Summary

M. haemolytica H. sommi and Pasteurellamultocida are the main bacteriahgents
involved inthe multifactorial Bovine Respiratory Diseasenplex(BRD)along with viral
coinfections such dsovine respiratory syncytial virus (bRSWis diseaseomplex costs

the agricultural industry vast sums of money annudilye to morbidity, mortality and

the costs of metaphyxis, prophylaxis and treatmenVaccines and antibiotics are
available for ertain strains of these speciebpwever, the increasingricidence of
antibiotic resistance is decreasing the effectivenessmany of these drugs.lt is
therefore vital to discover new antimicrobial targets, enabling the continued and ideally

improved prevention and treatment of the diseases these pathogensecaus

This project investigatedomologues of a proteindentified in Neisseria meningitidis,
known as Gonolysin 1 (Glyl)\N. meningitidisGlyl was previously implicated raem
iron uptake in vitro, a phenomenon thatwas also observed with théleisseria
gonorrhoeae homologue Iron uptake is essential for bacterial survival and is an
important virulence factorA recognised mechanism to limit bactrigrowth is iron
sequestration; peventing the bacteria from accessing haem or iron sourcéeiefore

a potential target for therapeutic intervention.

Putative Glylhomologueswere discovered in other economically relevant bacterial
species With the aim of characterising these homologues M. haemolytica A.
pleuropneumoniaeand Salmonella enterica arizonae I(la), the genespredicted to

encode theGlylproteinswere clonedand overexpressenh E. colcells.

These proteinsvere studiedusinga range of experimental techniques to elucidate their
biological function. To further characterise thprotein structure, biophysical
approaches such as circular dichroisray crystallographynd bioinformaticswvere
employed. A crystal structure tfie M. haemolyticgparalogue MHparg was deduced,
along with the functions of a number of these novel proteins. While tbmologues
discovered inM. haemolyticaand S. enterica arizonaéllla) showed interactions
supportingthe haem binding hypothesisthe A. pleuropneumoniaéomologue and
MHparadid not MHparadid, however displaysome adhesiono respiratory tissueTo
conclude not all Glyl homologues have the same functisith some involved in

nutrient uptake and some potentially involved in virulence
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1 Introduction

1.1 Key Bacterial Pathogens

1.1.1 Pasteurellaceae

The Pasteurellaceadamily of gammaproteobacteriaurrently consists of78 species,
which are made up of21 genera; Mannheimia, Hamophilus Histophilusand
Actinobacillusform the genera of interest in this familfguzeby, 1997)Theyare all
Gram-negative, rod shaped, nemotile facultative anaerobedhese species have been
reclassified a number of times in recent decades dudh® development of more
sophisticated genetiadentification techniquesWithin the Pasteurellaceaéamily are
species that are capable of existing as commensals and/ oogetis in vertebrates
Haemophilus influenzaéor examplejs anopportunistic human pathogen, often found
as a commensal yet able to caugespiratory diseaseThe various species of
Pasteuellaceaecan be differentiated by their phenotypes such as haemolytic activity,
AYR2t S LINWARdiR2dRN2e/a8 enzymatic activity as well analysis ofl6S

sequencegDousse et al., 2008)

Other bacteria from tis family inhabit similar niches in many other specdonising

the mucosal surfaces of the respiratory tract, oropharynx and reproductive traats. F
example Mannheimia haemolyticaxists as a commensal in ruminantginlyfoundin

the bovine and ovie nasopharynxThese bacteria are again able to make the switch
from commensal to pathogen when the host is stressed or immunocompromised
leading to respmtory disease. Infectioroften occursduring transport ofherds of
animals known as¥eedlotRbell 6 SSy FI N¥a 3IAGAYy I NRAEAS G2
This iddue to the heightened stress caused by transportation and the close proximity of
the animals being movedh the case otowsthis is known aBovine Respiratory Disease
(BRD)

In addition to BRD, this bacterial family is responsible for infections in many mammals
and other vetebrates from cows, to pigs, to chickensieTmajorpathogens isolated
from diseased animalgre Pasteurellamultocida, Bibersteinidrehalosi, M. haemolytica,

A. pleuropeumoniae, lemophilus parasuis, and Avibacterium paragallinarium
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respectively Disease in these species is responsible for huge economic losses in the
agricultural industry. Pneumonia is the most comnsymptom of disease arising from
Pasteurellaceae infémns, although further pathology does occur including mastitis in

sheep and severe systemic infection.

In addition to the respiratory tractd. somnialso resides in the reproductive mucosa
and, like other bacterial species mentionechn cause systemutisease in the bovine
host with comorbidities including septicaemia, infertility and abortion, myocarditis and
meningoencephalitis(Harris et al 1989) These systemic infectionsenhance the
economic burden of the bacteria causindRD to the agricultural dustry. A.
pleuropneumoniaes a commensal of the porcine host, where it again can be isolated
from asymptomatic carriersgenerally found inhabiting the tonsillar crypts and
nasopharynx (Bisgaard, 1993) This too is able to cause disease; porcine
pleuropreumonia can be highly contagious, with high mortality ratepending on the
strain causing theoutbreak (Bandara et al., 2003Similar to other members of the
pasteurellaceadamily it causes severe necrotic lung lesi¢gAgto et al., 1995)It can
also kad topericarditis and abortioin pigs costinghe US economyast sumsnnually

reported to be in excess &32 million in 199%Losinger, 2005)

1.1.2 Salmonella

Salmonella species are members of theterobacteriaceaefamily. There are two
species S. bongoriand S. enterica which are split into 12 subspecies afutther
subdividedinto over 2000 serovaraccording to the NCBI databasEhey are @Gm-
negative, rod shaped facultative anaerobes that can cause infections in aavige of
species. The pathology resulting from these bacterial infectitapends upon both the
serovar and the hosfThe nontyphoidalS. enterédiscauses gastroenteritis inumans,
S. typhican cause typhoid feven many hosts depending on the bacterial ssgecies
and S. enterica arizonae (llla@sides as a commensal in its cbldoded host. Both
humans and a wide variety of animalee carriers or reservoif®r Salmonekl, andthe
bacteria can be foodborne or spread by contact with an infected parthis ability to
survive and multiplyin numerous different host speciemnhances the potential for

disease outbreaks.
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The typhoidalS. entericastrains often begin as a gaist infection, being taken intthe
epithelium by pinocytosisafter ingestion The infections can then become systemic,
invading bycrossng the intestineusing thehost immunedefence to its advantage
enter the blood streamSalmonella infections repsenta huge public health issue that
is exacerbated by the rise in antibiotic resistandeniting the treatment options
available In Asia, typhoidaused bys. typhisconsidered endemic, partly due to lack of
vaccination ad overcrowding in certain lations Salmonella outbreaks atherefore

still a concernin the Western world. Th&€DC reently reported that non-typhoidal
Salmonella infections arene of the leading causes of food borne hospitalisation in the
USA(Scallan et al., 2011)

S. enterica arizonae (lllep rardy isolated incasesof human disease. It iflowever, a
common commensal a&ptiles and amphibiangstimated to contributego 8.3 % of the
Salmonellaspecies colonising wild reptilgBriones et al., 2004)®»ntact with these
speciesis the main cause of diseagehumars caused bys. arizonaeSome cases of
transmission to poultrjhave also been reported, highlighting the danger of enzootic
transmission Reptile acquired Salmonella infection in general accountfor
approximately 6% of human salmonellosigerall (Mermin et al., 2004) Infection
mainly manifests as gastroenteritis, although cases of meningiakew et al., 2013)

and osteomyelitigKolker et al., 2012)ave also been reported.

1.1.3 Neisseriaceae

The family Neisseriaceaeare Gram negative, noAmotile, diplo@ccoid, capsular
bacteria. It contains 5 main generAginetobacter, Kingella, Moraxe]l®ligellaand
NeisseriaThe genudeisseriacontainsspecieof bacteriaknown to bethe main causes

of disease in humas fromthis bacterial family. Neisseriaspecies are food within the
human host with soménhabiting niches in other mammals such as dogs and monkeys.
The majority of thesespeciesare commensals of the respiratory and reproductive
mucosa, such aN. cinerea Some, suchsN. lactamicawhile often isolated from the
nasopharynx of asymptomatic carriergre rarely associated with ease in
immunocompromisedhosts. The most impordant human pathogens of this genus ate

meningitidisand N. gonorhoeae
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N. meningitidissthe major global cause of meningococcal meningitis iafection can

lead to septicaemia and death. While 10% of the population are asymptomatic carriers
of the bacteria, when disease occurs the mortality rate from meningococcal meningitis
is betweenl0- 15% inthe US.Of the survivors 11- 19%will suffer serious long term
effects(CDC, 2015)These devastating sequale include loss of vision, deafness and loss
of limbs(Heckaberg et al., 2008)There are 12 serogroups Bf meningitidisvhich are
differentiated according to their capsular polysaccharides. Five of these serogroups, A,
B, C, W and Y, are commonly implicated in causing disease glfihbathyson et al.,
2009) Cases of meningococcal meningitis have decreased in many countries over recent
years due to the availability of vaccines to serogroups A, C, W aHowever the
efficacy of the available vaccines to different serotypes is variable, which led to the
multivalent vaccinélenACWYCRM.These are based on the polysaccharide components
of the bacterial serotypes. Serotype B vaccines were unable to be developegthisin
technique due to the similarity of the polysaccharide to a component of human cells. A
recent review summarisedthe development of the 4CMENB vaccine agailNst

meningitidisserotype B(Andrews and Pollard, 2014)

N. gororrhoeaeis also an important human pathogen, causing the sexually transmitted
infection gonorrhoea. Gonorrhoea infects both men and women. It is characterised by
urethritis and cervicitis, leading to pelvic inflammatory disease, infertility @ctopic
pregnancy if not resolved. The global burdenN#isseria gonorrhoeamfections is
exacerbated by rising antimicrobial resistance. Globally, approximately 106 million of
the curable sexually transmitted infections are dueNtogonorrhoeaeach yar which
equates to around 20WHO, 2012)
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1.2 Bovine Respiratory Disease

1.2.1 Causes and Importance

TheBovine Respiratory Disea€#RD complex, as the name suggests, is a multifactorial
diseaselt is caused by the interplay between viral and bacteriadrdg and the host
immune system.Mannheimia haemolyticaand Pasteurella multoda are the most
commonly isolated bacterial agents, with somnialsoless commonlysolated from
diseased cattleThese bacteria also infect sheapdB. trehalosis an additonal factor
found inisolated inovine diseaseases Bovine respiratory syncytial virdleRSV,)bovine
viral diarrhoea virus andovineparainfluenza viruare all amongcommonconcomitant
viral infections involved in the overall pathogenesis of the asg&eM. haemolyticais
also a welldocumented cause of ovine mastitis, which has a detrimental effect on the

sheep farming industry.

BRD presents a huge challerigehe agricultural industryThe morbidity and mortality
rates in the US alone cost the emmmy $1 billion annuallfUSDA, 2011)with costs of
prevention and treatment also increasing yean-year. New prevention or treatment

measures are desperately required as antibiotic resistance increases.

1.2.2 Host Pathogen Interactions

1.2.2.1 Mechanism of Colonisationrad Infection

M. haemolyticas thebacterial species most often isolated from diseased animgis. |
also known to be a commensal of the bovine upper respisataact and nasopharynx,

yet the mechanism of the switch from commensal to pathogen is ntt fuidersood.

A study into the bacterisommonly isolated in North America and Canada found that
serotypes Al, A2 and A6 gpecvalent Al and A6 are the serotypes generaiglated

from diseased cattle (70 and 20%, respectively), with a lesser peraenfag2 (10 %).
The study also showed that A2 was the predominant serotype isolated from healthy
cattle (Klima et al., 2014aB5erotype A2 is found in other ruminants and is the primary

serotype indicated as caugjrovine respiratory disease. The current hypothesis is that
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the A1 and A6 strains outgrow the A2 serotype as a result of additfaestors such as

co-infection, leading to disease.

Bovine respiratory disease is characterised by initial symptorfessef,nasal discharge,
cough, lack of appetite and anorexia, which in itself affects the value of the cattle due
to the quality and quantity of meat, before considering that approximately 5.9% of cattle
with BRD die from the infectiofFaber et al., 1999)A severe infection can lead to
fibronecrotising pleuropneumonia. The majority factors enabling colonisation are
also virulence factors, which work against the host defence systems to promote disease.
These processes as a whole, or their individual protein components, therefore present

potential targets for prophylaxis or treatment

1.2.2.2 \Virulence Factors

In the case oM. haemolyticathe bacteria either already present as a commensal or
transmitted from infected animalsgrows rapidly in thehost upper respiratory tract
where it is located in the mucous layer. This mucous is sattefeither goblet cells or
seromucous glanddepending on the location withithe respiratory tract. licontains
antibacterial agents such as lysozynsecreted antibodiesand host antimicrobial
peptidesincludingi -defensins, which ar@nnate defence mechanisms that attack the
peptidoglycan walls of thenvadingbacterial cells (Ackermanet al, 2011) Andher
innate host defence mechanisns the mucociliary apparatus allowing clearance of
pathogens captured in thenucous barrierHowever, this is not always successful at
clearing the infection, with bacteriaventually getting dislodged, inhalednd settling

in the lower respiratory tracor lung(Grey and Thomson, 1971)

In healthy animals, the immune system is able to clear this infectubien the bacteria
enter the lung, alveolar macrophages are activatedipgpolysaccharide (LPS) on the
surface ofM. haemolytica causing the release of pinflammatory cytokines. These
cytokines (e.g. ML, TNF» | Y8R sighd] to the host immune system and aid in the
recruitment and priming of neutrophilfHsuan et al., 1999Neutrophl recruitment
causeghe release of further cytokines, reactive oxygen species and elagtiaish act
to damagebacterialcell membranesExpresson of L- selectinon the neutrophil surface
enables the cellsi 2 | R K Sib&yringl ¢h the host respiraty epithelium allowing

19



the neutrophilsto cross into the tissu¢o clear the infection Phagocytosis bydbh
neutrophils and tissuenacrophages clears the bacteria and any cellular debris. Mast
cells, lymphocytes and airway epithelial cellsoplay avital part in responding to the

infection.

In stressed, immunocompromised animals that may have a viramfeotion, these
defence mechanisms can faihd colonisatiorcan lead to severe respiratory disease.
Leukotoxin and LPS are the major virulence fesctif M. haemolytica H. somnand A.
pleuropneumoniaeplaying key roles in disease severity. LPS can act as a protective
barrier to the bacterial cell, preventing certain antimicrobial peptides from crossing the
outer membrane and damaging or killing thacterium. Descent of bacteria to the lower
respiratory tract and lung leads to cellular infiltration of the alveoli by leukocytes causing
I YAMNRIdzE A2y Q adlF iS® ¢KA& NBadzZ da Ay FA
due to the cytokines ahreactive oxygen species releag€thr et al., 1991) eukotoxin
stimulates the releas of leukotriene B4, histamine and prostaglandin E2, all of which
contribute to the severe inflammatory damage in the infected lgAdusu et al., 1994)

At higher concentrations Lkt can also induce apoptosis in host defence cells, impairing
the responsea disease. A leukotoxin knockit strain ofMannheimia haemolyticavas
created by Tatunet alwhich showed a dramatic decrease in host cellular damage in a

bovine model of disease after infection with the knamkt strain(Tatum et al., 1998)

Lafleuret al demonstrated an increased pathogenicity driven by LPS and Lkt together,

as evidenced by an increase in cytolysis of alveolar macrophages due to Lkt in the
presence of norcytolytic levels of LPS, compared to &kine(Lafleur et al., 2001 Prior
SELRAadz2NB G2 [ 103G 2N [t {defangirdmiBh-astBliy enda@d LINE |
the cytotoxic activity(Leite et al., 2002)The leukotoxins dMannheimia haemolytica

have been shown to vary depemdi on the serotype, with slightly differing levels of

toxicity to bovine and ovine neutrophi{®avies and Baillie, 2003)

A. pleuropneumoniaénfection in pigs causes necrotic lurggibns in a similar way,
leading to the production of preinfammatory cytokines andthe subsequent
characteristic accumulation of neutrophils. Viraliofectionis a predisposing factor to

BRD.BHV1 has been shown to increase the pathogenicityMf haemolyticaby
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increasing the amaut of LFAw ¢ dintegrim) produced by host cellahich is known

to be involved in Lkt bindin@_eite et al., 2002, Rivefivas et al., 2009)

Endotoxins produced bd. somniand A. pleuropneumonia@re also inplicated in
bacterial virulence. Lkt is a member of the RTX family of toxins, to which the major
virulence factor proteins oA. pleuropneumoniaeApx, also belon@ansen et al., 1995)
This family of toxins tardéboth macrophages and neutrophils creating pores through
the membranes which leads taytolysis(Thumbikat et al., 2003and, via release of
reactive oxygen species (ROS), contristibethe damage of the pulmonary epithelium.

