidases in Pseudomonads, in particular the rél¢he

subunit CcoP.

Thesis Aim 1

* Undertake a thorough biochemical and spectroscamadysis of thé®>seudomonas
stutzeri cytochromecbbs subunit, CcoP, to establish a possible role andtion of

this poorly characterized subunit.

Thesis Aim 2
* Characterize the twabbs oxidases,chbs-1 and cbbs-2, from Pseudomonas

aeruginosa and compare their biochemical properties



1.2 Background and significance

Pseudomonas stutzeri was first described in 1895, however, the initlascription of a
bacterial species belonging to the geRsaudomonas is ambiguous (Van Niel and Allen
1952; Lalucatet al. 2006). The genus was first clearly defined in @%&sed on the
phenotypic analysis of many different bacterialcspg (Palleroni 1975; Palleroni 2003).
More recently the phylogenetic affiliation of therqis Pseudomonas has been reassessed
based on ribosomal RNA homology (Anzial. 2000; Lalucatet al. 2006). A broad
phenotype that characterizes members of the genGsam-negative, non-spore forming,

motile bacilli (Anzaiet al. 2000; Palleroni 2003; Lalucet al. 2006).

Pseudomonads demonstrate strong nutritional diyeesid are able to grow utilizing a
variety of carbon sources (Clarke 1975; Spetia. 2000). The metabolic heterogeneity of
this genus affords bacterial cells the ability tdajpt to a variety of environmental
conditions, therefore enabling the colonizatioraakide variety of niches (Dos Santeis
al. 2004; Williamset al. 2007). Pseudomonads are facultative aerobes emzkhoxygen
is the terminal electron acceptor of choice in theepiratory pathways of this genus
(Lalucatet al. 2006). Under anaerobic conditions, Pseudomonazdsalde to use nitrogen
oxides as alternative terminal electron acceptArai(et al. 1997; Van Alstet al. 2007).
Consequently, the genus has an important role @nettvironment as a denitrifier in the

nitrogen cycle (Fig. 1.1 (A and B)).

Denitrification is a process of ecological impoxtaras a key part of the nitrogen cycle (for
recent review see Tavaresal. 2006). In the biological nitrogen cycle, gaseoitsogen is
the oxidation of ammonia into nitrate and nitrike,an energy consuming process. The
process known as nitrification ensures that a Ueefmivm of nitrogen is available for
consumption by living organisms. Biological deritation is the process of reducing
nitrate into gaseous nitrogen, therefore completiegnitrogen cycle.
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The reaction: 2N@+10 € + 12 H" — N, + 6 HO

is achieved in four enzymatic steps. The membrauoadb enzyme nitrate reductase (NAR)
receives electrons from ubiquinol (UQHand nitrate (NQ) is reduced to nitrite (NGQ).
NO is subsequently reduced to nitric oxide (NO) b o two types of nitrite reductase
that are distinguished by their prosthetic groupe Tcytochromecd; and the copper
containing nitrite reductase receive electrons fthm cytochromdoc; complex via either
cytochromec or a blue copper protein, for example, pseudoazurhe two types of nitrite
reductase are present in strains from the geReeadomonas and Alcaligenes. NO is
subsequently reduced by the integral membrane ipratgric oxide reductase, (NOR) to
produce nitrous oxide (}D). In the final step of denitrification the enzgmitrous oxide
reductase (PDR) reduces BD to di-nitrogen (N). Each separate enzymatic

interconversion is coupled to energy conservingteda transport pathways.

The denitrification process only occurs in oxygepldted conditions (such as in some
soils and seafloor sediments), since oxygen is anfavorable electron acceptor than
nitrate. Moreover, in general, anaerobic respirai® less energy efficient than aerobic
respiratory pathways (Zumft 1997; Williaresal. 2007). The ability of Pseudomonads to
exploit the diverse environmental conditions préseénis primarily attributed to the
complex respiratory system of this genus as shaowhig. 1.1 (B) (Stoveet al. 2000;

Alvarez-Ortega and Harwood 2007).



Fig. 1.1 (A) The Biological Nitrogen Cycle. The nitrogen cycle describes an
important natural cycle operating in terrestrial ecosystems. Each separate
interconversion is catalyzed by a different enzyme. Bacteria play a significant role
in the denitrification process and under anaerobic conditions Pseudomonads use
nitrates as an alternative final electron acceptor to oxygen, thereby utilizing the
denitrification enzyme pathway. ANNAMOX is Anaerobic Ammonium Oxidase.

Adapted from (Richardson 2000).

FIG. 1.1 (B) Schematic representation of the P. aeruginosa respiratory pathway.
This facultative organism can respire anaerobically by denitrification (shown in red)
or aerobically using one of two quinol oxidases or one of three cytochrome c

oxidases. (Adapted from Comolli and Donohue 2004)
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The pseudomonad speci€s,aeruginosa, is ubiquitous in the environment, but also plays
a more significant role as a clinically challengipgthogen responsible for bacteremia,
urinary tract infections, respiratory system iniecs, and soft tissue infections (Govan
1997; Pieracci and Barie 2007; Willianas al. 2007; Driscollet al. 2007). Infections
caused by. aeruginosa are particularly serious in immunocompromisedegrdt (Pieracci
and Barie 2007). For example, patients with cydilorosis are characteristically
susceptible to chronic infection caused by thisaaorgm (Van Alskt al. 2007; Williamset

al. 2007). Individuals with cystic fibrosis are prgaiised to thick mucus production in the
lungs, which is proposed to provide an ideal halbgaP. aeruginosa colonization and a
semi-solid substrate for subsequent biofilm foromat(Dinwiddie 2000; Matsuet al.

2006).

Many Gram-negative bacteria, including Pseudomagnaus naturally resistant to a wide
range of antibiotics as the outer membrane lipcgaalgharides (LPS) protect the bacteria
from the influx of antimicrobial agents (Meadow B9Driscoll et al. 2007). Slow influx

of antimicrobial agents through the LPS is predidie act synergistically with an active
efflux of the agent from the Pseudomonad cellefLal. 1994). Moreover, Pseudomonads
maintain antibiotic resistance plasmids and are ébltransfer these resistance plasmids
between generations by means of transduction angugation (Towner 1997). Once
acquired chroniinfections caused bjy. aeruginosa, prove particularly challenging to treat
with the current range of anti-microbial agentsigboll et al. 2007). In particular, when
the organism forms a biofilm, increased resistancantibiotics is observed meaning that
P. aeruginosa is responsible for high rates of illness and d@athe immunocompromised
population (Kirisits and Parsek 2006; Van Adstal. 2007). Consequently, there is a need
for new antiP. aeruginosa agents and any new insights into Pseudomonasgyieldl be
valuable (Takedaet al. 2007). Advancing our understanding of the biocisém of

Pseudomonads requires the study of a model orgahiatrcan be obtained in high yield
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and of low pathogenic risk to the user, for exantp&organisni. stutzeri. P. stutzeri is a
soil dwelling, facultative anaerobe with the capad¢o denitrify. This Pseudomonad is
non-pathogenic, and can grow easily in minimal,neically defined media (Lalucat al.
2006). The availability of a complete genomic semeeofP. stutzeri, means it remains an
ideal organism model to provide insights into pbimjy of the other pseudomonads, for
example, the human pathogdn, aeruginosa (Van Niel and Allen 1952; Lalucad# al.

2006; Yanet al. 2008).

1.3 Aerobic Respiration

Cellular respiration is the process by which etmtérderived from the oxidation of organic
compounds are converted into a form of energydhatbe used by cells. At the most basic
level, respiration integrates a series of oxiddtemfuction reactions that conserve energy
in the form of a transmembrane electrochemicalgorgtradient for subsequent use in ATP
synthesis. In eukaryotic systems (Fig. 1.2) theyeraic machinery for respiration is
embedded in the inner mitochondrial membrane. ltoechondria, electrons derived from
glycolysis and the citric acid cycle enter the megpry pathway, through the low-redox
potential electron carrier nicotinamide adenine udieotide (NAD) and
NADH:ubiquinone oxidoreductase (Complex I). Complexatalyses the transfer of two
electrons from NADH to the lipid-soluble electroarger ubiquinone (UQ). The reaction

is associated with the translocation of protonssethe membrane (Nicholls 2002).
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FIG. 1.2 The topology and bioenergentics of a basic aerobic respiratory electron transport
system of mammalian mitochondrion. Schematic illustrating the complexes involved in the
basic aerobic respiratory electron transport system of a mammalian mitochondrion.
Electrons pass along the electron transport chain via a series of integral and peripheral
membrane proteins to the terminal electron acceptor, oxygen, which is subsequently
reduced to water. The transfer of protons from the mitochondrial matrix (N-side) to the
intermembrane space (P-side) accompanies electron flow. The movement of protons
across the membrane leads to the generation of a proton motive force that ultimately
drives the synthesis of ATP. The scale to the right indicates the redox potential of redox
couples in the electron transport system. UQ, ubiquinone; UQH,, ubiquinol; Cyt,
cytochrome. Adapted from (Richardson 2000).



In addition to complex |, at least three other eney feed electrons to UQ, as shown in
Fig. 1.2. Flavoprotein succinate:ubiquinone oxidoidase (Complex 1), transfers
electrons from succinate to fumarate as part ofribarboxylic acid cycle (TCA). The two
electrons are subsequently transferred to the wfdl@avin adenine dinucleotide (FAD)
which is reduced to form FADH The transfer of electrons to UQ follows this stapd

UQ is reduced to form UQH The second and third enzymes, ETF ubiquinone
oxidoreductase and glycerol phosphate dehydrogeaesept electrons from alternative
dehydrogenases to succinate, however, similarbotoplex Il these two enzymes transfer
electrons from FADK to UQ. Complex II, ETF ubiquinone oxidoreductasel glycerol
phosphate dehydrogenase are not proton pumps &g¢henergy change of the catalyzed

reaction, the transfer of electrons from FADH UQ, is too small.

The ubiquinol-cytochrome oxidoreductase (cytochronte;; Complex Ill) catalyses the
transfer of electrons from ubiquinol (UQHto the water-soluble electron carrier
cytochromec. The redox groups in cytochrorbe; comprise a F£S;, centre located on the
Rieske protein, twd type hemes located on a single polypeptide ana tigpe heme of
cytochromec;. (Fig. 1.3) (Xiaet al. 1997). The transfer of electrons through bHue
complex leads to the generation of a proton gradienthe operation of the proton-motive

Q-cycle mechanism.

Mitchell first proposed the Q cycle in 1975, whidbscribes a series of redox reactions
(Mitchell 1975). The Q cycle relates how the seqia¢ oxidation and reduction of
UQ/UQH, can result in the net movement of protons acrbeslipid bilayer (Mitchell
1975) (Fig. 1.3). The overall reaction catalyzgdhebc,; complex involves the release of
four protons at one side of the membrane and tkekamf two protons from the opposite

side (Croftset al. 2006).



4H*
P side Fe.S /vatc1<2th

N side oH*

FIG. 1.3 Schematic representation of the Q-cycle in the bc; complex in
mitochondria. This schematic illustrates the electron transfer events that occur
following the oxidation of UQH- at the P side of the inner mitochondrial membrane.
The oxidation of UQH, to UQ occurs in two stages. UQH, binds to the Q, site,
close to the P-face of the membrane and an electron is transferred to the adjacent
Rieske protein (Crofts et al. 2006). The electrons received by the Fe,S, centre,
located on the Rieske protein, pass down the chain to cytochrome c;, followed by
transfer to cytochrome c. The second electron, which was transferred to the b,
heme (E, = - 100 mV) is used to reduced the by heme (E,, = + 50 mV), which in
turn transfers the electron to the ubiquinone bound at the Q; site, which is reduced
to a semiquinone radical (UQ"). In the second half of the Q-cycle a second
electron is transferred from by reducing the semiquinone species to ubiquinol.
Following electron transfer the two protons required for the subsequent reduction
of UQ to UQH, are taken up from the matrix (N-side). In the bc; complex, the
movement of electrons by the b-heme chain from Q, to Q; sites indirectly achieves
proton translocation across the mitochondrial membrane. Adapted from (Crofts et
al. 2006).
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The final step in the electron transport chain afoohondria and aerobically respiring
bacteria is the sequential transfer of four eledrvom reduced cytochronteto oxygen
forming water in a reaction catalyzed by cytochranmidase (€O) (complex V). This
terminal oxidase, for example, the cytochroasg oxidase in mitochondria, uses the
liberated free energy to translocate protons froenN side of the membrane. The proton
pumping mechanism in the terminal oxidases willdszussed in more detail in Section

1.7.

The overall transfer of electrons through the nedpry complexes (I-1V) is coupled to the
pumping of protons from the mitochondrial matrix-¢iiie) to the cytosolic side (P-side) of
the membrane (Wikstrom 2004). The movement of m®tayenerates a proton
electrochemical gradient across the membrane (Vdikst1977). The proton motive
gradient drives the passage of protons from theernmtmbrane space into the
mitochondrial matrix via the membrane spanning sitsuof ATP synthase and the

synthesis of ATP from ADP and R catalyzed.

The enzyme, ATP synthase consists of a catalytmado () and a membrane domain
(Fo) which are linked by a central stalk)(as shown in Fig. 1.4 (B) (Zhatial. 1997). In
Escherichia coli, the i domain consists of five subunits imgzy101€1 Stoichiometric ratio
(Foster and Fillingame 1982; Schwem and Filling&0@6). The t domain is composed
of three subunits in anl&c;o-12 Stoichiometric ratio (Foster and Fillingame 1982hwem
and Fillingame 2006). Protons generated by thereled¢ransport chain move through the
Fo domain from the P to the N side of the membrarel¢sen and Amzel 1993). The
movement of protons generates the rotation of thg-like formation of ¢ subunits
arranged around the central stalk of the waterbdelty, domain (Duncaret al. 1995). As
the ¢ subunits rotate, the attached stalk alsae®téDuncaret al. 1995; Adachiet al.

2007). Rotation of the central stalk results inussdial conformational changes in the

11



and B subunit of the F domain (Boyer 2002). The proton motive force inetlic
conformational changes occur in the hexamer ofratenga andp subunits (Duncast al.
1995). The conformational changes alter the bupdiffinity of the subunits to ATP, ADP
and R(Nicholls 2002). The three catalytic nucleotideading sites on thg subunits at/3
interfaces exist in three different conformatiorach reflecting a different affinity for
ATP, ADP and Pas shown in Fig. 1.4 (Kayal&t al. 1977; Duncaret al. 1995). The
different conformations of each of the thr@esubunits of the F domain alternate
sequentially (Adachet al. 2007). In the “loose” (L) conformation, thHe subunit binds
ADP and R Next, thep subunit adopts the “tight” (T) conformation in whiADP and P
react to form ATP. In the last step, thesubunit adopts the “open” (O) conformation to
release the newly formed ATP molecule. Energyisused to form the ATP molecule but

to release the tightly bound ATP from the enzymey@ 2002).

12
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FIG. 1.4 The ATP synthase. (A) Representation of the binding change mechanism
looking up at the F; domain from the membrane. In the open (O) conformation the B,
subunit of the F; domain is empty. In step (1) the asymmetric y subunit rotates 120°
clockwise driving the conformational change of B, (green) to loose. In the loose (L)
conformation, the B; subunit binds ADP and Pi. In step (2) rotation of the y subunit
changes the conformation of f3; to tight (T). In the tight conformation, ADP and Pi are
combined to form ATP. A further rotation of the y subunit changes the conformation of 3,
back to open, resulting in the release of a newly formed ATP molecule. These steps

occur in each B subunit simultaneously (Adapted from (Zhou et al. 1997)).

(B) Schematic of ATP synthase from E. coli. The enzyme from E. coli has an F; portion,

which is located within the membrane and has subunits designated as asPsyi101€1. The

subunits of the Fg portion are designated ayb,C10.12 (Zhou et al. 1997).
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In mammals, a singlaas type cytochrome oxidase terminates the respiratory chain and
catalyses the reduction of oxygen to water. Theglsiaa; oxidase means that respiratory
flexibility to changes in oxygen concentration isstricted in mammals and they
compensate by having a highly complex network afaos, which control the uptake,
transport and tissue distribution of oxygen (Ludwigd Schatz 1980; Wenger 2002). In
contrast, the prokaryotic respiratory system teatda with multiple respiratory enzymes
that either catalyze the reduction of alternatereninal electron acceptors or are expressed
accordingly, in response to fluctuating levels afgen (Kitaet al. 1986). The variety of
respiratory enzymes in prokaryotes allows bacterieustomize their respiratory system in

response to changeable environments (Richardsd).200

The bacterial pathogeB. aeruginosa is an example of a bacterial species that express
genes which encode distinct respiratory oxidaseatgihitaet al. 1980; Stoveret al.
2000; Williams et al. 2007). Publication of the complete genome sequeate

P. aeruginosa has facilitated the prediction of the respiratgogthways of this
opportunistic pathogen, as shown in Fig. 1.1B (&t@t al. 2000; Alvarez-Ortega and
Harwood 2007)P. aeruginosa can respire aerobically using one of two quinadeses,
(cytochromebos; oxidase orbd-type oxidase) or one of three cytochromexidases,
(cytochromecbbs-1, cytochromecbbs-2 or cytochromeaas). Recent completion of the
genomic sequence @?. stutzeri revealed that this non pathogenic Pseudomonad also
possesses two operons that each potentially ersccale oxidase ¢bbs-; andcbbs-2) (Yan

et al. 2008). The branched respiratory pathway of bo#uBemonad species suggests the
potential for significant respiratory flexibilityB@keret al. 1998). Each terminal oxidase in

P. aeruginosa is expressed in response to different oxygen eessand allows the bacteria
to survive in environments with fluctuating oxygenels (Castresaret al. 1994; Bakeket

al. 1998; Williamset al. 2007). To survive in anoxic environments, altexeaterminal

electron acceptors can also be utilized to ensi@edntinuity of respiratiorl. aeruginosa
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can generate energy anaerobically using N-oxideerasnal electron acceptors using the

denitrification pathway, as discussed in sectiéh 1.

Four of the putative terminal oxidases observedP.iraeruginosa, belong to the heme
copper oxidases superfamily (HCO) (Garcia-Horsrstaral. 1994). The fifth terminal
oxidase is the cyanide insensitive oxidase (ClQje TIO is part of the cytochrontel
oxidase family, a family of two subunit quinol oagkes, which have no homology to
members of the HCO superfamily (Zlosmikal. 2006; Williamset al. 2007). The CIO will

be discussed in more detail in section 1.10.

1.4 Heme Copper Oxidases

The majority of bacterial oxidases and the singlgto€hrome ¢ oxidase (CO),
cytochromeaag, in eukaryotic mitochondria belong to one supeifgnthe heme copper
oxidases (HCO) (Garcia-Horsmaat al. 1994). The X-ray crystal structures of the
cytochromeaa; from bothP. denitrificans and bovine mitochondria have been determined
and show that their subunits | and Il are remankabhilar (Iwataet al. 1995; Tsukiharat

al. 1995; Ostermeieet al. 1997). Membership in the HCO superfamily is basadthe
presence of a subunit homologous to subunit | (Stfl)the mammalian €O. SUI
comprises at least twelve transmembrane helicesanthins the active site, a dinuclear
centre formed by the iron of a high-spin heme, tocW substrates and other exogenous
ligands can bind and an adjacent copper iongG8tevens and Chan 1981) (Garcia-
Horsmanet al. 1994). A second heme in SUI facilitates the transff electrons to the
dinuclear centre from either cytochromer ubiquinol in cytochrome oxidases or quinol
oxidases respectively (Brzezinski and Adelroth 208@®wn et al. 1993). The high-spin
heme is ligated by a single histidine, the low-spéme is ligated by two histidines and
Cus is ligated by three histidines (Shapleighal. 1992). These six histidines are highly

conserved in the HCOs and ttish; related NORs.
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The prokaryotic heme copper oxidases can be braadigivided into one of two classes:
quinol oxidases, which terminatbc; independent respiratory chains, for example
cytochromebos from E. coli, and @O, such as thaag type oxidases fronfParacoccus
denitrificans (Kita et al. 1986; Castresanet al. 1994; de Gieet al. 1994). Prior to the
discovery of theebbs oxidases, a major difference between the two etast oxidases was
considered to be the presence of the redox actetalmentre Cuyin subunit 1l of @O

which is absent in quinol oxidases (Fig. 1.5)

In CcOs the binding site for the electron donor cytoame@ has been localized to subunit
Il and it is the Cu centre in subunit Il which receives electrons fragtochromec
(Musseret al. 1993; Malatestat al. 1998).The dinuclear Cu centre is composed of two
electronically coupled copper ions mixed valenc&@uil which act together in thecO
as a one electron-donor or acceptor. Mixed valeopper complexes as observed imCu

are rare (Hwang and Lu 2004).
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Periplasm

Cytoplasm

aag oxidase cbbs oxidase bos oxidase

FIG. 1.5 Schematic illustrating the similarities and differences between different subclasses of HCOs. The different heme types in subunit | (pink) are
shown, heme A, purple, heme B, white, and heme O, dark cyan. Differences between the electron receiving domains, subunit Il, (yellow), and electron
donors are shown. The cytochrome ¢ dependant enzymes aa; oxidase and cbb; oxidase accept electrons from reduced cytochrome c. In contrast, Quinol

oxidases, for example bo; oxidases accept electrons directly from the quinone pool. (Adapted from (Richardson 2000).



Three dimensional structures are known for tkk® @om P. denitrificans and bovine heart
mitochondria (lwataet al. 1995; Tsukihara&t al. 1995). The primary electron acceptor site
Cua centre is present in subunit 1l ofcG but not in the corresponding subunit of the
quinol oxidase (Puustinest al. 1991; van der Oostt al. 1992). However, hydropathy
analysis of quinol oxidase subunit Il suggests istructurally related to subunit Il of the
CcO, cytochromeaas (Chepuriet al. 1990; Mussekt al. 1993). Sequence alignments of
subunit 1l of the €O and quinol oxidases indicate that quinol oxidasek the four
putative ligands for Gu(two histidines and two cysteines) observed a©GHolm et al.
1987; Chepuret al. 1990). Moreover, it has been demonstrated thaCipesite can be
generated within subunit Il of thE. coli bos type quinol oxidase using site directed
mutagenesis to restore the “missing” ligands in ghbunit (van der Oosdt al. 1992).
Hence, the main role of subunit Il in the quinolidases may be analogous to that of
subunit Il in the cytochrome oxidases, i.e., delivering electrons to the metaiters
within subunit | (Welteret al. 1994; Puustinemt al. 1996). The quinol oxidases do not,
however, receive electrons from the water-solujtahromec but catalyze the two-

electron oxidation of UQK(Musseret al. 1993)

The substrate binding site of quinol oxidases satlyesized to be the membrane spanning
region of subunit I, which contains a cluster ofgpaesidues exposed to the interior of the
lipid bilayer (Abramsonet al. 2000). This proposed binding site can therefore
accommodate the hydrophobic nature of the substti@H, (Gohlke et al. 1997). The
proposed location of the binding site of UQWithin the lipid bilayer suggests that UQH
interacts directly with the low-spin heme boundtt@ansmembrane helices of subunit |
(Puustineret al. 1996). In contrast, cytochroneebinds to the periplasmic surface of the
CcO. In subunit Il the Cubinding region projects into the agueous phaseisatiterefore

an ideal intermediate for electron transfer duthécellular location of the electron donor,

cytochromec (Grayet al. 1994; Farveet al. 2007)
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A more recently described family of HCO, the cytamhe cbbs oxidases, has evolved
which differ to the models described thus far (flgeet al. 1993). Thecbbs; oxidases
utilize cytochromec as an electron donor, however subunit 1l of theeddases lack a Gu
site (Garcia-Horsmaet al. 1994; Grayet al. 1994; Kimet al. 2007). Using a hydrophobic
ubiquinone analogue it has been suggested that,ldQék not elicit any oxygen uptake by
purified cbbs oxidase isolated frorRhodobacter capsulatus (Grayet al. 1994). Evidence
therefore suggests that tlkbkb; oxidase is not a quinol oxidase, but eOC It remains
unclear how electrons are received from cytochrorg thecbb; oxidase. In addition to a
subunit homologous to SUI (CcoN) tlebb; oxidases also have two hemeontaining
subunits (CcoO and CcoP) (Sharetaal. 2006). It is speculated that one of these two
hemec containing subunits receive electrons directlyrfragytochromec, even in the
absence of Ci(Grayet al. 1994). The subunits CcoO and CcoP will be disaigsenore

detalil in Section 1.7.

1.5 Cytochromecbb; oxidases

Cytochromecbb; oxidases are the most recently characterized mesnabéhe superfamily

of HCO (Preisiget al. 1993). Thecbbs oxidase was initially identified in the bacterium
Bradyrhizobium japonicum as the product of an operofixNOQP) whose expression is
required for nitrogen fixation (Preisigt al. 1993). It was observed that these genes,
designatedixNOQP, were expressed under microaerobic conditionsherbot nodule
where B. japonicum lives symbiotically with the legume host plant.bSequently, the
ccoNOQP operon was also identified in the non symbiotitragen fixing bacteria

R. capsulatus (Thony-Meyeret al. 1994).

The ccoNOQP operon has been identified in many non-diazatopProteobacteria
including human pathogens for example, aeruginosa, Helicobacter pylori and
Campylobacter jguni (Thony-Meyeret al. 1994; Preisicet al. 1993; Parkhillet al. 2000;
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Tomb et al. 1997). These human pathogens are observed asioofe@gents in anoxic
environments. For exampl@, aeruginosa has been isolated from hypoxic mucus regions
in the lungs of cystic fibrosis patients ahd pylori has been isolated from the micro-
aerophillic environment, the gastric mucosa (Cadtet. 2002; Worlitzschet al. 2002; de
Reuse and Bereswill 2007; Willianesal. 2007). It is therefore hypothesized, that ¢hies
oxidase contributes to the successful colonizabbrhypoxic tissues and may be an

important determinant of pathogenicity (Pitcher &v@tmough 2004).

The gene products of theeoNOQP operon encode for thebbs subunits CcoN, CcoO,
CcoP and CcoQ as shown in Fig. 1.6 (A) (Zuffeeewl. 1996). In most Proteobacteria
characterized so far tloeoNOQP operon is located immediately upstream ofdt@GHIS
gene cluster (Kockt al. 2000; Kulajtaet al. 2006). TheccoGHIS gene cluster is necessary

for the assembly of an actigbb; oxidase complex in the cell.

The ccoGHIS operon was first identified, and sequenced froma thtrogen fixing
bacteriumSnorhizobium meliloti (formally Rhizobium meliloti) (Kahnet al. 1989). The
operon has since been identified in the microaealiophtrogen fixing B. japonicum and
Azorhizobium caulinodonas (Preisiget al. 1996; Mandonet al. 1993). Similarly to the
ccoNOQP operon expression of theeoGHIS operon is strongly induced in cells grown
microaerobically or anaerobically (Preisggal. 1996). Evidence suggests that the four
proteins encoded by th€coGHIS operon exist as a multi-subunit membrane protein
complex in which they function in concert, sincetations in either one of the genes

results in a nitrogen fixation defective strainge({Big et al. 1996; Kochet al. 2000).
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FIG. 1.6 Schematic diagrams illustrating the ccoNOQP operon (A) and the
proposed organization of the cbbs complex (B). In the schematic of the membrane
bound cbbs complex, the individual subunits are annotated accordingly. The b-type

hemes are coloured white, c-type hemes black and Cug purple
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The CcoG, CcoH, Ccol and CcoS proteins are eagbopeal to have a specific role in the
biogenesis of cytochromabb; oxidase (Preisigt al. 1996; Kulajtaet al. 2006).Sequence
similarities between the protein Ccol aBdkerococcus hirae CopA suggest a function for
the Ccol protein (Kahmt al. 1989; Preisiget al. 1996). CopA is an integral membrane
copper-uptake protein that belongs to the familypodkaryotic and eukaryotic P-type
ATPases, which are involved in transport of heawtahions (Rensingt al. 2000). It is
proposed that Ccol is involved in Cu delivery te tnly Cu containing subunit @abbs
oxidase, the catalytic subunit, CcoN (Koehal. 2000). Site directed mutagenesis has
been used to demonstrate that membranes of a @teticsh strain are devoid of the
CcoNOQP complex (Kulajtat al. 2006). The experimental evidence therefore suggest
that Cu incorporation is a pre-requisite for thenfation or the stability of thebb; oxidase

complex.

Sequence similarities between CcoG and the pr&diA from Rhodobacter sphaeroides
suggests a function for the protein CcoG (Kahal. 1989; Preisigt al. 1996). RdxA is an
integral membrane containing two 4Fe-4S like fevs@a domains. Based on the sequence
similarity to RdxA and other ferredoxins the prot€icoG is proposed to be involved in an
unknown oxidation-reduction process (Kadtral. 1989; Neidle and Kaplan 1992; Koeh

al. 2000). Deletion of CcoG however, appears to hane minor effects on the activity of
cbb; oxidase InR. capsulatus membranes compared to the absence of the praieiol
and Ccol (Kulajteet al. 2006). It is hypothesized that CcoH and Ccol @arole in the
assembly of thebbs oxidase, therefore a loss of activity of the ogelés feasible in CcoH

and Ccol mutants.

In contrast to Ccol and CcoG, the proteins CcoH@odS have no characteristic sequence
motifs and share no sequence homology to proteinenown function (Kulajtaet al.

2006). Analysis oR. capsulatus membranes in whiccoS had been deleted, indicated
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that thecbb; oxidase complex was fully detectable; however,atgembledbb; complex
was inactive. It was determined spectroscopicdift the inactivity of the complex was
due to the absence of a functional helbg&€Cus binuclear centre in CcoN (Koot al.
2000). It is therefore suggested that the role adScan be attributed to the insertion of

either theb-type heme or Guior of both cofactors into CcoN (Kulajehal. 2006).

1.6 Microaerobic expression of the cytochromebb; oxidase

Despite apparent homology of subunit | between neembf the HCO superfamily and the
cytochromecbb; oxidases the latter differs to other members wf fdamily. As previously
discussed (Section 1.4)b; oxidases accept electrons from cytochranbeit lack the Cpn
electron receiving prosthetic group in subunitbserved in other €Os (Grayet al. 1994;
Preisiget al. 1996). Thecbb; oxidases also differ from other HCOs with regaxlsheir
affinity for oxygen. TheB. japonicum cbbs oxidase is induced under microaerophillic
conditions and the experimentally determined #r dioxygen is 7 M (Preisiget al.
1993; Zuffereyet al. 1996). The experimental,Kvalue demonstrates that ttiah; oxidase
has a very high affinity for oxygen, and is therefeaonsistent with its expression under
microaerophillic conditions. Thebb; oxidase isolated fror€. jgjuni has a slightly higher
Km value for dioxygen tharB. japonicum of 40 M (Jacksonet al. 2006). These
experimentally determined Kvalues for thecbb; oxidase are lower than recorded for
other HCOs. For example, cytochromes isolated fromE. coli has a Ik value of
0.15-0.35uM (D'Mello et al. 1995; Zuffereyet al. 1996). The substrate affinity abbg
oxidases isolated frorB. japonicum and C. jguni are thus far the only measurements
reported. It is assumed that a similar affinity f@xygen would be demonstrated in

cytochromecbbs; oxidases isolated from sources other than thqswste.

In principle, the high oxygen affinity of thebbs; oxidases enables Proteobacteria to
colonize microaerobic environments. As previousBcdssed (Section 1.2) most bacterial
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species have multiple respiratory oxidases whidbwalcells to customize respiratory
systems to meet the demands of varying environrheotaditions. For example, in the
aerobic respiratory chain &. coli there are two distinct respiratory oxidases, dytome
bd and cytochroméos (Kita et al. 1984). Cytochroméd has a higher affinity for oxygen
than cytochromeébo; and is induced to high levels when the oxygeniteng growth
medium is low (Fuet al. 1991). Similarly, in thecbbs expressing bacteria, under
microaerophillic conditions the cytochromigbg oxidases predominate (Preisigal. 1993;

Marchalet al. 1998).

Under microaerophillic conditions, expression a tatoNOQP operon is regulated by the

oxygen sensing transcriptional regulator of fumaiatd nitrate reductase (FNR) (Vollack
et al. 1998; Van Spanningt al. 1997; Cosseau and Batut 2004). FNR was first ifiect

in E. coli and belongs to a large family of regulators thatdmiate physiological changes

in response to various environmental and metabadi@nges (Unden and Guest 1985;

Cracket al. 2007).

FNR is activated under anaerobic conditions byabguisition of one [4Fe-4%] cluster
per protein and which promotes dimerization of F§Roroshilovaet al. 1995; Mooreset
al. 2006). FNR is active as a dimer and binds to BHiRR Box sequence (TTGAT-N4-
GTCAA) in the promoter region of the target gené.hgh oxygen concentrations the
[4Fe-4SF" cluster undergoes a conversion into a [2F&-28iister and the conformational
change results in loss of the site specific DNAdbg (Khoroshiloveet al. 1997; Craclet
al. 2006). The role of FNR and FNR analogues in tigellegion of thecbb; oxidase under

microaerophillic conditions will be discussed inmaaletail in Section 1.8.
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1.7 Organization of the cytochromecbb; oxidase complex

Cytochromecbb; oxidases have been purified from several specieBroteobacteria
including P. denitrificans (de Gieret al. 1996), R. sphaeroides (Garcia-Horsmaret al.
1994),B. japonicum (Preisiget al. 1996) andP. stutzeri (Urbaniet al. 2001). Rather poor
yields and a tendency for the complex to dissodiatee made crystallization difficult and
a structure for thebbz oxidase is not available (Urbagtial. 2001; Geimeinhardt 2006). A
schematic of thebb; oxidase complex has however been suggested asishdwg. 1.6
(Garcia-Horsmaret al. 1994; Pitcher and Watmough 2004). It is assumed the

structural organization of the subunits of the; oxidases is similar in all Proteobacteria.

CcoN

The catalytic subunit in altbb; oxidases is homologous to SUI of the mammalia® C
and defineghese oxidases as a member of the HCO super fdaslgiscussed in section
1.3, Fig. 1.3). Thebbs operon gene product, CcoN, encodes for the cataybunit, SUI.

(Preisiget al. 1993; Garcia-Horsmaat al. 1994; Pereirat al. 2001).

Hydropathy analysis of the CcoN sequence fBraponicum, predicts a minimum of 12
transmembrane helices, which span the lipid mengbrgith both the N and C termini
facing the cytoplasmic side of the membrane (Ryeisal. 1993). The six canonical amino
acid residues which ligate the redox centres, alaedpin heméb and the high-spiheme
bs-Cug, are predicted to be located within the transmambhelicegZuffereyet al. 1998;
Oh 2006). The high-spin heme is axially coordinabgda single histidine and has one
available coordination position providing the oxgdgeinding site. The Guis ligated by
three histidines and the second hdmis ligated by two histidines. The ligating histids
are strictly conserved in the CcoN subunit incaly; oxidases identified thus far (Fig 1.7)
(Zufferey et al. 1998; Oh 2006). The terminal electron acceptaggen, binds at the
dinuclear centre of CcoN and the catalytic reacpenformed by all terminal oxidases
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under aerobic conditions, the reduction of di-oxyge water, occurs at this site (Section

1.2, 1.3).

For each molecule of di-oxygen reduced byc®Q@our protons are taken from the N-side
of the cell membrane for the reduction of oxygemwatter at the active site and another
four protons are translocated across the membidicldlls 2002; Wikstrom 2004). The

active site of subunit I in HCOs is embedded deé&himvthe protein to reduce the release
of reactive oxygen species during the catalytictiea (Pereiraet al. 2001). A pathway for

the protons required for the reaction spans theeetitickness of the membrane and is
necessary to facilitate proton transfer acrossntieenbrane. In addition, because of the
location of the oxygen-binding catalytic site irettnembrane spanning part of the protein,

a pathway is required for the transfer of substpatéons to the catalytic site.

The availability of the 3D structure of the boviGeO revealed two potential proton uptake
pathways within the enzyme, towards the buried hap@us active site where £binds to
hemeas (Tsukiharaet al. 1995). Additionally there are good crystal struetuof the
bacterial aaz oxidase fromP. denitrificans and R. sphaeroides (lwata et al. 1995;
Ostermeieret al. 1997; Svensson-E&t al. 2002). Both of these bacterial oxidases are
amenable to genetic manipulation leading to thelpecbon of informative mutant forms
(Shapleighet al. 1992; Svensson-Ekt al. 2002). The proton uptake pathways, the so
called D and K channel have been further identifisthg the knowledge gleaned from

mutagenesis experiments.

The D channel, leads from a conserved aspartateluses(D124 P. denitrificans
numbering) on the cytoplasmic surface of subutotd proton accepting glutamate residue
(E278 P. denitrificans numbering) near the active site (Ostermeteal. 1997). The D

pathway is utilized for the movement of all the gpad protons and some catalytic protons
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(Brzezinski and Adelroth 2006). The second chantied,K channel, is so called after a
conserved lysine residue (K3%% denitrificans numbering) in the middle of the proton
input channel. The K channel leads directly to thieuclear site in subunit | and
translocates catalytic protons (Adelrathal. 1998). Both the D and K channels contain
highly polar ionizable residues that guide the fation of hydrogen bonded water chains
within the channels (Wraight 2006). These waterirghalectrostatically stabilize the
transferred proton and assure kinetically compegpeoton transfer (Wraight 2006; Hemp
et al. 2007). In the absence of this electrostatic stadtibn provided by the protein,

protons could be excluded from the water contaipioiges within the channel.

The D and K channels have been identified in vaiélCOs, however, amino acid
sequence alignments of SUI indicate that the residof these two channels are not
common to all oxidases (Gometsal. 2001; Pereirat al. 2001; Wikstrom and Verkhovsky
2007). The CcoN subunit of tlobb; oxidases, has a low degree of similarity, at tiéna
acid sequence level, with other members of the H&Qly (Preisiget al. 1993; Sharmat

al. 2006). The residues that form the proton channetsher members of the HCO family
are not conserved in the CcoN subunit (Shaeimal. 2006) (Hempet al. 2007). Proton
translocation has however, been demonstrated Insaspensions in which cytochrome
cbb; oxidase is the only cytochrontE; dependant oxidase present in the cytoplasmic
membranes (Toledo-Cuevasal. 1998). Moreover, cell suspensions of the cytoclerom
cbb; oxidase fromR. sphaeroides and P. denitrificans have been shown to operate as a
proton pump (de Giegt al. 1996; Toledo-Cuevast al. 1998). Proton translocation from
the cytoplasmic side of the inner membrane to #mgfasmic space with a stoichiometry
of 1 H'/e has been reported for both organisms. This ifightly higher value than
observed in purified cytochromebbs reconstituted into phospholipid vesicles, which
varied between 0.2 ¥ and 0.4 H/e (Arslanet al. 2000). The reconstitutezbb; oxidase

does, however, have a substantially lower protamgng activity than reconstituteshs
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oxidase fromP. denitrificans (Arslanet al. 2000). Experimental results therefore suggest
that proton movement does occur during catalytactiens in cytochromebb; oxidases
(de Gieret al. 1996; Arslanet al. 2000). However, the absence of canonical proton

pathway residues in CcoN suggests an alternativie to other €Os.