H. somnialso possesses thability to damage bovine endothelial cells via lipo
oligosaccharide (LOS) with a simiere formingmechanism(Sylte et al., 2001)Rtx
toxins are also known hemolysinpptentially providing a cellular mechanism for
nutrient acquisition in low iron environmentsalthough there is lité evidence to

support this

Thebacterialpolysaccharideapsuleprevents phagocytosis by the host immune system,
as demonstrated by a capsule negative strahM. haemolyticathat was both
phagocytosed more readily than the wild type bacteria and meusceptible to
complementmediated killing(McKerral and Lo, 2002, Chae et al., 1990 capsule

can also interact with proteins in the pulmonary surfactantincreasing bacterial
adhesion M. haemolyticaserotypes have been demonstrated to have differing capsular
polysaccharide composition, which may be relevant to the virulence of each serotype
(Adlam et al., 1984, Adlam et al., 1986, PueRtdledo et al., 1998 ellula adhesion is
considered another important virulence factor, enabling the initial host colonisation and

allowing, if the conditions are appropriate, invasion of the host.

Outer membrane proteingOMPs)are also involved in adhesion when not masked by
the capsule, as seen in many bacterial species, such as OmpA haemolytica
(Hounsome et al., 2018nd OMBR ofA. pleuropneumoniaé/an Overbeke et al., 2002)

Of the mannheimiaouter membrane proteinsOmpA and PIpE are known to b&jor
targets of host antibodies. Outer membrane proteins have been demonstrated to be
vital in bacterial host colonisation, especially iron regulated OMPs, and it is therefore

understandable thathey present a target for the host immune system. OmpALl is found
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in bacterial isolates from the bovine host whereas OmpAZ2 is found in strains of ovine
origin(Hounsome et al., 2011yvhich demonstrates some spesispecificityThese and
other OmpA proteins differ between serotypes in the hypervariable extracellular loop

region (Hounsome et al., 2011DM components oM. haemolyticaare outlined in

Figure 1.1.
LPS Lkt OmpA
capsule
om
90000000
Peptidoglycank: } periplasm
e
cm
EEm y ]
cytoplasm

Figure 11 Outer MembraneVirulence factors ofM. haemolytica

LPSgreen with the O antiger(depicted in light gree) pili on the cell surfacérange

and Lkt secreted from the cell via a Type | secretion system comprised of LktB and LktD
in M. haemolytica(yellow). OmpA shown with characteristic 4 extracellular loops and a
membrane bound beta barrébrown). The capsule dfl. haemolyticais shown on the
extracellular faceOm - outer membrane, cm cytoplasmic membraneAdapted from

Gill EE, Brinkman F8ioessays (2011), open access

Virulence factors oM. haemolyticadiffer between serotypes and host species. Lkt is
found throughout M. haemolyticaserotypes, as is LP8Vhile Lkt is relatively well
conserved, LPS M. haemolyticadiffers between serotypgin both the core region and

O antigen(Davies and Donachie, 1996P Sof A. pleuropneumoniags alsoinvolved in

adhesion along with the firoriae and a number of other OMRVan Overbeke et al.,
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2002) Some LO# H. somniand other bacterial species have been found to mimic
mammalian LOS in an attempt to impair immune suraede (Mandrell et al., 1992)
LPS has been shown to enhance the effect of the Apx toxiAsméuropneumoniaen
phagocytes and further activate thHeostinflammatory responsén a study comparing

the wild type $rain to a LPS mutardtrain (Ramjeet et al., 2008)

Alterations in the components of the lipgligosaccharide component, such as phase
variation and sialylation, have been identified as virulence factokt sommi, enabling

the bacteria to evade the host immune systegiimzana et al. 19929. Other outer
membrane proteins involved in virulence include receptors for host-gontaining

proteins such as transferrin and lactoferrin. Many proteins involved in nuttietdake

such as haem and iron receptors are iron regulated, demonstrating the importance of
iron uptake for bacterial survival and colonisation. An important factor in colonisation

and pathogenesis is the presencd essential nutrients, and the ability dfe bacteria

G2 OFLAGFIEAAS 2y 6KIOG Aa | @LFLAftLrofSe® ¢KS
nutrients available to limit the possibility of colonisation and to protect itself from

cellular damage in the case of iron and other reactive species.
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1.3 Iron and Haem Acquisition

Bacteria such all. haemolyticaresidewithin the upperrespiratory tract ofruminants

The availability of iron within these mucosal surfaces isdompared to the bloodyet

iron uptake is essential for bacterial survival antherefore counted as an important
virulence factor. Iron is used in numerous cellular processes from cellular respiration, to
regulation of transcription, to DNA repair. Different bacteria obtain this iron from a
variety of sources dependingpon the ecolgical niche they inhabit. The host
environment generally maintains a low level of free iron by sequestering it from
circulation in high affinity complexes such as lactoferrin and transferrin. These proteins
bind free iron both to prevent toxicity to the Ists owncellsand to reduce nutrients

available to invading organisms.

Iron exists in equilibrium between ferrous @eand ferric (F&) forms, depending on

the surrounding environment but is generally found in its insoluble ferric form within
living things i.e. at a neutral pHrontecave and Pierre, 1993)on is a core component

of haem, which itself is integral to life in the form of diverse hemoproteins such as
haemoglobin and cytochrome C. Too high a concentration of iron @mhzan lead to
cellular toxicity due to the formation of reactive oxygen spe¢ROSand free radicals

in the Fenton Reaction (Fe+ HO: Th && ~ h 1  dausihgl DiNA and protein
damage. It is for this reason that haem levels are tightly controlled witt@rhost With

the majority of iron being complexed in haem or hemoproteingeéntebrate systems,
these are important targets for plaogens.Haem isoften foundin the ferrous form
within cells, whereas hemjnthe oxidisation product of haemgenerally exists in
extracellular niches and is therefore the form involved in the uptake process as part of

hemoproteins.

Bacteria have evolveaiany different ways of surviving in environments where nutrients
are scarce, which include secretion of molecules that chelate iron with a high affinity
and proteins to retrieve haenknown as siderophores arfttmophores respectivelyas
summarised in Fige 1.2 These scavemrg systems retrievautrients for the bacterial

cell, binding to specific outer membrane receptors for internalisation. Periplasmic

binding proteinghen transport the nutrientto the cytoplasmic membran&TP binding
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cassette ABQ transporters which shuttle it into the cytoplasm where it is used or

stored. All of these systems are tightly regulated due to the reactive nature of haem.

B Haemoglobin '

® Haem HpuAB
A Hemophore
> Siderophore
W Transferrin/

Lactoferrin

. Periplasm

T

Figurel.2Haem and ton Uptake §stems in Grammegative Bcteria.

Gramnegative bacteria producepscific outer membrane proteins (purple and blue) to
capture iron/ haem protein complexes. The substrate bitadthe OM receptor and the
iron/ haemis internalised usinghe pmf delivered bythe TonB complex (green). The
periplasmic binding proteins (yeW) shuttle the internalised molecule across the
periplasm to an ABC transporter (navy blue) where it is transported into the cytoplasm
for use or storageAdapted with permissionfAnzaldi and Skaar, 2010)

1.3.1 Sideophores and Hemophores

Siderophores and hemophores are secrelgtertain bacterial species to scavenge iron
and haem from the surrounding environment. They bind these molecules with
moderatelyhigh affinity, for exampleHasAof Serratiamarcescendindsheminwith a
Kgof 5.3 x 16°°M (Deniau et al., 2003and delivesit to the bacterial cellThe nutrient
uptake occurdythe bindingof the secreted chelating agetd specific outer membrane
proteins.Hemophaes such as HmuY froRorphyromonagyingivalishave been shown

to have a higher affinity for hemin than haem whilst retaining the ability to bind the
reduced form(Smalley et al., 2011)The mechanism oiitial haem renoval from
haemoglobin is hypothesisad be by passive diffusion based upon the higher affinity
of hemophores for haem than haemoglobin for examflletoffe et al., 1999)A novel

proposedmethod of haem capturecentres on the enzymatic oxidation of the ferrous
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iron at the centre of the haem molecule. This decreases the affifiilaemoglobinfor

haem allowing HmuY to scavenge the haédmalley et al., 2011)

Siderophores oE. coli for example include ferric enterobactinwhich binds tothe
receptorFepA, and ferrichrome, which binds to the OM protein Fhli#e mechanism

of siderophore OM recetor interaction has been described blyocher et al
Ferrichrome bindsiron-complexed region firstto an aromatic pocket located on the

OSft t & dzNF I @arrelawhignth it2cBsed filr$is obstructed by a plug. The
FSNNAOKNRYS O0AYRAY3I &A0GS -bakeNahdpartoRhis plfig2 2 LJA
Bindingto the receptorleads to a coformational change whereby part of the plug
region shifts towards the ligandausing the backbone to be displaced and a subsequent
N-terminal conformational alteration(Locher et al.,, 1998) This movement is
hypothesised to be the signal to the TonB receptor to produce the energy required to
bring the iron into the cellN. gonorrhoeaes an example of a bacterial species that do

not produce their own siderophore¥he bacterizcompensate for this by utilising thes
ASONBGSR o6& 20KSNJ OSttaszx 2NJ WESY238ARSNER LI
via the fopABC proteins in a TonB independent mar{S&ange et al., 2011)

The hemophore HasA, secreted Berratia marcescensvas the first to have its
structure soved and hashereforebeen widely investigated. ltcohsa G & 2F |y h ki
fold, and the haem moleculeis held between two loops within this; L1 and L2.
Conformational alterations in this site are key in the binding and release of the haem
molecule (Wolff et al., 208). As mentioned, hemophores bind haemth very high
affinity; the iron of the haem binds tblasAvia hydrogen bonding to HB2 and Tw75
(CallletSaguy et al., 2012and delivesthe haem to a specific OM reptor, HasRFigure

1.3). They are able to acge both free and complexed haem.hemophore found in
pasteurellaeae species, HxuA, is able to acquire haem from hemop&imia et al.,
2006) The mechanism of hae acquisition by Bmophoreshas been described &ither
competition with the hemoprotein to appropriate the haem oby causing
conformational changes to liberate the haem from its carrier protéerebyallowing

the hemophore to capture the haem.
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Figue 1.3 Hemophore Structures and Interactions withakeim.

A. shows the HasA monomer crystallised witbund haem in red sandwiched between
the loops (PDB code 1DK@),shows the haem coordinating amino acidts32 and
Tyr75 andB. shows the hemophore hod to HasR (PDB code 3CSN). Structures were
both S. marcesceriaken from RSGBDB Protein workshop and ray traced and rendered
in Pymol

HasR the HasA receptorhinds holeHasA between loops L6 and L9, with the haem
molecule facing the receptor. The@ém is bound by two histidines within the receptor,
His189 and Hi$03 on the plug and barrel respectivdlgadiPruneyre et al., 2006)
HasR has glightlyweaker affinity(Ka= 5 x 16 M) for haem than Hasfka = 5.3 x 16°

M). The transfer of haem between the two proteins is thought to be driven by pretein
protein interactions that rely onboth the aforementioned histidingsand the
conformational changesaused by the hemophore interacting withe receptor The
HasA: HasR binding was reported with an affinity of ¥iQ and this is proposed to be
the method of overcoming the minimal difference in affinity for haem between the two

proteins (IzadiPruneyre et al., 2006 This differs from othelhaem and ironuptake
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systems which utiliseroton motive force (pmf}o internalise the nutrient as outlined

in section 1.3.31In this case the pmis required only for haem internalisatiafizadt
Pruneyre et al., 2006Examples of thiacquisition method have been demonstrated

P. aeruginosa, S. pyogenes and S. marcesamse the haem has been transferred to
the receptor, the apeHasA dissociates enabling the haem to be transponted the
bacterial cell The haen is then internalised usingroton motive forcegenerated by a
proton gradient from the cytoplasm to the outer membrane of the cell. This electron
transport chain leads to a positive outer membrane and a negative internal

environment resulting in alterations to OM proteins
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1.3.2 Bacterial Outer Membrane Receptors

Haem is a lipophc molecule and alone isnable to cross the negatively charged outer
membrane, therefore transmembrane proteins are required to allow haem uptake in
the cell. Known OM receptors involved in haem and haemoglobin uptake indutie

are not limited tg HpuAB and HgbA found in neisserial species and pasteeaslac
species such ad. somnjand the previously mentioned haem/ hemophore receptor

HasR fron S. marcescens

HmDbR is one outer membrane protein involved in haem uptake from haemoglobin found
in neisserial species. A similar as yet uncharacterised potential homotddgtrmbRhas
been discovered iM. haemolyticaalong with further putative homolgues ira number

of other Gramnegative bacteria. These outer membrane receptars predicted to
have a general basic structure of a beta barrel creating a pore through the membrane
which is blocked by an -drminal plug. Based on structural modellinghet
meningococcal HmbR is predicted to consist of 22 beta strands, 11 surface exposed
loops, 10 periplasmic loops and anté&tminal plug(Evans et al., 2010Yhe haem is
again boundo the proteinby histidine and tyrosine residues and exists with ferric iron
at its centre as a -Boordinate highspin molecule(Mokry et al., 2014) No crystal
structure ofthis neisseriaHmbRprotein hasbeen published to datdhowever the ShuA
haem/ haanoglobin receptor (PDB co@&HH)ears some similarities to that described

by Evanset al (Evans et al., 2010}t is mostly composed of beta strandsnd the
structure depicts22 of these;the classic number of beta strands forming the barrel
structureof haemoglobin receptors. This basic structure aigs observed in thBhyre2
predictedtertiary structure of theM. haemolyticahaemoglobin receptowhen analysed

with Pymol (Fjure 1.4)
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Figure 1.4Predicted &ucture of the M. haemolyticaHmMbR.

Predicted structure of putativél. haemolyticaHmbR (accession number EDN75148)
generated with Phyre2 and rendered and ray traceBlymol. The template protein used
was the crystl structure of TbpA froniNeisseria meningitidiserogroup b in complex
with the clobe of human transferrin (3V89)A. shows the plug within the beta barrel
structure, andB. shows the structure from the side with the-drminal highlighted in
blue at the lower right hand sidef the plug within the barrel. Therpdicted structure
had 93% coverage (668 amino acid residues) and 100 % confidence.
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The neisserial HmbR is a TonB dependent receptor (see section 1.3.3) and is predicted
to bind haem via surfacl®ops 2 and, with loops 6 and 7 hypothesiséa be involved

in haem utilisation, possibly to bring haem into the periplafigvans et al., 2010)
Haemoglobinreceptors lacking the plug domain are unable to acquire haem from
haemoglobin, suggesting that this component is involved in binding or tran§ipoesto

et al.,, 2013) Haemoglobin binding byHgbA of H. ducreyihas been shown by
mutagenesis studgto occur partly via a series of residues in loop 5 along with histidines
in the plug region, whereas the phenylalanine of tRR APmotif on loop 7 was found

to be vital in haem uptak@-usco et al., 2013prikumaset alidentified the protein HgbA

in Actinobacillus pleuropneumonia@PP). This appears to form a part of a vehol
functional haemoglobin receptor, as although hgbA mutant was able to bind
haemoglobin, the bacteria was unable to utilise it as a source of iron suggesting that it

is a multicomponent receptor complésrikumaret al., 2004)

Two-component receptors whose function is to bind lactoferrin or transferrin were
initially discoveredin bacterig followed by the identification ofa two-component
haemoglobin receptor itN. meningitidisHpuAB These receptorgenerallyconsist of a
surface exposed lipoprotein, which interacts with the wmontaining substrate, and a
transmembrane protein enabling transport into the celhe neisserial transferrin
receptor? i NI Yy & F SNNR Yy  THpABRotgd wedNd fouBditycolbcalige 6
on thebacterialmembrane with TbpB forming asurface exposed lipoprotein that binds
iron ladenttransferrin and TbpA a membrane spanning protiat interacts with TonB
(Powell et al., 1998)ThisTonBinteraction allows the proteirto transfer the energy
required to internalise the substratgsee Section 1.3.3While the majority of two
component receptors requirdoth proteins to be functionla TopA of TbpAB can act
alone as it is capable of binding transferrin and extracting the iron from within, however

both compmnents are required for optimal uptak&tokes et al., 2005)

Lactoferrin binding protei (Lbp) also works as a dual component receptor, as displayed
in Figure 12, consisting of two OM proteins that are-t@nscribed. The two proteins in
N. meningitidisare again an outer membrane lactoferiinding lipoprotein LbpB and
the transmembrane mtein LbpA. LbpA uses energyovided bythe TonB protein to

internalise the iron in a similar manner to TopAB. These proteins are well conserved and
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the neisserial LbpB protein has a 55% amino acid sequence identity with(IdpB et

al., 1998)

1.3.3 Cellular Uptake Mechanisms

The transport of proteins across the outer membrane of the bacterial cell reqoats

an OM receptor and energio assist the uptake process, howeydne OM is not
equipped to provide saidnergyalone The uptake is powered by a proton motive force
(pmf), which exploits the ion gradient throughout the cell. HasR, as previously
mentioned, uses the pmf to bring haem across the membrénadiPruneyreet al.,
2006) The pmf is transmitted from the cytoplasm to the outer membrane via the TonB
complex, which consists of three protein subunits; TonB, ExbB and (ExfaDe 1.5)
These proteins are known to form hommoultimers however the stoichiometry hamot

yet been deduced. ExbB and ExbD are transmembrane proteins located anchored in the
cytoplasmic membrane. They facilitate the transfer of the pmf from the cytoplasm
outwards, with ExbB transmitting it to ExbD and on to Tdr. Nterminal of TonB also

sits in the cytoplasmic membrane.

TonB-dependent Receptor
a. b.

N | |

~— < ——=="_1 TonB Box

Plug> - \{’H

Periplasm

d

4

N
CcM |
ExbD ExbB -

TonB

Figurel.5 TonBEXbBEXbD @Gmplex.