Sequence analyses and homology modeling ofchig oxidase subunit, CcoN, from
Vibrio cholerae and R. sphaeroides has been used to identify residues, which have
homology to amino acid residues in other HCOs (®laat al. 2006; Hempet al. 2007).

In most HCOs, the D channel leads from an asparésidue on the cytoplasmic side of
subunit | to a proton accepting residue near thvesite of SUI (Hempet al. 2007).
There are no conserved hydrophillic residues tbatdcform a proton channel analogous
to this D channel in the CcoN subunit (Heet@l. 2007; Ozturket al. 2007). The second
proton channel in the HCOs, the K channel, leadmfa glutamic acid residue near the
interface of SUI and SUII on the cytoplasmic sidleh@ membrane to a histidine-tyrosine
cofactor. Sequence analysis indicates the consamvaf some residues in the CcoN
subunit which are spatially analogous to the K dehin other HCOs (Hemgt al. 2007,
Ozturket al. 2007). Hence, it is suggested that in¢hles subunit CcoN, only one channel

is used for the input of both catalytic and pumpsatons.

In the canonical HCOs there is a fully conservemdine residue (Tyr 24Bos taurus
numbering) within the active site of SUI that formscovalent bond to one of the three
histidine ligands of Gy (Buseet al. 1999; Rauhamaket al. 2006). The cross-linked
tyrosine-histidine dimer is at the end of K channegHCOs and it is hypothesized to be of
critical importance in the catalytic mechanism ofl Rauhamaket al. 2006; Hempet al.
2007). The tyrosine residue is hypothesized to woadhydrogen atom (an electron plus a
proton) during catalysis to facilitate cleavagehs O-O bond after £binds to the reduced

high-spin heme in SUI (Nyquigt al. 2003; Hempet al. 2005). In thecbbs oxidases the
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spatially equivalent tyrosine residue to other HGOmissing but homology modeling has
suggested that an alternative tyrosine residue $I$R. sphaeroides numbering) replaces
the missing tyrosine in the active site (Rauhansalkil. 2006). This alternative residue
(Y311) is fully conserved amongst tlobb; oxidases and site directed mutagenesis of
Y311 in R sphaeroides resulted in an inactive phenotype suggesting Y&l fulfills a
similar role to the tyrosine residue in the canahldCOs (Rauhamalkt al. 2006). It has
been hypothesized that only one channel, the Kradars used for the input of catalytic
and pumped protons in the CcoN subunit, howevethdéurevidence is necessary to
confirm this proposal (Hempt al. 2007). Confirmation of the presence of the modifie
tyrosine residue in thebbs oxidase at the end of the proposed K channel oiNClarther

supports this proposal (Rauhamaeikal. 2006).

Similarly to thecbbs oxidases, the residues that contribute to therid- k& channels in
subunit | of the HCO'’s are not conserved in theieant subunit, NorB of the cNOR
nitric oxide reductase family (Thorndycradt al. 2007). Five highly conserved glutamate
residues have been identified in the NorB subufithe cytochromec and quinone
dependant NORs (Butlaneg al. 2001; Thorndycroftet al. 2007). Using site directed
mutagenesis Thorndycro#t.al. demonstrated that two of these conserved glutamate
residues form the entrance to a proton conductiagicel (Thorndycrofét al. 2007). The
proposed function of this so called “E-channeltasonduct protons from the periplasm to
the active site of the enzyme during turnover (Tidgcroft et al. 2007). Based on
homology to the proposed proton input channel @ctiOR family, a proton exit pathway

for pumped protons has been proposed ircthe oxidases (Hempt al. 2007).
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FIG. 1.7 Multiple Sequence alignment of CcoN from ten species. The histidine residues which are predicted to ligate the low-spin and high-spin hemes are

coloured blue and red respectively. The histidine residues that ligate the Cus site are coloured green, Since the completion of this thesis, the genomic sequence of P.stutzer

has identified two putative cbb operons (Yan et al. 2008). This alignment refers to CcoN PST 1840.
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CcoO

The ccoO gene encodes a membrane anchored mono heme royteoh (Preisiget al.
1993). Based on hydropathy analysis, this subuag B single membrane spanning
transmembrane helix near its N-terminus and a Ipjdiiac domain, which is exposed to
the periplasmic side. There is a single CXXCH muotithis hydrophilic domain, which is
indicative of a heme& binding site (Thony-Meyeet al. 1994). The two cysteines form
thioether bonds with the vinyl side chains of thetpheme, and the histidine provides the
fifth axial ligand of the heme iron. Previous M@Dalysis ofP. stutzeri cytochromecbb;
oxidase suggested that the four low-spin hemesénchbs complex are His/His and
His/Met coordinated low-spin ferric hemes in a 2ako (Pitcher 2002). Further MCD
analysis of the isolated subunit CcoP suggestsHislHis and His/Met ligate the two
type hemes in this subunit (Pitcher 2002). Thesddlis/His ligated species observed in
the MCD analysis of the complex was assigned tdttype heme in CcoN. MCD analysis
of thecbbz oxidase complex therefore infers that the simgigpe heme in CcoO is ligated
by a histidine and a methionine in the proximal a@mtal positions respectively. In the
subunit CcoO there is only one fully conserved nogtine (M137,P. stutzeri numbering)
which is therefore predicted to be the sixth ligaodhec type heme in this subunit (Fig.
1.8). Confirmation of the hypothesis was attempladng this study using site directed
mutagenesis, however the mutagenesis was unsugcassf due to time constraints was

not the focus of this study.

The function of the subunit CcoO is unclear, howatés predicted to be a requirement
for assembly and stability of thebbs oxidase (Thony-Meyeet al. 1996; Zuffereyet al.
1996). CcoO has little homology to subunits fromestHCO with the exception of NorC a
membrane bound cytochrormneubunit of the enzyme nitric oxide reductase (NGigo a
member of the HCO superfamily (Preigigal. 1993; Cheesmagt al. 1998; Sharmat al.

2006). Similarly tocbbs oxidases the enzyme NOR lacks asGrontaining electron
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receiving domain and NorC had been establishetieaglectron receiving domain of this
enzyme (Saraste and Castresana 1994; Thorndgt@f{t2007). Using sequence analogy,
it can therefore be hypothesized that the suburoiGCfulfills the role of electron receiving
domain in thecbb; oxidase. In further support of this theory it lveen demonstrated that,
the CcoNO subcomplexes isolated from the organBndenitrificans andB. japonicum
are both catalytically competent (de Getral. 1996; Zuffereyet al. 1996). Topological
predictions of the membrane bound subunit CcoO estgghat the type heme is in the
periplasmic domain close to the aqueous mediume Adme in CcoO could therefore

potentially accept electrons from either cupredsxanthe water soluble cytochromae

CcoQ

The CcoQ gene is predicted to encode a small membrane bpolydeptide (Preisigt al.
1993). The CcoQ subunit is the smallest ofdble; oxidase, consisting of between 48 and
73 amino acids depending on the organism (Thonydviehyal. 1994; Zuffereyet al. 1996;
Pitcher 2002). This subunit has a hydrophobic mregiear the N terminus and a polar motif
at the C terminus and is predicted to be locatethimvithe plasma membrane (Thony-

Meyeret al. 1994).

Sequence alignments of CcoQ have shown that thisnstudoes not contain any cofactor
binding motifs and shows no similarity to proteimfsknown function (Toledo-Cuevas
al. 1998). The function of this subunit remains uncléawever, in frame deletion of the
CcoQ gene inR. sphaeroides has suggested that CcoQ protects dhbies complex from

oxidative destabilization in the presence of oxyd@h and Kaplan 2002; Oh 2006).
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FIG. 1.8 Multiple sequence alignments of CcoO. Conserved residues are shaded black. Predicted transmembrane segments are underlined.

The predicted heme c binding sites are coloured red. The predicted distal heme residue, Met137, (P. stutzeri numbering) is highlighted in blue.

Since the completion of this thesis, the genomic sequence of P.stutzeri has identified two putative cbb operons (Yan et al. 2008). This alignment refers to CcoO PST 1839.
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The subunit CcoQ has also been proposed to traesaludnhibitory signal, related to
electron flow through thebbs oxidases, to the PrrBA two component system (Oh and
Kaplan 1999). The CcoQ subunit does not howevetanomny redox active cofactors that
could sense electron flow (Toledo-Cuewetal. 1998; Oh and Kaplan 1999). This subunit
would therefore have to respond to a change iretivronment that was sensed elsewhere
in the cbbs complex. The evidence that the heme contentanstibunit CcoP is affected
by deletion ofCcoQ suggests a connection between the two subunit® @oal CcoP (Oh
and Kaplan 2002). In biological heme based senaaesgulatory heme-binding domain or
subunit controls a neighboring transmitter regibthe same protein (Gilles-Gonzalez and
Gonzalez 2005). It could be speculated that thesiteoCcoP and CcoQ act cooperatively
as a heme based sensor. Two component systems, basad sensors and the potential
role of the subunits CcoQ and CcoP in this systdthbe discussed in more detail in

section 1.10 and 11.

CcoP

The CcoP gene encodes a membrane bound diheme cytocheoig@s subunit has a
putative hydrophobic transmembrane helix near itemhinus and similarly to CcoO, a
hydrophilic domain which, based on hydropathy asialyis exposed to the periplasmic
side. There are two cytochrora®inding CXXCH motifs in the hydrophilic domain tfis
subunit which are indicative of two heméinding sites (Thény-Meyeat al. 1994). The
two cysteines form thioether bonds with the vingeschains of the protoheme, and the
histidines provides the fifth axial ligand of therhe iron. It is not known which residues
provides the sixth ligand to the heme irons in CbaPthey are predicated to be a histidine
and a methionine (Pitcher 2002). MCD analysis efidolated CcoP subunit suggests that
one of thec type hemes is His/His ligated and one is His/Nigaited. As in the subunit
CcoO it is unconfirmed which specific residues prdevthe sixth ligands to the heme irons

but these are predicated to be the fully consehisiidine His42 and the fully conserved

37



methionine, Met272 based on the proximity of sundiog proline residues (Fig. 1.9)

(Pitcher 2002; Yamt al. 2008).

The function of CcoP is not clear, however it isgble that the presence of this subunit is
not required for catalytic activity of thabbs oxidase. In thd. japonicum cbbs oxidase, the
fixP::aphll insertion mutant had a slightly highetdase acitivity than thafixN and the
AfixO deletion mutant. (Zufferewt al. 1996). Furthermore, deletion of CcoP from the
cbbs complex does not appear to affect the stabilityhef subunits CcoN and CcoO in

microaerobically grown cells (Zufferegy al. 1996).

It was previously observed that the oxygen analpgadbon monoxide (CO) bound to one
of theb-type hemes in CcoN iR. capsulatus andB. japonicum (Grayet al. 1994; Preisig
et al. 1996). CO binding was presumed to bind at the-Bfgh heme in CcoN as this is the
site of oxygen binding during the catalytic redantiof oxygen to water. It was however,
also speculated that B japonicum CO bound to one of thetype heme in CcoP or CcoO
(Preisiget al. 1996). Carbon monoxide binding provides the masivenient method for
distinguishing heme proteins in which the iron laasabsent or replaceable sixth ligand,
which bind CO, from those in which all ligands atable, which do not bind CO (Wood
1984). Using thecbbs oxidase isolated fronf. stutzeri, Pitcheret. al. confirmed the
hypothesis that CO binds to one of tt#ype hemes in thebb; oxidase (Pitcheet al.
2003). In contrast, thebbs oxidase purified fronP. denitfricans, which loses the CcoP
subunit during purification, does not bind CO totgpe heme (de Giest al. 1996; Pitcher

et al. 2002).

To further investigate the observation that CO bitalone of the-type hemes in thebb;
oxidase CcoP was isolated from thestutzeri cbbs oxidase complex (Pitchet al. 2002;

Pitcheret al. 2003). It was recognized that the stoichiometrZ6f binding to the hemes in
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the separately expressed CcoP subunit was 1:lordutfollowing full reduction with
sodium dithionite (Pitcheet al. 2003). UV-visible and MCD spectroscopy of the aded
CcoP subunit indicate that batktype hemes are low-spin, therefore suggestingahatof
the ligands to the-type heme which binds CO is displaced to bindekegenous ligand
(Pitcheret al. 2002). Upon addition of CO, the complex thatasnfed with thec-type
heme contains an Fe(ll)-CO bond that is photo-¢alfPitcheret al. 2003). Transient
illumination of the His-Fe (I1)-CO species in thedP subunit leads to photolysis of the
Fe(l)-CO species resulting in a pentacoordinatecigs, which can undergo competing
reactions (Pitcheet al. 2003). Either the pentacoordinate species cact nedh the
endogenous ligand to yield a six-coordinate ferrbemse or it can recombine with CO.
The CO recombination kinetics displayed by somatgh@xa-hemoglobins (Hbs) involved
in physiological stress responses such as hypogiaimilar to those of displayed by CcoP

(Hargrove 2000; Hebelstrug al. 2007).

Many proteins with hexacoordinate heme irons fumcin reversible binding of ligands
rather than transfer of electrons (Gilles-Gonzaed Gonzalez 2005). For example, the
E. coli protein EcDos, and the protein CcoA isolated froRhodospirullum rubrum
(Delgado-Nixonet al. 2000; Ibrahimet al. 2006). These proteins are classed as heme
based sensors, a group of proteins, which are mhgortant regulators of adaptive
responses to fluctuating oxygen, carbon monoxiderginic oxide level{Gilles-Gonzalez
and Gonzalez 2005). In heme based sensors, thel dgand is displaced to bind an
exogenous ligand and a conformational switch ofgheein upon binding of its signal
ligand is a common observation in this group oft@res (Delgado-Nixoret al. 2000;
Hargrove 2000; Youret al. 2003; Gilles-Gonzalez and Gonzalez 2005; Ibrabkinal.
2006). Displacement of a protein residue and care#epl binding of an exogenous
ligand is a very direct and straightforward way fligand binding to induce a

conformational change in the protein (Delgado-Niebal. 2000). It is speculated that the
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displacement of the distal ligand to one of the égm CcoP, evidenced by the binding of
CO, is connected with the binding of available aetyg It could therefore be argued that
CcoP behaves like a heme based sensor and thainidieg of oxygen to the heme in
CcoP induces a conformational change in this subtiat allows the signal to be

transduced and for the organism to respond.

Two component systems and heme based sensors evillidcussed in more detail in

sections 1.10-12.

1.8 Role of cytochromecbb; oxidases in microaerophillic environments

Bacterial species with multiple terminal oxidasewé the ability to sense and adapt to
changes in the redox environment. The need for #Hdaptation is to select the
energetically most efficient respiratory pathwayttee prevailing conditions. As discussed
in Section 1.5, the global regulator, FNR (fumarateate reductase) controls transcription
of genes whose functions facilitate adaptationaoations in cellular oxygen status (Spiro
and Guest 1991; Cracolt al. 2007). A consensus sequence (TTGAT-N4-GTCAA) that
recognizes members of the FNR family is locatedaB8 -102 base pairs upstream of the
ccoN start codon irP. stutzeri (Pitcheret al. 2002). A binding site for an FNR homologue,
Anaerobic Nitrate Reductase (ANR) (TTGAT-N4-ATCAA} present inP. aeruginosa
(Vollack et al. 1998; Comolli and Donohue 2004). The binding sgelocated 100
nucleotides upstream of the transcription initiatipoint of theccoN in the ccoNOQP
operon (Stoveret al. 2000). The presence of the FNR analoguePimaeruginosa is
consistent with the observation that ANR is reqiiibg P. aeruginosa for the expression
of the cbb; oxidase under micro-aerobic conditions (Ray andi&ds 1997; Comolli and

Donohue 2004).
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FIG. 1.9 Multiple sequence alignments of CcoP. Conserved residues are shaded in black. Predicted transmembrane segments are underlined.

The predicted heme c¢ binding sites are coloured red. The predicted distal heme residues His 42 (P. stutzeri numbering) is highlighted in blue, the fully

conserved methionine Met 272 (P. stutzeri numbering) is highlighted in green. Since the completion of this thesis, the genomic sequence of P.stutzeri has identified two putative <:bb3

operons (Yan et al. 2008). This alignment refers to CcoP PST 1837.



It has been suggested that FNR is not the onlylaemy protein sensing intracellular
oxygen tension and alternative proteins are inwblvethe respiration-linked regulation of
cytochromechbbs; expression (Van Spanning al. 1997; Cosseau and Batut 2004). A
regulatory effect involving thebbs subunit, CcoQ, has been described and it is has be
suggested that thebb; oxidases plays a role as a sensor of the cellexatatus (Eraso
and Kaplan 2000; Olt al. 2000). The proposal is that electron flow through cbb;
oxidase generates a signal under aerobic conditiamsh is sensed and transduced by the
two-component system, PrrBA (Eraso and Kaplan 2@loet al. 2000). The PrrBA two
component system has been shown to play a pivolalin the induction regulation of
photosynthesis (PS) gene expression in nonsulfatoglinthetic bacteria in response to

changes in oxygen tension (O'Gatal. 1998; Kimet al. 2007),

1.9 Two component regulatory systems

Bacteria are constantly regulating their structyrRysiology and behavior in order to
respond and adapt to their environment (Richard@f)©). This requires bacteria to have
evolved molecular systems that can both sense amagntal cues and elicit an
appropriate response for the cell. The term sigradsduction refers to any process by
which a cell converts one kind of signal or stinsuinto another, most often involving
ordered sequences of biochemical reactions tot eiaiell response, for example gene
activation. Signal transduction is the process oleskin the “two component” regulatory

systems (Parkinson 1995; Mariezal. 2005).

Two-component systems regulate protein transcnptiactivators of pre-existing proteins
in response to environmental stimuli, for examplegnges in oxygen tension or changes in
pH, resulting in an altered cellular state (Par&m4.995). These systems consist of two
proteins, a sensor protein and a response regupadtein (Parkinson and Kofoid 1992;

Marina et al. 2005; Kimet al. 2007). In a typical two component regulatory systas
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shown in Fig. 1.10, the sensor protein is a prdtease. The chemical activity of a protein
kinase involves removing a phosphate group from ARE covalently attaching it to an
amino acid residue. In prokaryotes, the kinaséepras commonly a histidine kinase, in
which a specific histidine residue undergoes ATPethelant phosphorylation (Dutéhal.
1999; Marinaet al. 2005). This sensor protein is usually locatedhinithe cell membrane
and is responsible for detecting changes in theuleel environment directly and
communicating that information to a second protéing response regulator (Parkinson

1995; Marineet al. 2005).

The mechanism of communication between the sensteip and the response regulator
protein occurs through phosphorylation-dephosplatiofh reactions. The N-terminal
domain of the histidine kinase protein functionstlas input region, sensing a specific
environmental stimulus directly or interacting wdah upstream receptor (Parkinson 1995;
Mascheret al. 2006). Recognition of the signal by the histidkiease, which possesses
autokinase activity, promotes phosphorylation bfstidine residue in a conserved domain
(Marinaet al. 2005). The phosphate group is then transferi@d the histidine residue to
an aspartate residue in the cytoplasmic respormgéater protein (Parkinson 1995). The
aspartyl phosphate residue is active in signalindg the appropriate cellular reaction is
triggered in response to the extracellular phydieoacal conditions. Types of cellular
responses include activation of genes, for exanghletosynthesis genes (Oh and Kaplan
2000; Kim et al. 2007). The relative equilibrium between the kinasel phosphatase
activities of the histidine kinase is altered twielan appropriate response under specific
conditions (Marinaet al. 2005). This response mediated by the signal isgmized by the
histidine kinase, through either direct bindingtte kinase or protein-protein interactions

between the kinase and other sensory proteins ¢Russ Silhavy 1993).
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FIG. 1.10 Schematic diagram illustrating the two component regulatory system. The sensory protein kinase (shown in cyan) is

activated by environmental stimuli and the protein undergoes autophosphorylation. Subsequent phosphorylation of the response
regulator protein (shown in magenta) occurs. Upon activation of the response regulator protein, repression or transcription of

target genes occurs. (Adapted from (Parkinson 1995).



1.10 Role ofcbb; oxidases in two component regulatory systems

The primary role of thecbb; oxidases is likely to be energy generation as phrthe
electron transport chain (Comolli and Donohue 2004 cbb; oxidases have also been
implicated as regulators of gene expression byrothimty the equilibrium of phosphate
kinase activity in the PrrBA two component systeédh gt al. 2000). PrrBA and RegBA
were originally identified in the anaerobic inductiof the photosystem iR. sphaeroides
andR. capsulatus respectively (Maschest al. 2006). The PrrBA/RegBA two component
system, as shown in Fig. 1.11, consists of the man@bassociated sensory histidine
kinase protein, PrrB/RegB, and response regulBtoA/RegA.The PrrBA/RegBA system

is one of the major regulatory systems involvethm control of photosynthetic (PS) gene
expression in phototrophic bacteria (O'Getral. 1998; Kimet al. 2007). Unlike other two
component systems PrrBA/RegBA does not have a agpaensory domain and responds
to environmental changes in oxygen tension andmiétes the presence or absence of the

genes required for regulation of photosynthesltzaicterial cells (Olat al. 2004).

The PrrBA two component system in the Gram negatiga sulphur purple bacteria
R. sphaeroides controls the expression of the PS genes eithecttirer indirectly in
response to changes in oxygen tension (Eraso apthiKda994; Kimet al. 2007). Under
conditions of high oxygen an “inhibitory” signal itk the relative equilibrium of PrrB
activity shifts from the kinase mode to the phosab@dominant mode (Cdt al. 2001,
Kim et al. 2007).This results in the silencing of PS genaesgion (Olet al. 2001; Kimet

al. 2007). In the absence of oxygen, the inhibitognal is weak and the kinase activity of
PrrB is increased relative to its phosphate agtiRtrA is phosphorylated and the cellular

response, the expression of PS genes, is actiffaigdl.10) (Ohet al. 2001)

Previous studies by Oh and Kaplan established tiatation of thecbbs operon in

R. sphaeroides resulted in the induction of the photosynthetipaatus under aerobic
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growth conditions accompanied by increased PS g&peession (Oh and Kaplan 1999;
Kim et al. 2007). The regulation of PS genes is a responsmaerobic conditions and
therefore high levels of PS gene expression ungl@béc conditions suggests a disruption
in the PrrBA regulatory system (O'Gaataal. 1998; Oh and Kaplan 1999). The observation
generated a model proposing that at high oxygegidancreased electron flow through the
cbb; oxidase generates a strong inhibitory signal #irs the PrrB kinase/phosphatase
activity towards the phosphatase dominant modeexpdession of PS genes is minimal
(Fig. 1.10) (Oh and Kaplan 1999; Kiehal. 2007). At low oxygen levels reduced electron
flow through thecbb; oxidase decreases the inhibitory signal, causestjuilibrium to
shift and PrrB returns to the kinase dominant mo&elow oxygen levels, PrrA is
phosphorylated and PS gene expression is indudear@® Kaplan 1999; Kirat al. 2007).
This model suggests that tlibb; oxidases can function to report the redox statuthef

bacterial cell to the PrrBA system.

On the basis of genetic and biochemical studiescyi@chromecbb; oxidases have been
proposed to play a role as an oxygen sensor ctingdhe equilibrium between the PrrB
kinase/phosphatase activities in response to clsaingexygen availability (O'Garet al.
1998; Ouchane and Kaplan 1999; @hal. 2001; Kim et al. 2007). Based on the
hypothesis that the histidine kinase PrrB doesseose environmental stimuli directly, it
has been proposed that the volume of electron tihwaugh thecbb; complex is monitored
by thecbb; oxidase subunit, CcoQ (Oh and Kaplan 1999; Ohkaqan 2000). However,
as discussed previously, the CcoQ subunit doesardgin any redox active cofactors that
could sense electron flow (Toledo-Cuewehal. 1998; Oh and Kaplan 1999). This subunit
would therefore have to respond to a change iretivronment that was sensed elsewhere
in the cbbs complex. Evidence suggests that the heme cometite subunit CcoP is
affected by the absence of CcoQ from thb; complex (Oh and Kaplan 2002). Based on

this experimental evidence a connection betweenwbesubunits CcoQ and CcoP could

a7



be suggested (Oh and Kaplan 2002). In biologieahérbased sensors, a regulatory heme-
binding domain or subunit controls a neighboriransmitter region of the same protein
(Gilles-Gonzalez and Gonzalez 2005). It could tfueee be speculated that the subunits

CcoP and CcoQ act concomitantly as a heme basedrsen

Genetic studies have lead to the postulation thatgene encoding for the membrane-
bound PrrC protein, is located immediately upstreznprrA (Eraso and Kaplan 2000;
Kim et al. 2007). The protein PrrC has no definable rolethe signal transduction
pathway (Badriclet al. 2007). It is hypothesized however, that PrrC cated between the
cbb; oxidase, adjacent to CcoQ, and PrrB @al. 2004). It is proposed that the inhibitory
signal is transduced to the PrrBA through the meméocalised PrrC protein via CcoQ

(Eraso and Kaplan 2000; @hal. 2000).
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FIG. 1.11 Schematic demonstrating the PrrBA regulatory system in R. sphaeroides. In the presence of oxygen, electron flow through the cbb; oxidase
generates an inhibitory signal. The equilibrium shift of PrrB from the kinase dominant mode to the phosphate dominant mode leads to dephosphorylation of
PrrA. In the absence of oxygen, electron flow through the cbb; oxidase is minimized. PrrB is returned to the kinase dominant mode. This leads to

phosphorylation of the PrrA resulting in the induction of PS gene.



A regulatory system similar to the PrrBA regulat@ystem is observed in the organism
P. aeruginosa. The RoxRS regulatory system, a homologue of thBA°system, controls
expression of the cyanide insensitive oxidase (Cid)ch terminates one of the branches
of the P. aeruginosa respiratory pathway (Fig. 1.2) (Comolli and Donel2002; Williams

et al. 2007). The CIO has been shown to be resistantdgotent respiratory inhibitor
cyanide, allowing respiration to proceed in thespreee of > 1 mM potassium cyanide
whilst respiratory oxidases sensitive to cyaniderautinely inhibited by concentrations of
the order of 100uM or lower (Cunningham and WilladB95). It is therefore postulated
that the CIO enables the organidtn aeruginosa to survive in an environment with
increased levels of cyanide (Cunningham and Wikial®95). Cyanide is produced by
some bacteriaP. aeruginosa for example, and levels of this potent poison baid up
when host cells are significantly infected by armgenic pathogen (Blumer and Haas
2000). The ability oP. aeruginosa to respire under cyanogenic conditions thereftioava
the organism to compete successfully with otheedtihg bacteria in mixed populations

(Cartersoret al. 2004).

The CIO inP. aeruginosa is encoded for by th€ioAB operon, and has homology to the
cytochromebd quinol oxidase (Garcia-Horsmagh al. 1994; Cunningham and Williams
1995; Cunninghamat al. 1997; Zlosniket al. 2006). The spectral featuresmfaeruginosa
suggest, however, that instead of a high-spin hdjtbe second heme is likely to be a
high-spin hemd (Cunninghanet al. 1997). The CIO shows no homology to members of
the HCO superfamily (Zlosnilet al. 2006; Williamset al. 2007). The cytochroméd
guinol oxidases are oxygen regulated in many biattgpeciesE. coli for exampleE. coli
cytochromebd oxidases have a very high affinity for oxygen gstent with a role at low
oxygen tensions and are regulated by the transmmgdt regulator FNR (Zlosnilet al.
2006). However, this is not universally the case;dxample, the cytochroniel oxidase

of Azotobacter vinelandii has a low affinity for oxygen compared to thecoli bd oxidase
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and is induced by high levels of oxygen (Junemamh Wrigglesworth 1995; Junemann
1997). In comparison, variant oxygen concentrationbatch cultures dP. aeruginosa
have been shown to have no effect on CIO expressminno correlation was observed
between CIO induction and the dissolved oxygenléewethe growth medium (Cooper
al. 2003). It has however, been demonstrated thaationt of the oxygen sensitive
transcriptional regulator ANR, an FNR analogue, te@ marked increase in CIO activity
in an oxygen sensitive manner with the highest ¢tida occurring under low oxygen
conditions (Cunninghanet al. 1997; Cooperet al. 2003). The genes regulating CIO
expressioncioAB, contain two consensus ANR binding sites withie gromoter region.
The results presented by Cunninghatal. therefore suggests that CIO expression can
respond to a signal generated by low oxygen lebeisthe response is controlled by ANR

repression (Cunninghast al. 1997).

The E. coli terminal oxidases are regulated in response t@axyby the ArcAB two
component system, in which t#&cAB regulatory proteins sense the redox state of the
guinone pool (Junemann 1997; Zlosetkal. 2006). INnR. sphaeroides the two component
system, PrrBA, is proposed to regulate PS genessiponse to electron flow through the
cbb; oxidase (Oh 1999) (Section 1.10). The RoxRS &gy system, a homologue of the
PrrBA system, controls expression of the cyanidgemsitive oxidase (CIO) (Comolli and
Donohue 2002; Williamst al. 2007). It is therefore postulated that the RoxR&esn
controls gene expression of CIO in a similar martnewhich the PrrBA system controls
PS gene expression (Comolli and Donohue 2002).conaparable signaling system to the
PrrBA system, increased levels of cyanide wouldrekese electron flow through tlobbs
oxidase by inhibiting the ability of the oxidaser&mluce oxygen. Subsequently, the RoxRS
regulatory system would be activated and expressfoiihe CIO stimulated through up

regulation of theCioAB operon.
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It is speculated therefore thalib; oxidase also plays a role in sensing the envirarraed
influences gene expression accordingly. It has reengnized that many heme-protein
enzymes are signal transducers where the heme cedigectly concerned with regulation
rather than catalysis (Gilles-Gonzalgzal. 1991; Garbers and Lowe 1994; Sheleeal.
1997; Gilles-Gonzalez and Gonzalez 2005). As dssdipreviously a CcoNO subcomplex
of thecbb; oxidase isolated from the organigsindenitrificans andB. japonicum were both
catalytically competent (de Giet al. 1996; Zuffereyet al. 1996). It could be postulated
that the CcoNO complex functions to catalyze tliucdion of oxygen to water, whereas
the cbbs subunits CcoP and CcoQ collectively act as a heamsor and monitor electron

flow through thecbbs complex.

1.11 Heme Sensory Proteins

The role of thecbb; oxidases in the two component system PrrBA has lspeculated,
however it remains unclear if all or only some bé tsubunits of thebb; oxidase are
involved in monitoring electron flow (Oh and Kapl2002; Oh 2006; Kinet al. 2007).
Recent evidence has suggested that redox signhlinggh the CcoN subunit, is part of
the pathway by which thebb; oxidase affects the relative kinase/phosphatevigctof
membrane bound PrrB (Kimt al. 2007). However, the underlying mechanism by which
the cbb; oxidase communicates with the PrrB histidine ken&s control activity is not
understood. It has been suggested that the sulwoi@ transponds a signal via the
adjacent PrrC protein to PrrBA which ultimately tofs gene expression (Oh and Kaplan

1999).

The cbbs oxidase subunit CcoQ contains no redox factorstaacabsence of CcoQ from
the cbbs oxidase complex appears to affect only the Ccdiirst (Toledo-Cuevast al.
1998; Oh and Kaplan 2002). It could be specul#tatithe CcoQ and CcoP subunits are

collectively involved in the PrrBA signal transdiact pathway. It has been recognized that
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many heme-protein enzymes are signal transduceesewtine heme center is directly
concerned with regulation rather than catalysidl¢&Gonzalezt al. 1991; Garbers and
Lowe 1994; Shelveet al. 1997; Gilles-Gonzalez and Gonzalez 2005). It isréfore
hypothesized that thebbs subunits CcoP and CcoQ act together to form a heemesory

protein.

Groups of proteins termed “heme based sensors’tteekey regulators of adaptive
responses to fluctuating oxygen levels within thetérial environment (Gilles-Gonzalez

al. 1994; Gilles-Gonzalez and Gonzalez 2005). Thessass carry out important roles in
biological signaling in prokaryotic and eukaryobtiganisms responding to the presence of
physiologically important gases using heme cofact@&xamples of heme based sensors
include the FixL protein of Rhizobia, the solubleagylyl cyclase of vertebrates, and the
CooA protein ofRhodospirillum rubrum that sense dioxygen, nitric oxide and carbon
monoxide respectively (Gilles-Gonzaleizal. 1991; Garbers and Lowe 1994; Sheleer
al. 1997). In these proteins the heme cofactor nog bimids the regulator molecule but
also controls associated enzymatic function viadiamd protein conformational changes
(Gilles-Gonzalezet al. 1994). For example, in the heme based oxygen sdfigh,
conformational changes induced by oxygen bindinthtoheme sensor domain regulates
the activity of a neighboring histidine kinase (Kaomanet al. 2002). The conformational

change restricts expression of specific genes@iplto hypoxic conditions.

In a biological heme sensor, a regulatory heme ibgndlomain or subunit controls a
neighboring transmitter region of the same pro(@iles-Gonzalezet al. 1991). In the
cbbs oxidase it can be speculated that the regulatergenbinding domain is fulfilled by
the subunit CcoP and the transmitter region felfilby the small hydrophobabbs subunit
CcoQ. As discussed previously, it was recognized electron flow through thebbs

oxidase generates a signal under certain envirotaineonditions, which is mediated by
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the PrrBA two component system (Oh and Kaplan 198)urple photosynthetic bacteria
the response to this inhibitory signal is reprassad photosynthetic gene expression
(O'Garaet al. 1998). When the gene for subunit CcoQ was delieted thecbbs operon,
repression of the photosynthetic genes was notredd€Oh and Kaplan 2002{owever,

in the presence of oxygen, the absence of Cco( leathe loss of heme from tlobbs
complex (Oh and Kaplan 2002). This loss of henstatealized thecbb; complex into a
degradable form. As discussed the CcoQ subunit damscontain any redox active
cofactors that could sense electron flow direcflpl¢do-Cuevaset al. 1998). It is
therefore not unreasonable to postulate that th@PCaubunit fulfills the sensory heme
binding domain and transmits the appropriate sigi@lCcoQ. This would elucidate a role
for these two subunits, which appear to be redunigiatine cbbs oxidase. The redundancy
of the subunits CcoP and CcoQ in tiob; oxidase are highlighted by the observation that

a CcoNO complex is catalytically competent (de Gia. 1996; Zuffereyet al. 1996).
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1.12 Summary

Since their discovery over a decade ago, a numbgueastions remain regarding thisbs
oxidases. This distinctive class of HCO'’s is espesl primarily under micro-aerobic
conditions permitting bacterial colonization of gepn-limited environments. The
cytochromecbb; oxidase catalyses the four electron reduction »yfgen to water and
subsequently uses the liberated free energy tslteaste protons across the periplasmic
membrane. Energy generation is understood to beptimary role of this class of
oxidases; however, a redox-sensing role has also Baggested. Through molecular
dissection and spectroscopic analysis, it is grdieid that the mechanism and roles in

anaerobic metabolism of this class of HCO’s wikktae fully understood
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2. Methods and Materials

2.1 Bacterial cultivation and strains

2.1.1 Media and antibiotics

Bacteria were routinely cultured on sterile LB br¢10 g tryptone, 5 g yeast extract, 10 g
NaCl per litre, pH 7.0) was the media of choicelid’sbB medium was prepared with the

addition of agar (1.5% (w/v)) to the liquid mediymor to autoclaving.

For the expression of full length CcoP and all CeaRants inE. coli, growth was carried
out in sterile Tryptone Yeast Phosphate Broth (TY23 g KHPO,, 12.5 g KHPO, 12 g
Tryptone 24 g Yeast Extract, 5 g NaCl, made up to 1 litrthwdistilled water (pH 7). 4 ml

100% sterile glycerol was added after the mediaautsclaved.

For the growth oPseudomonas aeruginosa strains L-asparagine minimal medium was the
medium of choice (2 g L-Asparagine, 7 g Tri sodiwtrate, 2 g KHPQO,, 2 g
MgSO,.7H,0, 10 g NaCl, 0.1 g CagPH,0, 0.025 g FeGI6H,0, 0.00017 g CuGl2H,0,

made up to 1 litre with distilled water, adjustedot 8.0 with NaOH).

All media used was supplemented with the appropaatibiotics (Table 2.1) according to
the antibiotic resistance marker carried by thetarecThe addition of antibiotics is

essential to prevent the growth of bacterial sgawwhich do not harbor the strain of
interest. The antibiotics were made up in distiNeater and passed through a sterile filter

prior to use, with the exception of chloramphenigdiich was made up in ethanol.
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Antibiotic Stock Concentration Working Concentration
(mg/ml) (Hg/ml)
Ampicillin 100 100
Chloramphenicol* 34 34
Kanamycin 30 30
Gentamicin 20 20

Table 2.1 Concentration of antibiotics used in this study

* The antibiotics were made up in distilled watadgassed through a sterile filter prior to
use, with the exception of chloramphenicol, whicswnade up in ethanol

2.1.2 Bacterial Strains and plasmids

The strains used in this work and their relevaitrabteristics are shown in Table 2.2.

Strain or Description or genotype Source or
plasmid Reference
E.coli JM109| supE44, recAl, endAl, gyrA96, hsdR17, relA,l Lab Stock
(DE3) thi, A (lac-proAB)A (DE3)
E.coli DH5a supE44 A (lacU169)(280 lacZ A M15) recAl Lab Stock
endAl gyrA96 thi-1 hsdR17 relAl
pEC 86 PpACYC184 expression vector containingArslanet al.
ccmABCDEFGH gene cluster 1998)
pCcoPall pET21la containing entirecoP gene from| (Pitcher 2002)

P.stutzeri as anNdel-Sacl fragment

Table 2.2 List of Bacterial Strains and Plasmids used in this study

57



Strain or Description or genotype Source or
plasmid Reference
pCcoPsol PET22b containing soluble regioncodP from | (Pitcher 2002)
P. stutzeri (missing 80 N-terminal residues) as a
Mscl-Sacl fragment
pPET 24a Expression vector under control of T7 prtamo Novagen
with kanamycin resistance
pCcoPallH42A| pET 24a containing mutatedoP gene from  This work
P.stutzeri as anNdel-Sacl fragment
pCcoPallH42C| pET24a containing mutatedoP gene from  This work
P.stuzeri as anXbal-Xhol fragment
pCcoPallH42M| pET24a containing mutatedcoP gene from  This work
P.stuzeri as anXbal-Xhol fragment
PAK Wild typeP. aeruginosa (Comolli and
Donohue 2004)
Ccol.1 PAKcbbz-1 A BstB1 - EcoRI :: Gml (Comolli and
Donohue 2004)
Cco2.2 PAKcbbs-2 A Accl - Bg II:: Gm' (Comolli and
Donohue 2004)
CcAl PAK cbbs-1/ cbbs-2 A Xhol — EcoRl (Comolli and
Donohue 2004)
CoxAl PAK aaz :: Gnl (Comolli and

Donohue 2004)

Table 2.2 (cont’'d) List of bacterial strains and plasmids used in this study
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2.2 General protein biochemistry

2.2.1 Determination of protein concentration

The total protein concentration of solutions weetedmined by the bicinchoninic acid
(BCA) protein assay (Pierce, Rockford, USA) acaogdio manufacturer’s instructions
(Smith et al. 1985). Briefly, under alkaline conditions chelatiof Cu/f* ions and the
peptide bonds of protein form a coloured compléxe Tormation of the coloured complex
is followed by the reduction of the complexed?Cions to Cud" ions. Following an
incubation period at 37 °C for 30 minutes, BCA farm complex with the Ci+ protein
complex resulting in a coloured solution with ars@ibance maximum at 562 nm. The
intensity of the colour produced is proportional tilee number of peptide bonds
participating in the reaction, and hence the coma&aon of protein present. A standard
curve was prepared according to protocol using 1106-ul aliquots of Bovine Serum
Albumin (1 mg/ml). The absorbance at 562 nm ofdtamdard protein and test protein was
recorded and plotted in excel. The gradient of eaglve was calculated and the protein

concentration of the test sample was determinetjube equation:

Protein concentration (mg/ml) = (gradient of curve of unknown sample/gradient of curve

of standard ) x 1 mg/ml x dilution factor

In work with membrane proteins the BCA method igerant to the presence of detergent

in the samples, dodecyl maltoside (DM) and Sodiamatedyl sulphate (SDS), for example.
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2.2.2 Analysis of proteins by SDS-PAGE

The technique, SDS PAGE, separates proteins aogptdi electrophoretic mobility and
was used to qualitatively analyZe coli whole cells, membrane fractions, and purified
protein from column chromatography. Gels used d¢oath 15% (w/v) resolving gel
(2.5 ml polyacrylamide (30% acrylamide: 0.8% wi/g-aAcrylamide), 1.25 ml 1.5 M Tris
pH 8.8, 1.2 ml dkO, 50 ul 10% APS, 8 pl TEMED, 50 pl 10% SDS) artd Stacking gel
(330 pl polyacrylamide (30% acrylamide: 0.8% w/g-bcrylamide), 250 pl 0.5M Tris pH
6.8, 1.4 ml dHO, 20 ul 10% APS, 8 ul TEMED, 20 pl 10% SDS) andemgrepared as
per Sambrook (Sambrook 1989). Samples were loadedhe resolving gel via a 5%
(w/v) polyacrylamide stacking gel, to ensure thet@ins moved freely and concentrated

under the effects of the electric field applied.

Samples were prepared for electrophoresis by ttgiad of sample buffer (6 M Urea, 5%
SDS, 0.1% Glycerol, 0.05% Bromophenol blue) in A rktio and heated at 50 °C for 10
minutes before loading onto the gel. Samples weny beated to 50°C as proteins
containing significant stretches of hydrophobic monacids (such as the transmembrane
helices of membrane proteins) tend to aggregatenvidoded (Scopes 1994). To ensure
optimized protein separation during SDS PAGE, tgpbgample loads were 5 - 4@ per

well,

For analysis of total protein, proteins were viged by staining the gel with Coomassie
blue (40% (v/v) Methanol, 10% (v/v) Glacial acetcid, 0.1% (w/v) Coomassie blue
R250) for 30 minutes at room temperature. Thewga$ subsequently submerged in
destain solution (25% Methanol, 10% Glacial acatiw) overnight. The destain solution

was used to remove unbound background dye frongehdeaving stained protein visible
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as blue bands on a clear background. The moleadayht of the separated proteins was
estimated by reference to dual colour markers @aok UK) (10 - 250 kDa). The gels

were recorded and archived using an imaging sy@BorRad, UK).

Following separation by gel electrophoresis, thg/pe cytochromes were specifically
identified by their intrinsic heme peroxidase aityivby incubating the gel in 70 mls
250 mM sodium acetate pH 5 for 15 minutes, to wh8h ml 6.3 mM 3,3',5,5'-
tetramethylbenzidine dissolved in methanol was dddEehe reaction was incubated in the
dark for a further 30 minutes. The gel was devedopg&h the addition of 300 pul 30%
H,O, and was incubated in the dark until light blue dmrdeveloped indicating the
presence of heme containing proteins (approx. @shifhe reaction was stopped by
washing the gel in distilled water. This stainingbgedure was performed under dark

conditions at room temperature (Goodhew 1986).

2.2.3 Mass spectrometry

The molecular mass of CcoP was determined by masstremetry using the MALDI
(Matrix Assisted Laser Desorption/lonisation) teicjue (Ultraflex TOF/TOF Bruker
Daltonics, Germany). Samples were diluted with @IT'FA to a final concentration of
20 pmolfu. The diluted samples were mixed with appropretgunts of two proteins for
calibration, trypsinogen (23982 Da) and enolasmfyeast (46671.9 Da). This sample was
mixed with MALDI matrix solution (saturated solutioof sinapinic acid in 30%
acetronitrile, 0.1% TFA) in a 1:1 ratio and spottad a steel target plate. MALDI TOF
spectra were acquired using several hundred-lds®s ©f 45 — 55 % of the laser point
until reasonable peaks were obtained. Mass speopgsvas performed at the John Innes

Centre, Norwich by Dr G Saalbach.
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2.3 Molecular biology techniques

2.3.1 Plasmid DNA isolations

Extraction of plasmid DNA for cloning and sequemgcivas carried out using a plasmid
midi or mini prep kit (Qiagen, UK) according to thmanufacturer’'s instructions.
Centrifugation speeds and reaction times were dipegnupon the use of either the
plasmid midi or mini prep kit. ThE. coli strain DH% was used to propagate the plasmid
of interest. E. coli cells from an overnight bacterial culture werevieated and lysed under
alkaline conditions. The lysis time suggested by tfanufacturers is optimized to allow
maximum release of plasmid DNA without releaselwbmosomal DNA. The lysate was
centrifuged to remove cell debris and precipitgisatein. The supernatant was neutralized
and adjusted to high-salt conditions. The high salicentration causes any remaining
denatured proteins and chromosomal DNA to prec¢mitahile the smaller, plasmid DNA
remains in solution. Following centrifugation todseent the precipitated proteins, the
supernatant was applied to a silica membrane cqlgpetific for the selective adsorption
of plasmid DNA. After thorough washing of the colarwith high salt buffer the plasmid
DNA was eluted under low salt conditions and wascimitated with isopropanol to yield

ultra-pure DNA.

2.3.2 Preparation of competdntcoli cells

Cells were grown overnight at 37°C with shakingd2pm) in 50 ml LB medium and were
harvested by centrifugation at 10,000 g, 4 °C fér Rinutes. The cell pellet was
subsequently, re-suspended in ice-cold 50 mM aalahloride and incubated on ice for
30 minutes. Treatment of the bacterial cells wigh'@t 4°C makes the cell wall permeable
to DNA, and therefore induces the bacteria to takeplasmid DNA during plasmid

transformation. Following the incubation period ttells were harvested by centrifugation

at 10,000 g, 4°C for 20 minutes. The cell pelletswa-suspended in ice-cold 50 mM
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calcium chloride/25% glycerol. Addition of glycerd the re-suspension solution acts as a
protectant against cell damage during thawing efdells following storage (Achet al.
2005). The competent cells were pipetted into gD@liquots, rapidly frozen in liquid

nitrogen and stored at - 80 °C.

2.3.3 Plasmid transformations

A 200l aliquot of competent cells was thawed on icedjgproximately five minutes. The
thawed cells were then inoculated with 1 u& of DNA pertaining to the plasmid of
interest. and incubated on ice for a minimum omd@utes to allow the DNA to bind to
the receptor sites on the cell surface. Followimg incubation period, the cells were heat
shocked at 42 °C for 60 seconds to increase thengahility of the cell membranes,
allowing the plasmid DNA to enter. The transforneals were incubated on ice for 2
minutes, followed by the addition of 1 ml LB andther incubation at 37 °C for 1 hour
allowed the cells time to recover. Following seditation at 3,000 g for 2 minutes the
cells were carefully resuspended in 400un-supplemented LB. A 200 ul aliquot of the
transformed cells was spread on a LB agar plateagong the appropriate antibiotics. The
plates were incubated overnight at 37 °C. As a tnegaontrol untransformed cells were
treated the same as transformed cells, throughdheshock and recovery steps. The cells
were plated onto LB agar and LB agar supplemeniddtive appropriate antibiotics. As a
positive control competent cells were transformath wET21a, pET22b or pET24a as
appropriate. The cells were plated onto LB agar BBdagar supplemented with the

appropriate antibiotics

2.3.4 Site-directed mutagenesis

Substitution of a single amino acid in a proteirachieved by site-directed mutagenesis

(SDM) of the gene which encodes the protein. Matatof plasmid borne genes was

63



created by PCR amplification, using a modificatioh the “QuikChange” method

(Stratagene, UK). The technique of SDM was emplaygdg mutagenic oligonucleotide
primers (Sigma, UK.) designed to bind to opposdmplementary strands of the plasmid.
The primers were designed to incorporate uniquaddlitional restriction sites for easy

identification of the mutated clones.

All reactions were carried out in 0.5 ml thin walleppendorf tubes, which ensures ideal

contact with the heat block of the thermocycleir(fis, MWG-Biotech, Germany).

The sample reactions were prepared as below

5 ul 10x reaction buffer

5 - 50 ng dsDNA template

X ul (100uM) oligonucleotide primer #1

X ul (100uM) oligonucleotide primer #2

1 pl dNTP mix

1 pl Pfu-Turbo DNA polymerase (2.5 W)

made up with the appropriate volume of sterile waie total volume of 50l.

Pfu-Turbo DNA polymerase was used for all amplifications dige the additional
exonuclease activity of the enzyme that acts agoafpreading mechanism, thereby

increasing the fidelity of the PCR reaction.

PCR reactions were initiated by 2 mins at 94 °@ov¥eed by 30 cycles of denaturation (30
secs, 94 °C), annealing (30 secs, 55 °C) and agteli@ min/1 kb 72 °C). After the final
cycle, a further incubation at 72 °C for 10 minwess included to ensure completion of

polymerization.
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Following PCR, the total product was treated whle testriction enzyme Dpnl for 60
minutes, at 37 °C (Roche, UK) to digest the damhylated (parental non-mutated) DNA.
Following the incubation period, the restrictionzgme was inactivated at 65 °C for 15
minutes before the total final product was transied into 200 ul DH& competent cells

using the protocol outlined in section 2.3.3.

2.3.5 Restriction digests

Restriction enzymes were used for routine analggiplasmid DNA. Purified plasmid
DNA, typically 1-2 pug, was digested in a total vole of 10 pl: Iul 10x digest buffer, Ll
restriction enzyme, Xud DNA made up with the appropriate volume of sterlistilled

water to a total volume of 1d.

The digest buffer was specific to the restrictiamyane in accordance with optimal
reaction conditions as suggested by the manufast(@i®oche, UK/Promega, UK). When
multiple restriction enzymes were used, a buffemggatible with both enzymes were
identified. The restriction digest reactions wereubated at 37 °C for 90 minutes.
Following incubation DNA loading dye was added #mel samples were analyzed by size
fractionation using agarose gel electrophoresiswdiéned in section 2.3.6. As a negative
control, the restriction enzyme was omitted andttital volume made up with distilled

water.

2.3.6 Agarose gel electrophoresis

DNA fragments from PCR or restriction digests waalyzed by ethidium bromide
treated agarose gel. The appropriate amount ooagdi0.8-2 % (w/v) depending upon
predicted size of DNA fragment) was dissolved inETBuffer (40 mM Tris-HCI (pH 8.0),
1.142% (v/v) acetic acid, 1 mM EDTA) and suppleneentwith ethidium bromide

(0.5ug/ml final concentration) (Sigma, UK). Samplesre prepared for electrophoresis by
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the addition of 6x DNA loading buffer (10 mM Triscll pH 7.5, 50 mM EDTA,

10% Ficoll 400, 0.4% Orange G) in a 6:1 ratio. e was immersed in running buffer
(TAE buffer) and current was applied for approxiatatl hour, at 80 Volts, in accordance
with protocol (Sambrook 1989). Standards (1 Kb &ddhvitrogen) were run adjacent to
the DNA fragments. Following separation, the DNAdgments were visualized under UV

light.

2.3.7 Subcloning

During SDM, amplification of the entire plasmid caasult in the introduction of
secondary mutations. The mutagenized insert wasgftbre, re-cloned into the kanamycin

resistant vector, pET 24a.

1. Restriction Digests

The plasmid containing the mutagenised insert &edvector were digested separately
essentially utilizing the methods outlined in sect2.3.5. 10 ug of DNA (plasmid and
vector) was digested at 37 °C overnight with 4 fubrme of the chosen restriction enzymes
in a total volume of 100 pl. Following the inculwetiperiod, an additional 1 pl of the
appropriate restriction enzyme buffer and 3 pl skaond restriction enzyme were added
to the digested product. The restriction digest weamcubated at 37 °C for a further five
hours. Following the incubation period, the reattixture was analyzed by agarose gel
electrophoresis.

2. Purification of DNA

DNA fragments were purified from agarose gel usihg Quiaquick gel extraction kit
(Qiagen, UK) according to manufacturer’s instruetioThe gel was visualized using a UV
light source and the DNA fragments excised usingharp scalpel. The agarose slice
containing the DNA was dissolved in high salt buffgH 7.5 at 50 °C for 10 minutes and

applied to a silica membrane column, which spedlificbinds DNA. Following thorough
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washing using an ethanol based buffer the DNA vias@ from the column with distilled

water.

3. Quantification of DNA

The DNA vyield following gel extraction was quanéifi spectroscopically, considering
1 absorbance unit at 260 nm equals 50 mg DNA/min{8aok 1989). To confirm the
purity of the DNA, the absorbance atshwas also recorded. The sample was considered
to be of sufficient purity if Asg:AzgoWas greater than 1.5.

4. Dephosphorylation of vector DNA

The cut ends of the vector DNA digested for subsagjusub-cloning were
dephosphorylated to minimize vector re-circulaiatin the subsequent ligation step.
Shrimp Alkaline phosphatase (Roche) was used t@verany terminal phosphate groups
from the linearized vector. The dephosphorylatieactions were carried out in a total
volume of 30 pl: 1Qu DNA (30 — 600 ng), 3 10x Reaction Buffer, Ll shrimp alkaline
phosphatase, made up to @Owith sterile distilled water. The reaction wasubated at
37 °C for 30 minutes, and the reaction was stofigyeidcubating at 65 °C for 15 minutes.
5. Ligations

Following dephosphorylation, the DNA fragments @risand vector) were annealed using
T4 DNA ligase (Roche, UK). A series of ligation cdans were performed in tandem,
considering 1:1, 1:3 and 1:5 vector:insert ratibise ligations were carried out in a total
volume of 20 pl: 4 pl ligase buffer, X ul insertpl vector, 2 ul ligase (Invitrogen, UK),
made up to 20 pl with distilled water, and inculdataernight at 4 °C. Following the
incubation period, the total ligation reaction viisformed intde. coli DH50 competent
cells, following the protocol outlined in sectiorBA3. For each set of ligation reactions, a
control containing no insert was also included teak the non-recombinant background.

Transformation of this control reaction should yield antibiotic resistant colonies.
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2.3.8 DNA sequencing

DNA sequencing was performed on all PCR amplifieadpcts to ensure they contained
the mutation of interest and no undesirable mutatmccurred during genetic manipulation
of the DNA. Sequencing was performed by MWG BibtéGermany) using standard T7

forward and reverse primers.

2.4 Expression and purification of full length CcoPfrom P. stutzeri

2.4.1 Expression of full length CcoPHncoli

A single colony of JM109 (DE3) cells co-transformeith pEC 86 and pCcoPall was
selected from antibiotic supplemented LB agar glaféhe colony was used to inoculate
50 mis LB medium, which was incubated overnigh3at°C while being shaken (200
rpm). 4 mls of the bacterial suspension was usaddeculate 400 mls TYP medium in a
2 L baffled flask and grown at 30 °C for 30 hourkile being shaken (200 rpm). As

required, appropriate antibiotics were added tonatlia.

2.4.2 Purification of full length CcoP

The cells were harvested by centrifugation at 10,00 4 °C, for 20 minutes and
resuspended in cold 20 mM Tris-HCI, 5 mM EDTA pH 8he bacterial cells were
disrupted by two passes through a French pressillreperated at 1200 p.s.i. To digest the
DNA during cell lysis, and hence to reduce the ossty of the sample, DNase (Sigma,
UK) was added to the cell suspension prior to Hrgm@ss. Following cell breakage the
protease inhibitors: AEBSF (1 mM), leupeptin(1), pepstatin (1uM), MgCl (2 mM)
and EDTA (5 mM) were added. The solution was cerged at 5,000 g, 4 °C, for
10 minutes to remove any unbroken cells and thersiapant was centrifuged for a further
2 hours at 186,000 g, 4 °C. Following centrifugatithe pellet containing the cell
membranes was resuspended in 20 mM Tris-HCMEDTA, 500 mM NaCl, pH 8. An
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equal volume of 10 M Urea was added to wash the bne@mes. The resulting suspension
was centrifuged at 142,000 g, 4 °C for 1 hour. dwihg centrifugation the membranes

were resuspended in 20 mM Tris-HCI, @@ EDTA, 100 mM NacCl, pH 8.

Solubilisation of the membrane proteins was aclieby stirring the resuspended
membranes in 20 mM Tris-HCI, M EDTA, 100 mM NacCl, pH 8, with the appropriate
amount of DM (2.5g of DM per g of protein) overnight 4°C. The total protein
concentratiorof the resuspended membranes was determined usifmcthehoninic acid
protein assay as described in Section 2.2.1. Follpwolubilisation, the protein solution
was centrifuged at 142,000g, 4 °C for 45 minutése resulting supernatant was diluted
three fold in 20 mM Tris-HCI, 5gM EDTA, 25mM NaCl, pH 8 and loaded onto a DEAE
Fast Flow 75 ml anion exchange column pre-equiidzravith 20 mM Tris-HCI, 5QuM
EDTA, 25 mM NacCl, 0.05 % w/v Triton, pH 8. The balprotein was washed for 10
column volumes with 20 mM Tris-HCI, 56M EDTA, 50 mM NacCl, 0.05 % w/v Triton,
pH 8 and elution of the sample was achieved bgpwase salt gradient (20 mM Tris-HCl,
50 uM EDTA, 100 - 150 mM NacCl, 0.05 % w/v Triton, pH.8ollowing each 25mM
increment of NaCl the column was washed for 3 columlumes. CcoP eluted with 125

mM NacCl.

Chromatographic fractions enrichedcitype heme were combined and concentrated using
an Amicon ultrafiltration cell (Amicon, MA, USA) wh a 30,000 kDa cut off membrane
(YM30). The concentrated protein was diluted 5 fold20 mM Tris-HCI, 50uM EDTA,

25 mM NacCl, 0.02% w/v DM, pH 8 and loaded onto ml5Q Sepharose HP column (GE
Healthcare, UK) pre-equilibrated with 20 mM Tris-HHG0 uM EDTA, 25 mM NaCl and
0.02% w/v DM, pH 8. The bound protein was washeith Wie same buffer for a minimum
of 10 column volumes. The purpose of this chromaplgic step was not only further

protein purification but also to exchange the dgat Triton X-100 for DM.
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The detergent, Triton X-100 has on absorbance,gf And the replacement detergent, DM
does not. It was therefore possible to monitordbkeimn eluent for successful detergent
exchange. Once the Triton X-100 used for separaimomatography was exchanged for
DM, the bound protein was eluted with 20 mM Tris{H&0 uM EDTA, 300 mM NacCl,
0.02% w/v DM, pH 8 using a linear NaCl gradient 2300 mM NaCl) over 10 column
volumes. The chromatographic fractions containtatype heme were combined and
concentrated using an Amicon ultrafiltration celittw30,000 kDa cut off membrane

(YM30). The concentrated protein was shap frozdigind nitrogen and stored at — 80 °C.

2.5 Expression, purification and mutagenesis of vaant full length CcoP

from P. stutzeri

2.5.1 Site-directed mutagenesis

Site-directed mutagenesis was performed to changmge amino acid irccoP to an
alanine (pCcoPallH42A), cysteine (pCcoPallH42C) andthionine (pCcoPallH42M).

Site-Directed mutagenesis was carried out usingniiods outlined in section 2.3.4.

Complementary forward and reverse mutagenic oligmatide primers were designed to
include a unique restriction site as shown in t@8 The unique restriction site allows for

quick and easy screening of the mutants.
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Primer Restriction Site
incorporated
CcoPH42A GAAACCGTCGGGTAGTATGACGGC Nhel
(H42A) CTTTGGCAGCCGATCATACTGCCG
CcoPH42C GAAACCGTCGGGCTCAATGACGGC Ndel
(H42C) CTTTGGCAGCRGCGAGATACTGCCG
CcoPH42M GAAACCGTCGEGGTCAATGACGGC Ndel
(H42M) CTTTGGCAGCUEBCAGATACTGCCG

Table 2.3 Primers designed for Site-Directed Mutagenesis of CcoP. The

oligonucleotides were designed to encode a new restriction site within the gene,

which was used to screen colonies for confirmation of successful mutagenesis.

The restriction sites incorporated for each mutation are indicated. The mutated

amino acids are indicated in red.

The reagents for the preparation of each mutateshpt are indicated in Table 2.4.

pCcoPallH42A pCcoPallH42C pCcoPallH42M
10x reaction buffer | 5l 5ul 5ul
DsDNA template | 5 ng 5.4 ng 5.7 ng
(CcoPall)
oligonucleotide 0.5ul 0.5l 0.5ul
primer #1 (10QM
stock)
oligonucleotide 0.5ul 0.5l 0.5l
primer #2 (10QM
stock)
dNTP mix (m 1l 1l
Pfu polymerase 1l 1l 1l
(2.5U stock)

Table 2.4 Reagents used for Site-directed mutagenesis of full length CcoP. Each

reaction was made up to a total volume of 50 pl using sterile distilled water
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The PCR conditions were as outlined previouslydatisn 2.3.4. and were the same for

each mutant generated.

2.5.2 Expression and purification of variant felhth CcoP

Expression and purification of variant full leng@coP was prepared using the same

conditions set out for recombinant full length Cd&®@ction 2.4.1 and 2.4.2).

Throughout this study recombinant full length Cosil be referred to at CcoP and the
variants CcoPH42A, CcoPH42C and CcoPH42M will Herred to as H42A, H42C and
H42M, respectively. The truncated soluble form @b, described in section 2.6, will be

referred to as truncated CcoP (tr-CcoP).

2.6 Expression and purification of truncated CcoProm P. stutzeri

2.6.1 Expression of truncated CcoP

A colony of JM109 (DE3) cells co-transformed wite@ 86 and pCcoPsol was selected
off antibiotic supplemented LB agar plates. Theonglwas used to inoculate 50 mis LB
medium, which was incubated overnight at 37 °C avbiting shaken (200 rpm). 4 mis of
the bacterial suspension was used to inoculate®dYP medium in a 2 L baffled flask
that was grown at 30 °C for 30 hours while beingksm (200 rpm). As required,

appropriate antibiotics were added to all media.

2.6.2 Purification of truncated CcoP

The cells were harvested by centrifugation at 10,04 °C for 20 minutes and the cell
pellet was resuspended in cold sphaeroplast b(f# mM Tris-HCI, 500 mM sucrose,

1 mM EDTA, pH 8). The resuspended cells were intadb@n ice for 10 minutes and the
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following additions were made 1 mM AEBSF,uM leupeptin, 1uM pepstatin, 2 mM
MgCl,. The solution was centrifuged at 10,000 g, 4 °€ 0 minutes to sediment
unbroken cells. The resulting supernatant was ia@tat 4 °C and stirred while solid
ammonium sulphate was slowly added to 30 % saturalihis solution was centrifuged at
20,000 g for 30 minutes at 4 °C, and the precipitsftunwanted proteins discarded. The
orange supernatant was reincubated at 4 °C andakes to 70 % saturation by the further
addition of ammonium sulphate. The solution wadrdeged at 20,000 g for 30 minutes,
4 °C, and the pale yellow supernatant discardea@. fEldl precipitate containing tr-CcoP
was resuspended in a minimum volume of 20 mM T, 130 uM EDTA, 25 mM NacCl,

pH 8 and dialyzed at 4 °C overni ght against tmeeshuffer.

The dialyzed protein was loaded onto a DEAE FaswFI5 ml anion exchange column
equilibrated with 20 mM Tris-HCI, 5QM EDTA, 25 mM NacCl, pH 8. The bound protein
was washed for 2 column volumes with 20 mM Tris-H&D uM EDTA, 50 mM NacCl,
pH 8 and elution of the sample was achieved byepvdte salt gradient, in the elution
buffer, 20 mM Tris-HCI, 50uM EDTA, 100 - 200 mM NacCl, pH 8. Following each
increment of 50 mM NacCl, the column was washed3feplumn volumes. Tr-CcoP eluted
from the column with 150mM NaCl. Chromatographycfrans enriched irc-type heme
were combined and concentrated to 2 ml using ancémultrafiltration cell with a 10,000
kDa cut off membrane (YM10). The concentrated protgas rapidly frozen in liquid

nitrogen and stored at — 80 °C.
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2.7 Growth conditions and purification of the twoCbb; isozymes from
P. aeruginosa

2.7.1 Growth conditions dfbb;oxidase

Large scale expression of the cytochroohb; oxidases was initiated by inoculation of
5 mis LB with 1%l of appropriate glycerol stock. Following inculmati for 6 hours at

37 °C, with shaking at 200 rpm, 1 ml of this cuttwas used to inoculate 50 ml flasks of
LB, which were incubated overnight at 37 °C, withaking at 200 rpm. From this

overnight culture 25 mils was used to inoculate @gpae medium. For the growth of
aerobic cultures the total volume of asparagineinmedvas 500 mis in a baffled flask. The
cells were continuously shaken (200 rpm) duringaino For the growth of semi aerobic
cells the total volume of asparagine medium was ih R L unbaffled flasks. The cells

were grown with slow agitation (135 rpm). Undertbobnditions the cells were grown to
mid-log phase (approx. 24 hours). Following therapriate incubation period the cells
were harvested by centrifugation at 10,000 g, 400 minutes and the whole cells were

rapidly frozen in liquid nitrogen and stored at0- €.

The strain CoAl was not propagated directly from the glycerolckto 20 ul of the
glycerol stock was used to inoculate a gentamicipplemented agar plate which was
incubated overnight at 37 °C. A single colony wasd to inoculate 5 mls LB which was
incubated at 37 °C for 16 hours, shaking at 200. rp@nul of this bacterial culture was
used to inoculate 50 ml flasks of LB which wereubated overnight at 37 °C, with
shaking at 200 rpm. From this overnight culturen2S was used to inoculate asparagine

medium. All cultures were supplemented with therappate antibiotics.
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2.7.2 Preparation of membranes

The cells were harvested by centrifugation at 1@,§04 °C for 20 minutes and the cell
pellet wasresuspended in 20 mM Tris-HCI, 50M EDTA, pH 8.5 followed by the
addition of 5ug DNase. Two passes through a French pressurepmathted at 1200 p.s.i
disrupted bacterial cells in the suspension. Aftelaking the cells the following additions
were made: 1 mM AEBSF, iM leupeptin, 1uM pepstatin, 2 mM MgCl and 5 mM
EDTA. The solution was centrifuged at 5,000 g, 4 fo€ 10 minutes to remove any
unbroken cells. The resulting supernatant was dpun2 hours at 186,000 g, 4 °C.
Following centrifugation the pellet, containing theytoplasmic membranes, was
resuspended in 40 ml 20 mM Tris-HCI, 2.5 mM EDTA §.5. To remove any peripheral
proteins 100 ml Tris-HCIl, 2.5 mM EDTA, 500 mM NaCl 0.08% (w/v) sodium
deoxycholate (DOC), pH 8.5 was added drop wiseenhié protein suspension was being
stirred on ice. Following addition of the bufferntaining DOC the suspension was stirred
continuously on ice for 15 mins and re-sedimentgduliracentrifugation at 142,000 g,
4 °C for 1 hour. The resulting membranes weregesaded in 20 mM Tris-HCI, 50M
EDTA, 25 mM NaCl, pH 8.5. The total protein concatibnwas determined by the BCA

protein assay (section 2.2.1).

2.7.3 Purification of cytochromebbs-1 andcbbs-2

Solubilisation of the membrane proteins was aclidwe stirring a suspension of thbbs;
oxidase containing membranes in 20 mM Tris-HCIUB0O EDTA, 100mM NacCl, pH 8.5
with the appropriate amount of DM (2.5 g of DM meof protein) overnight at 4 °C. The
supernatant, obtained after centrifugation at 1%0for 45 minutes at 4 °C, was diluted

three fold in 20 mM Tris-HCI, 5¢M EDTA, 25 mM NacCl, pH 8.5 and loaded onto a Q
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Sepharose Fast Flow 100ml anion exchange columititegted with 20 mM Tris-HCI,
50 uM EDTA, 25 mM NacCl, 0.02% w/v DM, pH 8.5. The eloi buffer was 20 mM Tris-
HCI, 50uM EDTA, 500 mM NacCl, 0.02% w/v DM, pH 8.5 and eluti of thecbb; oxidase
was achieved with the application of a stepwisaligret. The column was washed with
50 mM NacCl, the NaCl concentration was increased® mM and stepwise increments
of 50 mM NaCl were applied to a final concentratafr800 mM. At each step, the column
was washed for 2 column volumes. Following the Ifisepwise increment, the NacCl

concentration was increased to 500 mM and washe? ¢olumn volumes.

Fractions enriched im-type heme were combined and concentrated using an Amicon
ultrafiltration cell using a membrane with a 30,(I0a cut off (YM30). The concentrated
protein was diluted 5 fold in 20 mM Tris-HCI, 25aMrNacCl, 0.02% w/v DM, pH 8.5 and
loaded onto a 5 ml Hi trap metal chelating columa@quilibrated with 20 mM Tris-HCI,
250 mM NacCl and 0.02% w/v DM, pH 8.5 following whithe column was washed with
the same buffer for 5 column volumes. The elutiaffdy was 20 mM Tris-HCI, 250 mM
NaCl, 10 mM imidazole, 0.02% w/v DM, pH 8.5 andteln of thecbb; oxidase was
achieved with the application of a stepwise gradi€he column was washed with 2 mM
imidazole and then the imidazole concentration waseased stepwise by 2 mM to a final
concentration of 10 mM. At each step the column washed for 4 column volumes. The
fractions containingc-type heme were combined and concentrated using raicol
ultrafiltration cell with a membrane with a 30,0@Da cut off (YM30). The combined
fractions were dialyzed by exchange of buffer ton®@ Tris-HCI, 50uM EDTA, 25 mM
NaCl, 0.02% w/v DM, pH 8.5 using an Amicon ultrafition cell. Following buffer
exchange the protein was applied to a 5 ml fast flEAE column (GE Healthcare, UK)
which had been equilibrated with 20 mM Tris-HCI, 01 EDTA, 25 mM NaCl,
0.02% w/v DM, pH 8.5. The elution buffer was 20 nivis-HCI, 50uM EDTA, 500 mM

NaCl, 0.02% w/v DM, pH 8.5 and elution of tlobb; oxidase was achieved with the
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application of a stepwise gradient. The column washed with 50 mM NacCl, the NaCl
concentration was increased to 200 mM and stepingements of 50 mM NaCl were
applied to a final concentration of 300 mM. At eathp the column was washed for 4
column volumes. Following the final stepwise incesy the NaCl concentration was

increased to 500 mM and washed for 2 column volumes

Following chromatography purifiecbb; oxidase was concentrated in an Amicon pressure
cell using a membrane with a 30,000 kDa cut off @Y The purified protein was
analyzed spectroscopically and by SDS-PAGE befeiagowas rapidly frozen in liquid

nitrogen and stored at — 80 °C.

2.7.4 Oxidase activity

The consumption of oxygen Hy. aeruginosa membranes grown in aerobic and semi-
aerobic conditions was measured using a Clark tgpggen electrode (Oxytherm,
Hansatech Instruments, UK) The oxygen electrodmiglectrochemical cell containing a
platinum cathode and a silver anode. At the platimathode oxygen is reduced to water:
O, + 4H + 4€ < 2H,0
The cathode is polarized at - 0.7 V with respe¢h®oAg:AgCl reference anode. Saturated
KCI, which surrounds the anode, allows currentltavfbetween the cathode and anode
and silver chloride is formed on the silver anode:
4Ag + 4Cl «— 4 AgCl + 4é

The silver/silver chloride anode provides electrforghe cathode reaction.

The reductive removal of the oxygen at the cathsdéce allows more oxygen in the test

solution to diffuse across the permeable membrdrnbeocathode and for the process of
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reduction to continue. The reduction of oxygenvafioa current to flow between the

cathode and anode, which creates a potential drfée. In PC operated electrode control
units the potential difference between the cath@od anode is monitored, recorded and
converted into graphs using oxygraph software (Hteth Instruments, UK). The trace is

thus a measure of the oxygen activity of the reaatnixture.

The platinum electrode (cathode) was covered witthia layer of KCl and a PTFE

membrane (12.5 uM thickness) was used as a gasablenbarrier to protect the cathode
from the reactants in the chamber. The Ag electfadede) was bathed in saturated KCI.
The reaction chamber was stirred constantly dutliegassays and the temperature of the

chamber was kept constant at 25 °C.

P. aeruginosa membranes were prepared as described in Secédhfflom PAK, Ccol.1,
Cco2.2, Ccal and CoAl. The Clark-type electrode used for the measur&neh
oxidase activity was set up on the day of measungna@d calibrated by performing a 2-

point calibration routine using air-saturated butiad zero oxygen buffer.

Membrane samples (approx. 500 pg) or purified pmof@ - 10 uM) were diluted into

20 mM Tris-HCI, 50 uM EDTA, 100 mM NacCl, pH 8.5 the 2 ml electrode chamber.
Protein concentrations were estimated using the BE#%ay method (section 2.2.1). The
reaction mixture was stirred rapidly and once adyestate of oxygen consumption was
achieved the appropriate electron donor was added.concentrations of the different
electron donors are outlined in table 2.5. Follayinjection of the electron donor, a
decrease in the signal was observed as the mensbcamsumed the available oxygen.
The rate of oxygen consumption by the membranescaiasilated from the time taken for

30 % of oxygen to be consumed.
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Electron Donor Concentration
NADH 0.5 mM

Cytochromec* 90 uM
Azurin* 90 uM
TMPD* 0-1500 pM

Table 2.5 Concentration of electron donors used in the measurement of oxidase
activity in P. aeruginosa membranes. * 5mM ascorbate was also added to the

reaction to reduce the electron donor.

As a control the auto-oxidation of the electron @lsnwas tested but no significant
oxidation occurred. Three independent measuremgate made for each membrane
sample and the error bars in the presented dateatedthe standard deviation (section

5.2.3).

2.8 Biophysical Methods
2.8.1 Electronic Absorbance (UV-Visible) Spectrgsco

Absorption spectra were measured at room temperawith a Hitachi U-3100
spectrophotometer or a Cary UV-50 using a quartztte of 1 cm path length. Sample

spectra were saved as ASCII files and re-plottéagubie scientific graph software Origin.

For UV-visible spectroscopy, oxidation of the saenplas achieved with the addition of
potassium ferricyanide, which was subsequently x&ddoy passing the sample down a
PD-10 desalting column (Bio-Rad). Reduction of saenple was achieved by either the
addition of small aliquots of sodium dithionite &l concentration approx. 5aM) or

ascorbate (Final concentration approx. 1mM).
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2.8.2 Electron Paramagnetic Resonance (EPR) Speopyp

EPR is a spectroscopic technique that probes thiecoement of a paramagnetic centre by
defining the size and shape of the magnetic mompreatuced by the unpaired electron (for
review see Moret al. 1999). An unpaired electron can be viewed as gpjumpon its own
axis, giving rise to a magnetic momentnWhen placed in an external magnetic field (B)
the spin of the unpaired electron can align itpalallel (m = + 1/2) or antiparallel (¥ -
1/2) to the field. These two electron alignmentyehapecific energies. The parallel
alignment corresponds to the lower energy state tlae separation between the lower and
the upper energy, or antiparallel state, is desdrly the equation:

AE =gB
In the equationge is the delocalized electranvalueg = 2.0023 is a physical constant of
magnetic moment, and B is the external magnetid.fién other words, the splitting of the
energy levels is proportional to the magnetic fielgplied, as shown in Fig. 2.1. The
energy required to cause the resonance betwedwdhearallel and antiparallel states can
be induced by the application of radiation. Thenasce condition can be written as:

hv = gpB
where h is Planck’s constant amds the frequency of radiation, agds theg factor. In an
EPR experimenty can be determined by measuring the magnetic &ettithe frequency
at which resonance occurs. When a heme proteilaceg in a magnetic field the unpaired
electron in the protein resonates between the pyostates (parallel and antiparallel). The
energy absorbed as it does so is converted int&®# spectrum. For localized electrons
thegvalue deviates from the free ele ctron value argktermined by the environment of
the unpaired electron. Thg values of localized electrons can therefore givgher

information regarding the structure of the molecule
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+15 gRH

Energy hv = gi3H

-5 gRH

B Magn'etic Field

Fig. 2.1 The main condition of electron paramagnetic resonance origin. Under the
influence of the external magnetic field the energy levels of the unpaired electron
are split between the parallel (ms = + ¥2) and anti-parallel state (ms = - %) Adapted

from (Saifutdinov 2000).
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EPR measurements were made by changing the madmdtcand using a constant
frequency radiation. EPR spectra were recorded @ruker ESP-300 instrument. The

spectra were recorded at 15 K, 9.68 GHz frequeadiation and 2 mW microwave power.