PanelA. shows the uptake system at rest with the TonB protein (lilac) separate from the
TonB Box of the outer membrane receptor, and the plug still in pddpon the OM
recepta binding a substrate, the pmf allows the TonBe@ninal to contact the TonB
Box on the Nerminal of the OM receptor allowing uptake of the substrathis is a
representation of the protas involvedn this processad does not accurately display
the ratios of each protein within the TonB complaxd cytoplasmic membrane
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The pmf is also required for the cross linking of ExbB and TonB, and can only be
transmitted to the OM proteinif all three proteins within the complex are intact. An
earlytheoryoK2 g ¢2y. GNIYaYAOGGSR GKS NXBI dzA NBR
which suggested that the TonB protein detached from the cytoplasmic membrane and
aKdzidf SR FONR&aa GKS LISNALIXFay G2 GKS ha
energy. Thigheory was replaced after a study l¢resock et al., 201howed the
findings to be due to noispecific binding of the dyesed in the experimental procedure

to other proteins. The method of energy transmission is now believed to involve pmf
transfer via the @erminal of TonBwhich contains a prolineich region able to spathe
periplasmic space. This contacts both the EdxBD complex via thet€rminal of ExbB

on the cytoplasmic membrane (which is also integral in the association of ExbD and
TonB), and the TonB BoXhe TonB Box isn the Nterminal region of the outer
membrane receptowhich contains a motif rich in asparagine and valine residues over
6 or 7 amim acids TonBTonB Box contact allows the pmf to transfer to the OM protein
and enables a conformational change in the recepatthough the exact mechanism of

pmf transmission by TonB is not yet fully underst¢dana et al., 2011)

The pmf provides energy to both remove haem from the Hamilotein and toreversibly

RA &t 2 R-Bafel piug fcilitating the passage of haem through the pore into the cell
(Flores Jimenez and Cafiso, 201@pnformational changes allow all three proteins in
the TonB complex to be recycled after the pmf has been transmitted to the OM receptor.
TonB proteins are rtdimited to their role iniron and haem uptake, but are involved in
the acquisition of many other nutriertst is no surprise in this case that other TonB
homologues and paralogues have been discovered, such a$S.tmearcesenslasB
which while the oveall function is conserved, do not necessarily have similar structures

(de Amorim et al., 2013)

1.3.4 Periplasmic Haem Bindingréteins

A core omponent of nutrient uptake in Gramegative bacteria is the periplasmic
binding protein (PBP). These proteins are important in facilitating the dissociation of the
haem or iron from high &hity scavenger proteins which require a conformational

change to release their ligand. There are three classes of PBP determined by the number
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of connecting regions between the two lobesaracteristic of this protein familyClass
| has threei O2 yNOSNBIZA2Yy &> /flaa LL G2 13 |yl
connecting region. These connector regions are involved in the conformational changes

that occur upon ligand binding.

In H. influenzagthe removal of iron from the OM receptdmound transferin complex
requires the combination of; 1) A possible conformational change to transferrin upon
binding to the OM receptor TbpAB, allowing transferrin to release the iron and; 2) the
PBP, inthiscade ® A y T fediaSbihbling $roxéin A (FbpA), to prure this iron due

to its higher affinity for iron than transferrifKhan et al., 2007)rhe PBP then acts as a
shuttle system to take tharon across the periplasmic space to the ABC transporter at

the cytoplasnt inner membrane.

The ferric enterobactin iron uptake system has been described and the siderophore not
only binds to the OM receptor FepA with a reported affinity in tla@omolar range, but

also to the PBP FepB with higher affinays of 30 nMas opmsed to 60 nMwith FepA

which may be vital in the siderophore crossing the cell memb(&peencel et al., 2000)

FepB, like ShuT and Phu3 a class Ill PBP. A study by @huwal investigated the
conformationalchanges occurring upon ligand binding. Class | and Il PBPs display a
KAIKSN) RSAINBS 2/8nusF2 8SYINF ALIQA Y AR SWY2(GA2Y
however Chuet alshowed this movement was minimal in class Ill PBPs, and binding was
centred around a maable loop region that placed the PBP in an advantageous position
for binding to the ABC transporter Fep(Thu et al., 2014)

The class Il haem binding PBP foun8higella dysenteria&huT, had its haem bindjn
mechanism characterised by Eakanurgduél, whereit was seen to interact withdmin

via a proximal F&-O bond to Ty94 (Eakanunkul et al., 2005§he amin@cid sequence

of ShuT has high levels of identity to predicted haem binding PBPs from other

pasteurellaceae species (segére 1.9.

Other PBPs that have been identifisdpasteurellaceaenclude SapAa haem binding
protein found inH. influenzaeshown by Masoret alto be vital in haem uptake across
the cytoplasmic membrane via the transporter protein complex Sa@Bason et al.,

2011) HbpA is another haem binding lipoprotein predicted to reside in the pesiplof
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H. influenzaeagain involved in the uptake and transport of haem from hemoproteins
such as hemopexin and haemoglolis.importance is highlighted e study performed

by Morton et al where a HbpA mutant was not able to grow aslivas thewild type
counterparts on haem onlgedium(Morton et al., 2009) The study also concluded that
H.influenza&k R F RRAGA2Y | £ KI ®as$abie totgrowich hderd base# S

mediumalbeit at a reduced rate.

35



Hi 1 SLHRY-- E‘ELCG!

APP 1 SCMRQ

MH 1 Nb@KL N@N
consensus 1

Hi 71 DMKDHS
APP 71 DAAT;S
MH 71 NPKKJ‘

consensus Tl ***

Hi 141 $---—-DDVVTYKN REFHE KKVE
APP 141 DFNEuGQREA
MH 141 EIELS llISGTL

consensus 141

Hi 211
APP 211
MH 211
consensus 211

Hi 281
APP 281
MH 281

consensus 281

A:.E MOK ;KE
\FN 'IGEll

Hi 351 BIF)e NN T TISDI SWASAINTPDFTYD E’SK———AEKILHKL

APP 351 BIKS : ?'VL NVHFPY RHQDHE —————— loH :y DRI L
MH 351 ol VA DsuPYLq PEQGV'N A= 8
consensus 351 LA L S SR L

Hi 421 B REVHR TSSO NNE2DY DL I LEGWLAENL DI
APP 421 [E TSI DV LS DGO E
MH 421 iy IRADL) vs; AY)

consensus 421 .*. R avar® ¥ oW, Shwaeaa

Hi 491 Py <MMDRALS TNHLIERS NSASEIRT LN ARSEV) T2
APP 491 FD E QPRIKIVIMK ,LPIRE
MH 491 F Q DASSSHL EFS B LPTRE

consensus 481 .

Hi 491 msccsceese ey

APP 481 KEKHKEKE——
MH 481 @ GKEEGQ

consensus 481

Figure 1.6 Periplasmic Binding Proteins iRasteurellacae.

The alignment shows thid. infuenza&sapAHI)AAQ12665.1 amino acid sequence with
potential homologues identified irA. pleuropneumoniag(APP)EFL80116.1 anil.
haemolytica(MH) WP_042803671.1The levels of identity between thesmdividual
amino &id sequences are between 46%2and60.824 * denotes identical residueis

all sequencesvhereas . denoteglenticalresiduesin the majority of sequencesignal
peptide cleavage site indicated by radow.

1.3.5 ABC Transporters

ABC transporters are proteins situated dmetcytoplasmic membrane of the Gram
negative bacterial cell. They are essential for the active transponutfents such as

iron or haem into the cytoplasm. The PBP delivers the sutestcathe ABC transporter
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which in turn provides a channel for said substrate to pass throlglnner membrane

into the cytoplasm. ABC transportease generally composk of four subunitsjwo
transmembrane domains and two ATP binding cytoplasmic dongs@esFigure 1)71n

the case ofYersinia pestis the PBP HmuT recognises HmuUl andf Zhe ABC
transporteron the cytoplasmic membrane and transfers the haem to a channel between
the monomers. ATP drives the PBP shuttlatgoss the periplasnand enabls the
conformational changeopening the channel between helix 5 in each transmembrane
domain(TMD) of the ABC transportéWoo et al., 2012)The substrate can then cross

into the cytoplasm.

37



Periplasm

HmuU, HmuU,
Inner
Membrane
HmuV, HmuV,
Cytoplasm

Figure 1.7ABC Transpodr HmuUYV inYersiniapestis

This haem ABC transporter complex structureDB code4G1U) displays the
characteristic two transmembrane domaitwo ATP binding protein domain structure.

A channel opens between Hmuldnd Hmul allowing haem to pass througthe
cytoplasmic membranelhe ABC transporter domains are on the cytoplasmic side of the
inner membrane and provide the energy needed to import the haStructure taken
from RCS®BD and rendereth Pymol.

The Sap system id. influenzaas believel to behave ina similar manner to that oY.
pestis The PBP SapA shuttles the haem across the periplasm, delivering it to the
transmembrane proteinsSapBC. Thigndergoes a conformational change using the
energy derived from hydrolysis of ATR 8apDF, the fad components of the ABC
transporter complexXMorton et al., 2009) With the BtuCDtransporter,the hydrolysis

of ATP allows the TMD region to opecepting the ligand ancausinghe subsequent
release of ADPwhich allows the TMD proteins to flip inwards, enabling the ligand to

then pass into the cytoplasifHollenstein et al., 2007) Both of these uptake systems
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rely ontype Il transportersWhile not identical in mechanism of uptakéhe Sap and
Hmu systemare related to the Vitamin B2 trangorter BtuCD, highlighting the diverse

functions of the family of proteins.

1.3.6 Iron and Haem Homeostasis

Whilst nutrient uptakeand inparticular ironacquisition|s vital for cellular survivaikon

and haemcan also be highlipxic to the bacterial cellt is for this reason that both the

iron and haem levels within the cell and the production of proteins involved in the
nutrient uptake systems are tightly controlled. Many bacteria suciNameningitidis

are capable of synthesising thewn haem in a pcess usingnultiple enzyme catigsts

(see kgure 1.9. This requires exogenous iron to make haem fiomtoporphyrin IX
(PPIX Not all bacteria have the enzymes required for haem biosynthesis, for example
H. influenzadacks the first 6 enzymes in thafhway (Figure 1.8 While the cellcan
acquire iron for its metabolic needs, it relies on exogenous sources of haem for use in
cytochromes and other hemoproteinsecessary for cellular function®Vhite et al
showed thatH. influenzaecould survive for alsrt while on haem stores when grown

in a haemlimited medium, but growth slowed and only adding exogenoweim back

to the enabledcellular replicatiorto resume(White and Granick, 1963)
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Figure 1.8Haem Bosynthesis inN. meningitidis

An example of bacterial haem biosynthesis with the completed haem being
incorporated into cytochrome .CThis pathway is well conserved in many bacteria,
animals and plantsALA- Aminolevulinic acidAdapted with permission fronfAnzaldi

and Skaar, 2010)

To avoid cellular toxicity, haem and iron is either utdise metabolicfunctions as it is
internalisedor, if there is an exces# is sequestered in storage forms within the cell.
Iron can be stored in bacterial proteins such as ferritmavoid the buildup of toxic
ROShereby reducing the potential forlDA and protein damage. Whéwaem is the iron
source, the enzyme haem oxygendBkO)liberates the iron atom bpreaking down the
protoporphyrin ring leaving CO and biliverdin as by produktstudy by Letoffeet al
identified the proteins YfeX and EfeBl@aemiron liberating agents k. col(Letoffe et

al., 2009) These proteins were subsequently found to lmmserved ina wide range of
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bacteria, and function to remove the iron from haem by a novel mechanism

WRSTFSNNROKSt A2y Qo

Bacterial haem and iron sensing mechanisms are crucial to adaptation and survival to
allow the cell to regulate protein production depding on available resourcetle Fec
systemregulates iron uptake i&. coli The Fec signalling system starts with ferric citrate
binding to the OM protein FecA. The periplasmidéiminal of this interacts with the
Cterminal of FecR, an inner memior& protein. FecR then interacts with Fecl, which is

an extracytoplasmic sigma factor, so called as it is responding indirectly to extracellular
stimuli. Fecl then acts on the genes associated with the FecCABCDE uptake system

causing transcription to occyEnz et al., 2003)

Bacterial iron levels are tightly regulated by variations in gene expression dependant on
the cellular environment. Whitbgt aldemonstrated the importance of iron and haem
regulation inH. infuenzaewith microarray results showing that approximately 10% of
the entire genome is dedicated tacquisition and control of homeostasis tfis
particular nutrient(Whitby et al., 2006)Iron restriction has been shown to promote the
expression of iron acquisition genes such as the ExbBD geNegamorrhoae (Jackson

et al., 2010) haemoglobin receptors in APP and general iron transport proteins and
permeases inM. haemolytica(Klitgaard et al., 2010 Downregulated genesni M.

haemolyticawere those involved in metalloprotein formatiqRoehrig et al., 2007)

The regulation of ironelated gene transcription isvidely controlled by the Ferric

Uptake Regulator (Fur). The best knowndtion of the protein Fur is as a-cepressor

with metals such as iron, cobalt or manganese. The protein dimerises with the help of
the metal ion, causing a conformational changlisenabksbindingof the dimerto a

region overlapping the promotoraf KS G NBSG 3ISyS (y26y | & |
prevents RNA polymerase binding to the promotor dhdreby inhibitstranscription.

When intracellular levels of iron fall, the Fur dimer dissociates leaves the promoter,

and transcription cathen occur (see Figure 1)qStojiljkovic and Hantke, 1995jur has

also ben reported to positively regulate transcription when in its monomer form,
although the mechanisms are not completely understodd hypothesis for the

mechanism of positive regulatiosuggess that dimer binding may prevent the
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association of other represss to the DNA allowing transcription of certain genes

(Delany et al., 2004, Yu and Genco, 2012)

FeZz*

Fe2+ ’ o

A. \ — B. C. ’\ (Fur
( Fur - - (Fur

mRNA
GATAATGATAATCATTATC GATAATGATAATCATTATC

;

Figure 1.9 Repression of Transcription by the Fumér.

A.In a high iron environmention enables dimerizatn between Fur monomer.The
dimer binds the Fur Box (sequence shown Fur Bd@& oblj preventing transcriptiorcC.
Cellular iron levels fall, the iron dissociates and transcription can reseM&P denotes
RNA polymerase.

In specific environmentaliches, nutrients may be limited. It is therefore important for
the bacterial cells to conserve energy whilst maintaining the ability to acquire sufficient
resources to survive. In concentrating the resources available to the vital functions for
cellular suvival and the appropriate nutrient acquisition, the bacterial cells are giving
themselves the best chance of survival in a hasttironment.Fur and other systems

of transcription regulation, such as Zur and ArsR, are crucial in the corfittbkse

fundions, which are also known &sicterial virulence factors.
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1.4 Prophylaxis and Treatment

BRD, porcine pleuropneumonia and ovine mastitis all contribute to the disease burden
on feedlot animals in the agricultural industry worldwide. BRD causes hugeciat
problems to the agricultural industry due to the costs of the loss of cattle to BRD, the
weight loss during illness due to loss of appetite and the time taken to recover.
Morbidity due to infection has been estimated at 20.@%&aber et al., 1999)Economic
costs of this disease are caused by a mortality rate estimaté&d@tdecrease in value

of infected animals and treatment costs. The decrease in animal valliedes a
reported $57 lower net profit due to less weight gain in infected animals and lower
quality meat(Faber et al., 1999)reatment costs adn have been estimated $12 per
head of cattle in one study performed in the U.S.A, l§6 of this being the costs of
the drugs administered. It is telling of the ingiaof BRD on feedlotthat 87% of all
treatments administeredo cows areaimed at BRD complgkaber et al., 19990Dne of

the major etiological causes M. haemolytica and this pathogers also a commonly
isolated bacteria from sheep sufferingin mastitis, which can impact on nursing lambs

of infected sheep, causing a further burden to the industry.

Vaccination of cattle prior to introduction into feedlots had proved to be of inconsistent
efficacy (Larson and Step, 2012)As a result of this, farmers have turned to
antimicrobials, namely antibiotics, as the primary measure to prevent serious losses to
their cattle stocks. Due to liberalon-strain specifiause of these antimicrobiagents,

the rise of atimicrobial resistance is becoming a real problem.

1.4.1 Prevention

Metaphylaxis is used to protect high risk cattle upon entry to the feedlot prior to the
development of immunity resulting from vaccination. In the USA, over 73% of cattle
received metaphylacti@antibiotics upon entry to feedlots in 201(USDA), 2013)
Common antibiotics registered for this use include tilmicosin, florfenicol, tulathromycin
and cdtiofur. These have to be controlled and prescribed by experienced veterinarians
to reduce the chances of the development of antibiotic resistance. Metaphylaxis has

been estimated to reduce disease incidence by up to 50% and overall mortality by up to
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25% alhough metaanalysis highlighted that results for these investigaticar®
inconsistentdue to large differences in variabl@san Donkersgoed, 1992)hile this is
impressive, it has been widely suggested that improvements in vaccination protocols
could render this unnecessary, thereby decreasing the chance of sgjedsistant

bacteria.