Samples were prepared to a concentration of app@OxM in a total volume of 200 pl.
All samples were prepared in 20 mM Tris-HCI, 8 EDTA, 0.02 % DM pH 8 and were
oxidized using potassium ferricyanide. Quantitatdnhe low spin ferric heme giving rise
to the EPR signals was achieved by the integratiethod using 1mM Cu (ll) EDTA as a

spin concentration standard (Aasa and Vanngard)1975

2.8.3 Magnetic Circular Dichroism (MCD) Spectrosgop

Magnetic circular dichroism is the differential alstion of left and right circular
polarized light induced in a molecule by the aptien of a magnetic field (for review see
Kirk and Peariso 2003). MCD measurements are madeaking a circular dichrosism
measurement of the protein of interest with the metigation oriented in the positive
sense, and then repeating the measurement withdgeetization oriented in the negative

sense. The two signals are subtracted to givtbp spectrum.

MCD spectroscopy can be used to probe the electrsmnucture of metalloenzymes.
Orbital overlaps between theorbitals of the porphyrin ring and the d-orbitafshe heme
iron results in distinct MCD spectral features. Sfeally, bands in the UV-visible region
(300-600 nm) of heme MCD spectra are diagnostidHerspin state and concentration of
ferric hemes. In the near infrared (NIR) regionQ&®500 nm) of the spectrum, features
that arise from porphyrin to metal charge trangfeéi) transitions are observed. The
positions of the high-spin and low-spin CT tramsig are sensitive to the nature of the

axial ligands of the heme centre (Fig. 2.2).
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FIG. 2.2 The energy of the low-spin ferric heme transitions in the Near infrared

region (NIR) is sufficiently sensitive to coordination of the heme to identify axial

ligands. The NIR-MCD of several proteins is shown and the ligation state of the

heme is indicated: Purple line, Cytochrome P450 from Bacillus megaterium; Green

line: Cytochrome bssg from Bacillus subtilis; black line: Cytochrome bos; oxidase

from E. coli: red line; Cytochrome bd oxidase from E. coli, blue line: bacterioferritin

from P. aeruginosa. All the samples were recorded at 4.2 K (Cheesman 2006).
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MCD measurements were recorded on either a JAS6@D-for the wavelength range
280-1000 nm or a JASCO J-730 circular dichrographtlie range 800-2000 nm using a
split coil superconducting solenoid capable of gatieg magnetic fields up to 6 T. MCD
spectra were obtained at room temperature (RT-M&id)at low temperature (LT-MCD).
All  samples for magneto-optical spectroscopy wereeparel in deuterated
20 mM Tris-HCI, 50uM EDTA, 0.02% DM, pH 8. All samples were oxidizeding
potassium ferricyanide. For low temperature MCD soeements, the glassing agent

glycerol was added to samples to a level of 50 8 .(v

2.9 Other Biophysical Methods

2.9.1 Mediated Redox Potentiometry

The midpoint reduction potential (E°) is the sautpotential at which the concentration of
oxidized heme protein equals the concentration efluced protein. Mediated
spectrophotometric redox potentiometry was undertassentially as described by Dutton

(Dutton 1978).

Titrations were performed in a specially designedni path length quartz cuvette (Fig.
2.3). The cuvette had a large septum through wthiehplatinum Ag/AgCl combination

electrode (Metrohm) with an attached digital digpl&ettler Toledo) was immersed into

the protein for monitoring the solution potenti@he electrode was calibrated prior to the
each titration using a saturated solution of quittbye (hydroquinone/benzaquinone 1:1
complex; E° = + 295 mV) in 20 mM Tris-HCI pH 8 80 minutes. The resting potential of
the electrode should be 295 mV relative to thedstesh hydrogen electrode (SHE). The
difference between 295mV and the potential recofdedhe hydroquinone complex was

added to each reading. For example, if the quirdnghiimmersed electrode showed a
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solution potential of + 74 mV, every measuremequned the addition of 221 mV to the

reading so the potential readings were standardigathst SHE.

To maintain anaerobicity of the protein during theation, the sample was flushed with

Argon via the glass side arms of the cuvette. rEuex mediators were introduced to the
sample through a third side arm of the cuvette.tdl glass side arms were sealed with
rubber septa for the duration of the experimentdd®emediators are electron buffering

agents and were present throughout the titratiostdbilize the potential of the solution.

Electron transfer to and from the active sitesemfox enzymes is sometimes difficult to
achieve because they are buried in an insulatiotgior shell. In addition to stabilizing the

potential of the solution, redox mediators alsottsbielectrons between the protein and
electron donor. The reduction potential of eaalioremediator and the concentrations
used are listed in Table 2.6. All the mediatorsemaunrchased from Sigma. Following the
addition of redox mediators and the oxidizing agenthe protein, the cuvette system was
deoxygenated for at least one hour with argon. Hiimwved the system to equilibrate

before the addition of reducing agents. A small nedig stirring bar was placed at the

bottom of the cuvette to mix the reagents afteiitamit.

When the system had reached equilibrium, a UV-igessipectrum of the initial sample was
recorded using a U3100 Hitachi Spectrophotometering the experimental period, a
circulating water bath attached to the spectropheter was set at 25°C to maintain the
temperature of the instrument. Stock solutions ®~1100 mM DTT or 100 mM DT in

degassed buffer were used as the reducing ageiquotd of the appropriate reducing
agent (0.1 - 2ul) were added to the sample as appropriate. Faligvaddition of the

reducing agent, the sample was stirred and theersysilowed to re-equilibrate for ten
minutes. Following equilibration the UV-visible sprym and solution potential were

recorded. The titration was continued until the glEnrsolution was maximally reduced
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with DTT (- 330 mV) then the reducing agent wasnged to DT (- 420 mV) to ensure

complete reduction of the hemes in the protein.

Mediator Approx. Working
EmV (pH7) | concentration
Potassium ferricyanide +430 25 uM
Quinhydrone * +295 saturated
2,3,5,6,-Tetramethyl phenylenediamine +260 10 uM
diaminodurol or DAD)
2,6 dimethylbenzoquinone +180 10 uM
1,2, napthoquinone +140 10 uM
N-methyl phenazonium methosulfate (PMS) +80 10 uM
N-ethyl phenazonium ethosulfate (PES) +55 10 pM
Duroquinone +5 10 uM
N-Methyl-1-hydroxyphenazonium methosulfate34 10 uM
(pyocyanine)
Menadione -70 10 uM
2-Hydroxyl-1,4-napthoquinone -152 10 uM
Anthraquinone-2,6-disulfonate -185 10 uM
Anthraquinone-2-sulfonate -225 10 uM
Benzyl viologen -252 10 uM
N,N-dimethyl-4,4-bipyridinium dichloride -430 10 uM
(methyl viologen)

Table 2.6 Midpoint Potential of the mediators used for redox titrations

* Not added to the sample. Used to calibrate thetedde prior to the start of each titration
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FIG. 2.3 Schematic Diagram of 1 cm quartz cuvette used for redox titrations
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Redox titrationdata was exported as ASCII files and imported HExael. The difference
between the absorbance at thenax wavelength for the reduced cytochrome and the
absorbance at an isosbestic point were calculatadguExcel and the absorbance
difference was plotted against the potential of $lggtem using Origin (OriginLab). A
customized program in Table-curve 2D (Jandel Sifientvas used to fit the data points to

a number of Nernstian components.

The experimental redox potenti&d)(for the redox couple:
Oxidized +ne’ <~ Reduced
is given by the Nernst equation:
E =E° + 2.3 (RThF) logo [oxidized]/[reduced]
where E° is the standard reduction potential, R is thevemsal gas constant, T is the

absolute temperaturs,is the number of electrons and, F is the Faradagtant.

The Nernst equation can be written in Table Custe a

F1=(x/[1+EXP (0.038* [X-#A])])

Y=F1+#B

This is the equation for a single electron reactitreren = 1. The parameter x represented
the total amplitude of the absorbance change. That®n can be used to derive a
Nernstian curve fit to the data points. The cogdfit of determination {J, also known as
the goodness of fit, for each Nenstian curve fitased in the appropriate figure legends. It
is computed as the fraction of the total variatainthe Y values of data points that is
attributable to the assumed model curve. As a ditomes more ideal thé value

approaches 1. A value of 0 represents a complekeoiffit.
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2.9.2 CO Titrations

Under anaerobic conditions, purified CcoP (2 - 4)uhas placed into a 3 ml cuvette,
reduced with excess sodium dithionite and leftqailédorate for 30 minutes. The cuvette
was sealed and the UV-visible spectrum of the samyds recorded. To prepare the
saturated CO solution (1 mM), CO gas was bubbledutih oxygen free buffer (20 mM
Tris-HCI, 50 uM EDTA, 0.02% DM, pH 8) for approximately 15 minstéHargrove

2000).

Using a gas tight syringe, the initial 0.5 pl abyjwf CO equilibrated buffer (1 mM) was
added, and the system was allowed to equilibratd@ominutes. Following equilibration,
the UV-visible spectrum was recorded (Fig. 2.4)eThinding of CO to a heme iron
induces visible spectroscopic changes in the abeargpectrum of the heme. Upon CO
binding to fully reduced CcoP the Soret band sliitisn 417 nm to 416 nm, an increase in
intensity of the Soret band can be observed aneceedse in the intensity of tifeanda
bands at 525 nm and 550 nm respectively. Theserésatvere used to monitor CO binding
to the ferroug-type heme. The addition of CO saturated buffer sudzsequent steps were
repeated until no further spectral changes werergbd. Data was exported as ASCII files
and exported to Excel. The fractional saturatio (ie ratio of the observed,£ to As1s
recorded after complete formation of the CO addwes plotted against CO concentration
(LM) using the scientific graph software Origin.eTiy values were obtained by fitting the
experimental data to a hyperbolic function using-hinear least squares using Table

Curve 2D.

Y = 1*((#B*X)/(1 + (#B*X)))
where #B is the Kand assuming that CO only binds to a single heme.
Anaerobic conditions were maintained throughoutusyng a gas tight syringe for all

additions of CO. The titrations were performedoatm temperature.
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3.1 Introduction

Cytochromecbb; oxidases are bacterial heme copper oxidasesrigiredicted to contain
four membrane-bound subunits, CcoN, CcoO, CcoQGewP (Chapter 1, Section 1.5).
However, in none of the cytochronsbbs oxidase preparations reported to date has there
been any evidence of CcoQ being part of the enzyongplex after purification (Preisig

al. 1996; Pitcher, 2002; Hemg al. 2007). The subunit CcoN harbours the binuclear
centre (active site) hente-Cus and a low spin hemle (Zufferey et al. 1998). A subunit
analogous to CcoN is common to all members of #@e copper oxidase superfamily
(Garcia-Horsmaret al. 1994). The subunit CcoO is homologous to theidNi®xide
Reductase subunit NorC (Preiggal. 1993; Saraste and Castresana 1994; Sherma
2006). In the divergent heme-copper oxidase NO&NbrC subunit serves as the electron
receiver for periplasmic donors (Saraste and Csetiee 1994; Thorndycroét al. 2007).
Consequently, it is proposed that electrons aresteared to the catalytic subunit CcoN by
the monoheme subunit CcoO (Pitcleerl. 2002; Verissimeet al. 2007). The function of
the dihemecbb; subunit, CcoP, remains unclear. However, the robde catalytic
competency of the CcoNO sub complex suggests @ @oes not necessarily play a role
in electron transfer, therefore supporting the sgtgn that the electron transfer role is

fulfilled by the subunit CcoO (de Giet al. 1996; Zuffereyet al. 1996).

Evidence suggests that the one of the heme cantdre CcoP subunit is able to bind CO,
an analogue of oxygen (Pitcheral. 2003). Previously it was believed that only penta-
coordinate ferrous hemes could bind exogenous diggaHowever, a class of heme based
sensors have been described in which the hemasirmoordinated at both axial ligands by
amino acid resides (Gilles-Gonzalez and Gonzal&@5R0In heme based sensors, one of
the amino acids must be displaced to bind exogehgasds, this is commonly observed
in hemes that play a regulatory role in the pro{&helveret al. 1997; Delgado-Nixoret

al. 2000). Thec-type hemes in the dihemepbs subunit CcoP are reported to be
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hexacoordinate and it has previously been suggéséédn CcoP, CO binding is preceded
by displacement of an endogenous ligand (Pitehat. 2002; Pitcheset al. 2003). Plant
and vertebrate globins have also been reportedbihdt CO in the ferrous state and are
hexa-coordinate and appear to have some role iphlgsiological responses to hypoxia
(Arredondo-Peteet al. 1998; Sowaet al. 1998; Sunet al. 2001). It is not clear if the
binding of CO, an analogue of,@ndNO, observed in CcoP indicate any physiological

significance.

A spectroscopic characterization of recombinantfCtomP. stutzeri has previously been
completed (Pitcher 2002; Pitchetral. 2002). NIR-MCD analysis of CcoP suggested that
one of thec-type hemes of this subunit has His/Met ligatiord dhe second heme is
His/His coordinated (Pitcher 2002). It has not beessible, however, to confirm these
ligations structurally, since it has proved difficto crystallize the membrane proteatps
oxidase, and the individual subunit, CcoP, for ctrital determination (Geimeinhardt
2006). Obtaining well defracting crystals of memm@aproteins, including thebbs
oxidases, can be affected by the presence of @gie(Golumbust al. 2006; Prive 2007).
The use of detergent in purified membrane prot&nsowever essential to maintain the
protein in a functional folded state in the abseota lipid membrane (Prive 2007). The
crystallization of soluble proteins is not as chadiing due to a lack of detergent in the
protein buffers (McPhersost al. 1986; Prive 2007). An alternative approach was to
construct an expression vector that expressedtbelyiemec containing domain of CcoP
(Pitcher 2002). Using methods similar to those reub by Bamfordet. al. this heme
containing soluble domain was cloned into the esgion vector pET 22b (Novagen, UK)
to create the construct, truncated CcoP (Bamébral. 2002; Pitcher 2002). The vector
PET 22b carries an N-terminpélB signal sequence to direct export of the polypepta
the periplasmic region and ensures posttransldtiomadification of the protein by

covalent attachment of the two hemes.
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Using hydrophobic analysis, a predication of thensmembrane topology of a given
protein can be made. The software program, TMHN®&&nter for Biological Sequence
Analysis, Denmark), gives the probable location aridntation of transmembrane helices
in the sequence by using an algorithm of all pdtireugh the model with the same
location and direction of the helices (Kroghal. 2001). The TMHMM program was used
in this study to analyse the primary structure obE from the DNA sequence, and hence
confirm the location of the soluble domain of Caeded by Pitcheet.al. for construction
of the plasmid tr-CcoPThe CcoP subunit itbbs oxidases is predicated to have two
transmembrane helices spanning amino acids 1-79nd\acids 4 - 26 are predicated to
form the first transmembrane helix, with amino ac&¥ - 56 spanning the two helices on
the cytoplasmic side of the membrane. Amino a&ids- 79 are predicted to form the
second transmembrane helix from the cytoplasmie $adthe periplasm. The soluble
domain of CcoP, amino acids 80 - 301, is locatetheperiplasm and includes the two-

heme binding domains of CcoP.

The water-soluble form of CcoP (truncated CcoP) banpurified without the use of
detergent so the protein could be used for cryssdibn trials. This soluble form of CcoP
has not previously been characterized. Thereforer po crystallisation trials it was
important to determine whether the biophysical praps of tr-CcoP were identical to full

length CcoP.

Previously a combination of UV-visible spectroscomediated redox potentiometry, EPR
and MCD spectroscopy were used to identify theldijands to the twa-type hemes in

CcoP (Pitcher 2002). CcoP was predicted to have HiséHis ligated heme and one
His/Met ligated heme. A similar approach was useddtermine whether the axial ligands

to the hemes in tr-CcoP where identical to thogberfull length protein.
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Recent completion of the genomic sequence PRof stutzeri revealed that this
y-Proteobacterium contains a pairaddNOQP operons that each potentially encode acbb
oxidase ¢bbs-1 and cbbs-2) (Yan et al. 2008). A consensus sequence (TTGAT-N4-
GTCAA), that recognizes members of the FNR famifytranscriptional regulators is
located 100 base pairs upstream of ¢beN start codon on one of thHe stutzeri cbbs
operons (Yaret al. 2008). This is consistent with the observation #a&A is required by
P. stutzeri for the expression of cytochromebbs under microaerophillic conditions
(Vollack et al. 1999). The otheP. stutzeri cbb; operon does not have an FNR or FNR
homologue binding site. These observations sugipestthe twoP. stutzeri ccoNOQP
operons are independently regulated from distinoctoters. Thd®. stutzeri CcoP subunit

used throughout this study is isolated from the Fhdependentbbs operon.

3.2 Results and Discussion

3.2.1 Optimization of growth and purification

Purification of full length CcoP

In my hands, the method reported by Pitatteal. to grow and purify CcoP did not yield
sufficiently pure protein (Pitchest al. 2002). Cytochroméd oxidase is a quinol oxidase
from E. coli which is optimally expressed under microaerophidionditions (Yanget al.
2007). Under the micro-aerobic conditions, requireal the expression of CcoP,
cytochromebd is therefore also expressed and was readily i by its characteristic
spectrum with absorption peaks at 431, 560 andn®@30However, cytochromiad oxidase
proved difficult to separate from CcoP becauseluted from the first anion exchange
column immediately prior to CcoP. The initial chratographic step employed was the
anion matrix DEAE sepharose. Additional chromatpgra steps using a Hi-trap chelating
column and a Mono Q column failed to produce impobvesolution and a significant
number of contaminating proteins including cytochedd were observed on Coomassie

stained SDS PAGE and spectroscopically. Cytochrbthexidase was recognized as a
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major contaminating protein as it was identifiececposcopically following the final

purification step.

In an attempt to improve the purity of the finaloguct, various modifications of the
purification protocol were devised. The buffer ugadthe initial purification method
outlined by Pitchert. al. was 20 mM sodium phosphate, pH 7.5 (Pitcéteal. 2002).
However, ideally simple counter ions (e.g.,Glcetate) are used as buffering agents in
anion exchange chromatography (Scopes 1994). Hamoefine the purification procedure
the buffer was therefore changed to Tris-HCI pHC8mpared to phosphate buffers, Tris

(pKa = 8.06) has a good buffering capacity abover@ (Goocket al. 1966).

The purity of CcoP did not however improve sigrafitly when the protein was
chromatographed using Tris-HCI buffer. As no chamg@urity of CcoP was observed,
following the change of buffer the effect of diféett detergents on the purification of CcoP
was investigated. The non-ionic detergent Dodeaftaside (DM) is commonly used in
the purification of membrane proteins and was floeeethe first detergent of choice in the
purification of CcoP. DM is effective at solubiligi membrane proteins while maintaining
the functional properties of the protein (Luedal. 1989; Prive 2007). In some cases,
however, the detergent used to mimic the lipidygtan transmembrane proteins may not
be able to fully mask the hydrophobic regions ofpmtein (Prive 2007). These
hydrophobic regions can cause proteins to aggregaveder to isolate the hydrophobic
surfaces from the hydrophilic environment. It whasrefore hypothesized that the protein
of interest, CcoP and the contaminating proteinsewaggregating together. Reduced
concentrations of DM in the chromatography bufidics not improve the chromatographic
resolution. The use of an alternative detergent wlerefore trialed for use in
chromatography buffers. The detergent that yieldptimal chromatographic resolution

was Triton X-100. The use of Triton X-100 in therammatography elution buffers
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successfully separated CcoP from cytochrdmhelhe choice of Triton X-100 did however
have disadvantages. This detergent is heterogersml contaminants such as peroxide
can arise from the manufacturing process (BhairD120Prive 2007). Moreover,
Triton X-100 has an absorbance at 280 nm, therefareletergent had to be removed from
the purified CcoP prior to any spectroscopic experits. Following purification of CcoP
Triton X-100 was, exchanged for DM using chromaapir methods before accurate
spectroscopic analysis of the purified protein waade. Furthermore, stability of
membrane proteins is strongly dependant upon theren@f detergent used for storage
(Gall and Scheer 1998). For this reason, the ugeMviwas maintained for solubilisation

and storage of CcoP.

Throughout the purification of CcoP samples wekemaat each purification step as shown
in Fig. 3.1. The CcoP obtained using this revisemtqeol, although not 100 % pure as
judged by SDS-PAGE, was spectroscopically pure;otilg hemes present in the purified
protein were those found in CcoP (Fig.3.2). Thpaapnt molecular mass of the subunit
was 34 kDa as judged by SDS-PAGE and was in gooesmondence with a mass of

34,970 Da obtained by MALDI-TOF (Chapter 4, Sec#oR.2).
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Figure 3.1 Flow diagram illustrating purification stages of CcoP from P.stuzeri
heterologously expressed in E. coli (A). Corresponding gel lanes (B) are indicated

in brackets.

(B) SDS PAGE of P.stutzeri heterologously expressed in E. coli. Proteins were
visualized by Coomassie blue staining a 15 % resolving gel. Each sample loaded
consisted of 10 ul protein sample and 10 pl 2x SDS loading buffer containing 6M
Urea, to denature the protein, 5% SDS, to give the proteins a uniform net charge,
0.1% glycerol to increase the density of the sample/buffer and 0.05%
Bromophenol blue as a tracking dye. Protein samples were denatured in SDS
loading buffer at 50 °C for 10 minutes before being run on SDS-PAGE. Lane 1
Molecular low weight markers (Amersham Bioscience #17-0446-01), Lane 2
Whole cells, Lane 3 membranes, Lane 4 Pre solubilized membranes-pre urea
wash, Lane 5 Proteins removed by Urea wash, Lane 6 Pre solubilized membranes

post urea wash, Lane 7 Solubilized membranes, Pre DEAE Sepharose Column.

(C) Column Chromoatography profile of solubilized membranes of P.stutzeri

heterologously expressed in E. coli
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Purification of tr-CcoP

In developing a strategy for expressing a solublenfof CcoP, the DNA encoding N-
terminal membrane anchor region of CcoP was remowsidg molecular biology
techniques (Pitcher 2002). This has provided a msaikible form of CcoP that could be
easily purified in the high yields required for stgilization studies. The methods used for

expression of tr-CcoP were as described previdosl¢€coP (section 2.5.1).

High expression levels of tr-CcoP were observedeits grown in TYP media. Following

the appropriate growth period, the harvested eediee gently broken using osmotic shock
and the bacterial cell walls disrupted resultingthe liberation of soluble proteins. The
techniques employed for purification of tr-CcoPfeliéd to those used for CcoP as
described in section 2.5.2. To ensure the inclusiball the periplasmic proteins in the
preparation, and considering the view of colleagilnes periplasmic extraction methods
can be inefficient, the cultures of tr-CcoP weré separated into periplasmic and cytosolic
fractions. Methods developed for the purificationtioe water soluble heme containing
oxidase cytochrome peroxidase have resulted in high purification Is\and high yields

of protein, therefore, the methods employed forghefication of tr-CcoP were based on

this method (Echaliest al. 2008).
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FIG. 3.2 SDS PAGE of concentrated CcoP and tr-CcoP following purification.

The proteins were purified using the methods outlined in Section 2.4.1/3.2.1. The
proteins were visualized by Coomassie blue staining and heme staining a 15%
resolving gel. The sample load consisted of protein sample and 2x SDS loading
buffer containing 6M Urea, to denature the protein, 5% SDS, to confer an overall
negative charge to the proteins in the sample, 0.1% glycerol to increase the
density of the sample/buffer, and 0.05% Bromophenol blue as a tracking dye. The
protein sample was denatured in SDS loading buffer at 50 °C for 10 minutes
before being run on SDS-PAGE. Sample lanes are as marked (CcoP 34 kDa, tr-

CcoP 24 kDa).
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Following osmotic shock of the bacterial cells, gs@uble proteins were subject to an
ammonium sulphate precipitation at 30% and 70%rattun. The method of ammonium
sulphate precipitation is a useful first step ie thurification of soluble proteins. The
addition of the ammonium sulphate salt ions inasdbke ionic strength of the solution. As
the salt concentration increases, water molecuantact with hydrophobic patches on
the surface of the protein are removed to helpatelthe salt molecules. As the water
molecules are removed the hydrophobic patches @mptbtein surface become exposed.
These exposed hydrophobic patches interact with eter causing aggregation of protein
molecules and consequently precipitation of thetgano Consequently, it is possible to
selectably separate proteins from a mixture baseckkative hydrophobicity by gradually
increasing the concentrations of ammonium sulphalde protein is not irreversibly
denatured by ammonium sulphate precipitation arel phecipitated protein can be
redissolved in low ionic strength buffer. Followirgnmonium sulphate fractionation it
was necessary to dialyse the partially purifiedCtoP to remove excess salt. After
overnight dialysis in chromatography buffer, thenaéning proteins were separated by
chromatography using a DEAE anion exchange coludbmly one chromatographic step
was required to obtain tr-CcoP with a high degrepuwity (>95%) as indicated by SDS
PAGE (Fig. 3.2). The apparent molecular mass @fstibunit was estimated to be 24 kDa

by SDS-PAGE.

3.2.2 UV-Visible Spectroscopy

CcoP

CcoP was purified in the partially reduced statdlyFoxidized CcoP was obtained by the
addition of potassium ferricyanide, which was sgjosastly removed by passing the
protein through a PD-10 desalting column (Bio-R&tEA), in the same buffer and
detergent. The electronic absorption spectrum df foxidized CcoP shows a Soret

maximum of 408 nm and a broad band in d& region (500-600 nm) (Fig. 3.3). There
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was no feature beyond 551 nm that would indicatepifesence of penta-coordinate ferric
heme, suggesting that both of tbé¢ype hemes in CcoP are in the six-coordinate .state
Upon complete reduction of CcoP with excess sodiitiionite the Soret band shifted to
417 nm and an increase in intensity was observiedoandp bands in the visible region
intensified upon reduction at 551 nm and 521 nnspeetively. These features are
characteristic of ferroug-type hemes and the intensity of the band at 551 was
consistent with the reduction of tveetype hemes (Moore and Pettigrew 1990). There was
no evidence of bands near 560 nm or 630 nm thatdraamrrespond to contamination with

hemeb.

Tr-CcoP

The electronic absorbance spectra of fully oxidiaed reduced tr-CcoP resemble that of
CcoP, but some additional features were observegl @3B). The spectrum of fully
oxidized tr-CcoP shows a broad and slightly shif@adet with a maximum of 410 nm,
compared to CcoP. A broad band in tiip region (500-600 nm) can be observed in the
spectra of tr-CcoP. In addition, a CT band at appmately 650 nm observed in the
electronic absorbance spectrum of tr-CcoP, whick nat observed in the spectrum of
CcoP. This type of CT band is consistent with Hisg/H,O axial (Moore and Pettigrew
1990). The characteristic CT band in the electrafisorbance spectrum of tr-CcoP could
therefore suggest a displacement of the sixth digiahd or replacement of the sixth axial

ligand with HO.
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FIG. 3.3 UV-Visible absorption spectra of recombinant full length P. stutzeri CcoP

(A) and recombinant truncated P. stutzeri CcoP (B).

(A) The black trace shows CcoP fully oxidized with potassium ferricyanide. The
red trace depicts the spectrum of the fully reduced enzyme after the addition of
excess sodium dithionite. The insert shows a close up of the a and B regions of
reduced CcoP with peaks at 551 nm and 521 nm respectively. Upon reduction, a
shift of the Soret band from 408 nm to 417 nm was observed. The protein
concentration was 2.6 pM in 20 mM Tris-HCI, 50 uM EDTA and 0.02% DM, pH 8.

The spectrum was recorded at room temperature.

(B) The black trace shows tr-CcoP fully oxidized with potassium ferricyanide. The
red trace depicts the spectrum of the fully reduced enzyme after the addition of
excess sodium dithionite. The insert shows a close up of the a and B regions of
reduced tr-CcoP with peaks at 551 nm and 521 nm respectively. Upon reduction, a
shift of the Soret band from 410 nm to 417 nm was observed. The protein
concentration was 2.7 pM in 20 mM Tris-HCI, and 50 uM EDTA, pH 8. The

spectrum was recorded at room temperature.

The protein concentrations are based on the CcoP extinction coefficient previously

reported by Pitcher et. al. (Pitcher et al. 2002).
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In the oxidized spectra of tr-CcoP a second CT baasl visible, in the 695 nm region. A
CT band at this wavelength is characteristic obwa intensity ligand to metal charge
transfer transition that is present when a low $eiric heme possesses at least one of the
sulphur ligands, methionine or cysteine (Moore dPettigrew 1990). Pitcheet. al.
previously reported that the hemes in CcoP areHiisdind His/Met ligated, therefore, the
presence of a CT band in the spectrum of tr-Cco® e surprising (Pitchest al. 2002).
However, the 695 nm charge transfer (CT) band is aygparent in the electronic
absorbance spectrum 6coP. The absence of this CT band in the CcoP spectrumotis
however, conclusive proof that one of the heme€adnP is not His/Met ligated (Moore

and Pettigrew 1990).

The apparent 695 nm band in the electronic absoebapectrum of tr-CcoP does not
resemble that previously reported for other prageiar example, cytochrons; oxidase
isolated fromPseudomonas perfectomarinus (Liu et al. 1983). In the spectrum of tr-CcoP
the CT band is asymmetrical and the peak is intefi$ee expected extinction coefficient
for a CT band at 695 nm is 0.5-1 ri\ni* (Moore and Pettigrew 1990). As observed in
Fig. 3.3B the extinction coefficient for the CT lokim tr-CcoP is 5 mM cm*. However,
despite the intense peak of the CT band it is featde to assign the CT band to a His/Met
ligated heme, possibly that previously observedPiigheret al. or a second His/Met

ligated heme resulting from the deletion of Hisfe#tn CcoP (Pitcheet al. 2002).

Upon complete reduction of tr-CcoP with excess woddithionite, the Soret band shifted
to 417 nm and increased in intensity. Thandp bands in the visible region intensified
upon reduction at 551 nm and 521 nm respectiveesé features are characteristic of
ferrous c-type hemes and, similarly to CcoP, the intensityth® band at 551 nm was
consistent with the reduction of twotype hemes. There was no evidence of bands at

560 nm or 630 nm that would correspond to contatimnavith hemeb.
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3.2.3 Mediated Redox Potentiometry

The midpoint redox potential {f is the potential at which the concentration oifd@ed
protein equals the concentration of reduced prot€hre midpoint redox potential of a
protein indicates the tendency of a redox couplédnate or accept electrons. In heme
proteins, the immediate environment of the hemkiémices the midpoint redox potential
of the protein. A difference in the electron doacceptor power of the heme axial ligands
also affects the midpoint redox potential. In HigtMigatedc-type hemes the methionine
sulfur is a good electron acceptor and therefaeors a relatively electron-rich reduced
state resulting in a more positive redox poter(fiddore and Pettigrew 1990). Typically,
hemes with His/Met ligation have redox potentiaisager than + 150 mV. In contrast,
type cytochromes that have histidine as the seeamal ligand generally have a reduced
ability to stabilize ferrous iron. Hemes with thasial ligation therefore have a lower

midpoint redox potential, less than + 50 mV (Moanrel Pettigrew 1990).

The midpoint potentials of the twmtype hemes in CcoP and tr-CcoP were determined by
mediated redox potentiometry using the methodsribest previously in materials and
methods (Section 2.8.1). Samples of the protei8 (M) were reduced incrementally
using the electron donating agent DTT,(E - 330 mV). The reduced and oxidized states
of heme proteins are spectroscopically differeihtese spectral differences were therefore
used to monitor the changes in population of thieiped (FE€") and reduced (E§ states

of CcoP and tr-CcoP as shown in Fig. 3.4. Thesetgmmeopic differences allow easy
quantification of the relative proportions of easpecies during the mediated redox
titration. As the reduction of CcoP and tr-CcoPgesexds, an isosbestic point can be clearly
observed in tr-CcoP at 560 nm (Fig. 3.4B). Howewaerjsosbestic point was not observed
in the spectra of CcoP (Fig. 3.4A). Observatiomanfisosbestic point may be taken as
evidence that a single set of reactants givesgesset of products in constant proportions.

The isosbestic point is the wavelength at whichdimed and reduced species have the
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same extinction coefficient. The absence of ashestic point in the spectra of CcoP
therefore suggests that the proportions of oxidared reduced heme varies in the tevo

type hemes in CcoP so each heme has a differantean coefficient.

The isosbestic point provides a convenient referepoint between the oxidized and
reduced state as it remains constant throughoutetiperiment. The spectral changes
occurring during the redox titrationd the absorbance at tlleband maximum, 550 nm,
minus the absorbance at an isosbestic point) were dlotkative to the redox potential
observed during reduction of the protein as shawfkig. 3.5. The absorance at 560 nm
was used as a reference point for the calculatidheoobserved absorbance change during
the reduction of CcoP. The Soret region was not usemonitor the redox changes as
several of the mediators added to the protein duhe titration also absorb in this region
(Dutton 1978). The mediators used in these titnatiovere described in more detail in

section 2.8.1.

Full length CcoP

Mediated reduction potentiometric titrations of ©€cmdicated the presence of two low-
spinc-type hemes with midpoint redox potentials of + #8882 mV and — 15 = 4 mVs.
SHE at pH8 (Fig. 3.6). These midpoint redox potdatare consistent with the tveetype
hemes in tr-CcoP having His/Met and His/His ligatiespectively. The experimental
midpoint redox potentials disagree with those presiy reported by Pitchet.al. (Pitcher
2002). Pitcheet.al. concluded that the His/Met and His/His ligatetype hemes observed
in the MCD spectrum of CcoP had redox potentialstofi42 mV and + 111 mV
respectively. As discussed hemes with His/Met ans/His ligation favour midpoint
potentials in the range of > + 150 mV and < + 50 me¥pectively (Mooret al. 1986).
Therefore, the experimental mediated redox potisntiported for CcoP in this study

concur with redox potentials expected for hemes tiese axial ligands.
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FIG. 3.4 Representative spectra of optical changes observed in the 500 - 600 nm

regions during a reducing titration of full length CcoP (A) and truncated CcoP (B).

The concentration of the CcoP and tr-CcoP was 7.5 uM in 20 mM Tris-HCI, 50 uM
EDTA, 0.02% DM, pH 8 and 7 pM in 20 mM Tris-HCI, 50 uM EDTA, pH 8
respectively. The mediators used were: 10 yuM each of diaminodurol, 2,6
dimethylbenzoquinone, N-methyl phenazonium methosulfate (PMS), N-ethyl
phenazonium ethosulfate (PES), Duroquinone, Pyocyanine, Menadione, 2-
Hydroxyl-1,4-napthoquinone, Anthraquinone-2,6-disulfonate, Anthraquinone-2-
sulfonate, Benzyl Viologen, Methyl Viologen. The sample was reduced by the
successive additions (0.1 - 2 ul) of 1, 10 or 100 mM DTT as appropriate. Spectra
were recorded 10 minutes after each addition of the reducing agent. Reduction of
the enzyme was monitored using the a-max band at 550nm, which increases in
intensity upon reduction. The protein was stirred under an argon atmosphere
during the experiment to maintain anaerobicity. The reference wavelength was

700 nm. The spectra were recorded at 25T.
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To obtain satisfactory fits of the redox potentidneetitration data it was necessary to use
two independennh = 1 Nernstian components as shown in Fig. 3.5 (®\)the redox
potentials of both hemes are well spaced. The fitest the data using two independent
n = 1 Nernstian components was obtained when itagaamed that the two hemes did not
contribute equally to the absorption amplitude ld 651 nm band, of the fully reduced
sample. The high potential heme contributed 68%thadow potential heme contributed
32% to the absorbance change in thband maximum. The unequal contribution of the
hemes to the absorption amplitude possibly indscdélb@t a change in the spin state of
CcoP is observed upon reduction. Upon reductioa loigh spin heme, the contribution of
the spectral change to the height of the 550onband is not as great as the observed
spectral increase upon reduction of a low-spin herhe unequal contribution of the low
and high potential heme to the spectral changeroebddor CcoP may correspond with the
low potential heme becoming high-spin, five cooadéd upon reduction. In this scenario,
displacement of the distal ligand to the low patdriteme, following full reduction of the

high potential heme would result in an open axaaifon able to bind oxygen.

Following full reduction of the twa type hemes in CcoP, the protein was oxidized by
titrating 10 mM potassium ferricyanide into the wedd protein. The titration was
performed using the same methods employed foreihective titration (Chapter 2, Section
2.8.1). The results were plotted as described lier reductive titration. The oxidative
titration was performed to ensure that the titratvas reversible within reasonable
parameters and to determine if any ligand switchuag occurring upon reduction of the

protein.

Mediated oxidation potentiometric titrations inded that the two low-spio-type hemes
in CcoP have midpoint redox potentials of + 178041V and + 14 + 2 mV. The midpoint

redox potential of the previously observed higheptil heme was therefore shifted
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negatively (+ 188 mV to + 178 mV) and the midpgdotential of the low potential heme
was shifted positively (- 15 mV to + 14 mV) compareith the reductive titration.
Similarly to the reductive titration to obtain sd#ictory fits of the data it was necessary to
use two independent= 1 Nernstian components as shown in Fig. 3.51(Bbhe reductive
direction, the hemes did not contribute equallythe fit, however, in the oxidative

direction each component contributed equally tdfithe

The redox titrations of CcoP were fully reversibke exemplified by the profiles presented
in Fig. 3.5 (C and D). Fig. 3.5 (C) shows the cagrbf the reductive and oxidative redox
titration curves of CcoP. If a simple mediated redeaction takes place, during the
mediated redox titration the midpoint potentialstbé oxidized and reduced titrations
should be identical (Moore and Pettigrew 1990).. B D shows the reductive and
oxidative points fit with a single titration curv&o obtain satisfactory fits of the redox
potentiometric titration data it was necessary se two independent = 1 Nernstian

components with midpoint redox potentials of + 18Y and + 10 mWs. SHE at pH8.

The reversible redox titration of CcoP increase¥idence that the titration was performed

at equilibrium.
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FIG. 3.5 Reductive and oxidative titrations of CcoP.

The titrations of CcoP were performed using the conditions outlined in Fig. 3.4. Values

obtained for Ass-Aseo (i.€. the absorbance of the Auax wavelength for reduced c-heme

minus the absorbance at an isosbestic point) were plotted as a function of potential.