It can take between -B weeks for calves to develogn immune responseost
vaccination, and further booster doses may be required depending upon the vaccine
used. There are a wide range of vaccines available against the commoranira
bacterial causes of BRD, which can be used in a variety of combin&ieosnditioning

of the cattlehas been shown taid in the decrease in disease incidence, however this is

not always possibl€Taylor et &, 2010)

Cattle vaccinated with Kkille vaccines hadhigher morbidity réaes than those
administeredmodified live vaccines and 52% of calves vaccinated in one study relapsed
after vaccination(Faber et al., 1999A metastudy conducted by Larscet al on over

20 years of data found that vaccines agaiht haemolyticadid not significantly
decrease mortality in Noht American feedlots, although an overall decrease was
observed in many of the trials studiétdarson and Step, 201Zjhe same was found for

H. somni although the number of trials assessed was much lower. Ovbrltrials
assessing the efficacy of vaccines used to reduce BRD caused by bacteria were
inconsistent, anchad many limitationgLarson and Step, 2012 urrent vaccines used
against the Granmegative bacterial caes of BRD include killachccines such as
Pulmoguard (Prolabskhnd combined vaccines such as the newly released in 2014
Titanium 5 + PH (Elanco) which covers both viral and bacterial caulsetependent
reviews of the latter have not been reported,tyeports from the company show that

it does reduce the mortality resulting froid. haemolyticainfections when comared

to an unvaccinated control grouglilliken, 2013)

Phase variation is one recognised mechanism of bacterial survival, whereby changes in
expressed proteins can aid host defence avoidance. An example of this is the expression
of varations of the PorArotein on the outer membranes df. meningitidis enabling

the bacteria to avoid antibody detectidifauseef et al., 2013phase variation can also
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present a problem whemronsidering drug targets; a high level of phase variation in a
target protein for example would decrease the efficacy of the drug designed to work via
that particular protein.A protein that is necessary for some aspect of cellular survival
and proliferaton is more likely to be expressed, and can therefore present a more

attractive target.

1.4.2 Treatments

Hfective treatment of BRD requires knowledge of the specific causes to tailor the
therapy appropriately, and to minimise the selection of resistant baatetilasses of
antibiotics used include macrolides (e.g. Tilmicosin), chloramphenicols (e.g. Nuflor),
tetracyclines, cephalosporins (e.g. Naxcel) and fluoroquinolones (e.g. Baytel). T
mechanisms of actioare todisrupt or entirelyinhibit cell wall syrtesis in the case of
cephalopsporins, which inhibit the peptidoglycan crosslinking by penicillin binding
proteins. Protein synthesis is targeted by macrolides and tetracyeltmsh prevent the
formation of peptide bonds via inhibiting the 50S subunienaictions and the binding

of aminoacyl tRNA to the ribosomal subunits, respectively. Fluoroquinolones inhibit
nucleic acid synthesis by targeting DNA topoisomerases. Despite efforts to reduce the
rise of resistant bacterial strains, reports over recentrgehave indicated that the

number of antibiotics that still provide protection are dwindling.

1.4.3 Antibiotic Resistance

Antibiotics currently used to both prevent and treat bacterial infections involved in BRD
have been widely used in agriculture for many yeat/hile attempts have been made

more recently to control the indiscriminate usage, there are still instances of
inappropriate and over use. Resistance can occur by favourable mutations to targets
such as the topoisomerases, preventing antibiotic bindimgiting the availability of the
antibiotic by decreasing membrane permeability or an increase in efflux pumps can also
lead to failure. Other mechanisms include the inactivation of antibiotics, such as
chloramphenicol, by acetyl transferases. The gene ifdactamase also anfers
resistance to penicilih Y R 2 0 KSNER Ay GKA A& Of I abactahT | y i

ring leading to inactivation.
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Klimaet al found that of theMannheimiaisolates from diseased animalsvestigated
37%(Klima et al., 201&) and 72%(Klima et al., 2014Db) in two different studiead some
variety of antibiotic resistance, withup to 18% of these showing resistance to
tetracycline (Klima et al., 2014a, Klima et al., 2014B)I of the isolates displaying
antibiotic resistancein both studieswere serotype Al, with the exceptionof one
serotype A2 In a further study, they investigated the importance of integrative
conjugative element$ICE)n conferring resistance upobacteria, finding that 88% of
isolates from the samplefsom the USA contained multidrug resistant IB&ma et al.,
2014b) ICE regions are known mobile genetic elements able to transfer between
competent bacteria, which presents a further survival mechanism. A daongey
product of this was highlighted in the ability of these regions to transfer betwen
multocidaand E. coli(Klima et al., 2014b)This couldotentiallylead to the spread of
resistance not just intr@peges but also in bacteria colonising simiéaologicahiches.
Plasmid mediated resistance has also been observdd.imaemolytica with genes
conferring resistance to both florfenicol and chloramphenicol found in a particular
isolate (Katsuda et al., 2012Resistance is not limited td. haemolytica with reports

of disease isolates &. pleuropneumoniabarbouring resistance genes tettacycline.
Lower levels of resistance to florfenicol, tiimicosin and ampicillin were also motibds

speciegKucerova et al., 2011)

1.4.4 New Targets

As illustrated by the high cost of treatments for BRD, newdtrghat can affect
numerous causative agentsf this multifactorial disease complex could significantly
lower thiseconomicburden. Additional significant costs include the prophylaxis and
treatment of herd of cattle. To target bacteria in a manner tduee the likelihood of

resistance arising, kespmponents in cell survival are an obvious choice.

A promising vaccine trial usethe A. pleuropneumoniaédpx toxins against them,
utilising a fragment of Apxll as part of a vaccine. Nasal immunization veam sto
induce protetive immunity against infection by multiple serotypes of A.
pleuropneumoniaén a murine mode(Seo et al., 2013Ysing this toxin as a target may

function by both neutralising the damaging &gt of the toxin alone and preventing the
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bacteria from colonising the respiratory and reproductive mucbganaintaining low

numbers of bacterigChiang et al., 2009, Seo et al., 2013)

As previously discussed, Qivbteins can be involved in adhesion and are also known to
be immunogenic. The addition of one of these, PIpE, to vaccinds.foaemolyticavas
found to enhance vaccine efficacy and broaden the specificity to A6 as wel(@swer

et al., 2006) There is a need for greater cressrotype protection amongsi.
haemolyticavaccines, as the majoritiarget A1l. There is a reportedicrease in the
prevalence of other serotypes causing infection, therefore a comskrprotein

throughout serotypes would be an ideal target.

1.5 The Glyl Protein Family

1.5.1 Neisserial Glyl Proteins

The protein gonolysinl (Glyl) was originallgcdvered by Arvidsoat al in Neisseria
gonorrhoeaewhile screening the genome fquutative baderial toxins(Arvidson et al.,
1999) The glyl gene was foundby screeningclones created in ark. colilibrary
containing DNAof N. gonorrhoeaeand investigating the coding DNA ¢oloniesthat
displayed somehaemolytic activity. Strains ofN. gonorrhoeaeexhibited increased
toxicity to human fallopian tube cultures whe@lylORF1 protein wasutated, and
found to reduce the axicity when wt GlylORF1 waadded back into the growth
medium although this finding hasot been confirmed with subsequent experiments.
Glyl1ORF1 was discoveratha locus along with a second open reading frame (ORF), with
no obvious promoter sequence in between the two gernég proteins, GlylORF1 and
GlylORF2 were therefothought to be cetranscribed(Figure 1.10)Glyl1ORF1 wake
protein of interestin this study This protein had no known functipand screening in
the NCBI databagaitially revealedno matches, with more recent searches findordy
WKLI2 GKSGAOIf Q tIngdncedAidsonst alibuad tiaktiishprotein was
mainly located in outer membrane blebsf the Neisseriaalong with some associated
with the OM itself.The Glyl protein wasot detected inthe solublelysateproteins of
N. gonorrhoeagyet was obsesed insmall quantities inouter membrane blebs10°

cells were required to detect the protein via immunohlédthough the Arvidson group
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hypothesisedit to be related toinhibition of cellular toxicityin the fallopian tubes,
further work has notonfirmedthis. Studies by the Arvidson group also showed that the
Glyl proteins were not essential factors in neisserial adhesion or invasion into host

tissuesin vitro (Arvidson et al., 1999)

-35  -10
E—— GlylORF1 o GIy10RF2> HemX > HemY > HemE >

Figurel.10Glyl locus inNeisserialecies

TheglylORFANd glylORF2enes are located adjacent to each other in the genome.
No promoter binding region was discovered between the two genes however a
predicted ribosomal binding site (RBS) was discovedfdlORF2 hagbme gmilarity to

E. colHemD Other haem biosynthesis genes were found downstream of the Gly1 locus.

The second protein of the locus, GlylORF2 was also entered into the NCBI BLAST
database search, and the results here showlet it shareda degree of similaty to E.

O 2 tHerfa protein involved in haem biosynthegisee Figure 1.3 More recent
searchesf the NCBI databadeave further suggestethat this is the neisserial HemD,

with updated annotations ofhe genomes showing very high degree of consetion

of this gene and its locus between neisserial species and strains. Other flankingpfenes
Glylalso appeaed to be involved in haem biosynthesiseg Figure 1.10and 3.5 in
Chapter 3 which lead to the hypothesis thaty@ is involved some way iraBmuptake

or metabolism

TheNeisseria gonorrhoea®dlylORF1 proteisequencavas entered into the NCBI BLAST
database to search for potential family members in otbacterial speciesThe results

of this search are ever increasing as more and more gesar added to the database.

The Glyl protein was found to be highly conserved throughout neisserial species
includingNeisseria meningitidiand Neisseria lactamicéo name a few. These bacteria
are found in human hosts, often as commensals in the ragmiy tract in the case dfl.
lactamicaand N. meningitidis however disease can occur whin meningitidisnoves

to the lower respiratory tract or enters the bloodstream.
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N. meningitidisstrain MC58, the mutant created with the insertion of an erythromycin
cassette within theglyl gene. Tese experiments showed thathile the wild type
bacteria were able to grow imediumcontainingeither iron, haem ohaemoglobin, the

n Dy1 knock out strain was unable to grownrediumcontaining haem or haemoglobin
alone. When purified Glyl protein wa®introduced to the medium, growth was
restoredin a dose dependent mannefhen D f ndutant was able to grow omedium

containing inorgaic iron(Sathyamurthy, 2011)

Further work with theN. meningitidisGlyl proteinalso showed interactions with the
neisserial HmbRNeirzbicka, 2014uggesting that Glyl has a ceaaitrole in iron uptake

from haem sourcednteractions with erythrocytes were also demonstrated, with Gly1l
causing deformation of the red blood cell[Sathyamurthy, 2011)hought to be via
transient protein interactiongWeirzbicka, 2014)Characterisation of this teraction

was suggestetb be via the erythrocyte membrane protein EBP, 4ritially shown by
Yeast2-hybrid experiments(Meadows, 2005) Sathyamurthyet al demonstrated
interactions using fluorescently labelled neisserial Gly1 incubated with a mouse cell line
expresang the membrane proteifSathyamurthy, 2011)hese interaction resis could

not be replicated using purified EBP 4.2 in Glyl binding experiments performed using
the BLItz (ForteBip)vhich was suspected to be a result of incorrect folding or protein
instability (Weirzbicka, 2014)

In addition to this potential role in nutrient uptake, serum bacteri¢idasays were
performedwhich showedbactericidal activity oferumantibodiesraised againsthe N.
meningitidis Glyl protein (Sathyamurthy, 2011, Weirzbicka, 2014)hese data
supportd the idea that antiGlyl antibodies could be used as a potential vaccine
candidate, although further experiments would be required in an animabel of

neisserial infection to verify this.

Studiesof antibacterial agents focussing oon acquisition irthe form of haem uptake
includetargeting HasA oP. aeruginosaThis investigation showed that HasA was able
to bind synthetic metals rathethan haem, and in doing so on a haem amigdiumP.

aeruginosawas unable to growShirataki et al., 2014Not all vaccine candidates have
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shown crossserotype protection, for example using HgbAHxfducreyialongwith an
adjuvant only conferred protection against those isolates expressing one class of
receptor (Fusco et al., 2010Highly conserved target proteins throughout serotypes

would enable a crosserotype vaccineand potentially even crosspecies.

1.5.2 Potential Hhmologues The Gly1 Protein Family

Potential homologues were discoveredAntinobacillus pleuropneumoniadistophilus
somni (formerly Haemophilus somnlisand Mannheimia haemolytica(formerly
Pasteurella hemolytica),among othersOf particular interest is the recent addition of

a putative homologue i. multocidaanother bacteria commonly isolated in BRD along
with M. haemolyticaeandH. somniOf thesespeciesM. haemolyticaboasts 12 different
serotypes, P. multocida5 andA. pleuropneumoniad5. H. somniis not classed into
serotypes that are widely used, and just two strains have their complete genome

sequences availablkes of August 2015

Further NCBI BLAST searches revealed potential proteinlbgoes of the Gly1 protein
within a number of Gramnegative bacteria, ranging from highly similareisserial
species such aN. lactamicaas previously mentioned t8&.entericallla and E.tarda -

reptile and fish pathogens, respectively
1.5.3 Project Aims at he Outset

Due to the economic importance of the diseases caused bytahesnal pathogens, the
membersof this possible new? 3 2 v 2-f & 3 5 N faiilyay Setof/interests they

are present in all available sequenceeisserialgenomes at time of wting. This,
coupled with prior research showing neisserial Glyl proteins conveying complement
mediated bactericidal activity, could present Gly1 protee$otentiaihovel targets for

vaccines otherapy.

The initial aims of the project were to invesiig potential Glyl family proteins found
within a number of animal pathogens. The proteins in question were of unknown
function and structure, with only the ORFhighlighted within the genomes in the NCBI

database as an indication that they existed. Therethe proteins fronM. haemolytica
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A. pleuropneumoniaeand S. eterica arizonae (lllajwere chosen to undergo
characterisation exp@mnents to discover whether theistructures and or functions
were similar to that of the neisserial Glyl proteins prawsty investigatedThe initial
hypothesis was that the Gly1 protein family is involved in haemn acquigion in gram

negative bacteria based on the neisserial Gly1 studies conducted in the Sayers group.
Specifically, we set out to:

1 Identify putative sguence homologues in different bacterial species

1 Discover the prevalence @lyl homologues iM. haemolyticaisolates

1 Screenheseisolates to analyse sequence conservation witdiennheimia
species

1 Express and purifgslyl homologueand nvestigatethe structural similarities
of these proteins

1 Determine haem binding ability of these proteins of interest
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2. Materials andMethods
2.1 Cloning

2.1.1 Preparation ofChemically Competent Cells

Axenic cultures dE. colM72, BL21 (DE3), BLAAE3RIPL or XLI Blue cehld lab strains

see Appendix for genotypgsvere grown on LB agar plates overnight at 30°C (see
section 2.2.4). One colony was used to inoculate 10 ml of m&dium which was
incubated overnight at 30°C. The@ inl culture was added to 100 ml LB and incubated
at 30°C until an &0 of 0.4 was reached. The cell suspension was centrifuged at §35 x
for 10 minutes at 4°C. The cell pellet wasstspended in 25 ml 100 mM Mgdihe
suspension was again centrifugetl 385 xg for 10 minutes, 4°C, and the cell pellet
gently resuspended in 5 ndf 100 mMice cold CaglA further 45 mbf 100 mMice

cold CaGlwas added and this solution was incubated on ice for 1 hour. The cells were
again centrifuged at 335¢for 10 minutes at 4°C. This pellet wassespended in 6 ml

100 mMice cold Cagplus 15% glycerol and immediately frozen in aliquots3atC.
2.1.2 Transformationof Chemically Competent Cells

Competent cells that had been grown in 0.1% glucose enrichethédBum were
defrosted on ice and 50 pl added to pehilled micrecentrifuge tubes. The control
tubes containedl. competent cells only, an@. an empty vector relevant to the
transformation. To each subsequent aliquot, 2.5 pl of diluted plasmid was added.
Sampes were incubated on ice for 1 hour followed by a 1 minute heat shock at 42°C.
The cells were immediately returned to ice for 5 minutes. A 50 pl aliquot of each sample
was plated onto an LB agar plate containing ampicillin and 0.1% glucose, and incubated

at 30°C overnight.
2.1.3 Mini Prep of Plasmid DNA

Cells containing the plasmid (XLIB for 288 and pUC19 storage followed by BL21
(DE3J) for subsequent protein overexpression, and M72 for pJONEX4 and pJONEX4 C
his) were grown in LBiediumplus ampicillin ovenight at 30°C. For XLIB and BL21 (DES3)
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cells, LB was enriched with 0.1% glucose. Of this, 6 ml was centrifuged, the supernatant
was discarded and the cell pellet used for a DNA-miep (Omega Bid ek USA, Plasmid
Mini-Prep Kit). For migpreps (Qiagertd, UK, 100 ml overnight cultures were grown,

of which 50 ml was used.
2.1.4 Double Digest of Gene and Plasmid

Restriction sites compatible with the multiple cloning site in pJONEX4 (EcoRI and
Hindlll), for pJONEX4h& (EcoRI and BamHI), for pUC19 (EcoRBantHI) and for
pET21a (Ndel and HindlIll) were incorporated into the gene of interest using custom
designed primers (seeltiée 2.1 and were designed to allow over expression from either
the lambda, lac or T7 promoter dependion the vector of choice (seTable 2.1 For

the double digest, an initial single digest was carried out uapgroximately 40 n@f

vector from the miniprep with 10 unitsof each restriction engne plus 2 ul 10 x buffer
anddHOto a final volume o020 pl. An undigested controlas included containing only