(A)

(B)

(©

(D)

The solid line represents the theoretical Nernst curve for two electron reduction
(m) of CcoP and corresponds to a best fit between the normalised data with two n
= 1 Nernstian components centred at +188 = 12 mV and -15 £ 4 mV assuming
one heme contributes 68% and the second heme contributes 32% to the
absorbance change in the a-band maximum in the spectrum. r* value = 0.994
The sample was reduced by the successive additions (0.1-2 pl) of 10mM DTT

The solid line represents the theoretical Nernst curve for two electron oxidation
(e) of CcoP and corresponds to a best fit between the normalised data with two
n = 1 Nernstian curves centred at +178 mV and +14 mV assuming each heme
contributes 50% to the absorbance change in the a-band maximum in the

spectrum. r? value = 0.995

The sample was oxidized by the successive additions (0.1-2 pl) of 10mM

potassium ferricyanide.
The solid lines represent the theoretical Nernst curves for two electron reduction
(w) and oxidation (e) of CcoP.
The solid line represents the theoretical Nernst curve for data gathered during the
reduction (m) and oxidation (e) titrations of CcoP The curve corresponds to a best
fit between the normalised data with two n = 1 Nernstian curves centred at +187
mV and +10 mV assuming the high potential heme contributes 62% and the low
potential heme contributes 38% to the absorbance change in the a-band

maximum in the spectrum. r? value = 0.984
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The midpoint redox potentials reported in this gtéok the two hemes in CcoP (+ 188 mV
and -15 mV) suggest that only the heme with a rgumential of + 188 mV could potentially
act as an electron receiving domain in CcoP. Howehke previously reported redox potential
of CcoO, (+ 265 mV to + 320 mV) suggests that CaoDId potentially act as an electron-
receiving domain in thebbs complex (Grayet al. 1994; Pitcher 2002). Based upon the
similarity between the CcoO subunit and the electexeiving subunit, NorC, the suggestion
that CcoO is the electron receiving subunit in ¢hle; oxidase is viable (Preisig al. 1993;

Saraste and Castresana 1994; Pitehal. 2002; Verissimet al. 2007).

Tr-CcoP

The mediated redox potentials of the two hemes-@cbP differ to those observed in CcoP.
Mediated reduction potentiometric titrations oftcoP indicated the presence of two low-spin
c-type hemes with midpoint redox potentials of + 300 and + 220 mV. The high potential
of the two hemes in tr-CcoP are consistent withhlw@mes having His/Met ligation. Recall
that the redox potentials reported for CcoP (+ &85 and — 15 mV) are consistent with a
His/Met ligated high potential heme and a His/Hgatied low potential heme. It is proposed
that variations in the mediated redox potentialshef hemes in CcoP and tr-CcoP are due to
differences in the protein environment of the hemethe soluble protein, tr-CcoP compared
to CcoP. The results, however, also suggests disrupf the ligands to the low potential
heme, observed in CcoP. Sequence alignments aintieo acid sequence of CcoP indicate
that there is only one fully conserved histidinesfd2) which could act as a distal ligand in
CcoP. This histidine could conceivably fulfill thele of distal ligand to the low potential
heme in CcoP. His 42 is located in the hydrophdhicin CcoP. In tr-CcoP, His-42 has
therefore been deleted and it is reasonable toestighat the distal histidine to the low

potential heme in CcoP has been disrupted and tal dhistidine has been replaced by
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methionine. This proposal would therefore correspavith the fact that the heme with a

potential of -15 mV observed in CcoP is not obséivetr-CcoP.

To obtain satisfactory fits of the tr-CcoP mediatedox potentiometry data it was necessary
to use twon = 1 Nernstian components as shown in Fig. 3.6 fAyas assumed that the two
hemes contributed equally to the absorption charigée fully reduced sample at 550 nm.
The tr-CcoP redox titration data was also analyzgdg a singlen = 1 Nernstian component
as shown in Fig. 3.6 (B). The resulting poor fidicates that the reduction or tr-CcoP is two
distinctn = 1 steps and not two closely occurrimg 1 titrations despite the suggestion that

the two hemes in tr-CcoP are both His/Met ligated.

The redox titration of tr-CcoP did not display teme reversible properties as CcoP. The tr-
CcoP protein was relatively unstable in the oxidiztate, which meant gathering data by
oxidizing the protein was not possible. The reaiwrthe instability of the oxidized state is

not clear and may be due to structural differemege/een CcoP and tr-CcoP.

3.2.4 EPR Spectroscopy

The spectroscopic techniques EPR and MCD are umsednnbination to identify axial ligands
in low-spin ferric hemes. EPR is a technique fadging chemical species that have one or
more unpaired electron, such as ferric ion. In 8tiedy, EPR was used to investigate the

identity of the suggested His/Met and His/His legid-type hemes in CcoP.
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FIG. 3.6 Reductive Titrations of Truncated CcoP.

The titrations of tr-CcoP were performed using the conditions outlined in Fig. 3.4.
Values obtained for Asso-Asgo (i.€. the absorbance of the Ayax wavelength for reduced
c-heme minus the absorbance at an isosbestic point) were plotted as a function of
potential.
(A) The solid line represents a fit of the data to two theoretical n = 1 Nernst
equations. The curve corresponds to a best fit between the normalised data
with two n = 1 Nernstian curves centred at +300 £ 7 mV and +220 + 10 mV
assuming both hemes contribute equally to the absorbance change in the a-
band maximum in the spectrum. r? value = 0.996.

The sample was reduced by the successive additions (0.1-2 ul) of 10mM DTT

(B) The solid line represents a fit of the data to one theoretical n = 1 Nernst
equations. The curve corresponds to a best fit between the normalised data
with one n = 1 Nernstian curves centred at + 259 + 5 mV assuming both
hemes contribute equally to the absorbance change in the a-band maximum in

the spectrum. r* value = 0.958
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Full length CcoP

The X-band EPR spectrum of fully oxidized CcoP frBnstutzeri (Fig. 3.7 A) recorded at
15 K shows three features @t= 2.97, 2.27, 1.53 typical of a low-spin ferric hemih
rhombic symmetry. The parallel orientation of aXighnds around a heme group gives
rise to a rhombic signal and this type of spectrsitypically observed for hemes with two
histidine ligands (Moore and Pettigrew 1990). Antiic signal can, however, also arise
from hemes with His/Met ligation (Cheesmetral. 1998). The rhombic spectrum observed
in the EPR spectrum of CcoP, can be assigned trertd a His/His or the His/Met ligated
c-type heme, the identity of which was suggestediipusly based on MCD data and

further supported by mediated redox titrationshis study (Pitcher 2002) (Section 3.2.3).

The concentration of the species giving rise toltlwespin ferric rhombic trio (2.97, 2.27
and 1.53) was estimated by integration of ghdeature ¢ = 2.97) using 1 mM Cu (II)
EDTA as a spin standard. The results indicatedttieatpecies giving rise to tlyefeature
accounts forca. 65% of the total low-spin heme in the EPR absonpspectra. Heme
quantification by this method is only considereduaate to within 10%; it can therefore be
assumed that the rhombic trio, 2.97, 2.27 and Jab8punts for one low-spin heme with
His/His or His/Met ligation. Previously Pitchet. al. assigned the rhombic trgp= 2.97,
2.27 and 1.53 observed in the EPR spectroscopycoPQo a His/His ligated heme
(Pitcher 2002). In addition to the rhombic triotdRer et.al. observed a shoulder at
g = 3.19, which was assigned to a heme with His/iMation (Pitcher 2002). Thg = 3.19
feature was not observed in EPR spectra performeadglthis study. The absence of this
feature is possibly a reflection on differenceshi@ preparation of the CcoP samples in this

study and samples prepared by Pitctieal (Pitcheret al. 2002)

The second low spin heme in CcoP is unaccountednfdhe EPR spectrum. As the

additional low-spin ferric heme is not evident e tEPR spectrum, it is suggested that the
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heme may be spin-coupled to another paramagneiicec€Cheesman 2006). It has been
assumed that the rhombic trio (2.97, 2.27 and IcbBkspond to 100% of one of the heme
species in CcoP and the proposed spin coupled heomeints for the second heme centre.
It is however, possible that the rhombic trio acasuor 50 % of the His/His species and
50 % of the His/Met species. The other 50 % of dsmine species are conceivably spin-

coupled to each other thereby inducing an EPRtgileramagnetic centre.

Features neag = 6, g = 4.3 andg = 2 observed in the spectra of CcoP (Fig. 3.6A)
represent minor amounts of high-spin ferric hemealsamounts of free Fe(lll), and small
amounts of Cu (Il) respectively. These small questirepresent no more than a few

percent in terms of enzyme concentrations.

Truncated CcoP

Similarly to full length CcoP, the X band EPR speuwt of fully oxidized tr-CcoP (Fig. 3.7
B) at 15 K shows three featuresgat 2.99, 2.27, 1.53, typical of a low-spin ferric hem
with rhombic symmetry with either His/His or His/Mkgation. The concentration of the
species giving rise to this low-spin ferric rhomhio was estimated by integration of the
g, feature ¢ = 2.99) using 1 mM Cu (Il) EDTA as a standard. Im&ign of theg, feature
demonstrates that the species giving rise t@the.99 feature accounts foa. 50% of the
total low-spin heme in the EPR absorption spedtta-GcoP. The rhombic trio in the EPR
spectrum of tr-CcoP is consistent with the rhonthi observed in the EPR spectrum of

CcoP.

Further study of they = 2.99 feature in the EPR spectrum of tr-CcoP reveabroad
underlying signal visible aj = 3.54 to the left of thg = 2.99 feature as indicated by the
red arrow shown in Fig. 3.7(B). This higipvalue of the signal together with the

asymmetrical shape suggests that it is one compaiem rhombic trio, in which they
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and gx features are broad and not easily detected (Claesimal. 1998). This leads
overall to a broad “larggmax’ type EPR spectrum. Samples of metalloproteindistluby
EPR are frozen solutions in which the moleculesranelomly oriented. The orientation of
the heme molecules can affect the EPR signals wdniske, and larggmax Signals can be
observed when the ligand planes have a perpendiodkentation rather than a parallel
orientation (Moreet al. 1999). A broadgmax is typically observed for hemes with two
perpendicular orientated histidine ligands, but edso arise in hemes with histidine-
methionine ligation, for example thgg = 3.54 signal observed in the EPR spectrum of
NorC from P. stutzeri (Cheesmaret al. 1998). This signal ay, = 3.53 in the EPR
spectrum of tr-CcoP was therefore assigned ag.tfesature of the spectrum of a low-spin
heme with His/Met ligands. Quantification of theesges contributing to the larggnax
signal by EPR spin integration is less straightfmdvthan quantification of the species
contributing to a rhombic trio (Cheesmeatral. 1998). The species contributing to the large

Omax Signal was therefore not determined.

Mediated redox titrations of both CcoP and tr-Cadéntified high potential hemes in
these proteins with redox potentials of + 188 m\d an220 mV respectively (Section
3.2.3). It could be postulated that the rhombio,t8.99, 2.27, 1.53, observed in the EPR
spectrum of both CcoP and tr-CcoP correspond tohémmes in these proteins with
corresponding midpoint redox potentials. Previouslyorted MCD spectra suggested that
the high potential heme in CcoP is His/Met ligaBdcher 2002). It is therefore proposed

that the high potential-type hemes in both CcoP and tr-CcoP have His/Idation.

Theg = 3.53 signal observed in the EPR spectrum of Csafmsistent with a heme with
His/Met ligation. Based on the EPR spectrum dfd¢oP it is therefore postulated that the
unassigned high potential heme observed in tr-CEoRB00 mV) is His/Met ligated

(Section 3.2.3). These results therefore suggedtttie two hemes in tr-CcoP are both
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His/Met ligated. It is proposed that the high mtied heme in CcoP is His/Met ligated and
the low potential heme is His/His ligated. Theutessobserved for tr-CcoP therefore lead
to the suggestion that the distal histidine toltive potential heme in CcoP is replaced by a
methionine in tr-CcoP. Mediated redox potentiometwjicates that the lowest potential
heme in tr-CcoP is + 220 mV, compared to - 15 m\CeoP. The redox potentiometry
results therefore further support the suggestien the lower potential heme in tr-CcoP

does not have the same axial ligands as the lognpat heme in CcoP.

As observed in the EPR spectrum of CcoP, the tPGEBR spectrum indicates signals at
g = 4.3 andg = 2 representing small amounts of free Fe(lll) and({I) respectively. A

g = 6 signal was not however apparent.

Mediated redox potentiometry and EPR spectra stuiglgasthe twac-type hemes in CcoP
are His/His and His/Met ligated and the two hemmesrHCcoP are both His/Met ligated.

MCD spectroscopy of the proteins was performedtdiom these results.

3.2.5 MCD Spectroscopy

Magnetic Circular Dichroism is an optical probe paramagnetism that detail the
electronic and magnetic properties of the grouatkestof metal centers and is therefore a
good technique for characterizing the secondaruyctire in metalloproteins. The
differential absorption of left and right-circubgnbolarized light induced by the presence of
a longitudinal magnetic field produces spectra thed rich in information about the
chromophores under study. These spectra define bgidation, spin, and ligation state of

the protein when in solution.
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FIG. 3.7 X-band EPR spectra of full length CcoP (A) and truncated CcoP (B) from

P. stutzeri.

A) The protein concentration was 179 yM in 20 mM Tris-HCI, 50 uM EDTA,

B)

0.02% DM, pH 8 and was fully oxidized with potassium ferricyanide. The
spectrum was recorded at 15 K, using 2 mW of microwave power, and 1
mT modulation amplitude. The g-values of features indicated are discussed

in the text.

The protein concentration was 185 yM in 20 mM Tris-HCI, 50 uM EDTA, pH
8 and was fully oxidized with potassium ferricyanide. The spectrum was
recorded at 15 K, using 2 mW of microwave power and 1 mT modulation

amplitude.

Comparison of EPR spectrum of CcoP (C) and tr-CcoP (D) as shown in

panel A and B. Dashed lines indicate positions of corresponding features
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Optical absorption bands in the UV-Visible MCD spem to the high-energy side, 600
nm, arise fromr-7* transitions of the porphyrin and are sufficientgnsitive to the
properties of the iron. Bands that arise from ¢hieansitions can be diagnostic of the spin
and oxidation state of the heme. The NIR-MCD spectdiagnoses the axial ligands of
low-spin ferric hemes. At longer wavelengths, cleatgansfer (CT) bands involving
porphyrin @) to ferric transitions are detected in the MCDcpen. The energy of the
low-spin ferric heme CT transition is shifted byadlges in heme coordination. The CT
band for low-spin hemes, which occurs in the NIRjiga (800-2000 nm), is rarely
detectable by absorption spectroscopy but it rgdddated by MCD and the spectral peak

is diagnostic of the heme ligands.

Full Length CcoP

The derivative shaped Soret absorption band, thatharacteristic of low-spin ferric
hemes, dominates the RT-UV-Visible MCD spectrumogidized CcoP shown in Fig.
3.8A. At these energies, the low-spin ferric henoenohates the contribution from any
high-spin heme, which could potentially be obseruedhe Soret band (Babcoek al.
1976; Cheesmaa al. 1998). In then region, the intensity of the derivative shapeddban
with extremes at 551 nm and trough at 569 nm ig#&ygor two low-spin hemes. A band
at 695 nm would be observed if a heme possesssuifar ligand was present, however,
there is no band visible beyond 600 nm. In the raemperature NIR-MCD spectrum of
oxidized CcoP, shown in Fig. 3.8B, an intense baad observed with maxima at 1585
nm. This band represents a porphyrijtp ferric charge transfer transition for a henithw
His/His ligation. A small peak was apparent at 18#B, which is consistent with a
His/Met ligated heme, however, the relative inteesiof the two features were not at a 1:1
ratio as expected for two hemes with His/His ang/Met ligation as predicted for CcoP.
The intensity of the peak at 1585 nm indicates tilvathemes are present (Cheesretzad.

1998; Cheesman 2008). The MCD data therefore sugjgsisthe two hemes in CcoP are
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both His/His ligated. To ensure that the ligatidates of the hemes was not temperature
dependant, MCD spectra were obtained at room teatyrer and under low temperature

conditions.

As previously discussed, it is typically observiedtthemes with His/His ligation have a
redox potential of less than + 50 mV. As demomstran this work one of the hemes in
CcoP has a positive redox potential (+ 188 mV),clvhis uncommon for a heme with
His/His axial ligation. A high potential His/Hisghted heme is not, however, a feature
unique to thecbbs subunit. In the multi-heme nitrite reductase, E&None of the four
His/His ligated heme in the subunit NrfA is repadrte also have a high redox potential of
+ 150 mV (Almeidaet al. 2003). The occurrence of high potential His/Hgmied hemes
is an atypical observation however, encapsulatidheheme group in a hydrophobic area
can cause a positive shift in the midpoint redoteptial of a heme (Shifmaet al. 2000).
The structure of CcoP or the proximity of CcoPHhe bthercbbs subunits is unknown and
this is a tangible explanation for the somewhahtpgtential of one of the His/His ligated

heme.

Tr- CcoP

Similarly, to CcoP, the Soret absorption band datgs the UV-Visible room temperature
MCD spectrum of tr-CcoP as shown in Fig. 3.9A. sT8bret band is characteristic of two
low-spin ferric hemes. In the region, the intensity of the derivative shapeddoaiith
extremes at 551 nm and a trough at 569 nm is gjsoal for two low-spin hemes. The
minor trough observed at 630 nm is due to a high-sis/water coordinated heme, which
represents no more than ~3% of the heme specie=e§@taret al. 2001). The observed
trough is consistent with the CT band observed3® ®m in the electronic absorbance
spectrum of tr-CcoP (Section 3.2). A derivative pgth band is clearly seen at 695nm.

This band suggests the presence of a heme pogsessalfur ligand, methionine or
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cysteine for example and is consistent with the 68bband observed in the electronic
absorbance spectrum of tr-CcoP (Section 3.2). Busly the 695 nm band in the
electronic absorbance spectrum of tr-CcoP was aodedl to be a spectroscopic artifact.
Considering the extinction coefficient and the asyatrical shape of the band, it is still
reasonable to conclude that the band can be a#dta an artifact. However, the presence

of an underlying CT band is therefore not possibldeconvolute.

In the room temperature NIR MCD spectrum of oxidizeCcoP, two intense bands were
observed with maxima at 1585 nm and 1825 nm. Thasds represent a porphyrit) (o
ferric charge transfer transition for a heme witis/His ligation and a heme with His/Met
ligation respectively. The intensity of the peakdicates that the two hemes are present in
equimolar quantities. The intensity of the His/Himted heme at 4.2 K of 190 Mm’ is
considered acceptable for a heme with a standantibit type EPR spectrum. However,
in contrast 250 Mcmi® is above average for a rhombic His/Met (Cheesn@8R2 The
MCD spectra of CcoP indicated that the twvtype hemes in this protein both have His/His
ligation. It was anticipated that one of thdype hemes in tr-CcoP would be His/His
ligated, however it was unclear if both hemes wobkl His/His ligated. Sequence
alignments of the amino acid sequence indicate ttete is only one fully conserved
histidine in CcoP (His-42). His 42 is located ir tiydrophobic tail of CcoP, therefore, in
the construction of tr-CcoP His-42 has been deldtad reasonable to suggest that His 42
is one of the distal ligands to the His/His ligatezine in CcoP but due to its absence in tr-

CcoP, the distal ligand is replaced by a methianine
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FIG. 3.8 UV-Visible and Near Infrared (NIR) MCD of oxidized P. stutzeri CcoP

performed at room temperature and low temperature.

* Room-temperature UV-Visible (A) and NIR MCD spectra (B). The sample
concentration used was 138 uM. The spectrum was recorded using a
magnetic field of 5T.

* Low-temperature UV-Visible (C) and NIR MCD spectra (D). The sample
concentration used was 138 uM. The spectrum was recorded using a

magnetic field of 5T. Temperatures used were 2 K, 4 K and 10K.

The enzyme was fully oxidized with potassium ferricyanide. Buffers were as

described in materials and methods.
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FIG. 3.9 UV-Visible and NIR MCD of oxidized P. stutzeri Truncated CcoP

performed at room temperature and low temperature.

* Room-temperature UV-Visible (A) and NIR-MCD spectra (B). The sample
concentration used was 115 yM. The spectrum was recorded using a
magnetic field of 5T.

* Low-temperature UV-Visible (C) and NIR-MCD spectra (D). The sample
concentration used was 115 uM. The spectrum was recorded using a

magnetic field of 5T. Temperatures used were 2 K, 4 K and 10K.

The enzyme was fully oxidized with potassium ferricyanide. Buffers were as

described in materials and methods.
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Based on earlier results it was speculated thah#me with a midpoint redox potential of
+ 188 mV observed in CcoP and the heme with a nidpedox potential of + 220 mV in tr-
CcoP correspond with each other. Due to the hedox potential, it was speculated that these
corresponding hemes in CcoP and tr-CcoP have Hisligiation. However, considering a
His/Met ligated heme was not observed in the MCécsja of CcoP, it is concluded that these
two hemes are His/His ligated. The 1585 nm bane@mies in the NIR-MCD spectra of both
CcoP and tr-CcoP is therefore assigned to the epeesponsible for the rhombic trig €

2.97, 2.25, 1.53) observed in the EPR spectrunotf proteins (Fig. 3.7).

The low potential heme (- 15 mV) observed in Cceat seen in tr-CcoP; however a heme
with a mediated redox potential of + 300 mV is app& Based on the MCD spectra of CcoP
and tr-CcoP it is proposed that these hemes avélidiand His/Met ligated respectively. The

results therefore suggest that the distal histidinthe low potential heme in CcoP has been
replaced by a methionine in the soluble form of Bcn-CcoP. As discussed previously it can
be concluded that the histidine, which is replarett-CcoP, is His 42. The 1825 nm MCD

band observed in the tr-CcoP spectra can therdi®rassigned to a His/Met species giving

rise to theg = 3.54 EPR signal in the EPR spectra of tr-CcoP.
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His/His Heme ¢ His/Met Heme ¢
Redox Potential = + 300 mV
g,=3.54

Redox Potential = - 15 mV

g, = unaccounted for _
His/His Heme ¢ His/His Heme ¢

Redox Potential = + 188 mV Redox Potential = + 220 mV

= g,=2.99 i :
g, = 2.97 \His His \ I-|I|S H||S
| | Fe Fe
Fe Fe | |
| | His Met
His  His

A B

FIG. 3.10 Assignment of individual redox potentials and EPR signals to specific hemes in CcoP (A) and tr-CcoP (B). The assignments were

based a combination of the redox potentiometry, EPR and MCD spectra of CcoP and tr-CcoP reported in this chapter.



3.2.6 CO binding studies

Carbon monoxide binding provides a convenient nfloo distinguishing heme proteins
in which the distal ligand is absent, or can beldised to bind an exogenous ligand from
those in which all ligands are stable. The propsrtdf protein/CO binding therefore
provide a convenient method for distinguishing kesw heme proteins with different
ligation states and/or differing axial ligands. MGPpectra of CcoP and tr-CcoP indicate
that the distal ligands to the tveetype hemes in these proteins differ. In CcoP, Ihatimes

are His/His ligated, however, in tr-CcoP, one hemdHis/His and the other heme is

His/Met ligated (Section 3.2.5).

It has been shown previously that hexa-coordinatePChinds the exogenous ligand CO,
presumably following displacement of the endogendistal ligand (Pitcheet al. 2003).

The question therefore arises; do the differertatliigands in CcoP and tr-CcoP alter the
CO binding properties of these proteins? The bipdai CO to a heme iron induces
distinguishable spectroscopic changes at the Segatn in the characteristic absorption
spectrum of the heme. Upon CO binding to a fullgusedc-type heme the Soret band
shifts from 417 nm to 415 nm and an increase iensity of the Soret band can be
observed. These features were used to monitor @@iny to the ferrous-type hemes in

CcoP and tr-CcoP (Fig. 3.11).

CcoP

The effect of CO binding to fully reduced CcoPaadily seen in the electronic absorbance
spectrum (Fig. 3.11A). Upon CO binding, the Somatdshifts from 417 nm to the slightly
shorter wavelength, 415 nm. The band also incraasesensity in comparison to the fully
reduced state. The increase of the absorptionsityeim the Soret band is coupled with a
decrease in ther and B bands. Fig. 3.11B shows the difference spectrumCocbP

(dithionite reduced with CO bounehinus dithionite reduced). The difference spectrum
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shows a sharp band with a maximum at 415 nm andnanemm at 428 nm. A trough
centered at 551 nm can also be observed. Thisrpasttypical of CO binding to a ferrous
c type heme (Wood 1984). As discussed previouslwais generally believed that only
penta-coordinated ferrous hemes could bind CO. BAswe previously UV-Visible
spectroscopy indicates that the twetype hemes in CcoP are both six-coordinate,
suggesting that CO does not bind to the heme viacant distal site (Section 3.2.2). The
CO binding results of CcoP therefore suggest tmatigand to one of thetype hemes in
CcoP is displaced by the exogenous ligand, COy poidinding. The results presented

here are concurrent with those previously repdote@itcheret. al. (Pitcheret al. 2003).

From the electronic absorbance spectrum of Ccafribt possible to recognize whether
CO is binding to one or both hemes. PreviouslyHeitet. al. reported that ascorbate-
reduced CcoP does not bind CO and showed thatrapetianges associated with CO
binding were only fully developed when both hemesrevcompletely reduced with
dithionite, suggesting that CO only binds to the lootential heme (Pitcher 2002; Pitcher
et al. 2003). Only hemes with redox potentials abov®+/ are reduced with ascorbate,
therefore the data suggests that CO binds to theddential heme only (- 15 mV) in fully
reduced CcoP, which is predicted to be His/Histédalt is therefore speculated that the
distal histidine to the low potential heme is désy@d by the exogenous ligand, CO, prior to

binding.

Truncated CcoP

In contrast to CcoP, CO binding to one of thiype hemes in tr-CcoP is not observed in
the electronic absorbance spectrum of tr-CcoP &LC). A shift or an increase in the

intensity of the Soret band was not observed uplalitian of CO to reduced tr-CcoP. As

shown by the difference spectra, a sharp bandavittaximum at 415 nm and a minimum

at 428 nm and a trough centered at 551 nm werelne¢trved. The observed spectral
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pattern of tr-CcoP following the addition of CO hast been reported in amytype heme
that binds CO and therefore suggests that CO datelsimd to the ferrous-type hemes in
tr-CcoP (Wood 1984). It has been proposed thatdoPRCthe distal histidine ligand to the
low potential heme is displaced to bind CO (Pitatieal. 2003). The observation that CO
does not bind to tr-CcoP suggests that the digial &gand that displaces to bind CO in

CcoP is absent in tr-CcoP.

It is proposed that the amino acid residue, Hisig2he distal ligand to the low potential
heme in CcoP. Redox potentiometry, EPR and MCDtepsaopy indicates that the low
potential His/His ligated heme is not apparent ri€¢oP. A His/Met ligated heme is
observed in the MCD spectra of tr-CcoP (Sections3.2t is therefore concluded that in tr-
CcoP, His 42 has been replaced by a distal metieonlr-CcoP does not bind CO
suggesting that the distal methionine that sulisstdor the distal histidine observed in
CcoP, does not displace to bind CO. CcoP does®dgdtherefore suggesting that it is the

distal histidine, His 42, which displaces to bin®@.C
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FIG. 3.11 UV-Visible absorption spectrum of fully reduced CcoP (A) and tr-CcoP

(C) prior to (black trace) and after the additions of CO (red trace)

(A) The protein concentration was 2.5 yM in 20 mM Tris-HCI, 50 uM EDTA, 0.02%
DM, pH 8. After the addition of excess sodium dithionite, the reduced spectrum
was recorded (black trace). Following the addition of 1 mM CO (red trace) the
spectrum clearly shows a shift of the Soret band from 417 nm to 415 nm and an
increase in intensity. The insert shows a close up of the a and B regions of
reduced CcoP (black trace) and reduced CcoP plus CO (red trace) with peaks at
550 nm and 521 nm respectively. Upon binding of CO a decrease in the a and

bands is observed. The spectrum was recorded at room temperature.

(B) CO difference spectrum (reduced plus CO minus reduced) of CcoP

(C) The protein concentration was 3 pM in 20 mM Tris-HCI, 50 uM EDTA, pH 8. After
the addition of excess sodium dithionite, the reduced spectrum was recorded
(black trace). Following the addition of 1 mM CO (red trace) the spectrum clearly
shows no shift of the Soret band from 417 nm to 415 nm and no change in
intensity. The insert shows a close up of the a and 8 regions of reduced tr-CcoP
(black trace) and reduced tr-CcoP plus CO (red trace) with peaks at 550 nm and
521 nm respectively. Upon binding of CO no change in the a and B bands is

observed. The spectrum was recorded at room temperature.

(D) CO difference spectrum (reduced plus CO minus reduced) of tr-CcoP
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3.3 Conclusions

This study presents the results of the first comipag investigation of thebbs subunit,
CcoP, and the soluble heme-containing domain ofPCtising the combined approach of
UV-Visible spectroscopy, EPR, MCD and redox potamietry, evidence indicates that the

two low spin hemes in CcoP are His/His ligated.

Parallel spectroscopic studies of CcoP and tr-Coulcate that the distal ligand to one of
the hemes in the water-soluble form of CcoP diftershat observed in CcoP. The low
potential His/His ligated heme observed in Ccofas detected in tr-CcoP but a high
potential His/Met ligated was distinguished usipgaroscopic techniques. In the absence
of the low potential His/His ligated heme, tr-Cao®longer binds CO, suggesting that it is
the distal ligand to the low potential heme in Caglfich is displaced by the exogenous
ligand, CO prior to binding. It is appealing to gegt that the sole fully conserved histidine
in the CcoP subunit, His 42, is the displaceab#atliiligand to the low potential heme.
Mutating the His 42 residue using Site-directed agahesis and investigating the
biochemical characteristics of the mutants candesluo explore the identity of the distal

ligand further.
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4.1 Introduction

Spectroscopic studies have revealed that bdgipe hemes in thebbs subunit, CcoP are
His/His ligated in the ferric form (Chapter 3). [pés having the same ligation state, one
of thesec type hemes has a high midpoint redox potential @mel has a low midpoint
redox potential (Chapter 3, Section 3.2.3). CO inigatudies reveal that the low midpoint
redox potential heme in CcoP binds CO when in #reotis state (Chapter 3, Section
3.2.4). The low midpoint redox potential heme oo remains six-coordinated in the
ferrous state therefore, CO binding to this hemstrbe preceded by displacement of the
distal ligand. The displacement mechanism is possilimickedin vivo in the presence of
an exogenous ligand, for example, oxygen or ndxicle. The identity of this displaceable
distal histidine to the low midpoint redox potehteme is not confirmed. However, the
residue His 42 is the only fully conserved histelobserved in the alignment of sequences
of the CcoP subunit from a variety of species frairsub-divisions of the Proteobacteria
group. It is assumed that a distal ligand, whglprioposed to have such a direct function
in the protein, would be conserved throughout thecks. It is therefore appealing to
suggest that His 42 is the distal ligand to the Iowdpoint redox potential heme.
Moreover, CO binding is not observed in water-stduiorm of CcoP (tr-CcoP) in which

His 42 is deleted (Chapter 3, Section 3.2.4).

Using protein topology prediction methods, the emwaed histidine residue, His 42, in the
CcoP subunit, is indicated to be located in theglgsm (Kroghet al. 2001). The twa-
type heme binding motifs of CcoP are predicted @oldrated in the periplasm. The
residue, His 42, and the two hemes would therelfergplaced on opposite sides of the
membrane. This structural suggestion would precldde 42 from serving as an axial
ligand to either of the-type hemes in CcoP. These topological predictamesbased on
the N—terminus of CcoP being located in the pesipland the presumption that CcoP has

two transmembrane helices, as shown by the schermatFig. 4.1A. Alternatively a
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membrane protein can be monotopic and anchoredrviamphipathic helix inserted in a
parallel way to the membrane interface, so callegdlane membrane anchors (IPM) (Fig.
4.1B and C) (Peniret al. 2004; Sapayet al. 2006). IPM anchored proteins are not
uncommon, however, this suggested topology hasbeeh reported in a heme protein
(Sapayet al. 2006). A model predicting IPM anchors in CcoP wbuifer that the N—

terminus of this subunit is directed to the cytspieand would result in an upside down L-
shaped topology of the subunit, as depicted bysthematic in Fig. 4.1B. This structural
suggestion would place the conserved histidineduesi His 42, and the-type heme

binding motifs in the periplasm. In this scenahe fully conserved histidine residue, His

42 could feasible ligate the low potentiatype heme in CcoP.

Having established that His 42 could feasibly be dmstal ligand to the low midpoint

redox potential heme in CcoP, we combined mutagemes spectroscopic approaches to

confirm the identity of this displaceable distgidnd.
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FIG. 4.1 Possible topology of the cbbs; subunit CcoP. CcoP contains one fully conserved histidine residue, His 42, which is predicted to be located in the
cytoplasm. The periplasmic domain of CcoP contains two heme ¢ binding motifs.(A) Both hydrophobic transmembrane helices traverse the membrane.
Consequently, the histidine residue, His 42 cannot ligate either heme iron. (B) Only one hydrophobic stretch traverses the membrane and the second
hydrophobic stretch runs parallel to the membrane plane. This places His 42 in the periplasm and can therefore potentially ligate one of the c-type

hemes. (C) Neither of the hydrophobic regions traverse the membrane but run parallel to the membrane plane. This places His 42 in the periplasm.



4.2 Results and Discussion

4.2.1 Sequence Alignments and Site Directed Mutagjen

The multiple sequence alignment of CcoP from 1Qds&d species (Fig. 4.2) demonstrates
the presence of a single fully conserved histidides 42). It is appealing to suggest that
this sole conserved histidine is the displaceakial digand to the low midpoint redox
potential c type heme in CcoP. To test this hypothesis thenandcid His42 was
substituted with alanine (H42A), cysteine (H42C)nmethionine (H42M) by site-directed

mutagenesis (SDM).

Substitution of a single amino acid in a proteinaghieved by SDM of the gene that
encodes the protein. When choosing residue sutestitun SDM it is important that
disturbances of the protein fold and structurarabgeristics are kept to a minimum (Bordo
and Argos 1991). Histidine is a polar amino acidiioh is unique with regard to its
properties. Histidine has a pKa of 6.0, near td tfghysiological pH, meaning that the
side chain readily accepts and donates protons. fdfoperty means that this residue does
not substitute particularly well with other amingids (Bordo and Argos 1991; Betts
2003). The amino acid substitutes for His 42 wéerdfore chosen based on functional

rather than structural replacements.

The amino acids substituted for His 42 in CcoP waemine, cysteine and methionine.

Alanine is a small non-polar amino acid and isefare less disruptive to protein structure

than many other amino acid substitutions. Alanime \an ideal neutral substitute to gather
general information regarding the effect of poinitagenesis on the CcoP subunit. It was
predicted that the mutant strain, H42A would creafeve coordinate heme as the alanine
reside would not ligate to the heme iron. In costiray changing the histidine to a cysteine
it was postulated that a permanently six-coordioh&ieme would result. Cysteine is a non-

polar amino acid and similarly to methionine, tmirzo acid cysteine ligates to the heme
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iron via the sulfur iron in the amino acid. Cysteis also very electronegative and lowers
the reduction potential of the heme iron typicadiyca -200mV. Methionine is a non-polar
neutral amino acid with a sulfur group, which isreoonly observed as a heme ligand
(Moore and Pettigrew 1990). Using MCD spectrosciipyhas been identified that a
methionine residue replaces the missing His 42luesin the water-soluble form of CcoP,
tr-CcoP (Chapter 3, Section 3.2.5). The substitubd a methionine residue for His 42
(H42M) was therefore chosen to investigate anyahi@ngeable ligand properties between

histidine and methionine.

4.2.2. Phenotype Characterization of Mutated CcoP

The individual mutant proteins were grown and pedfusing the methods utilized for
CcoP, as described previously (Chapter 2, Sectidr2R The protein concentrations for
each CcoP mutant are based on the calculation efGboP extinction coefficient,
previously reported by Pitchest. al. (Pitcheret al. 2002). Previous calculation of the
extinction coefficient of CcoP at 408 nm (the Samsximum of the oxidized protein)

yielded a value of 2.7 xf™* cm™

Following purification of the proteins the yield tfe CcoP variants, was compared with
that of wild type CcoP. The protein yield of theriaats differed slightly compared to
CcoP, as shown in Table 4.1. The protein yield leg wlanine mutant, H42A, was
consistent with CcoP, suggesting that this ligag@lacement was tolerated and therefore
behaved as CcoP (Wallace and Clark-Lewis 1992)cdmparison, the yield of the

methionine mutant, H42M, increased slightly, bygroglucibly.
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Pseudomonas stutzeri
Pseudomonas aeruginosa 1552
Pseudomonas aeruginosa 1555
Vibrio cholorae

Brucella suis
Bradyrhizobium japonicum
Rhodobacter sphaeroides
Rhodobacter capsulatus
Helicobacter pylori
Campylobacter jejuni

EEYDNPLPRWWFMLFVGTVIFALG
Pseudomonas aeruginosa EEYDNPLPKWWFMLFVGTLVFAVG
Pseudomonas aeruginosa EEYDNPLPKWWFMLYIGTIVFSVG
Vibrio cholorae RELNNPLPKWWTYLFIGTFIFAAI

Brucella suis KELDNPMPRWWLWTFYATIFWAIA
Bradyrhizobium japonicum KELNTPLPRWWVICFYLTIVWAIG
Rhodobacter sphaeroides EEFDNPMPRWWLWTFYVTIVWAIG
Rhodobacter capsulatus EELNTPLPRWWLWTFYATIIWGVA
Helicobacter pylori GEFANNVPVGWIASFMCTIVWAFW

Pseudomonas stutzeri

---------- MTSFWSWYVTLLSLGTIAALVWLLLA TRKGQRPDSTEETWSYDGI 47
---------- MTTFWSLYITALTLGTLLALTWLIFATRKGQRSSTTDETVG HSYDGI 47
---------- MTTFWSLYITALTVGTLIALLWLVFATRKGEAKGTTEKTMG HSYDGI 47
---------- MTTFWSLWIIVITVGTLLGCAILLVWCLKDKMGVEEGVDMG HEYDGI 47

MTDK-QIDEVSGVSTTG HEWDGI 31
MTDHSEFDSVSGKTTTG HEWDGI 42
MSVKPTKQKPGEPPTTG HSWDGI 28
MSKKPTTKK--EVQTTG HQWDGI 30

--MDFLN--DHINVFGLIAALVILVLTIYESSSLIKEMRDSKSQGELMENGILIDGI 53
--MQWLNLEDNVNLLSLIGAILIILITLVIVGRMFKQ MKEKKGESELSE-HSWDGI 55

* * * k%

Campylobacter jejuni GEYKNAVPTGWAVVFFLTIVWAIW
* * * *

GPLYAKYAAMP------- VEEVAK
Pseudomonas aeruginosa GPIFAKFAAMP------- IEEVAK
Pseudomonas aeruginosa GPIFAKYAAMP------- IEEVAK
Vibrio cholorae GEAFKRLAYQDGTTNLREIPDIAA
Brucella suis QGIIDQIKAKD------- VHEILA
Bradyrhizobium japonicum GDKMAALGAAS------- LADVEK

Pseudomonas stutzeri

Rhodobacter sphaeroides ATIRQQLVNTD--------- AlAA
Rhodobacter capsulatus KAVEEKLVATD------- LTAIAA
Helicobacter pylori EAKWKNLGQKE-------------
Campylobacter jejuni  EEKFKNLSPED-------------

YLVLYPGLGNWKGILPG YEG GWTQVKEWQREMD KANEQY 127
YLALYPGLGTWKGLMPG--------- YQSADEFADKEKGWTGVHQWEKEKMBEKY 127
YLVLYPGLGNWKGVLPG YEG GWTQDKQWEREMN IAQEKY 127
YLTLYPGLGSFKGILGWQSSDQTVRSLEESRASIAAAQQNKQLVQYBREARY 127
YVIAYPAWPLISG-STAG------=-====-=---- LTGWSSRGQFWQENA KIAASR 102
YWIVYPAWPLISS-NTTG-------==-=-=-=--- LFGYSSRADVAVELA NLEKIR 102
YSILYPAWPLING-ATNG------------------ LIGHSTRADVQRDIE AFAEAN 102
YSIAMPAWPIFSDKATPG------------------ LLGSSTRADVEKDIA KFAEMN 101
YFFFGYPLN SFSQIGQYNEEVK AHNQKF 131
YFLWGPLN SFSSIGQYNEEVATHNTKF 131
*

D----PQALKMGGRLFASNCSVCHGSDAKGAYGFPNLTDDDWLWGGEPETIKATL®O

D----PQAVKMGGRLFASNCSI CHGSDAKGAYGFPNLTDADWRWGGEPETIKTTIMA 177
D----EHAMKMGSRMFATYSI CHGSDAKGALGFPNLADNEWRWGGDPQSIETTILG 177

D----SDALKVGQRLFLQNCSQCHGSDARGQKGFPNLTDDAWLYGGEPQAIVTRIBR
DEELRQYAIAGGAAAFRUINQCHGSGAQGAPGYPNLNDDDWLWGGSIDDIVITHEY

DPALLALARAKGKTVFGODNPCHGSGGAGAKGFPNLNDDDWLWGGTLDQIMQTIQF 156

DPNLLQYATNAGAAVFRTNQCHGSGAAGNVGYPNLLDDDWLWGGDIESIHTNGD

DPELVTYTRNAGAAVFRTAQLCHSAGAGGNTGFPSLLDGDWLHGGAIETIY TINVES

------- LVDMGQGIFLVH CSQCHSITAEGLHGS---AQNLVRWGKE-EGIMDTIK 159

------- KIAMGONIFLVQ  CSACHGITGDGINGK---AQNLNIWGSE-EGIINVIK H 159
* *

* * * % % * * * *



Pseudomonas stutzeri GRQAV = S— GWKDVIGEEGIRNVAGYVR-SLSGRDTPEGISVDIEQG  QKIFAANCVVCHGPEAKGVTA 248
Pseudomonas aeruginosa GR 7Y\ - S— AWGEVIGEEGVKNVAAFVLTQMDGRKLPEGAKADIEAGKQVFATTVACHGPEGKGTPA 249
Pseudomonas aeruginosa GR N/ — AWGDILGEDGVKNVAAYVRTELAGLKLPEGTKADVEAG KQIFSVNCVACHGPEGKGTAL 270
Vibrio cholorae GRIGQ = S— AWKDILGEQGVKEVVSYTL-SLSGRSVNA---KEAEAG ~ KARFAV-CSACHGTDGKGNPA 270
Brucella suis GVRSPDDPETRLS-E TAFAD—-VLEPQQIRDVAAYVV-NLSGTPHDP---SMVPEGQKVFARYC HGADAKGLRE 232
Bradyrhizobium japonicum GARS-G AKTHEG-QLAFGKDGVLKGDEIVTVANYVRSL-SGLPTRKG--YDAAKGEKIFVENCHGDGGKGNQE 255
Rhodobacter sphaeroides GIRNTTD-DEARYSE PRFGADGLLDSTQISQVVEYVL-QISGQDHDA—--ALSAEGATIFABACHSEDGTGSRD 235
Rhodobacter capsulatus GIRDPLDPDTLLVAN PAHLTDELLEPAQIDEVVQYVL-QISGQPADE—-VKATAGQQIFABSCHSEDAKGLVE 235
Helicobacter pylori ~ GSKGMDYLAGE = N— AMELDEKDAKAIASYVMAEISSVKKTKNPQLIDKGKEQIFAE NCASCHGNDGKGLQE 235
Campylobacter jejui  GSKGMNFPGGE LG-----AADLGVAEEDIPAIAAYVAKDLSAIKKTANENLVAKGKEAYAT- CAACHSEDGKGQDG 238

* * * k% *
Pseudomonas stutzeri MGAPNLTDN-VWLYGSSFAQIQQTLR  YGRNGRPAQE-------------- AILGNDKV LLAAYVYSLSQQPEQ-- 305
Pseudomonas aeruginosa MGAPDLTHPGAFIYGSSFAQLQQTIR YGRQGMPAQQ-------------- EHLGNDKV LLAAYVYSLSHGEKSAE 308
Pseudomonas aeruginosa VGAPNLTNPGAFIYGSSYAQLQQTIR HGRQG@PAQE-------------- PYLGKEKV ILAAYIYNLSHNQGSN- 308
Vibrio cholorae FGAPNLTDN-DWLFGDSRAEVTETVM NGRSGMPAW/|------- NTLGEEKIQLVAAYVWSLSNSENK--------- 326
Brucella suis FGAPNLTDA-IWLYGSGEDAIIRQVS HPKHGWVPAWE-------ARLGDATVKQLAIFV HSLGGGE----------- 287
Bradyrhizobium japonicum MGAPNLTDK-IWLYGSDEAALIETIS ~ QGRAGMPAWE-------GRLDPSTIKAMAVYV HSLGGGK=---------- 290
Rhodobacter sphaeroides VGAPNLTDA-IWLYGGDRATVTETVT  YARFGWPNWN-----—-ARLTEADIRSVAVYV HGLGGGE----------- 290
Rhodobacter capsulatus MGAPNLTDG-IWLYGGDVATLTSTIQ  YGRGGMPSWSWAADGAKPRLSEAQIRAVASYNG GG Q----------- 297
Helicobacter pylori  N-QVLAADLTTYGTENFLRNILTHGK KGNIGH/PSFKY------KNFSDLQVKALPEFIQSLKPLED---------- 292
Campylobacter jejuni  ----MFPDLTKYGSAAFVVDVLHSGK AGFIGTVPSFP-------- TLNDIQKEAVGEYVISLSRGE----------- 287

*

* K%

FIG. 4.2 Multiple sequence alignments of CcoP. Conserved residues are marked with an asterix. The predicted heme binding sites of CcoP

are coloured red. The fully conserved histidine residue (His 42) is highlighted in blue. The semi conserved histidine residues are highlighted in

pale blue. The sole fully conserved methionine residues are highlighted in green and the semi conserved methionine residues are highlighted

in pale green. The predicted transmembrane helices of P. stutzeri CcoP are underline

identified two putative cbb operons (Yan et al. 2008). This alignment refers to CcoP PST 1837.
3

d Since the completion of this thesis, the genomic sequence of P.stutzeri has



CcoP Strain Protein Yield (mg)/ Wet Cells (g)
CcoP 8.63+£0.42mg/25¢g
H42A 8.7+0.8mg/25 g
H42C 5.33+0.71 mg/25 g
H42M 114+0.7mg/25¢g

Table 4.1 Protein Yield typical of a 2.4 L grow up of CcoP, H42A, H42C and

H42M.

Interestingly, the yield of the cysteine mutant,2@4 decreased compared to CcoP. The
difference in protein yield suggests that the H42@ation resulted in reduced translation
of the amino acid sequence by the cell, possibbabge the cysteine replacement is not
tolerated at the His 42 position (Wallace and Claglwis 1992). Poor expression of the
mutant would result in a reduction in heme contdrthe protein variant relative to CcoP.
A homogeneous product was however, obtained thizfied analytical criteria with
physicochemical properties that emulated thoserteggador CcoP Therefore, despite

speculation, the reason for the discrepancy in@mpgrotein yields was unclear.

CcoP and the three mutant strains were evaluated $DS-PAGE, which was stained
specifically to detect the presence mfype cytochromes by analyzing the proteins for
intrinsic peroxidase activity using 3,3',5,5'-tetethyl benzidine and FD, as shown in
Fig. 4.3 (Chapter 2, Section 2.2.2). The analgsigroteins using gel electrophoresis is a
gualitative method and CcoP was clearly visibleadsand at ~35 kDa in all the mutant
strains. Despite not being a quantitative methetl agalysis of the purified mutants does
indicate a slight difference in the intensity oé thand specific to thetype hemes in CcoP
when a comparable protein concentration was usleel.ability of the mutated enzyme to

bind heme should not be affected by the SDM asptiogimal histidine has not been
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altered. However, these results suggest that tred td CcoP expression is influenced by
the presence of the mutation. It is therefore fdsghat the site specific mutations cause

destabilization of the structure of CcoP.

Following SDM the mutated CcoP plasmids were seceerusing standard T7 forward
and reverse primers for confirmation of successfutagenesis (Chapter 2, Section 2.3.8).
A technical limitation with this method is thatdbes not allow for the mapping of post-
translational modifications. Protein Mass Mappirsgng mass spectrometry compares the
mass of peptides released by enzymatic digestianpodtein followed by mass analysis of
the resulting peptide mixture. Comparison of thessnaf the peptides that are released by
such treatment makes it possible to identify simieptides in which amino acid
differences occur. The mass spectrometry compeaisd CcoP and the mutants H42A

and H42M are shown in Fig. 4.4.

MALDI-TOF experiments performed on covalently hebwmnd CcoP gave a single peak
with a mass of 35047 Da. This mass corresponds thihsingle peak with a mass of
35,000 + 81 Da for CcoP previously observed byHeitet. al. and is in good agreement
with the molecular mass predicted from the confoirgene sequence (34,984 Da) (Pitcher

2002).

The corresponding signal in the spectrum of theamuH42A was 34979 Da. Allowing
for experimental error, this signal is consistenthwthe difference in mass of 66 Da
between histidine and alanine. In comparison,sigeal in the spectrum of H42M does
not differ to the CcoP signal and was observed 5148 Da. The DNA sequencing
confirmed the His to Met mutation and the MALDI-T®@&sult is consistent with an amino

acid change in which the residues only differ reddy 6 Da.
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FIG. 4.3 SDS PAGE of WT and mutated CcoP.

The proteins were purified using the methods outlined previously. The purified proteins
were visualized by (A) Coomassie blue stain for total protein and (B) Heme stained
specifically for ¢ type hemes. The sample loaded consisted of 10 ul protein sample and
10 ul 2x SDS loading buffer containing 6M Urea, to denature the protein, 5% SDS, to
confer an overall negative charge to the proteins in the sample, 0.1% glycerol to increase
the density of the sample/buffer, and 0.05% Bromophenol blue as a tracking dye. The
protein sample was denatured in SDS loading buffer at 50 °C for 10 minutes before being

run on SDS-PAGE. Sample lanes are as marked.
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FIG. 4.4 Comparison of the MALDI-TOF mass spectra resulting from the trypsin digest of
CcoP and mutants H42A and H42M. A) CcoP showing a peak at 35047 Da. Peaks
corresponding to the calibrants, Trypsinogen (23982 Da) and Endolase from yeast
(46671.9 Da) are shown. B) Close up of peaks obtained for CcoP, 35047 Da (Green),

H42A, 34972 Da (Red) and H42M, 35045 Da (Blue).
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Protein Calculated average mas$ Mass difference with respect tp
(Da) CcoP (Da)

CcoP 35047 +£2.12 -

H42A 34979 +1 - 68

H42C - -

H42M 35045 * 1.82 -2

Table 4.2 Calculated average mass of CcoP and CcoP mutants and mass

differences with respect to CcoP

A strong signal was not obtained for the mutaraisirH42C at 35,000 Da using mass
spectrometry. The result suggests, as previousiyigied, that this mutation caused
instability in the structure of CcoP. All sampleer& analyzed in duplicate and good

reproducibility was observed.

4.2 .3 Biochemical Characterization of Mutated CcoP

The UV-Visible spectra of all the CcoP mutants wereasured in the ferric and ferrous
forms and compared to the UV-Visible spectra of EcA Soret maximum of 408 nm and
a broad band in the/p region (500-600 nm) can be observed in the elpitrabsorption
spectrum of fully oxidized mutated CcoP straing(Hi.5). Upon complete reduction of all
the mutants, with excess sodium dithionite, theeStand shifted to 417 nm and an
increase in intensity was observed (Fig. 4.6). &hand p bands in the visible region
intensified upon reduction at 551 nm and 521 nnpeesvely. These features are
characteristic of ferrous low spuitype hemes. The intensity of the symmetrical 561 n
band of CcoP was consistent with the reductiowofd type hemes. This band, however,
has a lower intensity in all of the mutants comgandgth that exhibited by CcoP, relative

to the concentration of the protein. The discregandhe height of the band is consistent
150



with the mutation of a distal ligand because sp¢ahanges are commonly observed in
proteins in which one of both of the axial ligarftss been replaced (Wallace and Clark-
Lewis 1992). Any differences in the heights and syetry of the Soretg or B bands

observed can be a reflection of the heme geomeioy the axial heme coordination and

heme environment (Kameshal. 1973; Moore and Pettigrew 1990).

The spectra of oxidized and reduced H42C and H4&mble the spectra of CcoP. This
result was anticipated as both cysteine and metieoresidues can potentially serve as
axial heme ligands (Moore and Pettigrew 1990; Walland Clark-Lewis 1992). The
spectra therefore suggests that the low midpoidoxepotential heme, to which it is
assumed the distal ligand has been altered by SBMains six-coordinate. Surprisingly,
the electronic absorbance spectrum of H42C and HdRived no evidence of a 695 nm
charge transfer band. A 695 nm charge transfer Immtharacteristic of a low intensity
ligand to metal charge transfer transition thabliserved when a low spin ferric heme
possesses at least one of the sulphur containgngduess, methionine or cysteine, as ligands
(Moore and Pettigrew 1990). This band is not akvaysible using absorption
spectroscopy and the absence of this band is aghdstic of the lack of a sulfur ligand to
the heme. In the H42C and H42M mutants it is realento predict that the substitution of
cysteine and methionine respectively would leatHi®/Cys and His/Met coordination of
the heme iron if the histidine residue at positiid provides the distal ligand. This
however is not guaranteed. SDM of the distal llham one of thec-type hemes in the
soluble protein, fumarate reductase fr&ewenella frigidimarina resulted in ligation of

the iron by a water molecule not the methioninestitiie (Rothenet al. 2003).
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FIG. 4.5 UV-Visible absorption spectra of recombinant CcoP from P. stutzeri and
mutated recombinant CcoP from P. stutzeri in the oxidized form. The amplitude of
the Soret of oxidized mutated CcoP was normalized to the Soret of oxidized
recombinant CcoP so the spectra could be easily compared. To demonstrate the
influence of the amino acid substitutions on the absorption spectrum of CcoP, the

spectrum of CcoP and mutated CcoP are superimposed as indicated:

A) Oxidized spectra of purified H42A (red trace) and purified CcoP (black
trace).

B) Oxidized spectra of purified H42C (green trace) and purified CcoP (black
trace).

C) Oxidized spectra of purified H42M (blue trace) and purified CcoP (black
trace).

D) Overlay of purified CcoP (black trace), H42A (red trace), H42C (green

trace) and H42M (blue trace).

All samples were in 20 mM Tris-HCI, 50 uM EDTA, 0.02% DM, pH 8. All the
samples were oxidized with potassium ferricyanide which was subsequently
removed by passing the sample through a PD10 desalting column. The spectra

were recorded at room temperature.
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There was no feature beyond 551 nm in the spettialp reduced mutated CcoP strains
that would indicate the presence of high-spin éetreme, suggesting that botktype
hemes in all the mutants remained in the low-spistes despite the amino acid
substitutions. The aliphatic amino acid residuaiaka is not a good donor aracceptor
and saturated carbon atoms do not coordinate noeisl(\Wallace and Clark-Lewis 1992).
The electron absorbance spectrum of H42A was thexefurprising as it was expected
that substitution of His 42 with an alanine residvmuld result in the low midpoint redox
potential heme becoming five coordinate. Any caowation change would alter the
appearance of the spectra of H42A compared to @sdRe low midpoint redox potential
heme would be high spin. Features beyond 551 mmnat, however always apparent
because of the low extinction coefficient of thghspin signal at 640 nm so high protein
concentrations are necessary to visualise any $pghfeatures spectroscopically (Moore
and Pettigrew 1990). Moreover, the spectral featofea low spirc-type heme, the distinct
a andp bands, can mask the broad band of a high spype heme in the same sample
(Wood 1984). It should therefore be consideredl ttina spectra of H42A, reflects that His
42 is not the distal ligand, therefore the alarhrstidine substitution has no effect.
However, the distal site vacated by the histidireyrhave been fulfilled by an alternative
amino acid or exogenous ligand. In the recentlgdiesd six-coordinate vertebrate globin,
neuroglobin, it has been suggested that alternatgdues compete with the distal
histidine for the sixth coordination site (Uebal. 2004). It could be speculated that in the
absence of His 42 the role of a distal ligand ® Itw potential heme in CcoP is fulfilled
by an alterative amino acid, which would normaldypete with His 42, for example one
of the conserved methionine residues. Recall, temsoluble tr-CcoP, His 42 was deleted
during the removal of the hydrophobic tail of Cc{@hapter 3) and one of the two
conserved methionine residues in tr-CcoP repladedi® as the distal ligand. Methionine
did not, however fulfil the role of His 42 in tr-6@ as the truncated protein does not bind

the exogenous ligand CO, but in contrast, CcoP doesCO (Chapter 3, Section 3.2.4.).
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It was therefore concluded that His 42, the onljyfaonserved histidine in CcoP, is the
displaceable distal ligand in tlobb; subunit CcoP. However, considering the UV-visible
spectroscopy of H42A, H42C and H42M the resultsggesgthat His 42 is not the distal
ligand to the low midpoint redox potential hemeQnoP. Recall that, the spectra of the
mutant H42A suggests the presence of two low spmés, compared to the anticipated
one low spin and one high spin and a 695 nm chiaagsfer band was not observed in the
oxidized spectra of H42C or H42M. These spectrogcesults were not however
conclusive enough to suggest that further investigeof these mutants was unnecessary.
A similar pattern of experiments used to invesegatoP, as described in chapter 3, were

therefore repeated using the mutants, H42A, H42CHP M.
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FIG. 4.6 UV-Visible absorption spectra of recombinant CcoP from P. stutzeri and
mutated recombinant CcoP from P. stutzeri in the reduced form. The amplitude of
the Soret of reduced mutated CcoP was normalized to the Soret of oxidized
recombinant CcoP (Fig. 4.5) so the spectra could be easily compared. To
demonstrate the influence of the amino acid substitutions on the absorption
spectra of CcoP, the spectrum of CcoP and mutated CcoP are superimposed in

panels as indicated.

A) Reduced spectra of purified H42A (red trace) and purified CcoP (black
trace).

B) Reduced spectra of purified H42C (green trace) and purified CcoP (black
trace).

C) Reduced spectra of purified H42M (blue trace) and purified CcoP (black
trace).

D) Overlay of purified reduced CcoP (black trace), H42A (red trace), H42C

(green trace) and H42M (blue trace).

All samples were in 20 mM Tris-HCI, 50 uM EDTA, 0.02% DM, pH 8. All
samples were reduced with Sodium Dithionite. The insert shows a close up of
the a and B regions with peaks at 550 nm and 521 nm respectively A slight
shift of the Soret band from 408 nm to 417 nm can be observed upon

reduction. The spectra were recorded at room temperature.
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4.2.4 Mediated Redox Potentiometry

Mediated redox potentiometry of CcoP demonstratedl dne of the twa-type hemes in
this di-heme subunit has a high midpoint redox ipita (+ 188 mV) and one has a low
midpoint redox potential (- 15 mV). The ligandoodinating the hemes have a significant
influence on the midpoint redox potential of themlee and redox potentiometry can be
employed to probe and compare any ligand changagnotein (Moorest al. 1986). The
consequences of mutating the proposed distal ligartie low potential heme in CcoP,
was therefore further characterized using redoxerm@metry. Mediated redox
potentiometric titrations were carried out using tmethods previously described in

materials and methods (Chapter 2, Section 2.8.1).

The midpoint redox potentials of each strain akegiin Table 4.3 and the Nernstian fits
of the titration data are shown in Fig. 4.7. Theéeptiometric titration data indicates only
small variations between the midpoint redox poterdf the high midpoint redox potential
heme in CcoP and the three mutants, H42A, H42CHtRM. Mediated redox titrations
of H42A and H42M estimated oreetype heme to have a high midpoint redox potential
and the othec-type heme to have a low midpoint redox potentehh. In contrast, bott

type hemes in H42C have high midpoint redox poadsti

The titration curve fit for the high midpoint redgotential heme in H42A (Fig. 4.7A)
resembles CcoP. Moreover, the high potential hemd4@A (+185 mV) has a similar
midpoint redox potential to CcoP suggesting nougison to the high midpoint redox
potential heme had occurred as a result of the tonta The titration curve for H42C is
steeper than CcoP and reveals a midpoint redoxpaltdor the high potential heme of
+176 mV, 9 mV less than the high potential hemeCecoP. The mediated redox
potentiometry data can be fitted with a single congntn = 1 equation (Fig.4.7B). This

experimental data therefore suggests that the datype hemes in H42C have similar
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potentials and botlk type hemes in this mutant become reduced togethas possible
that only one heme is present, in H42C, possibdyhigh midpoint redox potential heme
and the low midpoint redox potential heme was af@dy the mutagenesis. However, the
absorbance change observed indkHeand during the redox titration suggests the prase
of two low spinc-type hemes. The Nernstian fit for the H42M mutenslightly right
shifted from that of CcoP, reflected in the highadpoint redox potential of + 190 mV,

for the high potential component.

The midpoint redox potential of the high midpoiatiox potential heme in CcoP differed
by no more than 5 % in the mutated strains compirécicoP. The effects on individual
heme reduction potentials are complex therefores itlifficult to make any definitive

conclusions. However, these results suggest tkatitth midpoint redox potential heme in

the CcoP mutants is stable and the heme ligandaimechunaltered.

Strain Redox Potential of high | Redox Potential of low
midpoint redox potential | midpoint redox potentia
heme (mV) heme (mV)
CcoP +188+12 -15+4
H42A +185+10 +25+8
H42C + 176 +49 + 174 + 40
H42M +190+£5 +40+ 10

Table 4.3 Redox potentials of high and low midpoint redox potential hemes in
CcoP, H42A, H42C and H42M determined from reductive potentiometric titrations.

Conditions were as outlined previously (Chapter 2, Section 2.8.1).

In CcoP, the low potential heme has His/His hemation and it is proposed that His 42 is

the distal ligand to this low potential heme. bmgarison to the midpoint redox potential
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of the high potential heme, the mediated redoxmi@tkof the low potential heme differs
significantly in mutated CcoP to CcoP. The potdrdfahe low potential heme differs by
more than 50% for all three mutant$he Nernstian curve fit for the low midpoint redo
potential heme in H42A indicates a redox poterdfal 25 + 8 mV. The redox titration
curve is shifted by approximately + 39 mV compatedhat of CcoP, which has a low
midpoint redox potential of -15 mV. As previousliscussed the titration curve for the
H42C mutant is sharper than that observed for GoulPthe other mutants. The Nernst
curve resulting from the titration of H42C suggeist both hemes are titrating together
and this is reflected in the potentials of the hermre H42C, which differs to the low
midpoint redox potential heme in CcoP by + 188 rA\lecrease in the reduction potential
of the low potential heme would be expected in\haant H42C if His42 is the distal

ligand to the low potential heme.

The midpoint redox potential of the low midpoindox potential heme in the mutant
H42M is shifted positively and differs to CcoP by54 mV. The midpoint potential
differences observed in the low potential hemehefrhutants compared to CcoP correlate
with the mutated amino acid residue, His 42, bénegdistal ligand to this heme. It would
be expected that the low midpoint redox potentehl of the variant H42M would shift to
a more significantly positive potential, consistevith the role of this ligand as a good
electron acceptor (Moore and Pettigrew 1990). Te rhidpoint redox potential heme is
however, likely to be influenced by the high midporedox potential His/His ligated

heme, the heme pocket and the other surroundingoaatid residues.
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FIG. 4.7 Reductive titrations of Mutated CcoP. The titrations of H42A, H42C and H42M
were performed using the conditions outlined previously. Values obtained for Asso-Asgo (i.€.
the absorbance of the Ayax wavelength for reduced c-heme minus the absorbance at an

isosbestic point) were plotted as a function of potential.

(A) The black trace represents the theoretical Nernst curve for the two electron
reduction of H42A. The curve was fit with two n = 1 Nernstian curves centred at +185 mV
and + 25 mV assuming one heme contributes 69% and the second heme contributes 31%
to the absorbance change in the a-band maximum in the spectrum. r? value = 0.9935

The red trace represents the theoretical fit of H42A with one n = 1 Nernstian equation with
midpoint potentials centred at + 168 mV for both hemes. r? value = 0.9411

(B) The black trace represents the theoretical Nernst curve for the two electron
reduction of H42C. The curve was fit with two n = 1 Nernstian curves centred at + 176 mV
and + 174 mV assuming each heme contributes 50% to the absorbance change in the a-
band maximum in the spectrum. r” value = 0.9946

The green trace represents the theoretical fit of H42C with one n = 1 Nernstian equation
with midpoint potentials centred at + 180 mV for both hemes. 1 value = 0.9932

(©) The black trace represents the theoretical Nernst curve for the two electron
reduction of H42M. The curve was fit with two n = 1 Nernstian curves centred at + 190 mV
and + 40 mV assuming one heme contributes 72% and the second heme contributes 28%
to the absorbance change in the a-band maximum in the spectrum. 1 value = 0.9895

The blue trace represents the theoretical fit of H42M with one n = 1 Nernstian equation
with midpoint potentials centred at + 195 mV for both hemes. r? value = 0.8507

(D) Overlay of redox potentiometry fits of CcoP (Black trace), H42A (red trace), H42C

(green trace), H42M (blue trace)
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To analyze the redox titrations it was necessasyrtuilate the data theoretically, assuming
Nernstian behavior. As with CcoP the data was fibhwwo n = 1 Nernst equations. There
was, however, discontinuity in the Nernst fit oéttitration data for H42A and H42M in
the + 125 mV to — 100 mV range. The data was tbesefalso fitted using one = 1
Nernstian fit as shown in Fig. 4.7 (A and C respety). If a protein with two redox
centres have similar potentials the experimentt dan be fitted with a single component
n = 1 equation despite the transfer of two elect(@gton 1978). However, if these redox
centres are well spaced, the data must be fittddtwion = 1 Nernst equations. The fit of
the data using only one = 1 Nernstian equation was also unsatisfactory iangas
therefore assumed that disruption to the low midpmdox potential heme in the mutant
strains, H42A and H42M accounted for any discoritynn the Nernstian fits using two

= 1 Nernstian equations. The midpoint redox potémt the low potentiat-type heme in
mutated CcoP differed to CcoP and differencesenpiblarity of the substituted amino acid
residues is not enough to account for the variationredox potential of the low redox
potential heme (Mauk 1997). The results of the iuedi redox potentiometry therefore

suggest that His 42 is the distal ligand to the inigpoint potential heme.

4.2.5 CO Binding Studies

As previously discussed, tlwbbz subunit, CcoP binds the exogenous ligand, CO (téhap
3, Section 3.2.4). It is proposed that the disgdrid to the low midpoint redox potential
heme in CcoP displaces to bind CO. CO binding inFCeariants in which the proposed

distal ligand had been mutated was therefore iryagsd.

The effect of CO binding to fully reduced CcoP madily seen in the UV-visible
spectroscopy (Chapter 3, Section 3.2.4.). Uponibgn@CO the Soret band shifts from
417 nm to the shorter wavelength, 415 nm. The balsd increases in intensity in

comparison to the fully reduced state. The increddbe absorption intensity in the Soret
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band is coupled with a decrease in the intensitshef, andp} bands. Fig. 4.8 shows the
reduced spectrum of the CcoP mutants (black tracé)he CO bound spectrum (coloured
trace). The UV-visible spectra of CO bound mutaBmP shows that all of the mutants
bind the exogenous ligand CO as indicated by arease in the Soret band, a shift from

417 nm to 415 nm and a decrease in the intensttyeaf andp bands can be observed.

It was hypothesized that the alanine mutant, HA28yld bind CO as mutation of His42 to
an alanine would create a five-coordinated hemwgesihe distal ligand site would be
vacant. However, from the oxidized and reduced M¥ible spectroscopy of this mutant,
it was concluded that the low midpoint redox patnheme in H42A remained six
coordinate. Binding of CO to one of the hemes #2H therefore suggests that CO

displaces the distal ligand to the heme, as israbdan CcoP (Chapter 3, Section 3.2.4).

The choice of cysteine and methionine as substitibe His 42 was based on the
assumption that the cysteine and methionine residplacements would create a strong
bond to the heme iron, which would not be displabgdan exogenous ligand. It was
therefore surprising that the CcoP variants, H48@ H42M bound CO. It is possible,
however, that the residue replacing the histidorens a weak bond with the heme, which
is readily displaced by an exogenous ligand asrgbden the heme sensor prot&oDos
(Gonzalezt al. 2002). It should also be considered, however, 2 residue is not the
distal ligand to the low midpoint redox potentianme in CcoP. Therefore, CO binding
would still be observed in all the CcoP variant$S&M would not have altered the ligands

to the low potential heme.
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FIG. 4.8 UV-Visible absorption spectra of fully reduced H42A (A), H42C (B) and

H42M (C) prior to and after the additions of CO

Panels A-C: The proteins are in 20 mM Tris-HCI pH 8, 50 uM EDTA, 0.02% DM.
After the addition of excess sodium dithionite, the reduced spectrum was recorded
(black trace). Following the addition of 1 mM CO (coloured trace) the spectra
clearly show a shift of the Soret band from 417 nm to 415 nm and an increase in
intensity. The insert in each panel shows a close up of the a and B regions of
reduced mutated CcoP (black trace) and reduced mutated CcoP plus CO
(coloured trace) with peaks at 550 nm and 521 nm respectively. Upon binding of
CO a decrease in the a and B bands is observed. The spectra were recorded at

room temperature.

(D) CO difference spectrum (reduced plus CO minus reduced) of CcoP

(Black trace), H42A (Red trace), H42C (Green trace) and H42M (Blue trace).
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The CcoP variants H42A, H42C and H42M, all bind éxegenous ligand CO. The CO
bound difference spectra of the CcoP mutants in£BD, demonstrates however that the
mutants bind CO to different extents. The diffeesican be observed by the variations in
the height of the Soret band and the troughs atr880(Wood 1984). The difference
spectra therefore suggest that the distal cooldimaites of the heme that binds CO differ
in CcoP and the CcoP variants. The CO binding ptseof the low midpoint redox

potential heme in CcoP and the variants were thexefvestigated further.

Soichiometry of CO binding to CcoP

The dissociation constant {Kgives an experimental determined value for thiaiaf of a
ligand for the receptor.e. how tightly a ligand binds to a specific prote&.decreased
affinity of the receptor (the low midpoint redoxtpntial heme) for an exogenous ligand is
largely associated with steric interactions at lleene coordination site (Antonini 1971).
To investigate the affinity of the low midpoint @dpotential heme in CcoP for CO the
change in the intensity of the Soret band relatové¢he concentration of CO added was

monitored. Using this technique the dissociationstant (ky) could be determined.

To estimate the Kfor the binding of CO to CcoP, the change in abaonce of the Soret
band at 415 nm monitored following consecutive adds of aliquots of CO equilibrated
buffer (1 mM) to the fully reduced enzyme was moratl. Additions of CO saturated
buffer were made until no further change in absonpvas observed when it was assumed
that saturation of the receptor, the low midpoadax potential heme, had been achieved.
Fig. 4.8A shows the absorbance maximum of the Smaat at 415 nm and absorbance
minimum at 428 nm observed when CO binds to therddpoint redox potentiat-type
heme in CcoP. The observed absorbance changeplffeved maximum at 4 minus
the observed minimum ats4) was recorded after complete formation of the @duat.

The absorbance change was normalized to the fractibound CO (fractional saturation)
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and plotted as a function of CO concentration (Bi§B). The experimental data yielded a

dissociation constant ¢Kof 1.1 x 16° M for CcoP.

The spectral changes observed in CcoP, which wesecated with CO binding, were
only fully developed when botbtype hemes were fully reduced with dithionite. S8
consistent with CO binding only to the low midpopdtential heme, as was also observed

previously by Pitcheet. al. (Pitcheret al. 2003).

Fitting the experimental yielded ay#f 1.1 x 10° M for CO binding to CcoP Fig. 4.9B).
This result is comparable to the result obtainecvipusly by Pitcheret.al.,
(Kq =2.2 x 10° M) (Pitcheret al. 2003). The interaction of CcoP with CO reflects High

affinity of CcoP for CO, an analogue of both &d NO.

It was speculated that SDM of the proposed digjahd in CcoP would affect the affinity
between an exogenous ligand and the protein. T@edSsociation rate of the CcoP
variants was investigated to highlight any diffexes in the affinity of CcoP and CcoP

variants for the exogenous ligand CO.
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FIG. 4.9 Optical Changes observed during the CO titration of ferrous CcoP.

(A) The enzyme concentration was 2 pM in 20 mM Tris HCI, 50 uM EDTA,
0.02% DM, pH 8. The enzyme was reduced in a quartz cuvette by the
addition of excessive sodium dithionite under anaerobic conditions. The
cuvette was sealed with a rubber septum. Absorption at 415 nm was
recorded after CO was added incrementally to the sample cuvette from a
concentrated stock solution (1 mM) of CO equilibrated buffer (20 mM Tris
HCIl, 50 uM EDTA, pH 8). The concentration of CO added at each
increment is recorded in the figure legend. Following complete formation of
the CO adduct (10 minutes) a new spectrum was recorded. The observed
absorbance change, (the observed maximum at A4;5 minus the observed
minimum at Ajg) was recorded. All spectra were recorded at room
temperature. Each measurement was repeated in triplicate

(B) CO saturation curve of CcoP monitored at 415 nm. The fractional saturation
(Y) is the ratio of the observed Aj;s to the observed maximum Ay;s recorded
after complete formation of the CO adduct. The fractional saturation was

plotted as a function of the total CO concentration.
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The CO dissociation constants of CcoP and the euitstrains are as shown in Table 4.4.
The CcoP variant, H42A, vielded a i6f 1.2 x 10° M that does not differ from the K
yielded for CcoP (Table 4.4). This result therefeuggests that the binding of CO to
H42A did not differ to the binding of CO to CcoRhe binding of CO to H42C yielded a
Kgq of 1.35 x 16 M, which was weaker compared to CcoP. Surprisinglg binding of
CO to the methionine-substituted CcoP variant, H4giélded a k of 0.67 x 1 M. The
result therefore suggests that the binding of C@hé¢olow midpoint redox potential heme
H42M was stronger than to the heme of CcoP. Tlezlay of all the saturation curve of
all the mutants and CcoP demonstrates the smalbliserved differences in CO binding

(Fig. 4.10).

Strain Dissociation Constant (M)
CcoP 1.1 x 18+ 0.03 x 10°
H42A 1.2x 10 +0.05 x 10°
H42C 1.35 x 10+ 0.11 x 1¢°
H42M 0.67 x 10 +0.23 x 10

Table 4.4 Dissociation constants (Kq) of the binding of CO to CcoP, H42A, H42C

and H42M
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FIG. 4.10 CO saturation curves of CcoP and mutated CcoP

The enzymes were reduced in a quartz cuvette by the addition of excessive
sodium dithionite under anaerobic conditions. The cuvette was sealed with a
rubber septum. Absorption at 415 nm was recorded after CO was added
incrementally to the sample cuvette from a concentrated stock solution (1 mM) of
CO equilibrated buffer (20 mM Tris HCI pH 8, 50 uM EDTA). 10 minutes after each
addition a new spectrum was recorded. The fractional saturation (Y) is the ratio of
the observed As5 to the observed maximum Ajs recorded after complete
formation of the CO adduct. The fractional saturation of each protein was plotted
as a function of the total CO concentration. The strains analyzed were CcoP (black
trace), AC1 (red trace), AC2 (green trace) and AC3 (blue trace). All spectra were

recorded at room temperature. Each measurement was repeated in triplicate
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It has been hypothesized that CO binds to CcoBviiillg displacement of the distal ligand
(Pitcheret al. 2003). The experimentally determineq ®r the binding of CO to the
mutants H42A, H42C and H42M do not differ signihdg to the Ky for the binding of CO

to CcoP. These results therefore suggest thatasignilo CcoP, CO binding to the CcoP
variants is preceded by displacement of the dikt@nd to the low midpoint redox
potential heme. It is suggested that in CcoP, ihglated distal ligand stabilizes the bound
CO. As previously discussed, it was expected thatH42A mutant would yield a 5C
heme, which would not bind CO since there wouldhbelisplaced distal ligand present to
stabilise the bound CO. It was also hypothesibatl &s a cysteine ligated to a heme can
not be displaced easily by an exogenous ligandGhaP mutant strain would not bind CO
(Antonini 1971). In the mutant strain H42M it istnclear however if the distal ligand,
possibly methionine, stabilized the exogenous ligamce it had been displaced by the CO.
This would be similar to the CO binding mechanisbsaerved in the sensory protein,
EcDos. The distal methionine ligand to thetype heme inEcDos is displaced by the
exogenous ligand, CO and the displaced methionatglizes the CO once it is bound to
the heme (Gonzaleet al. 2002). It is hypothesized that a similar bindingamanism
occurs in H42M and the displaced methionine ligatabilizes the exogenous ligand, CO,

therefore maintaining the tight binding

Amino acid side chains closely surround the active of heme proteins in a manner that
provides steric hindrance to entering ligands a afinities in hemes are affected by
structural change (Antonini 1971; Traylor 1981)n& no change in the affinity for CO
has been observed in the mutant strains comparéddb, it is, reasonable to suggest that
mutation of the proposed distal ligand to the l@dax potential heme in CcoP did no

affect the structure of the heme.
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4.2.6 Comparative EPR Spectroscopy of CcoP variants

The results presented thus far do not support spetlithe suggestion that His42 is the
distal ligand to the low midpoint redox potentignhe in thecbbs subunit CcoP. Mediated
redox potentiometry of CcoP variants indicates thatlow midpoint redox potential heme
of H42A, H42C and H42M, differs to the equivalemnte in CcoP (Section 4.2.4). The
redox potentiometry result therefore suggests d¢hat of the ligands to the low midpoint
redox potential heme in the CcoP variants differstite ligand in CcoP. In contrast,
however, the CO binding observed in the CcoP vtmigsm comparable to CO binding
observed in CcoP (Section 4.2.5). Contradicting tedox potentiometry results, the
observed CO binding suggests that the distal liganthe low midpoint redox potential

heme in the CcoP variants does not differ to tiseatlligand in CcoP.