10 ngvector plusdHO to a final volume of ul. Samples were incubated for 1 hour at
37°C. Of each single digest, 15 ul was transferred into a single tube to give a final volume
of 30 pl. A further 10 units of each restrictienzyme was added to this and all samples
were incubated for 1 hour at 37°C. A 1% agarose gel containing ethidium bromide (final
concentration of 1 ug/ml) was prepared and 5 pl of each sample, mixed with 1 pl 6 x
loading dye, and either a 100 bp or a 1[BNA ladder (both NEB), wasrat 4V cnrt

for approximately 45 minutes. A large well containing 2%apiproximately 250 ng)f

the double digest mixture was also included for gel extraction. The wells containing
approximately 50 ngpNA were UV imaged amdarks made to enable extraction of the
larger band of DNA without UV exposure. Gel Extraction was performed using a Qiagen
Gel Extraction kit. The APP Glyl gene was synthesised by Eurofins MWG Operon in the
pPEXA-new plasmid to enable restriction digesitivEcoRI and Hindlll, allowing for direct

cloning into the pJONEX4 vector.
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Target gene| Forward sequence Reverse sequence

MHA_1205 | pQ p-Q
TTTGAATTCAGAGGAAACAARNRA | TGTGGATCCTAAAGTATTCA
GCGTAAATTATTAGTAATE 0 ¢ AAATGAACATC(BamHI)
MHA_0579 | pQ p-Q
AAA/GAATTEAAGGAAACTAACA TTAAGATCCGGCTGCAAAT(
ATRAAAAAAATGGEEQ 6 9 O AGATTTTCTCATEMamHI)
MHpara p-Q p-Q
AAAGGAAABARTARAAAAATTGA TCTAAGCTTTACTATTTTTGA
TGATATTCGCQ O b RSL O | GTGTGCAACCTIplindlll)

PhuT p-Q p-Q
AATACARTAGAACCTTACTTTT] TATAAGCTATTTTAAACAAG
TTTFo (Ndel) TTGAATAGA (Mindlll)

HmbR p-Q p-Q

TAALGGGATCAGAGGETAAAAT | AAAAGGAATTATTTACAAAAAA
GCAAATAAAGCAARAQ 0O . | Y| GGGCCAAAATOAECORI)

Table 2.1. Primers Used for IBning. Restriction enzymeis bracketsand recognition
sites underlined, start codon highlighted in yellow

2.1.5 Ligation of Gene into Vector

Ligation of the Glyl insert into the plasmid was performed using an approximate 1:3
molar ratio of vector: insert. Samples were incubatedgation buffer and 5 units of T4
DNA Ligase (both Fermentas) and made up to 10 ul witkbdHhe reaction was left on

ice overnight. A 1% agarose gel was run to check ligation. The complete plasmid was
then transformed back into the appropriate competentlicipe (see sectior2.1.2).

After transformation, 50 pl of cells were plated (see sectioR.4. These included a
negative control of cells containing no vectorcantrol for selfligation with vector and
ligase alone, and insert and ligase alone. The experimental cells contained different
ratios of the ligation of vector and insert and a positive control of the undigested vector.
The plates were grown at 30°C. Gubs were grown up in 6 ml LB cultures (see section
2.2.5 and the DNA extracted using the Omega plasmid-priep kit as before. The DNA
was sent for sequencing using either M13 primers applicable for bothedpdONEX4

vectors or T7 primers for the pUC19 and f#8& vectors to assess the quality of the
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cloning. Sequencing was performed by the University of Sheffield Core Genomics
Facility, and sequences were analysed using FinchTV 1.4.0 (Geospiza, Ine,;\Séattl

USA,; http://www.geospiza.com).

TheM. haemolyticaGlyl paralogue was cloned from a 50 ng stock of genomic(BNA
gift from Intervet Innovation GmbH, Schwabenheim, Germany). The periplasmic haem
binding protein PhuT and the haemoglobin receptor (HinlvBre also cloned from this

genomic DNA.

2.2 Protein Overexpression and Purification

2.2.1 Cell Culture Buffers and Reagents

Lemox Broth (LBnediumconsisted of 1% tryptone w/v, 0.5% yeast extract (Oxoid) w/v,
nops blk/f 0! ONR& h NBLI yINBDAWy fas agel platis.ditie 4¥iTd p:’
(yeast tryptone) mediumconsisted of 3.2% tryptone, 2% yeast extract and 0.5% NacCl.
The ampicillin and carbenicillin (Melford) were both diluted to a final concentration of
100 pg/ml in cell culture media. Cell linesedsvereE. colik- 12 M72,E coliBL21 DE3

andE. coliXLI Bludall lab strainy Cell wash buffer consisted of 25 mM Tris-HCI pH 8, 2
mM EDTA pH 8 and 100 mM NacCl.

2.2.2 Heat Induced Expression System of pJONEX4

M. haemolyticaGlyIMHA_1205andMHA_0579verecloned into the plasmid pJONEX4
GHis(Sayers and Eckstein, 19919 enable specific selection, the plasmid contained a
3SyS O2RAy3a FT2N) oSidl tF OG0 Yl &85 prankterOK O+
controlled transcription of Glyl va a heat inducible system. The plasmid was
transformed into M72 ells to enable over expression via a heat inducible cI857

repressor on a defective prophage.

2.2.3 IPTG Induced Expression System of pEag)

An alternate system for protein over expression ufediG induction of the vector pET
21a(+) (Novagen. Also containing the beta laatease gene conferring ampicillin
resistance, cell lines containing this vector (BL21 DE3 foreoymession and XLI Blue

for storage at80°C) were grown in the sammeediumas pJONEX4 containing M72 cells,
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but at a lower temperature of 25°C to avoid problems with solubility. Induction was
instigated by the addition of between 0.5 mM and 1 mM IPTG to a cell culturepof A
0.4. The BL21 DE3 cells were grown to this densitgarptesence of 0.1% glucose to

prevent any leaky expression of T7 RNAP from the lac promoter.
2.2.4 LB Agar Plates

LBmediumwas made (sesection2.2.1) and 1.5% w/v agar added. The solution was
autoclaved, cooledand had appropriate antibiotics added as required prior to pouring.
For XL1 Blue cell culture glucose was also added to a final concentration of 0.1% v/v prior
to pouring. To plate the bacteria, a colesized volume of stock cells containing the
plasmid étored at-80°C, 20% glycerol) was streaked on an LB agar plate using a sterile
loop and flame. The plate was incubated at 30°C overnight for pJONEX4 containing cells
and 37°C for pEZ1a(+), pUC19 and p#&ew vectors to get individual colonies. From
liquid cell cultures, 50r was plated, spread and left to dry prior to inverting and

incubating at a temperature appropriate for the plasmid.
2.2.5 Small to Medium Scale Cell Culture

Ampicillin was added t0-3L0 ml LBmediumto final concentration of 100 pg/mlA
single colony was used to inoculate theedium and left overnight at 30°C or 37°C,
shaking at 200 rpm. From the overnight culture, 1 ml was added to 100 ml LB with
ampicillin (final concentration of 100 pg/ml) and allowed to either grow to the
appropriae Asoofor small scale expression, or to grow overnight for use as a feeder for

large scale culture.
2.2.6 Large Scale Cell Culture

A 5 | fermenter was used to provide improved aeration of the cells in the hope of
achieving a higher yield of protein. To 5 | M in the fermenter, 400 ml of overnight
culture was added along with carbenicilliseé section2.2.1) and 0.75 ml antifoam
(Sigma). The fermenter waerated (two volumes per minute)nd stirred at 300 rpm
constantly at a temperature of 25°C until it reached ago®f 2. A 1 ml uAnduced

sample was taken, centrifuged and the supernatant and pellet separated then frozen.
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For cells containing pJONEX4 vectors, the temperature was then increased to 42°C for a
3 hour induction. After induction, the temperature was reduced to 26°C, and
fermentation continued for 13 hours. For cells containing pEa2} and pUC19, IPTG

was added as described in secti®r2.3 with the tenperature remaining at 25 °C. Post
induction, a 1 ml sample was again taken, centrifuged and supernatant and pellet
separated then frozen. The remaining culture was centrifuged at 9G)@2& minutes

and the supernatant stored at 4°C. The cell pellet veesuspended in 200 ml cell wash
buffer. The suspension was centrifuged at 150@or 30 minutesat 4°C, supernatant
discarded and pellet rsuspended in 200 ml of cell wash buffer minus EDTA. This was

centrifuged and the supernatant discarded, and pslieozen at80°C.

2.3 Protein analysis via SBRAGE

2.3.1 SDSPAGEBuffers and Reagents

A 13% SDBAGE gel was used throughout to enhance resolution of lower MW bands
e.g. Glyl. The resolving gel contained 13% (w/v) acrylamide, 25 miidins pH 8,

0.1% SDS,®mg/ml APS and 0.016% (v/v) TEMED. The stacking gel contained 4% (w/v)
acrylamide, 100 mM Tris-HCI pH 6.8, 0.08% SDS, 0.4 mg/ml APS and 0.2% TEMED.
Sample loading dye consisted of 0.2% SDS, 40% glycerol, 75 mM Tris pH 8, a few crystals
of bromophenol ble (Sigma), 5 mM EDTA (BDH) pH 8, with fcetstothreitol (DTT)
(Melford) crystals added prior to use. The cell lysis buffer consisted of 25 mM Tris-HCI
pH 8 and 1 mM EDTA pH 8.

2.3.2 Sample Preparation SBIRAGE Gel

The cell pellet from the 1 ml samples wasstespended in lysis buffer normalised using
the Asoovalue at which induction was initiated i.e.st4x 100)/2, unless the culture was
smaltlscale and no #o reading was taken, in which case 100 pl of lysis buffer was
uniformly used. To the cell suspeosj SDS solution was added to a final concentration
of 1%;the sample was mixed by vortex and then boiled for 3 minutes at 100°C. A 1:1
ratio of loading dye (see sectidh3.1) was added to the sample and thelstion was

boiled again for 3 minutes at 100°C. A 10 pl sample was loaded on é/&iFSgel. Cell
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supernatants were mixed 1:1 with loading dye, boiled once at 100°C for 3 minutes and

loaded onto the SDBAGE gel.
2.3.3 Acetone Protein Precipitation

Protein inthe supernatant samples was precipitated out using the Thermo Scientific
Acetone Precipitation Protocol. A 1:4 ratio of sample: acetone-¢piked to-20°C), was
mixed using a vortex and incubated for 1 hour-30°C. The sample was miero
centrifuged at13,000 xg for 10 minutes, the acetone discarded, and the pellet left to
air-dry for 35 minutes. The pellet was-seispended in 10 pl deionised water ¢@and

10 ul loading dye. The sample was then heated for 3 minutes at 100°C and run on an

SDSPAGE gel
2.4 Protein Purification Buffers and Reagents

2.4.1 Nickel Chelate Column Buffers

Nickel column wash buffer consisted of 25 mM Tris-HCI, 500 mM NaCl and 5% glycerol
viv pH 8. This buffer was also used for dialysis of samples prior to running on the nickel
column Nickel column loading buffer consisted of 25 mM Tris-HCI pH 8, 500 mM NacCl,
5% glycerol v/v and 20 mM imidazole. Nickel column cleaning buffer consisted of 3 M
guanidineHCI(GuHQI (Acros Organics), 5 mM EDTA and 50 mM Tris-HCI pH 8.

2.4.2 lon Exchange Buffer

For Q columns, low salt Q buffer consisted of 25 mM Tris-HCI, 1 mM EDTA, 5% glycerol
v/v and 50 mM NaCl pH 8. Samples were dialysed into low salt Q buffer prior to running
through the Q column. High salt Q buffer consisted of 25 mM Tris-HCIl, 1 mMMEBTA,
glycerol viv and 1 M NaCl pH 8. Buffers for the SP column consisted of 20 @ KH

20 mM KHPQ, 5% glycerol, 2 mM EDTA and 50 mM or 1 M NacCl for the low and high

salt elutions, respectively.
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2.5 Protein Purification

2.5.1 Bacterial Cell Pellet Lysis

The froze cell pellet was resuspended in lysis buffer in a volume of 5 ml per gram of
pellet at room temperature. Cell lysis buffer consisted of 200 mM NaCl and 25 mM
Tris-HCI pH 8. Once fully-saspended, lysozyme (Sigma) was added to achieve a final
concentraton of 200 pug/ml. PMSF (Sigma) was added to a final concentration of 23
ng/ml. As the cell suspension became viscous, sodium deoxycholate (Acros Organic) was
added to a final concentration of 1 mg/ml. The cell suspension was then sonicated
(Jencons Vibradll) in 30 second bursts at 20% amplitude until thinned, left on ice for
20 minutes, and sonicated again in 30 second bursts to ensure full disruption of the cell
membranes. The lysed cell suspension was centrifuged at 20936rx20 minutes at

4°C, andhe supernatant transferred to a clean container. To this, ammonium sulphate
(Sigma) was added to achieve a final concentration of 3 M and left on a roller for
minimum 1 hour at 4°C for protein precipitation. The suspension was centrifuged at
40000 xg for 20 minutes at 4°C and the supernatant discarded. The pellet was re

suspended in dialysis buffer and prepared for dialysis.
2.5.2 PhuT Solubilisation

TheM. Haemolyticgeriplasmic haem binding protein, PhuT, was over expressed using
the pET21a vector after tresformation into BL21 (DEB) colicells. A small quantity of
the over expressed protein leaked out into the cultumediumand was concentrated
down for purification. The protein in the pellet fraction however, was found to be
insoluble after cell lysidio resolubilise the protein, KP buffer was added to re suspend
the postsonication pellet, and GuHCI was added in powder form to a final concentration
of 7 M. The sample was left mixing for a minimum of 1 hour at 4°C. DTiM Was
added to prevent angxidative damage to the cysteines. The sample was centrifuged at
40000 xg for 20 minutes and the supernatant was then separated from the-salnble
pellet fraction. The supernatant was then slowly dialysed into Q buffer pH 8 in
preparation for ion exchage chromatography. This allowed -selubilisation of

approximately half of the insoluble protein.
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2.5.3 Nickel Chelate Column Chromatography

To purify the polyhistidingagged Glyl proteins from the cdike extract a 10 ml
column containing 50% HBuster Nikel Affinity Gel (Amocol) slurry was used. The
column was equilibrated with 25 ml sodium acetate followed by 25 ml of wash buffer. A
50 ul sample of the ceftee extract was retained and stored at 4°C. The remaining cell
free extract was diluted 1:2 witloading buffer and loaded onto the column using gravity
flow. The flow through was collected in fractions, and the column washed with 25 ml
load buffer. The protein was then eluted using 10 ml washes of 50 mM, 100 mM and
200 mM imidazole and collected iwd 5 ml fractions. A final elution with 20 ml 500 mM
imidazole was collected in two 10 ml fractions. The column was washed once more with
wash buffer, cleaned withleaning buffer (see section£1), and each flow through
collected. All washes were storet 4°C. The column was stored in 20% ethanol. To
recharge the nickel beads, 100 mM Ni@as loaded onto the column twice. The

samples were analysed on an SBEXSGE gel.
2.5.4 lon Exchange Chromatography

To further purify the protein of interest, anion and/ortean exchange chromatography
was performed with either a Q column or an SP column respectively (GE Healthcare).
The 1 ml or 5 ml Q column was equilibrated by washing with 10 column volumes (c.v.)
low salt Q buffer, 10 c.v. high salt Q buffer, and 10 oew.dalt Q buffer again. Following
buffer exchange dialysis (see sectif), theeluted protein from the nickel column was
loaded onto the Q column at 0.5 ml/min and the flow through collected. A 50 pl sample
of the load was retained and stored at 4°C. The column was washed with 10 ml low salt
Q buffer at a rate of 0.5 ml/min. The proteins were then eluted using a 20 ml NacCl
gradient ranging from 50 mM to 1 M, followed by 5 ml of high salt Q buffer and fractions
of 1 ml were collected. The column was then washed with 10 ml 3 M GuHCI followed by
10 ml dHO and stored in 20% ethanol at 4°C. The above method was performed for SP

columns using the low and high salt SPféns referred to in section 2.2
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2.6 Protein Andysis

2.6.1 Dialysis

Dialysis tubing (Spectra/Por 1 Dialysis TubirgjkBa MWCO, Spectrumlabs) was boiled

in 2 mM EDTA and 100 mM NaHJ6Gllowed by 100 mM NaHG@lone, then washed
thoroughly with dHO. The solution to be dialysed was added to the tubingsewlred.

The dialysis bags were incubated in a minimum of a 40 fold dilution of the required
buffer at 4°C for 4 hours, the buffer changed, and the dialysis continued overnight in a

further minimum of a 40 fold dilution to allow equilibrium to be reached.
2.6.2 Protein Quantification

To measure protein concentration, a Bradford Assay was performed. The Protein Assay
Reagent (Biorad) was diluted 2:7 infH Standards of 10, 8, 6, 4 and 2 ug of BSA (Sigma)
in a 100 pl volume plus 900 pl diluted Protein Assay Ba#agere measured at#ein
triplicate. The protein sample was diluted into a final volume of 100 pl wOdid fall

within the limits of the standards. Thes#was measured in triplicate and the protein
concentration deduced graphically from comparisavith the known standards.