Electron paramagnetic resonance is a spectrostaghaique in which the ligation state of
the heme gives rise to specific signals. The sifprathe high potential His/His ligated
heme in CcoP can be observed in the EPR spec&ralasnbic trio. The signal for the low
potential heme with proposed His/His ligation isaccounted for in the EPR spectra
(Chapter 3, Section 3.2.5). EPR spectroscopy wed tes probe the ligation states of the

two hemes in the CcoP variants.

The X-band EPR spectra of the fully oxidized Ccafiants, H42A, H42C and H42M
shows two low spin rhombic species (Fig. 4.11).e Thhombic trio, withg values of 2.99,

2.25 and 1.53 can be observed in the EPR spectedl ¢fie mutants. The equivalent
rhombic trio was previously assigned to the highipoint redox potential His/His ligated
heme observed in CcoP and tr-CcoP (Chapter 3 %e@i@.5). Mediated redox
potentiometry of the CcoP variants suggested tlatitgh midpoint redox potential heme
in all the mutants had not been affected by SDMctiSe 4.2.4). The EPR spectra of

H42A, H42C and H42M confirm that SDM of His 42 dasst affect the high midpoint
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redox potential heme. The concentration of the isgegiving rise to the low-spin ferric
rhombic triog = 2.99, 2.25 and 1.53 in the EPR spectrum of H4Z#& estimated by
integration of they, feature ¢ = 2.99) using 1 mM Cu (Il) EDTA as a spin standarde
results indicated that the species giving risehte d, feature accounts fara. 50% of the
total low-spin heme in the EPR absorption spectritncan therefore be concluded that the
rhombic trio, 2.99, 2.25 and 1.53 accounts for lmwespin heme in H42A. It is assumed
that theg = 2.99 feature also accounts for one low spin hientiee EPR spectrum of H42C

and H42M.

The second low spin rhombic trio observed in th&EBPectrum of the CcoP variants lgas

values of 2.43, 2.25 and 1.93. This trio of signa consistent with a heme with
His/Hydroxide ligation (Moore and Pettigrew 199B)om the intensity of the signals, the
contribution of the his/hydroxide low spin specdiffers in each of the mutants. The
signals are likely to arise from a heme or hemeshich one of the ligands has become
detached or damaged possibly as a result of reduaeslation of the sequence by the cell
in the initial grow up stage of the strain (Wallsaed Clark-Lewis 1992). Despite being
present in the spectra of all the mutants, thisntho trio (2.43, 2.25 and 1.93) probably
accounts for only a small proportion of the prepama which has been damaged
(Cheesman 2006). Interestingly, however, the psen a His/OHligated heme would

explain the observation that all the CcoP mutaintd €O, as the hydroxide ligand of a

six-coordinated heme would be easily displacedrbgxgenous ligand.
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FIG. 4.11 X-band EPR of H42A (A), H42C (B) and H42M (C). The enzymes were in 20
mM Tris-HCI pH 8, 50 yM EDTA, 0.02%DM and were fully oxidized with Potassium
Ferricyanide. The spectra were recorded at 15 K, using 2 mW of microwave power, and 1
mT modulation amplitude. The g-values of features indicated are discussed in the text and

in relation to the EPR spectra of CcoP and tr-CcoP (Section 3.2.5).
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Features neag = 6,9 = 4.3 andg = 2 observed in the spectra of all the mutants sgmie
minor amounts of high-spin ferric heme, small antswfi free Fe(lll), and small amounts
of Cu(ll) respectively. These features represeralisquantities of each species in terms of

enzyme concentrations.

The EPR spectra of the CcoP variants show the rloinb of the high potential his/his
ligated heme, however the spectrum of each vashotv differences and a signal for the
mutated heme can not be conclusively accountedTioe. EPR spectrum of H42C was
surprising, as a signal correlating to a heme Wiik/Cys ligation was not observed.
Recall however, that the His/His signal for the lminpoint redox potential heme was not
observed in the EPR spectrum of CcoP (Chapter @dbe3.2.5). In a similar scenario to
that hypothesized in CcoP, the high and low midpmdox potential hemes of the CcoP
variants may be spin-coupled, therefore explaitimegpopulation of low spin heme that is
unaccounted for in the mutants. The coupling of hemes creates an EPR silent species
(Cheesmaret al. 1998; Cheesman 2006). As previously discussedsthypothesized that
the low redox potential heme, in CcoP, would becdive-coordinate upon mutation of
His 42 to an alanine residue. The EPR spectrum4#AHshows no obvious high spin
feature. The EPR result confirms the interpretatbérthe UV-visible spectrum, which

suggests that H42A, unexpectedly contains two ljow Beme species.

The EPR spectrum of H42M is dominated by the high signal ¢ = 6) which is large in

comparison to the rhombic signals. The lagge 6 feature impedes the visualization of
other signals in the spectrum. However, the heajtihe signal does not correspond to a
large contribution from a high spin species andpbdy only accounts for approximately
10% of the total enzyme (Cheesmanal. 1998; Cheesman 2006). The UV-visible
spectroscopy of H42M does not indicate that thi@Rwariant contains a high spin

species, therefore corresponding with the EPR gjpact
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On further study of thg = 2.99 feature in the EPR spectrum of H42M a braadedying
signal is visible to the left of the peak as intikchby the red arrow (Fig. 4.11). This signal
atg = 3.51 can be assigned as thdeature of a low-spin heme with histidine-methrami
ligands. A similar feature was observed in tr-Ccefjch has one heme with His/His
ligation and one heme with His/Met ligation (Cha@eSections 3.2.5 and 6). The higih
value of the signal together with the asymmetrstape suggests that it is one component
of a rhombic trio, in which two of thg, andgy features are below 2 and not easily detected
(Cheesmaret al. 1998). This leads overall to a broad “laggex’ type EPR spectrum. In
the UV-Visible spectrum of H42M a CT band at 695was not observed. A 695 nm CT
band is characteristic of a low intensity ligandmetal charge transfer transition that is
present when a low spin ferric heme possessesaat lene of the sulphur ligands
methionine or cysteine (Moore and Pettigrew 1990 absence of this CT band in the
H42M UV-visible spectrum is not however concluspeof that one of the hemes in this

mutant is not His/Met ligated (Moore and Pettigre290).

Despite this observed difference in the EPR spettof H42M, there were no
distinguishable differences in the EPR spectrunt42A and H42C compared to CcoP.
The suggestion that His 42 is not the displaceéigknd to the low midpoint redox
potential heme in CcoP, would account for no obsgmdifferences in the EPR spectra of
the mutants and should therefore be considereddurtThe distal ligand to atype heme

is commonly a histidine or a methionine residueyéwer the residues lysine and Arginine
are regarded as potential alternatives (Moore attigiew 1990; Cheesman 2006). Hemes
with lysine or histidine ligation both present antdebetween 1480 - 1585 nm in LT MCD
spectra. In CcoP, the 1585 nm band observed iMBP spectra was assigned to a heme
with His/His ligation (Chapter 3, Section 3.2.6)id proposed that hemes with Arginine
ligation also present a band at ~ 1585 nm howadtierg is little evidence to support this

proposal (Cheesman 2006). In the sequence alignofettie CcoP subunit there is one
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fully conserved lysine residue, K24R. (Sutzeri numbering), however, the EPR of amine-
bound hemes is unique in shape and position andE®iR® spectrum of CcoP is not
consistent with a heme lysine ligation (ChapteiS8¢tion 3.2.5) (Moore and Pettigrew
1990). A semi conserved Arginine, R98. @utzeri numbering) is also observed in the
sequence alignment of the CcoP subunit. Howevenijasily to the EPR signal of amine

bound hemes, the EPR spectrum of a His/Arg ligaede is distinct and is not observed

in the EPR spectrum of CcoP (Chapter 3, SectiobB.2

The EPR spectra of the CcoP mutants raise a nuohlbgmpotheses but do not suggest any
conclusions to the identity of the displaceablaaliBgand to the low potential heme in

CcoP.

4.3 Conclusions

Previous investigations of thebbs oxidase subunit, CcoP, indicated that the tmype
hemes in CcoP were His/His ligated (Chapter 3).cB&mical characterization of the
soluble form of CcoP, tr-CcoP, shows that upontaeieof the conserved histidine, His 42,
the distal ligand to the low midpoint redox potahtieme was replaced by a methionine
and did not bind the exogenous ligand, CO (ChapteBased on these results, the role of
His 42 was investigated considering the hypoth#®s His 42 is the distal ligand to the
low midpoint redox potential heme in CcoP. Bioclheah methods were used to
investigate CcoP variants in which the residue #iswas substituted for an alanine,

cysteine or a methionine.

UV-Visible spectroscopy indicated that all tbéype hemes of the CcoP variants, H42A,
H42C and H42M, were six-coordinate and low spin,olserved in the UV-Visible
spectrum of CcoP. The mediated midpoint potemtighe low redox potential heme in

each of the mutant strains however differed to CaolB to each other. These results
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suggested that the point mutations in the Ccopamgsidisrupted either the coordinating
ligands to the heme centre or the amino acids enhttme environment. Based on the
mediated redox titrations it was concluded thatatioh and subsequent replacement of
His 42 affects the low redox potential heme in CcBRperimental results indicated that
the low potential heme of all the CcoP variants fabithe exogenous ligand CO,
suggesting, despite the differing redox potentidlthe low potential heme, that SDM had
not affected the distal ligand to the low redox gmttal heme. Moreover, EPR
spectroscopy of the CcoP variants H42A and H42Cs do® indicate any significant

differences compared to the EPR spectrum of CcoP.

The experimental results presented here suggedsthiamino acid residue His 42 is not
the distal ligand to the low potential heme in Cc®Re identity of the displaceable distal
ligand to the low midpoint redox potential hemeGooP has not therefore been resolved;

however, this should be the goal of a future study.
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5.1 Introduction

They-Proteobacteria?. aeruginosa, P. putida, P. fluorescens andP. stutzeri have tandem
ccoNOQP operongStoveret al. 2000; Nelsoret al. 2002; Moraleset al. 2006; Paulsest

al. 2005; Yanet al. 2008). In the bacterial pathogeR, aeruginosa the operons,
ccoNOQP-1 andccoNOQP-2 encode thebbs; oxidase and are thus designateds;-1 and
cbbs-2 (Fig. 5.1) (Stoveet al. 2000; Comolli and Donohue 2004). The functionghef
two cbbs oxidases have not been clearly defined, howewdepandent roles have been

suggested (Comolli and Donohue 2004).

In bacterialcbb; oxidases, expression is maximal under oxygenikhigriconditions (Batut
et al.,, 1989; Fischer, 1994; Swem et al., 2001)dddnaerobic conditions increased
expression of th&. aeruginosa cytochromecbbs-1 oxidase has been observed (Comolli
and Donohue 2004; Alvarez-Ortega and Harwood 20&xpression of thebbs-1 oxidase
does not increase or decrease significantly dummgwth under micro-aerophillic
conditions (Comolli and Donohue 2004; Alvarez-Odaemnd Harwood 2007). Expression
of the cbbs-1 oxidase gene does, however, decrease undet atreerobic growth
conditions (Alvarez-Ortega and Harwood 2007). Theeovation that th®. aeruginosa
cbbs-1 oxidase is expressed primarily under aerobicditmms, but also under semi-
aerobic conditions suggests that this organismepgred to cope with, and take advantage
of sudden drops in oxygen without first having tount a transcriptionally directed low

oxygen response (Alvarez-Ortega and Harwood 2007).

In contrast, thecbbs-2 oxidase more closely resembles the canordolad-type oxidase.
Expression of thebbs-2 oxidase is increased in cells grown under sesrofzic/anaerobic
conditions (Comolli and Donohue 2004; Alvarez-Ogegnd Harwood 2007). It is

therefore hypothesized, that the tRoaeruginosa cbb; oxidases differ in their respiratory
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and regulatory functions. Thabbs-1 oxidase plays a role under aerobic conditiortstan

cbbs-2 oxidase plays a role under semi-aerobic condtio

Evidence indicates that the twabbs operons are independently regulated from distinct
promoters (Comolli and Donohue 2004). This is ngpssing, considering that the two
ccoNOQP operons ofP. aeruginosa are differentially expressed in response to oxygen
limitation. In the bacterial specids coli the transcriptional regulator FNR responds to
variations in cellular oxygen status by activatmgrepressing expression of respiratory
enzymes (Craclet al. 2007). An FNR homologue, ANR, is presentRn aeruginosa
(Vollack et al. 1998). As discussed previously, the global trapton factor, ANR,
regulates the transcription of genes that encode efizymes required for energy
conservation under anaerobic and low oxygen candit(Section 1.8) (Ray and Williams
1997; Vollacket al. 1998). A consensus binding site for ANR (TTGAT-RFCAA) has
been recognized in the region surrounding the trgoteon initiation point forccoNOQP-2
(Comolli and Donohue 2004). It is therefore notpsising thatP. aeruginosa cells
defective in, or lackinganr, demonstrated reduced expressionccdNOQP-2 under
aerobic and anaerobic conditions (Comolli and DareoR004). In contrast, expression of
ccoNOQP-1 in the samanr mutant remained unchanged in both aerobic and sermbic
conditions relative to the level @oNOQP-1 in wild-type cells (Comolli and Donohue
2004; Alvarez-Ortega and Harwood 2007). The redbksefore suggest thatoNOQP-2

is regulated using the FNR family member, ANR, ¢mtcol its induction under oxygen
limitation and the mechanisms influencing toteNOQP-1 promoter appears to be distinct
from ccoNOQP-2. (Comolli and Donohue 2004). The regulator o tibs-1 oxidase
remains unclear, however other regulators respgndin oxygen or other signals in
P. aeruginosa have been recognized, for example the RoxRS systendiscussed

previously (Chapter 1, Section 1.8) (Comolli andnbDloue 2004; Alvarez-Ortega and
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Harwood 2007; Ugidost al. 2008). These regulators respond to the signalbaiid the

appropriate electron transport chain for the pilexgaconditions.

Despite the specific roles proposed for thb; isozymes the predicted subunitscbbs-1
andcbbs-2 in P. aeruginosa share 82% amino acid identity (Table 5.1). Theeelanited
differences in the CcoN, CcoO and CcoQ subunitsclif;-1 and cbbs-2 scattered
throughout the protein, but localized regions ahdivergence are apparent in the CcoP
subunits. The similarities between thab; isozymes fronP. stutzeri and P. aeruginosa
suggest that the use of the non pathogéhistutzeri (Chapter 3 and 4) as a model

organism substitute for the pathogeRi@eruginosa is reasonable.

Organism Organism Similarity (%)
P. aeruginosa cbbs-1 | P. aeruginosa cbbs-2 82
P. aeruginosa cbbs-1 P. stutzeri cbbs-1 83
P. aeruginosa cbbs-2 P. stutzeri cbbs-2 79
P. aeruginosa cbbs-2 P. stutzeri cbbs-1 79
P. stutzeri cbbs-1 P. stutzeri cbbs-2 82
P. aeruginosa cbbs-1 P. stutzeri cbbs-2 83

Table 5.1 Amino Acid similarity of P. stutzeri cbbs-1 and cbbs-2 and P. aeruginosa
cbbs-1 and cbbs-2. The amino acid sequence data of P. aeruginosa and P. stutzeri
were obtained from the KEGG (Kyoto Encyclopedia of Genes and Genomes)

database for comparison.

The biochemistry o€bbs-1 andcbbs-2 is poorly understood however it would appeat tha
the two isoforms of thebb; oxidase have specialised roles under differenvaiiag
oxygen levels (Comolli and Donohue 2004; Williastsl. 2007). To investigate the roles

of the two P. aeruginosa enzymescbbs-1 and cbbs-2, P. aeruginosa strains with
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disruptions in the locus encodirapbs-1 (Ccol.l),cbbs-2 (Cco2.2), bothcbbs oxidases
(CcaAl) or theaas oxidase (Cox\1) were created (Comolli and Donohue 2004) (Fig).5.
Wild-type and mutatedP. aeruginosa strains were phenotypically characterized and the
oxidase activity of each strain grown under aeradmcd semi-aerobic conditions was

investigated.
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A Strain Genotype
WT WiId type P. aeruginosa PAK
Ccol.1 PAK derivative, inrame deletion in cbb,-1
Coo2.2 PAK derivative, inframe deletionin dob;-2
CcoAl PAK derivative, inframe deletion cbb,-1
and cbb;-2
CoxAl PAK derivative, inHrame deletion aa,

154

ccoPl  QlocoOl  cooNL ccoP2 . Q2ccoO2  ccoN2

Cecol.l Cco2.2
CeoAl

FIG. 5.1 (A) Nomenclature used for the description of strains used in this study.

(B) Map of the P. aeruginosa locus that contains two adjacent ccoNOQP operons
ccoNOQP-1 and ccoNOQP-2. The regions deleted in creation of mutant strains
lacking cbbs-1 (Ccol.l), cbbs-2 (Cco2.2) or both cbbs oxidases (CcoAl) are
indicated. The deletion construct CoxAl lacks the cytochrome c oxidase aas only
and both ccoNOQP operons are present in the construct (Adapted from (Comolli

and Donohue, 2004).
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5.2 Results and Discussion

5.2.1 Growth in batch culture under different oxygegimes

All the P. aeruginosa strains were grown in asparagine medium, in whiehcarbon and
nitrogen source, asparagine, is utilised for grooththe organism (Urbaret al. 2001).
Expression and growth of each of the strains, mediin Fig. 5.1A, were investigated
under aerobic and anaerobic conditions. Aerobiditmms were obtained by growing the
cells in 500 ml asparagine media in baffled flagds) with agitation at 250 rpm. Semi-
aerobic conditions were obtained by growing thdscel 1L asparagine media in un-
baffled flasks (2L) with agitation at 135 rpm. Wmdoth conditions, the cells were grown
to late exponential phase. To clarify the role ectty oxidase plays ifP. aeruginosa the
growth rates of the WT strain and the strains wigruptions in the locus encodicgbs-1
(Ccol.1),chbs-2 (Cco2.2), botltbb; enzymes (Cadl) and theaas enzyme (CoAl) were

compared under aerobic and semi aerobic conditieigs5.3).

In highly aerated cultures, the growth of eadin; oxidase strain was accelerated in
comparison to growth under semi aerobic conditi@ss,observed by an increased cell
density at the equivalent time points (Fig. 5.2jevibus evidence suggests that the
isozyme,cbbs-1 is primarily expressed under aerobic conditiand the isozymebbs-2 is
primarily expressed under semi aerobic conditio@ongolli and Donohue 2004).
However, the growth curves of the deletion mut&isel.1 and Cco2.2 shown in Fig. 5.2
demonstrate that under aerobic and semi aerobiditcmms the growth of each strain was
indistinguishable from each other. As expectedvener, the growth of these two mutants
was slightly slower than observed for WT under Emiconditions. An observed
difference in both strains under different condiovas expected. The growth rate of the
cbb; oxidase single mutantbbs-1 andcbbs-2 was slightly reduced but comparable to that
of WT suggesting that more than one oxidase is ldapaf sustaining microaerobic

growth. This observation is supported by a sinfitading by Alvarez-Ortegat. al. when
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the growth ofP. aeruginosa deletion strains was monitored under specific @ied
oxygen conditions (Alvarez-Ortega and Harwood 200hey demonstrated that any one
of the three terminal oxidaseshbs-1, cbbs-2 or CIO, thatP. aeruginosa encodes, support
microaerobic growth (Alvarez-Ortega and Harwood 200n comparison to the single
cbbs; mutants, the doublebbs-1 cbbs-2 mutant (Ccal) grew slower than the WT strain

under both aerobic and semi aerobic conditions.

The mutant strain lackingas, CoxAl, was the slowest growing strain under both aerobi
and semi aerobic conditions. In organisms othemn tRa aeruginosa, for example,

B. japonicum, theaag oxidase is primarily expressed under aerobic ¢ondi (Gabel and
Maier 1993). Theaas oxidase is conceivably the primary cytochrocnexidase expressed
by P. aeruginosa under aerobic conditions. Thabbs oxidases influence bacterial gene
expression in response to oxygen availability, iasu$sed previously (Chapter 1, Section
1.8) (Eraso and Kaplan 2000; @hal. 2000). Studies have shown that cytochrai is
less efficient at transducing energy than cytocle@as (Chapter 1, Section 1.7). By
controlling the expression of particular electromasfer components, especially terminal
oxidases, a bacterium constructs the most apptepekectron transport chain for the
prevailing environmental conditions (Poole and C@@KO0). It is therefore possible that
cytochromecbb; oxidase can not meet the cells energy requirenfentspid growth the

way aaz oxidase can.

In batch culture models manipulation of a changeafariables, for example oxygen or
nutrient concentration, cannot be divorced fromsggjoent changes in growth rate of the
bacterium. From the growth curves of tReaeuruginosa strains (Fig 5.2) the variable

oxygen conditions do appear to alter the growtk Htthe organism but this cannot be

described with certainty.
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FIG. 5.2 Growth curves of P. aeruginosa strain PAK (WT) and mutated PAK,
grown (A) aerobically and (B) semi aerobically. The coloured lines indicate the

different strains as referred to in the figure legend. The growth of cells was

monitored to an ODggo Of approx 0.5. Each point represents n = 3 + SE.

189




5.2.2 Expression of the two predictedaeruginosa cbb; oxidases

Each of the two adjacem. aeruginosa ccoNOQP operons, designatestoNOQP-1 and
ccoNOQP-2, encode the four canonicabbs; oxidase subunitscbbs-1 and cbbs-2
respectively, according to their order on the closame of thé>. aeruginosa strain PAO1
(Stoveret al. 2000). To assess the pattern of expression ointtigidual subunits in the

P. aeruginosa cbbs; oxidases, cells from aerobically and semi aerdlyiggown cultures
were separated by SDS-PAGE and stained for cowalbatund heme proteins (Fig. 5.3).
The CcoO and CcoP subunits of the talb; oxidases differ slightly in amino acid
compositions and therefore a variation in sizehef $ubunits can be observed using SDS-

PAGE (Fig. 5.4).

Membranes of th®. aeruginosa strain with a disruption in the locus encoding thbs-1
oxidase (Ccol.1l) show the band of CcoP2 (33.8 kba&glls grown under both aerobic
and semi aerobic conditions; however this is maasilg visualized in semi-aerobic
membranes. Membranes of tReaeruginosa strain with a disruption in the locus encoding
the cbbz-2 oxidase (Cco2.2) show the larger band of Ccdl6(kDa) in cells grown
under both aerobic and semi aerobic conditions;evewthis is more easily visualized in
aerobic membranes. Previously it was proposedetkatession o€bbs-1 is greatest under
aerobic conditions (Comolli and Donohue 2004; AézaOrtega and Harwood 2007). It
was therefore, anticipated that expression of theisit, CcoP1 would be greater when the
cells were grown in oxygenated conditions. In<gifown under both aerobic and semi
aerobic conditions the band of CcoP2 is also easslple by heme peroxidase analysis,
therefore suggesting that the abundance of CcoB2haoli vary under different growth
conditions, despite the observation by Conmllal. that expression of CcoP-2 was greater
under semi-aerobic conditions than aerobic conati@Comolli and Donohue 2004)he
observation by Comolkt al. corresponds with the prediction that expressiothetbbs-1

oxidase is greatest under aerobic conditions apdesgion of th&bbs-2 oxidase greatest
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under micro-aerobic conditions (Comolli and Donof2@04). Quantification through
heme peroxidase staining is not however a preedatque and SDS PAGE is recognized
as a qualitative method to separate proteins arwprd their electrophoretic mobility
(Scopes 1994). Limitations in SDS PAGE thereforg@l&r any minor discrepancies
observed between the results presented previoysBomolli et. al. and results presented

in this study (Comolli and Donohue 2004).

The c-type heme of the subunit CcoO can also be detected ime hperoxidase staining;
however, it co-migrates with the protein cytochromewhich is also 28 kDa in size.
(Fischeret al. 2001). As the CcoO subunit co-migrates with anotmwetein and the
predicted sizes of CcoO-1 and CcoO-2 are very dlosenot possible to resolve CcoO-1
and CcoO-2 by mobility on SDS-PAGE. It was not cleam SDS PAGE if the Ccol.1
and Cco2.2 strains showed a reduction in the lelv€lcoO compared to wild-type as was
previously observed (Comolli and Donohue 2004).féhaly et al. previously found that
the quantity of CcoO in the Proteobactdsigjaponicum is notable as a reporter dbbs
oxidase abundance as this subunit is requiredt&iilgy of the enzyme (Zufferey et al.,

1996).

In addition to the bands of the twetype cytochrome subunits of tlabbs oxidase fronP.
aeruginosa, two bands of molecular mass 28 and 20 kDa wese abserved by SDS
PAGE stained specifically for covalently attachezimes. These bands have previously
been observed inobbz rich membrane fractions frof. japonicum (Preisiget al. 1993)
Heme staining of membranes frombea mutant lacked the 28 kDa band, therefore, this
band was concluded to be cytochromefrom the bc; complex (Preisiget al. 1993;
Comolli and Donohue 2004). Interestingly the cytoche c; band is more prominent
under semi-aerobic conditions than aerobic conatio The 20 kDa band is the

cytochromecss,, a product of theycM gene (Bottet al. 1991; Fischeet al. 2001; Otteret
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al. 2001). Cytochromess; is a soluble cytochrome protein which catalyses electron
transfer from the cytochront®; complex to the terminal oxidase, cytochroaag (Bott et

al. 1991; Ottenet al. 2001). It would therefore be expected that thistgan would be

present in all strains d?. aeruginosa used in this study The protein CycM is not easily
visualized using SDS PAGE, however, it is more pramt in cells grown under aerobic
conditions than those grown under semi-aerobic itiond. This observation is consistent
with its role in electron transfer to the cytochmimles oxidase, an oxidase primarily

expressed under aerobic conditions.

As expected, in the deletion strain @dothe two subunits of thebbs-1 andcbbs-2 were
absent as adjudged by SDS-PAGE. The 28 kDa bamyto€thromec; and the 20 kDa
band of the protein CycM were visible. Membraneshs P. aeruginosa strain with a
disruption in the locus encoding tha; oxidase (CoAl) show similarities to WT in cells
grown both aerobically and semi aerobically. Th@and CcoO subunits obbs-1 and
cbbs-2 are prominent, the cytochrongecontaining subunit of théc; complex and the

20kDa band of CycM were visible on SDS PAGE.
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FIG. 5.3 Heme peroxidase analysis of the c-type cytochromes present in the
membranes of P. aeruginosa PAK WT and mutant strains. Strains were harvested
after growth under aerobic (A) or semi-aerobic (B) conditions. 17.5 pg of cell
membranes was separated by SDS PAGE on 15% resolving gel before staining
for heme-dependant peroxidase activity. Proteins with molecular weights

corresponding to the cbb; oxidase subunits, CcoP and CcoO are indicated.
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5.2.3 Steady State Assay of Wild-tyPeaeruginosa and mutants

Based on the growth rates and SDS-PAGE analysiwiloftype and mutant strains
different roles for the twa@bbs oxidases inP. aeruginosa has been considered (Section
5.2.1 and 5.2.2). It is proposed that the oxidasks-1 is expressed under aerobic
conditions and the oxidasbbs-2 is primarily expressed under semi-aerobic caomst To
analyse the functional consequences of the diffamartations the respiratory activity of

these strains was examined.

P. aeruginosa wild-type strain and the mutants were grown ursggpbic and semi-aerobic
conditions with asparagine as the sole carbon @&nagen source as described previously
(Section 2.6.2). Cells were grown to their mid-exgatial phase of growth, harvested,
washed and resuspended in buffer. The oxygen oguitan rates of these suspensions
were determined using a Clark type oxygen electrod@oughout these respiratory
activity studies, the wild-type membranes wereizgd as a positive control as there were
no disruptions to the respiratory oxidases in #train. The mutant strain with bothbs

oxidases deleted was used as a negative control.
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A cytochromec oxidase, first identified as a cytochrometype oxidase, was previously
purified and biochemically characterized frémaeruginosa (Matsushitaet al. 1980). This
oxidase had a high TMPD-oxidizing activity and reacpreferentially with the membrane
bound electron donor cytochromg;. This oxidase has since been recognised asbthe
oxidase ofP. aeruginosa, suggesting that cytochrontgs; is the physiological electron
donor to thecbbs oxidasein vivo. In P. aeruginosa cytochromecd; the electron donors
cytochromecss; and azurin are interchangeable and exist in dyjiuiin with each other,
although cytochromecss; is the most efficient electron donom vitro (Zumft 1997,
Williams et al. 2007). To investigate the respiratory activitywafd-type and mutanP.
aeruginosa strains a range of electron donors were used i@iif et al. 2007). The
electron donors included NADH, azurin aog; and the artificial electron donor TMPD

(Horio et al. 1961; Williamset al. 2007) (Fig. 5.4).

NADH Dependant Oxidase Activity

The pathway of electrons into thb; oxidase is thus far unclear; therefore the regpiya
activity of all the strains was initially investigal using the electron donor NADH. NADH
dependant oxidase activity was measured in WT anthtedP. aeruginosa membranes
from both aerobically and semi aerobically grownlscéFig. 5.5). This assay, which
measures the total rate of oxygen consumption lbhalquinol and cytochrome oxidases
in the respiratory chain &. aeruginosa is not specific to one oxidase. Overall, the rissul
were as expected and are consistent with the hgpistithat thebbs-1 oxidase is primarily
expressed under aerobic conditions anddti®-2 oxidase is primarily expressed under

semi aerobic conditions (Comolli and Donohue 2004).
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FIG. 5.4 Schematic representation of some of the predicted components of the
P. aeruginosa respiratory pathway. This facultative organism can respire
anaerobically by denitrification or aerobically using two quinol oxidases or three
cytochrome c¢ oxidases. NADH dehydrogenases reduce quinone and donate
electrons to the terminal oxidases, as indicated. The figure shows the artificial
electron donor TMPD/Ascorbate, and P. aeruginosa physiological donors,

cytochrome css; and azurin (Adapted from Comolli and Donohue 2004).
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In membranes from aerobically and semi aerobicgtywn wild-type cells the NADH
dependant activity differed by 20% (Fig. 5.5). Tdexobically grown cells had the greatest
activity and this result is consistent with thrdetlee terminal oxidases iR. aeruginosa
being primarily expressed under aerobic conditidifess compares to the expression of
only two of theP. aeruginosa terminal oxidases under semi aerobic conditioi$he
NADH dependant oxidase activity observed in wilggymembranes was used as a

benchmark for comparison of the other mutant sétain

When grown under aerobic conditions, the mutardirstCcol.1 ¢bbs-2 only) showed
decreased NADH dependant oxidase activity compared|d-type. In contrast, when the
cells were grown under semi aerobic conditions ripiratory activity of this strain
decreased only slightly compared to wild-type. Bhesults therefore support the proposal
that thecbbs-2 oxidase is primarily expressed under semi-aergbowth conditions. In
contrast to the respiratory activity observed inoCg&, respiratory activity in the
aerobically grown mutant strain Cco2cl§;-1 only) decreased only slightly compared to
wild-type. When the same strain was grown under semobic conditions the membranes
showed decreased NADH dependant activity. Theseltsegherefore support the
suggestion that thebbs-1 oxidase is primarily expressed under aerobievtraonditions

(Section 5.2.2).

In comparison to wild-type, Ced membranes grown under aerobic conditions showed a
considerable decrease in activity. The same stgeawn under semi aerobic conditions
however, showed no change in respiratory activayngared to wild-type cells grown
under the same conditions. The respiratory agtivithe strain Ccal resembled activity
observed in the strain Ccol.1 when the cells wesavig under the same conditions. This
result, surprisingly, suggests that the respiramxidases expressed under semi-aerobic

conditions compensate for the loss of tti#; oxidases. In contrast, the respiratory
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oxidases expressed under aerobic conditions daorapensate for the loss of thbbs
oxidases. The results of the NADH dependant oxidasigity of Ccol.1 should however
be questioned in light of the Ca&t results. It was previously concluded that as the
respiratory activity of Ccol.1 did not decreasethe semi-aerobically grown cells the
result indicated that thebbs-2 oxidase is primarily expressed under semi-aerobi
conditions. However considering the @doresults, it is possible that the other oxidases
were compensating in this strain when grown undsnisaerobic conditions and the

respiratory activity observed in the strain Ccas.fot reflective of thebbs-2 expression.

Membranes from cells lacking trems type oxidase (Caxl) showed very little NADH
dependant oxidase activity when grown under botblae and semi aerobic conditions.
However, surprisingly the aerobically grown cellerey more active than the semi-
aerobically grown cells. This result possibly eefs the importance of tleas oxidase in
the respiratory pathway &f. aeruginosa and deletion of this oxidase results in significan

compensation, observed by the expression of ther ottidases.

NADH dependant oxidase activity is not specifidhie cbb; oxidases. It was therefore not
clear if the respiratory activity observed in Cdoand Cco2.2 was a result of increased
cbbs expression or increased expression of the othedas&s. To gather further
information regarding the activity of thabb; oxidases, an assay, which is specifictibs

oxidases, was utilized.
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FIG. 5.5 NADH dependant oxidase activity with membranes of Wild-type P.
aeruginosa and mutants lacking either one (Ccol.1 or Cco2.2) or both of the cbbs
oxidases (CcoAl) or the aaz oxidases (CoxAl). Strains were grown under aerobic
conditions (white) or semi-aerobic conditions (light grey). Values represent the
average of three separate measurements, with error bars representing the

standard deviation from the mean.
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TMPD dependant Oxidase Assay

Oxidase activity in the wild-type and mutated stsagrown under both aerobic and semi
aerobic conditions was measured using the eleafimror TMPD/ascorbate, which is
specific for cytochrome& dependant oxidases (Fig. 5.6). In all the strazndgecrease in
oxidase activity in comparison to NADH dependanidage activity was observed. This
result was expected as the NADH dependant oxidss&yameasures the total respiratory
activity from all the quinol and cytochronteoxidases compared to the TMPD/ascorbate
assay, which only measures cytochromdependant oxidase activity. The decrease in
TMPD/ascorbate oxidase activity was substantial exav compared to NADH oxidase
activity and suggesting that the majority of theseved NADH dependant activity in
P. aeruginosa respiratory oxidases does not reflect the contiobuof the cytochrome

dependant oxidases.

Membranes from aerobically grown cells lackidgps-1 (Ccol.1) had 27% less TMPD
dependant activity compared to wild-type membranascomparison, Ccol.1 membranes
grown under semi aerobic conditions showed simaletivity to wild-type membranes
grown under the same conditions. These results carsistent with all previous
observations that thebbs-2 oxidase is primarily expressed under semi aerobnditions.

In comparison, semi-aerobically grown cells lackoifps-2 (Cco2.2) lost 59 % of their
oxidase activity compared to wild-type membranesnild@rly to the results from the
NADH dependant assay the oxidase activity of aeailyi grown cells lackingbbs-2 was
comparable to wild-type. Again these results amsstent with the previous observation

that thecbbs-1 oxidase is primarily expressed under aerobiditimms.

Membranes from cells lacking botib; oxidases (Cchl) were considered a negative
control since this strain lacks two of the threetocfirome c type oxidases in

P. aeruginosa. Aerobically grown and semi aerobically grown @tomembranes lost
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more then 99 % oxidase activity compared to WT nramdés suggesting that most of the
cytochromec dependant electron flow is blocked by inactivatiminboth of thecbbs

oxidases. It was anticipated that increased oridadivity would be observed in the
aerobically grown cells compared to the semi-aeallyi grown cells due to increased
expression of theaaz oxidase under high oxygen concentration condifioms et al.

2007). However, a slightly increased oxidase agtiwias observed in cells grown under
semi aerobic conditions compared to aerobic camdti The reason for this discrepancy is

not clear.

The mutant lacking th@a; oxidase shows a similar TMPD dependant oxidaseityct
pattern to both wild-type and the strain Ccol.1pfeviously discussed, tlaas oxidase is
primarily expressed under aerobic conditions. Is weaerefore anticipated that a decrease
in oxidase activity would be observed in the aeralty grown Cox\1 cells in comparison

to wild-type cells. The oxidase activity of theash CoxA1 was increased when the cells
were grown under semi aerobic conditions compaedhbse grown under aerobic
conditions. Moreover, in comparison to semi aerally grown wild-type cells, the
membranes of the semi aerobically grown cells lagkheaas oxidase (Coal) showed

36 % increased oxidase activity. The result theeefuggests that under semi aerobic
conditions increased expression of itids-2 oxidase compensates for the lackaag

oxidase despite thems oxidase being primarily expressed aerobically.
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FIG. 5.6 TMPD dependant oxidase activity with membranes of Wild-type P.
aeruginosa and mutants lacking either one (Ccol.1 or Cco2.2) or both of the cbbs
oxidases (CcoAl) or the aaz oxidases (CoxAl). Strains were grown under aerobic
conditions (white) or semi-aerobic conditions (light grey). Values represent the
average of three separate measurements, with error bars representing the

standard deviation from the mean.
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Azurin dependant Oxidase Activity

A method for assayingbbs; oxidases using a physiologically relevant electilonor has
not been reported (Comolli and Donohue 2004). Rekehas suggested that the two
periplasmic proteins, cytochrom&s; and azurin, can act as electron donors to the
respiratory enzymes iR. aeruginosa (Barberet al. 1976). For example, the cytochrome
cdl nitrite reductase isolated frorR. aeruginosa is able to oxidise both reduced
cytochromecss; and reduced azurin. Oxidase activity assays wsed to investigate the
role that the blue copper protein, azurin, and dytomecss; play in mediating electron
transfer to thecbbs oxidases. The methods used were as for the NADp¢rkant and
TMPD dependant oxidase assays. These earliersegeie used as a direct comparison to
aid interpretation of the assay data. Overall tesults for azurin dependant oxidase
activity were similar to those observed for TMPDpbdedant oxidase activity in wild-type
and mutant®. aeruginosa strains grown under both aerobic and semi aerodmalitions.