Alternatively, the Pierce BCA assay kit was used following the user guidelines.
2.6.3 Concentration of Protein Samples

To increase the concentration of protein, the solution was centrifuged at @20
minutes at 4°C in a 5000 MUOD Viva Spin tube (Sartorius Stedim Biotech) until the
required volume was achieved. Alternatively, acetone precipitation was (Bed,
2009) for concentration of protein found in the sample supernatant. Briefly, a 1:4
dilution of the protein sample in iceold acetone was mixed by vortex and stored at
20°C for 1 hour. The sample was then centrifuged add® xg for 10 minutes, the
supernatant removed and the pellet left to air dry at room temperature. For-BASE
analysis, the pellet was then resuspeidin 10 pl dHO before adding 10 pl SBPRAGE

loading dye, boiling for 3 minutes and running on a-BBSE gel.
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2.6.4 Circular Dichroism Spectroscopy

The circular dichroism (CD) spectra were collected using the Jaddd J
Spectropolarimeter. The settings usedeaoutlined in Table 2.2. Proteins were
measured between approximately 0.09 mg/ml and 0.2 mg/ml. All proteins were diluted

in 1 x PBS buffer, with a baseline taken of the same 1 x PBS buffer. The ellipticity was
calculated by subtracting the baseline from the protein values, with the spectra analysed

using the following equation used to calculate molar residue ellipticity:

w8 aw2EImnn E aNJ

CxDxN
Condition Setting
Sensitivity 100mdeg
Start 300 nm
End 190 nm
Data pitch 1nm
Scanning mode Continuous
Scanning speed 20 nm/min
Response 8 sec
Band width 1nm
Slit width 1nm
Accumulations 5

Table 2.2 Circular Dichroism Settings
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2.6.5 Polyhistidine Bg Cleavage

Enterokinase (polyhistidine tagged) (Biorbyt Ltd, UK) was diluted to 0.1 and 0.04 units
per microliter in storage buffer (200 mM NaCl, 20 mM ‘HGI, 2mM Cag}l Target
proteins were dialysed into 1 x PBS prior to use and 20 pg was used per 50 ul reaction.
Each reaction was composed of 5 pl 10 x reaction buffer (20 mM,G8CImM NaG)

200 mM TrisHCI pH8), 20 ug target protein, 5 ul diluted enterokinase an®dd make

up the 50 pl volume. Reactions were left for 24 hours at 25°C, then analysed en SDS
PAGE gels for cleavage. Once cleavage was confirmed, a small scale nidkelpulbs
performed to remove both the cleaved polyhistidine tag and the enterokinase. Briefly,
50 pl of nickel beads were washed and centrifuged as with the nickel column (see section
2.5.3). The reaction was added to the beads, incubated at room temperature for one
hour then centrifuged at 5000 x g in a desk top centrifuge for 5 minutes. The supernatant
was carefully removed and a sample analysed on arRP2{0sE gel alongside the protein

before enterokinase cleavage.

2.6.6 Antibody Production and Purification

Purified APBrotein resuspended in 1 x PBS to a concentration of 200n&d injected
into 14 week oldBBALB/C micel00 pul per injectiomt dO, d14 and d28ver a period of

8 weeks Tail bleeds were performeat 3 weeks and 6 weeks and a terminal bleed was
taken at 8 veeks after confirming the presence of the antibody in the serum.
MHA_0579 €His and MHpara antibodies were created by Generongug mg/ml pure
protein in a 60day immunisation and bleed protocol to ensure a response was elicited.
Antibodies were subseauntly purified usingaffinity chromatography columns specific
for each antibody(ThermoFisher AminoLink Coupling rgsiBriefly, corresponding
proteins wereimmobilised onto equilibratedolumns, washed witBinding Buffeand

the antisera added. The cahwnswerethen washedagain with Binding Bufféo remove
non-specific antibodies and other proteins and the protein specifidoauties were then

eluted using Elution bufferAntibody presence was confirmed using western blotting.

2.7 Bioinformatic Analysis

The database used in this project for discovery of genomic information and protein

sequences was the NCBI BLAST site (Altschul et al., 1997)
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http://blast.ncbi.nim.nih.gov/Blast.cgiTo search fopotential homologues of the initial

neisserial proteins, their amino acid sequences were used to screen genomes uploaded

in the database using an initial BLASTp search and a maximum of seven iterations.
Potential protein homologues were chosen fromtheSelsNOK S & (KlWa KR |
2N W, {/ Q NB3IA2Y ySINI G4KS b GSN¥YAYyLFEZ |+ [/
signal peptide sequence of between 19 and 24 amino acids in length. Signal peptide
prediction was  performed using SignalP (Choo et al., 2009)
http://www.cbs.dtu.dk/services/SignalP/The SABLE servékdamczak et al., 2005)

http://sable.cchmc.orgivas used to predict the secondary structure and Phykaslley

et al., 2015)to predict unsolved tertisy structures of theM. haemolyticaGlyl
homologues. PsortB V3.0 was used to predict the cellular location of prdtéinst al.,

2010)
2.8 X-ray Crystalbgraphy

Proteins were purified as mentioned in sectigr, concentrated to a minimum of 10
mg/ml, and buffer exchanged into 10 mM TE buffer in the case oMhbaemolytica
Glyl paralogue, and MHA_0579H was crystallised iRPACT D6, which@1 M MMT
(DL-malic acidMES Tris basgbuffer pH 9 and 25% (w/v) PEG 1566pectively. The-X

ray crystallography on th&l. haemolyticaproteins was performed by Jason Wilson,
Dept. of Molecular Biology & Biotechnglp TheUniversity of Sheffield. Screening and
optimisation was carried out on each protein. Additional screening of the MHA 0579 C
His protein was attempted in the presence of henlihe hemin soak was performed by
adding small amounts of solid hemin tdet drop with an acupuncture needle
Crystallography oiSARI &is was initially also attempted by Rick Salmon also of MBB
at TUOS.

2.9 Hemin Interactions

2.9.1 Hemin AgaroseBindingAssay

Hemin immobilised on agarose beads was used to assess if bacterial proteitesext
interacted with hemin. Stock concentrations of proteins were diluted to approximately

2 pug/ 20 in 1 x PBS plus 20 pg/ 20B8A. The bovine hemin agarose beads (Sigma
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Aldrich) were washe@® times with 0.5 ml 1 x PBS 500 mM NaCl, centrifugettaa

pellet resuspended in 1 x PBS to achieve 50% bead slurry. To 20 pl aliquots of hemin
beads, 10 pl of each protein stock solution or a further negative control of 10 ul 1 x PBS
BSA only was added. The samples were mixed on a vortex and left rdllingna
temperature for 1 hour. The samples were centrifuged at 50§@ox 2 minutes and the
supernatant and hemin bead pellet separated. The beads were washed three times with
0.5 ml 1 x PBS 500 mM NaCl and centrifuged. All samples wesuspended in Q pl
loading dye, boiled for 3 minutes at 100°C and loaded onto anPHEE gel2(3).
Densiometry analysis was performed using Imggasband, 1992012)software, and

the Studentst-test was performed tayenerate statistical data. If proteins interacted
GAOUK (GKS KSYAYy (GKSeé g2dxZ R 0SS F2dzyR Ay (K

beads.

Proteins used included the Glyl proteins of interest, recombinant human growth
hormone (polyhistidindagged, akind gift from Dr. Pradhananga, TUOS), human flap
endonuclease (FEN) and PhuT proteMs.meningitidisGlyl was used as a positive

control, as haem binding hagreviously been shown with this protein in the Sayers lab

(Sathyamurthy, 2011) ysozyme was used as a negative control.
2.9.2 Haemoglobin Agaros8indingAssay

Haemogbbin (immobiised on agarose beajlerasemployed usinghe same method as
the heminagarose bead binding assaysection2.9.1. In addition to this, glutaraldehyde
was used to make any binding permanent betwettie Glyl and haemoglobin to

capture the binding in the event of a reversible reaction.
2.9.3 Hemin Absorbance gsay

Hemin (Sigma) was dissolved in 100 mM NaOH, and diluted with 1 mM Tris-HCI pH 8 to
produce 0.1 mM hemin stock solution at pH 7.5. The hemin dilased to a working
concentration of 25 pM, with Gly1 protein concentrations varying. Samples consisted of
250 pl Glyl or other protein plus 250 ul hemin, along with a helBi® control, and

protein only. The samples were made up to 1 ml with 500 pl BS.F'he absorbance
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spectra were scanned from 260 RBO0 nm wavelength, using PBS only as the baseline.

Each spectrum is representative of a minimum of three repeats.
2.9.4 Hemin Reroxidase Ativity

A 96 welimicrotitre plate with a maxisorb surface was coateith O, 2, 4, 6, and 8 ug of
protein made up to 100 ul with 1 x PBS buffer, and incubated at 37 °C for 2 hours. The
plate was then washed with 200 pl 1 x PBS three times. 20 pg of hemin/ 100 pl 1 x PBS
was added to each of the experimental wells, with BBS only or hemin to wells with

no initial protein coating added to the control wells. The plate was incubated for 1 hour
at 37 °C, and washed a further thrames with 200 ul 1 x PBS. TMBy(®) was added

at 50 pl per well and the reaction stopped aféb minutes to allow sufficient colour
change to occur. The reaction was stopped with 50 pl 1 M HCI and absorbance was

measured on a plate reader at 450 nm.
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2.10 PCR Screening

Isolates 234, 235, 292, 296, 311, 351, 362, 411, 414 and 428 were kindly don&ted by
aANIYRF YANDKYSNI Fd GKS 1 +x[! Ay {dzZNNBeézx
Slope medium and restreaked onto Columbia blood agar (CBA) plates made with
defibrinated horse blood. In addition, a further 19 bacterial isolates were generously
gifted on CBA plates by Professor Andr&ycroftat the Royal Veterinary College,
Potters Bar (se@able 2.3)The plates were incubated overnight at 37 °C and 5% CO
Single colonies were resuspended in 20 pl TE buffer and boiled at 95 °C for 5 minutes.
Thesamples were then cenfriged for 1 minute at 13,000 gcon a desktop centrifuge

and the supernatant transferred to a fresh Eppendorf tube. This supernatant was stored

at -20 °C until required for PCR reactions. Isolates were stored irpcogective tukes

at-80 °C.
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Strain Date (If known)
M. haemolyticaA10(T10) | 5/75

M. haemolyticaA12 5/75

M. haemolyticgp28 22/08/80

M. haemolyticaAl 5/75

M. haemolyticaA7 5/75

M. haemolyticaA9 5/75

M. haemolyticaC02392

M. haemolyticaCO0600

M. haenolyticaC04178

M. haemolyticaCO3983

M. haemolyticaCO3916

M. haemolyticaGilly 2007/2008

M. haemolyticaCO0353

M. haemolyticaViH4 A8 5/75

M. haemolyticaVIH8 A5 5/75

M. haemolyticaMiH9 A2 5/75

M. haemolyticaA6 76/1

M. haemolyticaCO2008

M. haemolyticaCO1250

234 Ovine, 05/2012
235 Bovine, 05/2012
292 Ovine, 09/2012
296 Ovine, 09/2012
311 Ovine, 09/2012
351 Ovine, 05/2012
362 Bovine, 10/2012
411 Ovine, 11/2012
414 Ovine, 11/2012
428 Ovine, 12/2012

Table 23 Isolates Investigated.

The first 19 received from the RVC courtesy of Ryadroft the latter 10 from the AHVLA
courtesy of Dr Kirchner. The above isolate names have been shortened to that in bold
for the purpose of this thesis. Serotypes weraiable for 9 of the 19 isolates acquired

For the PCR, Q5 Hot Start Polymerase (NEB) was used throughout. Initial screening
reactions were carried out in 25 pl reaction volumes, and subsequent reactions for DNA
sequencing were in 50 pl volumes. Typi28l ul reactions consisted of 5 pl NEB Q5
reaction buffer, 200 pMRb ¢t Q& X LIY2f F2NBIFNR LINARYS
approximatelyl0 ngDNA andL unit ofQ5 Hot Start Polymerase, made up to 25 pl with

M N
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dHO. Reaction conditions were as follows: Initlahaturation at 95 °C for 5 minutes (1
cycle), followed by 25 cycles of denaturation at 95°C for 1 minute, annealing at variable
temperatures for 1 minute, elongation at 72°C for 1 minute. The final elongation was
carried out at 72 °C for 2 minutes. Sdegpwere stored at 4 °C unieparatedon an

agarose gel.

The variable annealing temperature was optimised to each particular primer set as
stated in the primer summary table. The PCR reaction was then analysed using a 1%
agarose gel. Any positive reactowere PCR purified using the Qiagen PCR purification
kit and sent to the core facility for sequencing. Sequences were again analysed using
FinchTV 1.4.0 (Geospiza, Inc.; Seattle, WA, USA; http://www.geospiza.com). &squen
were aligned with theexpectedgene sequencéased on the primers used with the
Boxshade server. Any sequences that were showing poor identity, or were partial gene
sequences for isolate identification purposes were screened using the NCBI BLAST
database to discover the identity of theequence and or isolate. ORF finder
(http://www.ncbi.nim.nih.gov/gorf/gorf.ntml) was used to analyse the impact of any

substitutions or deletions throughout the sequences.
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Name Target Forward Reverse Tm
gene
°C
Set A MHA_0579| p -Q p-Q 53
CAACGCACCAAAAGGAA ATGGTGGGTTAATGCT
T0 Q Go Q
SetD p-Q p-Q 54
GGCCCTAGTGCCATACA CTGTCAGAAATCGCCA
MHA_1205| - TFo O
SetJ or p-Q p-Q 54
col_1584 | CTGTCAGAAATCGCCACG GATTTACCTACCGAGC
-0 Q GTo Q
Set L p-Q p-Q 50
TTTACCTACCGATCTHOTC CAAACTGGTGATATGA
GCTTD Q
SetM p-Q p-Q 48
CGCCAAGTTGATAATAA CGAGCTTTGTATTTTTT
o0 Q Go Q
SetH MHpara | pQ p-Q 50
ACTCACTTTCTAAACAAT CGCTTGTTTCTGGATA!
Go Q -0 Q
PhuT PhuT p-Q p-Q 50
GTTAACACTATATCATTT AAATGGGTACAAATCA
ATTGAA Q AAGo Q
16S p-Q p-Q 59
GCTAACTCCGTGCCAG( CGTGGACTACCAGGIG]
0 Q CTAATO Q
23S p-Q p-Q 53
GACGGAAAGACCCCGT( GGCAAGTTTCGTGCTT
CC7o Q ATo Q

Table 2. 4. Primers &&d for Screening.
Primers used in cloning HmbR were also incorporated into the genomic screening
processAnnealing temperature used is stated (Tm).
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3  Structural Properties of Glyl homologues

3.1 Introduction

The neisserial Gly1 proteins comprise a novel tersanyctureR dzo 6 SR ik Wo S i
F2f RQX ¢ KA OK Opaalielibéata sirandsFormihg & baiiike Istylcture.

TheGlyl homologue$srom N. gonorrhoeaeand N. meningitidishave been crystallised
showingidenticalstructures Theproteins crystallised adimerswith their larger alpha

helical residues facing towards each othand it wa thought that haem binding of the

N. meningitidisGlyl occurs in a 2:1 protein to haem raf®athyamurthy, 2011)

A number of species within th€asteurellaceaéamily of bacteriacontain genes that
giverisetai 2 Ol f £ SR WK & loianteiks$ poterdial Glyd haddBgiieS witfi a
varying levels ofamino acid sequence identity witthe original highly conserved
neisserial Glyl proteins. In order to assess whether thpseteins are indeed
homologuesdespite thedivergence,sequence analysis andtructural studies were
performed using a combination of online predictive software and laboratory based

methods.

The tN)Y WK2Y2f 23dz28SQ Ay cribds Hends MRproRiS furictiodsS y 4 S
common ancestryParalogues are genes that may be found in the same genome as the
original homologue, but differ from the original gene or proté@nsequence and/ or
function. Piotein families can be highly conservesdich asistones ormammalianflap
endonucleases, or can share as littlel&s 15%sequenceidentity, as seen between
chicken egg and T4 lysozymes for example, whilst retaining a common fuivttide a

high percemage sequence identity can be a good clue to homology, low sequence
identity does not rule it out, andonverselysome proteins with 3040% identity may

not necessarily be related.

The sequence alignment Fgure 3.1highlights a collection o# K & LR Al @dcdeirs
similar to the neisserial Glyl protein found in a wide range of bacterial species. The
lower the percentage identity between the amino acid sequences, the harder it is to

confirm homology without aalysis of structure and function
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Candidaes for Glyl homologues found through NCBI BLAST searches have been
observed in numerous Gradmegative bacterial genome sequences with varying degrees

of amno acid sequence identity (seebre 3.1). More and more potential homologues

are appearing as thenline databases grow, with the figure below showing just a
fraction of those discovered to date. Due to the vast number of species containing a
possibleglyl gene homologue, for the purposes of this investigation the main focus is
on those fromM. haemolyica, with a parallel investigation into those found A

pleuropneumonia@nd S. enterica arizonae llla

APP 1 --NRELT----TLAVCSFISL----PVLEENIS £DGNQIILIOBTGA ——TOFEY- P YVATG]

H inf 1 ——;%ELL—-——TIGN AMFAT----PViglANN- t§GS P S TIINGST- - MBF T Y[EQV S Flaniz YVATG]
MHA 1205 1 -- H L-—-—vIT TLCTT---- PVIgBADKY PEGKP T~ l5RVGED-MATE B IIARG
MHA 0579 1 ——[SaMA----- IVE SAFFS---MNANNN- TDNQT K¥T<EG B EIAGGE0)
H_som 1 MRHNLL--FSTLAM/TFLTI--MPVQARTKPA AQGKK ' LIJEIATGS| 5 HIVSREEY
N_gon 1 ——eMF————— LSF“ALLLSA—AAQT DT - NNKY E (QINTN Y B S TAIBRNSKADLLGRSDRWQ

N men 1 -gME-———— Lsa LLLSA-AAQTVWIDT -+ gNKY EWOIMINRN L -4 RNSKADLLGRSDRWQE!
N_lac 1 --gRTL-———- ILIFSGMIG-TAGIAQMGS—- INKY | EJOIS INRNL -4 RNSKSDLLGRSDRWQET
E_coli 1 --NMGRVIRIGRYGGL{ISLPIS--GVQTARMDP-- WGMVAR! TLYDGVIPRYGHGVNKHGRIYSPPLTLPRQEGERAMVRCER
S_ent 1 —=—==m- MHHYKFFf\ { AAMLL~--CGS S[JlS DE AKGT IKLDENKGVL] RKTAFNYES[E-GNDYSGFKYNHYf
Ed ict 1, sy MHHYKFFVAMLL-~CGS S{3SDA 8DI#AKGT IKLDENKGVL RKTEFNYESE—GSDYSGFKYNHYS
PM 1 ——MERLSFISLLCLQSTTYANNQQVEESHEQEEpIE WSBNEKLEE SKYDEV] LNSPELTLENHIEEVIKRTQSENGIE
consensus 1 - B et s e . el G e .
ApP 86 THs KSKSHSET——IEFVQ————PRGTNVIDSPMLYITEENNTT TKEDINGKVGOHBEY SKUNIL————————————————
H_inf 86 IS RNNGT SHT-- IQFVQ----PHNSNSIEEPMLY I TNESKMDTS®K—AGSATQNPERR SUKAS === =============
MHA 1205 86 THY LENDGLKEL——VGFVQPNGNAKEFIEPGATISQSKEQPSIG NIUDTREKSHY DVHIgNTL,~——~——====——=-==
MHA 0579 86 THISMSLRNAGKSHI--VGHIE--ADPKSPFEASVQIQDIKTGNDITSFESRSDAPIRHNADRKLURKSGFAA-—==========
H_som 86 VLYSWMIFSDPKYSHY--MQYQESMGDEKPLFAGLFRVEPNSNNAPTT KEPISNN EINLYNN—————===————
N_gon 86 GSGRRATMKFQNGEF——MYTVWTGFDSVTHTESSGE §-ER P TAQANGNDDDF SR=———==-===---=---
N_men 86 GSGRWATMKFQNGEF--MYTIWTGFDSVTHTESSGV-ER BT AQANENDDDE S~~~ ——————————-——-
N_lac 86 GRGRWSTMKFONGEF--MYTVWTDFDSVTHTESS -ER 8T PIYTAQANNDADF SW—————=—=====—=———
E_coli 86 SVLPGATYCRFINVNYRYVVMDSIGHDRSF-—-T -FHERINLVSHLN®RNGGFVISYHAQGLIRDTDTGDEGAYGYLLPDAG
S_ent 86 SEDYFSVSFVNAEEKYTIFSNYEGESESRG— —-vs TNLNSJFKESVY D@KSVSIDRLSDLSAKLACDKDSALGCEE- =
Ed ict 86 QUDYFNVSFVNAEHKYTIFSNYENESEIRG----—lSYTNLNSUKESYYDRKGVGI DRLS DLSAKI ACDKDSALGCEE-~

PM 86 VKRSYDLKSGPYTMR-VFSSNPKIPEENG--——--| WUEYFKH-KIFRT GIHIFE--
consensus 86 . o s

Figure3.1. Multiple SequenceAlignmentsof Glyl Homologues from Differentg@cies.

Alignment depicting similarities between identified Glyl mios. Acession nhumbers
are as follows A. pleuropneumoniae (APP) WP_005607867.1,H. influenzae
WP_005653509.1wo M. haemolyticgroteins,H. somniYP_719978.1\.. gonorrhoeae
ACF29206.1N. meningitidisNP_273818.1N. lactamicaWP_003710927.1E. coli
HL56827.1,S. entericaYP_001573309.1kdwardsiella ictaluri YP_002932900.1P.
multocida(PM)WP_046339897.Key regions are the FSC, Y&Y&uding variants) and
the C terminal cysteinéhighlighted.
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3.2 Results

3.2.1 Homologues and Flankinggges

In the fird instance, identification of genomes available for bacteria of interest
containing putativeglyl genes was imperativeAt the time of writing the number of
genomic sequencesof M. haemolyticaavailable on the NCBI database was 19. These
differ in their ongins; the majority wee isolated from bovine hosts, with two from ovine,
and one each fronporcine and cervine host3 hey are either of unknown serotype or
one of the three major worldwide serotypas. those most commonly isolatedee
Table).

The potential Glyl homologues discovered using the initial neiss@iidl protein
sequence span species frosctinobacillus pleuropneumonia@, pig pathogen, to
Salmonella enterica lllayhich lives in reptile andmphibian hoststo E. tarda,a fish
pathogen Higher sequence identity suggests increased likelihood of similar protein
function.The neisseriablylproteins share very high sequence similaritythvdifferent
neisserial speciesxhibiting above 98% idéity throughout. This level of identity and
even the presence of the gene decreasies other species, for exampldatabase
screening found only one strain &. entericawith a good candidate to be a Glyl
homologue presentS. enterica arizonae Iivehich is aless common strain. Additionally
A. pleuropneumoniaAPP)Gly1l is found only in one strabut 3 assembliesut of 22
available genome assemblies within ttlatabase serovar 6, strain FEM@RefSeq 1.D
GCF_000178555.1)There are 21 genome assenasliof M. haemolyticaavailable to
screen on NCBI database and hundredS.@ntericgenomes, however, just one isolate

of S. enterica arizonae (lllgRefSeq I.D GCF_000018625.1).
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Strain Serotype Origin Pathogenicity

MhBrain2012 Al Bovine (Brain) Disease

MhSwine2000 Al Porcine (Lung) Pneumonia

M42548 ? Bovine ?

D193 Al Bovine (lung) Pneumonia

PHL213 Al Bovine (lung) Pneumonia

Serotype A2 str| A2 Bovine Pneumonia

Bovine

Serotype A2 str| A2 Ovine Pneumonia

Ovine

D171 A2 Bovine Pneumonia

D35 A2 Bovine Pneumonia

Serotype A1/A6 str| A1/A6 cross Deer (Spleen) Pneumonia

PKL10 reactive

USDAARS A6 Bovine (nasal swalj ?

USMAR@85

Serotype 6 strH23 | A6 Bovine BRD

(nasopharynx)

D38 A6 Bovine (lung) Pneumonia

D174 A6 Bovine (lung) Pneumonia

USMARC ZB6 ? Putative Bovine Asymptomatic
commensal (nasopharynx)

D153 Al Bovine Pneumonia

USDAARS Al Bovine ?

USMAR@83

USDAARSMARG | A2 Bovine Commensal?

184

MH10517 ? Ovine (lung) ?

Table3.1 Genomic 8quences oM. haemolyticaon NCBI Database

Thegenomic sequences listed above were obtained from M@BI database. They are
all full genome sequences, with the assembly level varying from complete gemnome,
scaffold, to contigAccession numbers are as followshBrain2012GCF_000443225.1,
MhSwine200@GCF_000443185.142548GCF_000376645.0193GCF_000443205.1,
PHL2135CF_000153645.%erotype A2 str. BovineCF_000176275.5erotype A2 str.
Ovine GCF_000176255.1171 GCF_000427275.1D35 GCF_000443085.Kerotype
Al/A6 str PKL1@enbank accessionnty available GCA 000584935.1JSDAARS
USMAR@85 GCF_000349785.1Serotype 6 str H23GCF_000341635.1D38
GCF_000443105.0174 GCF_000422095.1)SMARC_2286CF_000439735.10153
GCF_000422145.1)SDAARSUSMARE83 GCF_000349765.1)SDAARSMARCGL84
G@Q\_000819525.1 MH10517 GCF_000931975.1All data taken from the NCBI
database.
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Glyl homologues itM. haemolyticashare between34%and 99% identity witlteach
other, andoverall justaround 20% identity withthe original neisserial Glysde Table
3.3). TheM. haemolyticaGlyl paraloguéMHpara)shares only 13% identity with the
homologues of the same specidmwever,the MHparaprotein (or slightvariations of
this) has been found in aMannheimiagenomic sequences on the NCBtabase at the
time of witing. APP Glyl is most similar to that found in the human pathdgen
influenzae but shares around 30% identity with tihé& haemolyticaGlyl proteins. The
SalmonellaGlyl protein, SARI, is again most similar M.daemolyticaGlyl, however,

the levelof identity is lower at between 1325%.

Due to the large number of identical proteins found\h haemolyticaisolates on the
database, the name of one has been used to represent the others present to avoid
confusion. The representative protein namehighlighted in bold at the top of each

column in Table 3.2. Interestingly, although there are three identical APP Glyl proteins
listed in the PSBLAST search, two exist in the same isolate, one in contig4, one in
contig29. Gnome analysis shosd identicalflanking regiongand thesetherefore were

identified as overlappingontiguoussequences The third is named as a reference
LINEGSAY F2NJ W OGAy20l OAffdza ALISOASEAQ G KA
mean that only onéA. pleuropneumoniasstrain carries this proteior that the genome

has been incorrectly analysed
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APP (hypothetical)| MHA_1205 COl_1584 mh0603 L280_13705 MHA_0579 SARI (SARI_0438¢
WP_005607867.1 | EDN74135.1 EEY09775.1 ABG89179.1 EPZ27028.1 EDN73549.1 YP_001573309.1
Actinobacillus M. haemolytica M. haemolytica M. haemolytica M. haemolytica M. haemolytica S. enterica
species PHL213 serotype A2 str. Serotype Al MhBrain2012 PHL213 arizonae str.
OVINE RSK2980

D650_16360 Hypothetical D650_18560

YP_007666413.1 WP_006251605.1 YP_007666633.1

USDAARSUSMARC USDAARS

183 USMAR@83

MHH_c22400 D648_11200 D648_9020

YP_007884037.1 YP_007668632.1 YP_00868414.1

M42548 USDAARS USDAARS

USMAR@85 USMAR@85

J451_13885 L278_09385 MHH_c15060

YP_008224091.1 EPY99626.1 YP_007883313.1

D174 D35 M42548

F382_B645 J451_12635

YP_008235527.1 YP_008223844.1

D153 D153

N220_08230 N220_04720

YP_008339090.1 YP_008338402.1

USMARC_2286 USMARC_2286

F388_01724 F388_00421

EME04507.1 EME04732.1

serotype 6 str. H23 serotype 6 str. H23

L279_08800 L279_12960

EPZ02514.1 EPZ01215.1

D38 D38

L277_12690 L277_13080

EPZ24426.1 EPZ24311.1

D193 D193

L281 12465 L281_12860

EP26685.1 EPZ26326.1

MhSwine2000 MhSwine2000

L280_13960 L280_13305 HWA40_12515

EPZ26969.1 EPZ27491.1 KIX27265.1

MhBrain2012 MhBrain2012 MH10517*

Putative adhesin
(MHpara)
AGK03253
M42548

(F)

Adhesin
KIX31695
MH1057 (F)

Adhesin
EPZ03517
D38(F)

Adhesin
AGQ38308
D171(F)

Adhesin
EPY99953.1
M. haemolytica
D35 (1)

Adhesin
AGQ40883
D174(F)

Adhesin
WP_032848124.1
(0]

Adhesin
AGQ25325
D153(F)

Adhesin
WP_006252140.1
(0]

Adhesin
AGR75796
USMARC_228§)

Adhesin
AGI31915
USDAARS
USMARE@83(1)

Possible adhesin
EDN75149.1
PHL213F)

F388_125%2
EME02394.1
serotype 6 str. H23
)

Adhesin
EPZ30550.1
D193

)

Adhesin
EPZ26914.1
MhSwine2000F)
Adhesin
EPZ29268.1
MhBrain2012F)

Adhesin
AGI35981
USDAARS
USMAR@85(1)

Putative adhesin
EEY09063.1
serotype A2 str.
OVINK])

Putative adhesin
EEY12244.1
serotype A2 str.
BOVINEI)

Adhesin
AJE08768 UIAA
RSUSMAR& 84"

Table 3.2 Protein labelling. This table shows theeference proteinused to represent itself and other identical proteins found throughout this th@ikl). Protein

name, accession

number and strain are listed where known. MHpé#hna isame used for the so called adhesin throughout this thesis. The second adhesin lane has
an 166- polymorphisncompared to those in the firstolumn The finahdhesinhas a frame shift. HW4@2515has two amino acid substitutions Q118K and D115S

whencompared to MHA_0579.
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& 2 AS »
¥ ¥ e &Sy Ry
MHpara 12.97% 12.97% 13.75% 14.50% 12.97% 16.54% 16.41% 16.03% 12.21% 12.98% 11.57  16.79% 11.38
MHA 1205 35.90% 99.30% 85.60% 99.30% 17.04% 17.52% 14.29% 25.35%  33.58% 39.26 23.91% 15.45
MHA_ 0579 35.90% 34.00% 36.60% 24.06% 23.13% 16.43% 23.78%  29.93% 34.33 16.90% 15.57
MHO0603 85.60% 98.60% 16.79%  19.12%  13.57% 25.35% 33.58% 39.26 23.91% 15.45
L280 13705 86.40% 20.93% 21.54% 14.39% 23.48%  31.06% 36.43 25.00% 14.05
COl_1584 17.04% 15.71% 14.29%  26.06%  33.58% 40.74 23.91% 19.38
NM 97.84% 81.29% 21.21% 21.05% 21.37 17.52% 26.19
NG 80.71% 20.15%  19.40% 21.21 18.12% 26.98
NL 12.86% 13.14% 21.97 15.94% 27.78
HS 27.01% 24.63 20.86% 22.4
APP 49.63 14.60% 13.6
HI 15.04 15.7
SARI 13.14

PM

Table3.3. Identities Between Gly1 ¢inologues.

The above table highlights the similarities in amino acid sequence betwedWdhaheimiaGlyl homologues and those in a selection of

other bacterial species. Accession numbers as iptsly stated for reference proteins. NM N meningitidis(EFV62744.1), NG N
gonorrhoeage(EFF39185.1), HSHistophilus somniWP_011609916.1), NLNeisseria lactamic@VP_003710927.1) and HH= influenza
(WP_005653509)1PM =Pasteurella multocidaSARI &. enterica arizona@&oxes highlighted in red show percentage identity between
GKS (62 LINP® SOAKZEA 2 FKMIKIAIKISR AY 3INBEY Ra @G DEIHNISS K | BISyddS RXF K ik
29.94 Further homologues ibacterial species exist in addition to those mentioned here.
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The criteria used to identify the potentiallypmologous proteinsvas based on key
featured believed to be involved in the tertiary structure of the neisserial Gly1 proteins.
It consisted ofl) anamino acid sequence length of between 13@5,2)an N terminal
signal peptide of between 124 amino ais in length as predicted by the programme
signalP(Petersen et al., 2011B) a cysteine close to the C terminal and an FSC region
around amino acid®5 to 29, depending on the homologuand 4) a significantdta
strand content An additional fairly well conserved regiorted in the majority of
homologuesis the YEYS approximately position 5055. This method was fairly
inclusive with a number of potentirkhomologues having either an YSOFMCregion

subdituting the FSC motif

Figure 3.2 shows thi. gonorrhoeadslyl proteinstructurewith the key residues used

in identification(highlighted, where they form parts of the antiparallel beta strands and
a C terminal turn. Thal. meningitidisGlyl dimer stucture, when analysed, was found
to have a cavity in between the two monomer units. Thistaors a positive inner region
due tothe presence of lysinendarginine residues and a negative outer area containing
asparagine and glutamate residues. This wieniified as a putative haem binding
region. Mutations in this region were not found to affect the ability of the Gly1 protein
to interact with haem showing binding must occur at a different s{@athyamurthy,
2011) The mutated residues did not include those utilised to identify these putative
Glyl homologues. Conservesljions such as those mentioned above are likely to be of

functional structuralimportance across homologues.
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Figure 32. N. gonorrhoeaeGlyl Structure Showing Key Residues Used in Identification
of Homologues(as solved by Arvidsaet al 2003)

PanelsA and B sow the locations of the FSC (Blue), YEYS @rekT- terminal cysteine
(Purple regions used in identification of further homologuestwo orthogonal views

Panel C shows the amino acid structures as sticks of these regions within the dimer
formation that neisserial Glyl is believed to existiRenderedn PyMolfrom a pdb file
supplied byDennisArvidson Michigan State University

The Gly1 proteins found M. haemolyticaare highly onserved, as shown in Figure 3.3
with just MHA 0579 andhe MHpara protein standing out due to the lower level of
sequence identity. The presence of an N terminal signal peptide was predicted in all
K2Y2t23dz28Sa FyR GKS Wi2y3ISND LI NI f23dzSo
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MHA 0579
mh0603
MHA 1205
COI 1584
L1280
MHpara
consensus

MHA 0579 ST 7 S RNAE S R SKIWRKSGFAA
mh0603 S 2 SFTTY \ ; o] YKFDVHLMNT LS
MHA 1205 (

COI_1584
L280
MHpara
Consensus

Figure 33. M. haemolyticaMultiple Sequence Agnment.