At first sight, the results therefore suggest thatirin is a candidate as a physiological

electron donor to thebbs; oxidases.

In aerated cultures the azurin dependant oxidaseitgf membranes from wild-type,
Ccol.1 and Cco2.2 cells was similar (Fig. 5.7).cbmtrast, when grown under semi
aerobic conditions cells lackingbbs-1 (Ccol.1) showed increased azurin dependant
oxidase activity compared to wild-type. Under thmme conditions, the cells lacking
cbbs-2 (Cco2.2) had an azurin dependant oxidase actsimnilar to wild-type. These
results are congruent with conclusions previousiylenregarding the expressioncbbs-1
andcbbs-2. The results suggest that tti#ns-2 oxidase is primarily expressed under semi-
aerobic conditions and thabbs-1 oxidase is primarily expressed under aerobiditimms.
Expression of the electron donor, azurin, is unther control of the oxygen sensing
transcriptional regulator ANR (Ray and Williams T9%ollack et al. 1998; Comolli and

Donohue 2004). The isozynobbs-2 is also under the control of the ANR box (Comoll
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and Donohue 2004)n vivo, it would therefore be expected that activatiorthef cbbs-2
oxidase by ANR, in response to oxygen limitatiomwd correspond with an increase in

azurin expression.

The cells with bothcbbs operons deleted (Cad) showed only 25% residual oxidase
activity in comparison to wild-type, when grown @ndooth aerobic and semi aerobic
conditions. Semi aerobically grown membranes lagkine aerobically expressesh;
complex (Cox1) showed increased azurin dependant oxidase tgctiompared to wild-
type. As observed in section 5.2.1, the growth ohtihe aas mutant was slower compared
to other P. aeruginosa strains under both aerobic and semi-aerobic comdit This
increased oxidase activity observed in the senolaeally grown Coxl strain was only
observed in the cells grown under semi aerobic itiond and membranes from cells
grown under aerobic conditions showed similar #gtito the mutant strain Céd.. This
observation therefore suggests that increased ssipre of semi-aerobically expressed

oxidases.e. cbbz-2 contributed to the elevated oxidase activity.

Css1 dependant oxidase activity

Overall the results focss; dependant oxidase activity were similar to thosseoved for
TMPD dependant oxidase activity when wild-type andtant strains were grown under
both aerobic and semi aerobic conditions. Theltesoerefore suggest that, similarly to
azurin, cytochromecss; is a candidate as a physiological electron donothi cbb;

oxidases.
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FIG. 5.7 Azurin dependant oxidase activity with membranes of wild-type P.
aeruginosa and mutants lacking either one (Ccol.1 or Cco2.2) or both of the cbbs
oxidases (CcoAl) or the aaz oxidases (CoxAl). Strains were grown under aerobic
conditions (white) or semi-aerobic conditions (grey). Values represent the average
of three separate measurements, with error bars representing the standard

deviation from the mean.
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In aerated cultures thgs; dependant oxidase activity of membranes from wijte and
Cco2.2 cells was similar (Fig. 5.8). However, tleeodically grown strain Ccol.1 showed
increased oxidase activity in contrast to wild-typembranes. In comparison, a slight
decrease in the oxidase activity of semi aerobjcglliown Ccol.1 membranes was
observed. This result was unexpected as the assals reported in the study suggest that
the cbbs-1 oxidase is primarily expressed under aerobiditimms and thebbs-2 oxidase

Is primarily expressed under semi aerobic. In @stf when grown under semi aerobic
conditions cells lackingbbs-2 (Cco2.2) showed decreasgeg; dependant oxidase activity
compared to wild-type and aerobically grown Ccah@wed increased oxidase activity in
comparison to semi aerobically grown cells. Thellteobserved for Cco2.2 are consistent
with the current proposal. Examination of feaeruginosa strain with thecbbs operons
deleted (Ccal) showed only a residual oxidase activity in congmam to wild-type, when
grown under semi aerobic conditions. Interestingligen grown under aerobic conditions
the Cca\l strain showed only a 60 % decrease in oxidaseitgatompared to wild-type
membranes grown under the same condition. A 75%edse was observed in TMPD
dependant and azurin dependant oxidase activiggiabically grown Cahl membranes.
The smaller decrease @gs; dependant oxidase activity compared to TMPD depenand
azurin dependant oxidase activity suggests tha¢ldaron donor cytochronees; is more
specific to theaaz oxidase, the onlyc-type cytochrome expressed in the @to
membranes. However, cells lacking the aerobicaltpressedaa; complex (Coxl)
showed increasedss; dependant oxidase activity compared to the st@spAl when
grown under both aerobic and semi aerobic conditiofhe observedss; dependant
oxidase activity in the strain Caf is comparable to the azurin and TMPD dependant
oxidase activity. In these three separate astagyxidase activity of Caxl membranes
from cells grown under semi-aerobic conditions wageased compared to the oxidase

activity of aerobically grown cells. The explamatifor this observation is unclear.
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FIG. 5.8 cs51 dependant oxidase activity with membranes of wild-type P.
aeruginosa and mutants lacking either one (Ccol.1 or Cco2.2) or both of the cbbs
oxidases (CcoAl) or the aaz oxidases (CoxAl). Strains were grown under aerobic
conditions (white) or semi-aerobic conditions (grey). Values represent the average
of three separate measurements, with error bars representing the standard

deviation from the mean.
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5.3 Conclusions

The results from this study support the previouggsstions by Comollet.al. that the
cbbs-1 oxidase is primarily expressed under aerobiditimms and thecbbs-2 oxidase is
primarily expressed under semi—aerobic conditidec{ion 5.2.3). The results therefore
reinforce the proposal that tlobbs-1 oxidase plays a physiological role at high oxyge
tensions and suggests that this oxidase has atyaftor oxygen, which is lower than most
cbb; oxidases that are important under oxygen limitbogditions (Preisiget al. 1993;
Zuffereyet al. 1996; Jacksosmt al. 2006). Thecbbs-2 oxidase appears to be more similar
to canonicalcbb; type enzymes because in highly aerated culturastivation of this
oxidase had a lesser impact on the oxidase act¥®y aeruginosa observed using a range

of electron donors.

It remains unclear why the. aeruginosa cbbs oxidases play varying roles under differing
oxygen conditionshowever, it is predicted that variation in the eg®mion of these two
oxidases is one of the ways in whiehaeruginosa compensates for respiratory limitations
and therefore continues to effectively generaterggnen a number of different
environments. The physiological electron donor #medo the cbb; oxidases inP.
aeruginosa also remains unclear. The azurin &g dependant oxidase activity assays do
not make it clear whether the blue protein, azorithe soluble protein cytochronags; is
more specific to eithercbbs-1, cbbs-2 or bothcbb; oxidases. To resolve this outstanding
question and to ascertain the affinity tbabs- 1 oxidase has for oxygen requires its

purification from othelP. aeruginosa oxidases.
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6.1 Introduction

Using P. aeruginosa strains with a disruption in the locus encodabts-1 or cbbs-2 it has
been demonstrated that expression of the dhl® oxidases differ depending upon the
growth conditions (Chapter 5). The results intiengihat thecbbs-1 oxidase plays a
physiological role at high oxygen tensions in congmn to previously studieabbs
oxidases, which are typically important under oxydeniting conditions (Preisigt al.
1993; Zuffereyet al. 1996; Jacksost al. 2006). This suggested that tti#s-1 oxidase has
an affinity for oxygen that is lower than that afb; oxidases from other bacteria, which
would require its purification from the othé?. aeruginosa oxidases to ascertain. In
contrast, the results suggest that thbs-2 oxidase plays a physiological role at low
oxygen tension, a role more similar to the candribbs oxidases. Thebb; oxidase from
P. stutzeri has previously been studied in detail howeveis ot clear which of the two
P. stutzeri isozymes was analysed (Pitcher 2002; Pitehaf. 2003). However, utilizing
previous knowledge gained regarding ttish; oxidase fromP. stutzeri, biochemical
characterization has been used to investigate wiwecbb; oxidases inP. aeruginosa
further. This study, using purifiecbbs-1 andcbbs-2 enzymes represents the first detailed

spectroscopic characterization of tid; oxidases irP. aeruginosa.

6.2 Results

6.2.1 Purification of cytochromebb; oxidase fronP. aeruginosa

Previously, information was gathered on the bakienptypes of th®. aeruginosa cbbs
oxidase using wild-type membranes and mutabig strains(Chapter 5). The purification
of the twocbb; oxidases oP. aeruginosa, cbbs-1 andcbbs-2 was simplified by using the
strains Ccol.1 and Cco2.2, which lack eitbbbs-1 or cbbs-2 respectively. The strain
Ccol.1 was grown under semi-aerobic conditionsthadstrain Cco2.2 was grown under

aerobic conditions. The steps employed in the jatibn of thecbbs; oxidase were the
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same regardless of growth conditione aerobic or semi aerobic (Chapter 2, Section

2.6.3).

The method used for preparation of tReaeruginosa membranes (Chapter 2, Section
2.6.2) was adapted from that described previouglyiicheret.al. (Pitcheret al. 2002).
The P. aeruginosa membranes were solubilised in detergent, (DM) ted cytochrome
cbb; oxidases purified using anion exchange and metalaffinity chromatography

(Chapter 2, Section 2.7.3).

The use of a step gradient during the first anihange column gave excellent separation
of the cbb; oxidases from the superfluous oxidases, as showlig. 6.1. The protein
which eluted at each chromatographic peak was ifcahfurther using a combination of
gel electrophoresis and UV-Visible spectroscopyeciscopic analysis of the peaks
obtained during the purification process revealeat theaasz oxidase eluted at a different
salt concentration (200 mM) to eithebbs-1 or cbbs-2, which eluted at 300 mM and
250 mM NaCl respectively. The variation in salt centration at which the oxidases eluted
from the anion exchange column was conducive teeepsotein separation but surprising
as thecbbs-2 oxidase fronP. aeruginosa is slightly more negatively charged compared to
cbbs-1 oxidase. It was therefore anticipated that timelihg of cbbs-2 to the anion resin

would be stronger and would elute from the aniocthexge column aftebbs-1.
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Fig. 6.1 Q sepharose chromatographic profile of the P. aeruginosa strains Ccol.1
(A) and Cco2.2 (B). The elution buffer was 20 mM Tris HCI, 50 yM EDTA, 0.02%
DM, 0-1000 mM NacCl, pH 8.5. The black trace indicates absorbance of the eluted
protein at 280 nm. The red trace indicates absorbance of the eluted protein at 410
nm. The green line indicates the changes in NaCl concentration throughout the

chromatographic process and the relation to the elution of different proteins.

211



Analysis of the purifiedcbbs-2 oxidase using Coomassie blue stained SDS PAGE ge
indicates bands with apparent molecular masse& &D4, 34 kDa, and 23 kDa (Fig. 6.2).
These bands correspond to CcoN-2, CcoP-2 and Cco€3iectively. There was no
evidence of CcoQ being part of the enzyme compliger gurification. This is not
however surprising as to date observation of theQ@subunit in acbb; preparation has
not been reported (Zufferey al. 1996; Kimet al. 2007; Verissimeat al. 2007). Analysis
of the cbbs-1 oxidase by Coomassie staining SDS PAGE gel ated that the CcoP
subunit was not present in the final purified praigthowever the CcoO subunit was
observed. The presence of major protein bands enclhbs-1 sample similar to those
observed in thebbs-2 sample suggests that the protein concentratigheoload sample
was not underestimated. However, the CcoP-1 baed dot appear to stain well and is
light in comparison to other protein bands as destrated by the SDS PAGE gef

P. aeruginosa membranes stained for TMPZ mediated heme peraxidesvity (Chapter
5, Section 5.2.2). Upon purification @bbs oxidase fromR. sphaeroides the subunits
CcoN and CcoO were visualised using SDS-PAGE beitGhoP subunit stained poorly
with Coomassie stain and was only detected by Wedilt using an antibody against
CcoP (Oh and Kaplan 2002). The CcoP-1 subunit etmerved in the membranes of
aerobically grown strain Cco2.2hps-1 only), suggesting that the CcoP subunit was lost
during purification of thecbbs-1 oxidase (Fig. 5.4 Chapter 5, Section 5.2.2).imur
purification of thecbb; oxidase isolated fromP. denitrificans loss of the CcoP subunit was
also observed. (de Giet al. 1996). It has been established that the CcoNOosnplexes
isolated from bothP. denitrificans andB. japonicum are catalytically competent (de Gatr
al. 1996; Zuffereyet al. 1996). The oxidase activity of tHe aeruginosa cbbz oxidases

will be discussed in Section 6.2.3.

Unfortunately, we were not able to attain a weliitkd TMPZ mediated heme peroxidise

heme stained gel. The lanes of the gel were sm&aiggesting overloading of the protein;
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however, at lower protein concentrations neither @oP nor CcoO bands were visible.
The Coomassie stained SDS-PAGE gel shows that tunftely thecbbs oxidases co-
purified with other proteins. Co-purification of qteins, including cytochrome, was
previously observed with purification of tlobbs oxidase fromR. sphaeroides (Oh and
Kaplan 2002) The lower purification yield of th®. aeruginosa cbbz oxidases possibly

contributed to the poor gels.

6.2.2 UV-Visible Spectroscopy

Following purification of theP. aeruginosa cbb; oxidases,cbbs-1 and cbbs-2 were

characterised spectroscopically.

Cbbs-1

The electronic absorption spectrum of fully oxidizeytochromecbbs-1 isolated from
aerobically growrP. aeruginosa shows a Soret maximum of 413 nm and two broad but
well defined features in the visible region betw&2% nm and 550 nm (Fig. 6.3A). Upon
complete reduction with excess dithionite, the Sbead intensified and shifted to 420 nm
with a visible shoulder at 422 nm. These two fezguare characteristic of ferroogype
hemes and ferroustype heme respectively. Tleandp bands in the visible region at 551
nm and 521 nm, with distinct shoulders at 559 nigh 328 nm respectively, intensify upon
reduction. The 551 nm and 521 nm features are cteaistic of ferroug-type heme whilst
the observed shoulders are characteristic of fesdype heme. There was no evidence of

a band near 600nm that would correspond to con&tiamwith hemea.
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Fig. 6.2 SDS-PAGE gels of purified cbbs-1 and cbbs-2 oxidase from P. aeruginosa.
Semi aerobically grown cbbs-2 and aerobically grown cbbs-1 were purified and the
final concentrated product was subject to SDS PAGE. The gel was stained with

Coomassie. The CcoQ subunit was not observed.
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Cbbs-2

The electronic absorption spectrum of fully oxidizeytochromecbbs-2 isolated from
semi-aerobically grow. aeruginosa shows a Soret maximum of 412 nm and two broad
but well defined features in the visible regionvietn 525 nm and 550 nm (Fig. 6.3B).
Upon complete reduction @bbs-2 with excess dithionite, the Soret band inteadifand
shifted to 420 nm, with a distinct shoulder at 422. These two features are characteristic
of ferrousc-type hemes, and ferrolistype heme respectively. Theandp bands in the
visible region at 551 nm and 521 nm, with distisbibulders at 559 nm and 528 nm
respectively, intensify upon reduction. The 551 ama 521 nm features are characteristic
of ferrousc-type heme whilst the observed shoulders are cteistic of ferrousb-type
heme. There was no evidence of a band near 600mn vould correspond to
contamination with heme. The UV-Visible spectroscopy ofbbs-1 and cbbs-2 are

consistent with that reported fBr stutzeri (Pitcheret al. 2002).

Analysis of purifiedcbbs-1 by Coomassie stained SDS-PAGE, suggested tbaCtioP
subunit was lost during purification of this strairlowever, analysis of theandp bands
in the UV-Visible spectrunebbsz-1 suggests that the ratio letype heme t@-type heme is
2:3 as would be expected to be observed incioNOP complex relative to previous
preparations (Pitchest al. 2002; Verissimaet al. 2007). The same 2:3 ratio bfc type
hemes was observed abbs-2. As discussed previously, the CcoP subunit Wes l@st
during purification of thecbbs oxidase fromP. denitrificans (de Gieret al. 1996). The
absence of the CcoP subunit was only recognisetidsg inspection of the reduced minus
oxidized difference spectra compared to a prevjpeparation (de Gieat al. 1996). Loss
of the CcoP subunit has not been reported duriagpthification ofcbbz oxidases isolated
from other bacterial species (Pitctetral. 2002; Kimet al. 2007; Verissimcet al. 2007).
As shown by Coomassie stained SDS PAGE of theipdr®. aeruginosa the CcoO-1

band was weak and it is plausible that the CcoRidkdid not stain well. Moreover, in

215



purified R. sphaeroides CcoP specific antibodies were used to visualisePRC®Based on
the comparable UV-visible spectraatibs-1 andcbbs-2 it can be surmised that the CcoP-1

subunit is present in the purified preparatiomhuds-1.

The previously reported weak spectral feature &t 1 in the preparation @bbs from

P. stutzeri was not observed in either the preparatiomhik-1 or cbbs-2 (Pitcher 2002).
This feature was previously assigned to one ofiagfaigand to metal charge transfer
bands of the high spin ferric herbg It was not surprising however, that the featuesw

not observed as it was not consistently detect®l stutzeri preparations (Pitcher 2002).
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FIG. 6.3 UV-Visible absorption spectra of purified P. aeruginosa cbbs-1 (A) and
cbbs-2 (B) isolated from aerobically grown cells and semi-aerobically grown

P. aeruginosa cells respectively.

(A) The black trace depicts cbbs-1 oxidized with potassium ferricyanide (black) and
fully reduced with sodium dithionite (red). A slight shift of the Soret band from
413 nm to 420 nm can be observed upon reduction of the enzyme with sodium
dithionite. The inset shows a close up of the a and 3 regions of reduced cbbs-1
with peaks at 551 nm and 521 nm respectively. The spectrum was recorded at
room temperature. The enzyme was in 20 mM Tris HCI, 50 uM EDTA and 0.02%

DM, pH 8.5.

(B) The black trace depicts cbbs-2 oxidized with potassium ferricyanide (black) and
fully reduced with sodium dithionite (red). A slight shift of the Soret band from
412 nm to 420 nm can be observed upon reduction of the enzyme with sodium
dithionite. The inset shows a close up of the a and 3 regions of reduced cbbs-2
with peaks at 551 nm and 521 nm respectively. The spectrum was recorded at
room temperature. The enzyme was in 20 mM Tris HCI, 50 uM EDTA and 0.02%

DM, pH 8.5.
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6.2.3 TMPD mediated oxygen uptake activity

Previously oxidase activity assays were carried wsihg P. aeruginosa membranes
(Chapter 5, Section 5.2.4). There were no obseewvdifferences of the oxidase activity in
the P. aeruginosa membranes when the artificial electron donor TMRD the
physiological donors azurin armgs; were used as electron mediators. The resultsfinrere
suggested that either azurin or cytochramig can donate electrons to tbab; oxidases in

theP. aeruginosa membranes.

To specifically investigate and compare the cai@lgttivity of thecbbs-1 andcbbs-2 the
effect of varying substrate concentration on thggex consumption rate of the purified
cbbs-1 and cbbs-2 from P. aeruginosa was investigated. The cytochroneespecific
artificial electron donor, TMPD, was used to cadtal the K, and establish the
methodology (Fig. 6.4). Using a Clark-type eledappolargraphic assays were carried
out at a range of different concentrations of TM#dIng purifiedcbbs-1 andcbbs-2. Prior

to determining the K/Vmax Of the purified enzyme the optimal concentratibemzyme to
be used was established. Optimization of this ntetlvas performed to ensure that the
limiting factor in the experiment was the activity the enzyme and not the amount of

substrate available.

At each concentration of TMPD, the assay was repetiiree times. The average rate and
standard error of the mean are shown as squaregravd bars respectfully (Fig. 6.4). The
apparent k; of purified P. aeruginosa straincbbs-1 for TMPD was estimated to be 20M

and the Vhaxwas 18 nmol @min . The apparent K of cbbs-2 for TMPD was estimated

to be 167uM and the Vjaxwas 40 nmol @min ™.
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Fig. 6.4 TMPD dependent oxidase activity in purified cbbs-1 (A) and cbbs-2 (B).
The graph shows the effect of varying the concentration of TMPD on the initial rate
of oxygen consumption. Oxygen consumption was measured using a Clark-type
platinum electrode polarized at - 0.7V with respect to a silver reference electrode.
The reaction mixture (2.0 ml) comprised 20 mM Tris HCI buffer pH 7.6, 50 uM
EDTA, 100 mM NacCl, 0.02% DM, Ascorbate (4 mM), and purified protein (43 nM)

were added and the reaction initiated by addition of TMPD (0-1500 uM).

(A) The effect of varying the concentration of TMPD on the initial rate of oxygen
consumption by the purified cbbs-1. The line of best fit to the Michalis
Menton equation yielded an apparent K, value of 200 yM and a Vpyax Of 18
nmol O, min ™.

(B) The effect of varying the concentration of TMPD on the initial rate of oxygen
consumption by the purified P. aeruginosa cbbs-2. The line of best fit to the
Michalis Menton equation yielded an apparent K, value of 167 yM and a

Vimax Of 40 nmol O, min L,
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6.2.4 Mediated Redox Potentiometry@ibs-1 andChbs-2

The results presented in the chapter thus far stigbat theP. aeruginosa cbbs-1 and
cbbs-2 purify as CcoNOP complexes that demonstrates DMiediated oxygen activity
(Section 6.2.1 and 6.2.3). Mediated spectrophotoocetdox potentiometry can be used to
determine the reduction potentials of individuaimes. Studies of the thermodynamic
redox behavior of oxidases can be an initial stegatds understanding the mechanism of
electron transfer within an oxygen reductase cormpRreviously, redox titrations have
been published for cytochronobb; oxidases isolated fromR. sphaeroides, R. capsulatus,

P. stutzeri andB. japonicum (Garcia-Horsmaset al. 1994; Grayet al. 1994; Pitcher 2002;

Verissimoet al. 2007).

Cbbs-1
Using the methods outlined in Section 2.8.1, spewire collected between 500 — 700 nm
at a number of redox potentials between 0 and 480doring reductive titrations of the

cbbs-1 oxidase fronP. aeruginosa.

To determine the reduction potential of thgype hemes values obtained fofsAA 700 (i.€.

the maximum absorbance in the visible region faluced hemes, minus the reference
absorbance) were plotted as a functionEoffFig. 6.5A). The best fit to the points was
achieved with three = 1 Nernstian components, centered at + 384 m243 mV, and

+ 113 mV assuming each heme contributes equaly 3B8%) to the absorbance change in
the a-band maximum in the spectrum. Considering the iptesly speculated loss of the
subunit CcoP during purification of tlobbs-1 oxidase it was questionable if the best fit to
the points would be effected with ome= 1 Nernstian component. The data points that
contribute to the high redox potential species &4 81V) do not show good resolution and

the small absorbance change increments observib@ &eginning of the mediated redox

222



titrations could be due to noise. The proposed ¢dtke CcoP subunit during purification
could affect the redox properties and stability tbe cbbs oxidase. However, the
absorbance change of théype hemes during the mediated redox titrationoisscstent

with the presence of threetype hemes.

To determine the mediated reduction potential & tbw spin b-type heme, values
obtained for AsrA70o (i.. the maximum absorbance in the visible region fmuced
hemeb, minus the reference absorbance) were plotted as a &mofi E (Fig. 6.5B). The
best fit to the points was achieved with ane 1 Nernstian component, centered at + 240

mV.

Cbbs-2

Using the methods outlined in Section 2.8.1, spewire collected between 500 — 700 nm
at a number of redox potentials between 0 and 480dnring reductive titrations of the
cbbs-2 oxidase fromP. aeruginosa. To determine the reduction potential of ttxype
hemes values obtained fogsxAses (i.e. the maximum absorbance in the visible region for
reduced heme minus the absorbance at an isosbestic point) were plattea function o
(Fig. 6.6A). The best fit to the points was achokwéth three independent= 1 Nernstian
components, centered at + 317 mV, + 245 mV, andB6 hV assuming each heme
contributes equally (i.e. 33%) to the absorbancanghk in thes-band maximum in the

spectrum.

To determine the mediated reduction potential & tbw spin b-type heme, values
obtained for AsrA70o (i.€. the maximum absorbance in the visible region fmuced
hemeb, minus the reference absorbance) were plotted as a @mofiE (Fig. 6.6B). The
best fit to the points was achieved with ame= 1 Nernstian component, centered at

+ 220 mV.
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FIG. 6.5 Spectrophotometric reduction titration of c-type and b-type hemes present in
cbbs-1

(A) Normalised data fitted with three n = 1 Nernstian Curves centred at + 384 mV, + 243
mV and + 113 mV, assuming each heme contributes equally (i.e. 33%) to the absorbance
change in the a-band maximum in the spectrum. r? value =0.9823

(B) Spectrophotometric reductive titration of low-spin b-type heme present in cbbs-1.
Normalised data fitted with a single n = 1 Nernstian curve centred at + 240 mV.

r? value =0.9891
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Fig. 6.6 Spectrophotometric reduction titration of c-type and b-type hemes present
in cbbs-2

(A) Normalised data fitted with three n = 1 Nernstian Curves centred at + 317 mV,
+ 245 mV and + 186 mV, assuming each heme contributes equally (i.e. 33%) to
the absorbance change in the a-band maximum in the spectrum. r* value =0.9936
(B) Spectrophotometric reductive titration of the low-spin b-type heme present in
cbbs-2. Normalised data fitted with a single n = 1 Nernstian curve centred at

+ 220 mV. r? value =0.9561
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The mediated redox potentiometry of CcoP isolatechfP. stutzeri identified twoc-type
hemes with reduction potentials of + 185 mV andb-mV (Chapter 3, Section 3.2.3).
These values correspond with the respective remtugiotentials, + 245 mV and + 186
mV, observed in thebbs-2 oxidase isolated froifA. aeruginosa. It is reasonable to suggest
that as part of thebb; oxidase complex, the electronic properties of@eeP subunit are
modulated by the other subunits in the complex.ighssent of the reduction potentials,
+ 245 mV and + 186 mV, to the twmtype heme in CcoP-2 assumes thatditygpe heme
in cbbs-2 with a mediated reduction potential of + 317 m\ébbs-2 correspond to thebbs
subunit CcoO. The reduction potentials of tinbs-2 from P. aeruginosa are within the
range of those reported fér stutzeri, B. japonicum andR. capsulatus (Grayet al. 1994;

Pitcher 2002; Verissimet al. 2007).

The CT band centered at 642 nm has previously b#ghuted to thdoz; heme, with water
as a sixth ligand (Pitcher 2002). The relativelyalveontribution of a single high-spin
ferric heme arising from the active site hemeof CcoN, to the UV-visible spectrum of
cbbs-1 andcbbs-2 is not easily deconvoluted against the backgitooh four low spin
hemes. In an attempt to determine the reductiaenpal of theb; heme, values obtained
for AssAses (i.e. the disappearance of the feature at 642nnmas the absorbance at an
isosbestic point) were plotted as a functionEofThe best fit to the points was obtained
with a single Nernstian component centered at + m®0for cbbs-1 and + 160 mV for
cbbs-2 (Figure 6.7). The redox potentials of theheme is somewhat lower than those
calculated forP. stutzeri (+ 226 mV) andB. japonicum (+ 290 mV) (Pitcher 2002;
Verissimoet al. 2007). However, the spacing of the potentials betwhemd and heme
bs in both cbbs-2 andcbbs-1 is little more than reported for the equivaléemea and

hemea; of bacterialaag oxidases (Verissimet al. 2008).
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Fig. 6.7 Spectrophotometric reduction titration of transition centered at 642 nm in Cbbs-1
(A) and Cbbs-2 (B)

(A) Normalised data fitted with a single n = 1 Nernstian curve centred at + 190 mV.

r’ value =0.9811

(B) Normalised data fitted with a single n = 1 Nernstian curve centred at + 160 mV.

r’ value =0.9789
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6.3 Conclusions

The present study, using the purifiglib; oxidases fronP. aeruginosa represents the first
spectroscopic study of thabb; oxidases from this pathogenic bacterium. The k@oubal
properties of cytochromebb; oxidases purified fromP. aeruginosa seem to be,
unsurprisingly, similar to those reported for tib; oxidase isolated from. stutzeri. This
chapter does not however answer the question aungehow the twocbbs oxidases in
P. aeruginosa oxidases differ with respect to their proposedimis roles. The UV-Visible
spectroscopies abbs-1 andcbbs-2 suggest the presence of five hemes in the ergyase
previously observed iR. stutzeri (Pitcheret al. 2002). Thecbbs-1 andcbbs-2 subunits
isolated fromP. aeruginosa have a high degree of similarity. There are liohitifferences
in the CcoN, CcoO and CcoQ subunits abbs-1 and cbbs-2 scattered throughout the
proteins but localized regions of high divergenoetihie CcoP subunits could define
domains that are required for the differing roléshe two enzymes. Molecular dissection
and further characterization of the CcoP sububitnfthecbbs-1 andcbbs-2 could be used
to investigate any differences between CcoP1 armPZa@nd the function each one plays

in the different roles of the twebbs subunits.
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7. General Discussion

The work presented in this thesis reports a modgcldiochemical and spectroscopic
analysis of the cytochromebb; oxidase subunit, CcoP from. stutzeri. The data is
consistent with the CcoP subunit containing two/Hiis ligatedc-type hemes, (but the
residue His 42 could not be shown to be a hemedigane with a high reduction potential
of + 188 mV and one with a low reduction potentibd 15 mV. The low potential heme
binds the exogenous ligand, CO. Based on previooik W is hypothesized that the
binding of an exogenous ligand is preceded by dcgrhent of the distal histidine ligand
(Pitcheret al. 2003). Displacement of a distal heme ligand byeangenous ligand is an
action commonly observed in heme based sensoripspEcDos and CooA, for example
(Gilles-Gonzalez and Gonzalez 2005). As discussedqusly, (Section 1.11) heme based
sensors are the key regulators of adaptive respdosiuctuating levels of an exogenous
ligand, oxygen, for example. These signal transduaehieve their response by coupling a
regulatory heme-binding domain to a neighboringignaitter region of the same protein
(Gilles-Gonzalezt al. 1994). As a group, heme based sensors commonlgiekjstidine

as a ligand. In CcoP, displacement of the distsiidine to the low potential heme and
consequential binding of an exogenous ligand doéspecifically define CcoP as a heme
based sensor. However, if displacement of thaldisstidine does not play a regulatory
sensing role in the CcoP subunit, what is its fiom&t Experimental results reported in this
study have not lead to a definitive conclusion rdgey the role of CcoP inbbz oxidase
but we will revisit observations previously discedsn section 1 considering the additional

data gathered during this study.

The cbb; oxidases lack a redox active Lelectron-receiving domain in the (Section 1.4)
and it is unclear how thi€cO receives electrons from the electron donor. Tigé hedox
potential of one of the-type hemes in CcoP suggests that this subunidgootentially

fulfill the role as electron receiving domain irettbb; complex. The subunit CcoO has,
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however, been shown to be homologous to the elecaceiving domain in the enzyme
NOR (Preisiget al. 1993; Cheesmaet al. 1998; Sharmat al. 2006). It is therefore more
favorable to suggest that electrons are passedtfterelectron donor to the hernén the
catalytic subunit, CcoN via CcoO. Moreover, the Ipatential of one of the-type heme

in CcoP is not consistent with electron transfeCtmN. The CcoNO sub-complex isolated
from B. japonicum is catalytically active, therefore supporting ttede of CcoO as the
electron-receiving domain (Zuffereg al. 1996). The proposed role of CcoO negates an
electron receiving function for CcoP within tlobb; oxidase complex. It is therefore
reasonable to suggest that CcoP plays an auxiaeyin thecbb; complex, possibly as a

sensor of oxygen levels in the cell environment.

Recent completion of thi. stutzeri genome reveals that thigProteobacterium contains a
pair of ccoNOQP operons. The presence of an anaerobox upstre@ooi-2 is indicative
that theP. stutzeri cbbs-2 is regulated by FNR under oxygen limiting commfis. The
absence of an anaerobox upstream of CcoN-1 sugdbatscbbs-1 is regulated
independently of FNR. This hypothesis is not, hosvewexperimentally proven. The
organism E. coli employs FNR to regulate gene expression requiggd ahaerobic
respiration but also utilizes the direct oxygen bebased sensdtcDos for activating
signal transductiom response to environmental change. One of thendigshing features
of the E. coli heme sensdecDos is its ability to regulate pre-existing proteiraher than
trigger new gene expression (Gilles-Gonzalez andz@ez 2005; El-Mashtolgt al.
2008). In situations where oxygen scarcity is tiems it is more efficient to temporarily
inhibit proteins rather than degrade proteins (Eshtolyet al. 2008). It is hypothesized
that structural changes in the heme vicinity of direct oxygen sensdfcDos, caused by
an exogenous ligand binding to the heme, provideititial event in the gas sensing;
followed by intramolecular signal transduction fréhe heme to the function domain and

thus having a regulatory effect (El-Mashtady al. 2008). It is proposed, that under
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microaerophillic conditions CcoP functions in a samway to a heme based oxygen

Sensor.

A speculative sequence of events for the passagdeofrons and binding of oxygen in
cytochromecbbs oxidase has been derived based on results presentas thesis and the
current literature (Fig. 7.1). When the cell is jsgbto aerobic conditions, it is proposed
that thec-type heme in CcoO, which has a high midpoint pid&raccepts electrons from
the electron donor (Fig. 7.1A). Internal electroansfer to hemdo; and Cg in CcoN
subsequently follows. Considering the redox po&stof the twoc-type hemes in CcoP
and the observation that the CcoNO sub complextalytically active, the subunit CcoP

could potentially remain oxidized.

When the cell is subject to hypoxic conditions,ctalen turnover would decrease as
reduced oxygen levels becomes a limiting factorcrBased electron turnover in the
CcoNO complex would precipitate redox cooperatiiggween CcoNO and CcoP and the
intermolecular transfer of electrons to maintaiection flow (Fig. 7.1B). Intramolecular
transfer of electrons resulting in reduction of lieenes in CcoP is possible if the hemes in
the CcoN, CcoO and CcoP subunits are close. Aalrgsucture of thebbs oxidase is not
available; therefore, the distance between the Bamé&he subunits is unknown. The rate
of electron equilibration between the CcoNO commexi the CcoP subunit would be a

function of the overall redox state of the enzyme.
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FIG. 7.1 Schematic illustrating the proposed passage of electrons in the cbb; oxidase.
This cartoon illustrates the hypothetical passage of electrons (dotted lines) when the cell
is under aerobic conditions (A) and hypoxic conditions (B). Under hypoxic conditions, it is
proposed the CcoP subunit becomes fully reduced and that the distal histidine to the low

potential heme in CcoP is displaced to bind any available O,.
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It is proposed that following full reduction of thew potential heme in CcoP the distal
histidine displaces to bind available oxygen. Tthsplacement of the distal ligand and
binding of oxygen triggers a conformational chanige the CcoP subunit, which
concurrently triggers a response appropriate faptadion of the cell to the prevailing
environmental conditions. As previously discusg®éction 1.9), two component systems
serve as a basic stimulus-response coupling mesrharto allow organisms to sense and
respond to changes in many different environmesaaditions. It is proposed that thiebs
oxidase is the redox sensor that controls the Rn8se/phosphate activities in response to
changes in @availability (Section 1.10) (Kinet al. 2007; Gomelskyet al. 2008). The
interaction between thebbs oxidase and PrrB is unclear but it is possible thaedox
linked conformational change in CcoP signals to uhateg the sensory kinase/response
regulator. A CcoP/sensory kinase-signaling pathe@yld act as a homeostatic regulator

to aid fine-tuning of the respiratory system of iRk@monads.

Reduction of the CcoP subunit by redox cooperdtaesfer of electrons between ttiz;
subunits would not be an energetically favorabbetien, and therefore would only occur
if the bacterial cell were in distress, for exampleder hypoxic conditions to maintain
function of the cell. This hypothetical sequenceewénts would ensure survival of the
organism under hypoxic conditions. The proposecks&s are speculative based on the
biochemical properties of CcoP observed duringstusly. Redox induced conformational
changes in proteins are often small and fast makiwigfficult to measure and monitor.
Moreover, the relative locations of thdype hemes are unknown therefore, it is not clear
if the hemes in CcoP and CcoO are sufficiently eltmsexperience homotropic conditions.
Crystal structures could potentially provide infation regarding the reduced and
oxidized forms of CcoP; however, no crystal struetwf cbbs; oxidase is currently
available. Efforts to obtain a crystal structure tbe subunit CcoP are in progress

(Geimeinhardt, 2006) with the hope of gaining fertinsight into this poorly understood
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cbbs subunit. In CcoP, the amino acid residues arobedotoposed distal histidine to the
low potential heme are highly conserved in all Pobiacteria. The high level of amino acid
conservation is potentially important for modificet of the protein following

displacement of the distal ligand and subsequertitg of the exogenous ligand. Further
information regarding the structure of CcoP wouldde to the role of these conserved

amino acids.

It remains unclear why some of Proteobacteria esgptevocbbs oxidases, for example,
P. aeruginosa and P. stutzeri but the plant pathogeiRseudomonas syringe, express only
one cbb; oxidase (Stoveet al. 2000; Lindeberget al. 2008; Yanet al. 2008). The
expression of two oxidases may be consequentia oEed for more efficient oxygen
reduction complexes in the environmental conditiong/hich the organism thrives. This
study has demonstrated that the whb; oxidases irP. aeruginosa are always expressed
under the tested conditions (aerobic and semi-agraiithough the data indicates a higher
level of expression of thebbs-1 oxidase under aerobic conditions, and a higkeel | of
expression otbbs-2 under anaerobic conditions. Further work to abtarize the CcoP
subunit isolated fronthbs-1 andcbbs-2 considering the expression of the two isozymes
under differing oxygen levels and the sensory radeggested for CcoP, could be
enlightening regarding the function of CcoP in ;s oxidase. It would also be of
interest to investigate any apparent differencethenligand binding properties of CcoP
from cbbs-1 and cbbs-2 reflecting on the proposal that the distal Hisg to the low
potential heme in CcoP is displaced to bind oxygsnan indicator of the redox status of

the cell.

In conclusion, the results presented in this thalligde to the electron input and redox

sensing strategies employed by thb; oxidases.
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