Alignment slowing the regions of similarity betweevl. haemolyticaGlyl homologues
discovered to datePredicted signal peptidasdeavage sites shown with blue arrows.
Conserved residuasentioned above highlighteoh red boxes.

The M. haemolyticaparalogue(MHpara)was identifiedusing aPSIBLAST searcHf a
neisserialGlyl proteinafter several iterationsIt does not have thesame level of
sequencesimilaritiesor key residuesof the initial Gyl homologueshowever, the
location in the genome is of interesthree different pardogues have been found to
date (see Figure 3.4nd all are situated in an area of td. haemolyticagenome
surrounded by genes involved in haem uptake. This is in contrast to the neisserial Gly1l
proteins which are adjacent to genes invedl in haem biosynthesiShe Mannheimia,
Actinobacillus, Histophiluand Salmonellahomologuesare flanked by a number of

different genes, many of which are of unknown funct{gngures 3.5 and 3.6)
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D35 IMKKTEMIFATTAM T VSNLAHAAGEQSDAREAHE STVKT STVKYSCONGKKLSVKYGFNKQGIPTYAEAK

M42548 IMKKIMIEATTAM T VSNLAHAAGEQSDAREAHE STVKTSTVKYSCQNGKKLSVKYGENKQGI PTYAEAK
184 1, imrmrrmeemmmeEE T MQQVNKVMQEAHESTVKTSTVKYSCQNGKKLSVKYGFNEQGIPTYAEAK
174 1, fEaSssssmmemy IMIVSNLAHAAGEQSDAREAHESTVKT STVKYSCONGKKLSVKYGFNKQGIPTYAEAK
consensus 1 e oo S sk ok ok ok ke ok ke ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok sk ok sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ko

D35 SGKKRFMPENLYTTDATGTNFGDENNFSLYGDPMEFTNHRKASVNIQSPASEILYKGCTPQI
M42548 SGKKRFMPENLYTTDATGTNFGDENNFSLYGDPMEFTNHRKASVNIQSPASEILYKGCTPQ
184 SGKKRFMPFNLYTTDATGTNFGDENNFSLYGDPMEFTNHRKASVNIQSPASEILYKGCTPQ
174 SGKKRFMPENLYTTDATGTNFGDENNFSLYGDPMEFTNHRKASVNIQSPASEILYKGCTPQI

cOnsenSus 70 dkdkdkhkdkdkk ek kdk ek ke ok ek ek ke ke gk ke ke ek e e de ek ke ek ke ke ke ke ke

Figure3.4. Alignments ofM. haemolyticaGlyl Riralogues.

The predicted signal peptide is underlined in redhe top two sequencesAll proteins

INE f1r0StfSR Fa WIRKSaAaAyQ 2y MK&mdhtical o &
isolate in which they were founchas been used to differentiateéSequencel74 is
representative of those suspected to be incorrectly annotated on the database, with
identical signal peptides to D35 and M42548 found on closer inspection of the genomes.
Sequence 184 has a shorter N terminal region due to the deletion of two @bkESsb

Figure 3.4 shows an alignment of the MHpara proteins. The top two sequences in this
figure were annotatd on the database as having additional eleven amino acids at

the N terminal position comprising the majority of the signal peptide compareti¢o
f26SN) G20 ¢K2aS adlFrNIAy3I WaL+x{bQ BSNB |
peptide when analysed with signal@loser inspectionhoweverreveakd the MHpara

gene sequencef the shorter protein to be identicab the longer proteinupstream &

the proposedmethionine start codon suggesting the methionine nominated in the
database was incorrectyy | NBIF NAOK Ay ! Qa FyR DQa I N
longer proteingstart codon indicateda possible ribosomal binding sifBAAGGAAA

(Shine and Dalgarno, 1974lhis therefore suggests that the different protein lengths

are a result of the annotatiorsoftware used to predict translated proteins within
genomeson the database, rather than there beingffdrent proteins The correct
sequences were identical to those with the signal peptide in Figure 3.4. The only
difference discovered between the two longer proteins is at amino acid position 78,

where either a phenylalanine or isoleucine is present.

Thethird homologueof the MHpara proteinwhich hadan alternate N terminal region
that was not predicted to be a signal peptideas found in isolate 184 anddsscussed

in more detail inChapter 6. The PSBLAST search also revealed that proteins sirtolar
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the proposed paralogue were found in other species, such Mas varigena

(WP_025247386.1P. bettyagWP_005760720.13nd B. rehalosi(WP_015431624.1)

The proteinPSIBLAST seardtientifies proteins similar to the reference protein, in this
caseN. meningitidisGly1,reveakdthat the potential Glyl proties were all of unknown
function, annotated & WKe& LR G KSGA Ol f LINE ( B.yoharmotaet NB &
GlylORF1 protein showed that it was not essential for bacterial survival, and
hypothessed that it was involved in regulation of host cellular toxicity caused by the
bacteria(Arvidson et al., 1999Weak haemolytic activity was also observed in wild type
cells overexpressing this protein, which waonferred tcE. colicells by transformation

of GlylORF1 in an overexpression systanthis investigation No conclusions were
drawn from this study regarding the function of Glyl other than that further studies
need to be condu@d. In the absence ofuyblished informatiorregarding the possible
function of his protein family, we examinetthe flanking gene®f the neisserial Glyl
locus As described in the operon hypothesis by Moriddcob and Monod, 1961the
genomic locus can occasionally provide clues as to the function of the protein
transcribed from genes su@s thelacoperon, and more recently the flagella locus in

A. caviaewvhich contains five genes involved in flagellar format{@myllos et al., 2001)

The flanking gere of the neisseriagllyl gene inN. meningitidisand N. gonorrhoeae
(Figure 3.% are identical and code for proteins that are involved in haem biosynthesis,
for example the gene supposed to be Hengly1OFR2has a high degree of similarity

at protein levé to that found inE. colsharing22.5% sequence identityAnalysis of the
flanking genes of the other possibglyl genesrevealed MHpara to be situated
downstream of a putativeMannheimia haemolyticdhaemoglobin receptor (HMbR),
along with other genepredicted to have an involvement in haem uptake (Figure 3.5).
The flanking genes of the remaining genes of interest were also investigated (Figure 3.6),
K26SOSNE GKS Ylre22NAxdGe 2F GKSaS O2RSR F2N
search was perfored with their respective sequences. Searches upstream of the
MHpara gene uncovered genes for periplasmic transporter systems, including a possible
PotC which is known to be involved in the periplasmansport of putrescine and

spermidinein E. coli
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The gene coding for putative General control of amineacid synthesis-tike (Gcrb-like)
acetyltransferase flanking the COI_1584 gene could have a role in transferring acetyl
groups between acetyl coenzyme A anther proteins The integrative conjugative
element protein, or ICEP, labelled in the flanking genes of COIl_1584 and MHA_0579 is a
predicted mobile genetic element, and therefore does not provide any further indication

of the possible function of the Gly1 proteinhis could suggestsamilar mobileelement

to the glyl genes.
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hypothetical protein

2500 5000 7500

hypothetical prloz - - NM?MI@ m -m
[ Hemy 4

hypothetical protein

hypothetical protein

ABC transporter, ATP-binding protein

transport system inner membrane component
ABC-type oligopeptide transport system hemin ABC superfamily membrane protein

hemin ABC superfamily ABC protein

Figure 35. Flanking @nes of Interest.

Neisserial flanking genes upstream of thglylORFlgene are HemD(uroporphyrinogen Il synthase, the enzyme responsible for
uroporphyrinogen Il synthesigiemX(a suspectediroporphyrin-lll Gmethyltransferas¢ HemY(coproporphyrinogen oxidase which catalyses
the formation of protoporphyrinogen llignd HemEprotoporphyrinogen oxidase, converts protoporphyrinogen Il to protoporphyrinfiXgse
downstream were genes coding for peins of currently unknown function. THédHparagene was flankedipstreamby genes coding for
proteins involved in haem uptake, and downstream by those involved in transportédimbR haemoglobin outer membrane receptor, PhuT
periplasmic haem binding ptein. Accession numbers as stated in Figure 3.2.
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Conserved exported protein

hypothetical protein hypothetical protein
1 2500 5000 7500
hypothetical protein COI_1584 hypothetical protein

hypothetical protein  GCN5-related N-acetyltransferase

<

hypothetical protein ICEP
hypothetical protein hypothetical protein'
1 2500 5000 7500
&) == > >
OppF hypothetical protein
OppD MHA_0579
hypothetical protein
hypothetical protein Membrane protein
1 \ 2500 5000 7500
- Membrane protein . ._
hypothetical protein hypothetical protein
APP Glyl hypothetical protein
hypothetical protein hypothetical protein

Figure 3.6 Flanking Genes of Glyariblogues.
Flanking genes of certai@lyl homologues were most§ Sy S& O2RAY 3 F2N) WKLRGKSGAOFIE LINPGISAYyaQ
membrane proeins of unknown functionTheS. entericaslyl flanking genes are &belled as coding fdrypotheticalproteins(not shown).
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3.2.2 Cloning, Expression and Purification

To enablein vitro investigationinto the structure and functiorof the potential Glyl
homologues identified in the aforementioned database searches, the genes coding for
proteins of interest were either cloned directly froM. haemolyticagenomic DNA
(Figure3.7) or obtained by gene synthesis (EurofinsMWG), and transformedEintoli
cellsfor over expression. Protocols for overexpression and purification were optimised

for each protein (Figure3.8- 3.10).
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pET21-a MH Glyl paralogue
M UN HNH Excision M UN H NH Excision

(173) HindIII NdeI (239

pET21-a (+)
5443 bp

Figure 37. Cloning oM. haemolytica glylParalogue.

A. PCR on théM. haemolytica glylparalogue gene cloned from genomic DNA)(+P
reaction mixture without primers-P) and the lambda positive contrds. A double

digest of pET2h and theglylLJF NI} f 2 3dzS A 0K bRSL YR | AYF
RAIS&adazr YR Wbl Q (KS R2dz0tfS RAISabsd W! ¢
followed by ligation and transformation into XLEB colicells and PCR to confirm the

genes presence, results of which are shown in p&helll separated by agarose gel
electrophoresisPartial pET2:h plasmid map with restriction sites denoted irettower

panel. Edited in SnapGene.
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Figure 38. Purification of MHA 1205 -€lis Gly1.

The polylistidine tagged MHA_1205 Glyl homologue was overexpresseddalivi72
cells. The first panel shows SPAGE analysis @ire-induction cell pellet, U1, and
supernatant U2, compared with the pestduction cell pellet, 11, and supernatant 12,
with the band of overexpressed seahapproximately 17 kDa. The 1:10 dilut@inanes

I1 and I2 clarifies the protein owexpressionThe lysate was passed throughiakel
chelatecolumn(Ni), removing the majority of contaminants in the flow through (FT) and
wash. A finalnion exchangé®Qcolumn removed the residual contaminating band.
MHA_0579c-his was also purified using this protocol.

Neither theM. haemolytcaproteins nor the APP protein were found to be secreted by
E. colinto the cell supernatant, as shown in the SBXSGE gels above. The majority of
MHA_1205 @His was expressed in an insoluble form, so the purification was performed
on the soluble fractio only.Due to the unknown function it would have been difficult
to assess whether the protein had refolded correctly after solubilisation treatment.
Some previous overexpression procedures showed MHA_ 1285 @ be secreted
however this was not observeander these conditionsBatch to batch variation was
observed upon purification of this protein. The elution of MHA_128%<0in increasing

amounts in the early fractions as well as in the column wash could be explained by
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insufficient resuspension of ehfirst three elutions prior to loading on an SBAGE gel
for separation(Figure 3.8)MHA 0579 €His and MHpara expression produced a good

yield of approximately®- 3 mg of soluble protein per gram of ce(Sigure 3.9)

N terminal sequencing of the pfied APP Glyl protein began with the residdes!-I-
SICA R GKS al LI NI LINRGEISP-AQPA (1HKK 2NaB\dATR diBKl
proteins had been processed as predicted by SignalP (performed by Dr. Arthur Moir,
Department of Molecular Biology and Bachnology, TUOS).

s = Fractions
S S = £ > § = g e
20 = & —! E —
15 = '“H " e
Induction 10 - R SP pH7
= Fractions Fractions
g ) el >
S5E2 S802_——
- —
‘n. Y —
w W
Gel Filtration SP pH6

Figure 39. Purification ofM. haemolyticaGlyl Paralogue.

The Glyl paralogue, overexpressedeincoliBL21 DES3 cells, was purified using anion
exchange and gel filtratioand analysed by SBIBAGEU1 shows the prénduction cell
pellet and U2 the supernatant. I1 shows the posluction cell pellet and 12 thpost-
inductionsupernatant. The overexpressed protein is seenlaaa of approximately 16
15F® 1 Ol (i SEoplunt pHD Kbligved by el filtration and a fir@dtion

S E OK ISRrpI8mnPH Gompleted the purification

PhuT was both secreted from tie colicells (Figur&.10 Panel B) in a soluble form and
found in the cellular pellet in insoluble form. The secreted protein was concenttated

diafiltration usng VivaSpin camns (see Methods, section 2.$.8nd purified using a Q
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column pH 8 followed by an SP column @kFigure 3.1Q)The insoluble protein was
purified in the same manner following solilibation, however, much of the total

quantity of proteinexpressedemained insoluble.

PhuT pET21-a
A I

S - ——

A mMunN HNH Excision M U N H NH Excision B M up uUs IP IS

C. oo Fractions D. Fractions
2.xls ;__4 ML F W I
= i . i
- & 2 -—
. - ol dok 37 kDa—
v SERERRRRRRRY 2S00

Figure 310. Purification of PhuT.

The periplasmic haem binding protein identifiedvih haemolyticawas cloned fronmiM.
haemolytica genomic DNA and inserted intthe pET23a vector agarose gel
electrophoresis of PCRgautucts and vector fragments used for cloning P(pénel A).
SDSPAGE separatioof the overexpression of PhuT induced BTG produced an
insoluble proteinLane IRinduced pelletas monitored by SDBAGE separatioand a
soluble secreted proteirfrom the cellree supernatant_ane IS (Panel B) which were
purified using ion exchange chromatography (Panels C andJP)and US again
uninduced pellet and supernatant, respectively.
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3.2.3 Secondary Structurénalysis of Glyl Homologues

Proteins may have similéunction if the overall structure allows, regardless of whether
the polypeptidesshare a low percentage of sequence identity, as residues with similar
properties @n often be interchanged. It is therefowdfficult to analyse the potential
homologues withat information regarding the protein structure. Secondary structures
can be used to identify potential homologues that have weak sequence identity, and
protein tertiary structure may enable identification of binding pockets that may be more
reliant on chage than amino acid sequence. Structural folds can bring together residues

that are important in ligand binding but distant in terms of the primary structure.

The secondary structure of the neisserial proteins was discovered to contain eight
antiparallel keta strands separated by a small section of alpha hedixcompare these
neisserial Glyproteinsto the potential new Glyhomologuesthe scondary structure

of the proteins of interestvereinitially assessed using online prediction softwé&ABLE
(Adamczak et al., 2009pllowed by analysis by circular dichroig@D)on the proteins
available. In the structure and activity assays, MHA 126fisGvas used to represent
the most similarM. haemoytica Glyl homologues with just one or two amino acids

differing between the sequences.

Analysis with the SABLE server estimated MHA 0579 and the btheaemolytica
homologues to have 9 11 beta strands contributing to approximately 34% of each
structure, a high proportion of coils/ turns/ disordered regions making up 50% and a
small amount of helical structure between 13 and 16% of the profEigure 3.11)
Other species Glyl homologues were also predicted tonbaly beta in composition
(Figure3.12). The paralogue, however, was predicted to have 8 regions of beta strands
which was supported by the subsequent determination of tertiary structfigure 3.15

and 3.16. PhuT was predicted to be formed of 47% alpha helices, as suspected from its

predicted function based on other periplasmic haem binding proteins.

The Phyre2 server secondary structure prediction largely agreed with that created by
SABLE, other than a predicted beta strand at around position 110 rather than the SABLE
predicted alpha helisn mh0603, MHA_1205 and COI_1584e SABLE server predicted
both alpha helical and beta strands at the IKKAV region, which differed between
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proteins, whereas Phyre2 suggested all alpha at these points. Additionally an alpha
helical region was predictedybPhyre2 at the C terminal of MHA_0579 where SABLE
predicted beta strands. Phyre2 predicted that th& &nd 6" beta strands in SARI were
just one continuous beta strand and an additional short beta strand was predicted of
wo{wQs | d | NP SegdRdarkJtraciuie faralysis waspaformed with the
predicted signal peptides present at the N terminal region, and the first beta strands
predicted in MHA 1205, mh0603 and COI_1584 reside upstream of the predicted

cleavage site.
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MHA _0579
T 143

MKKMAIVAL5AFFSMNAFANNNVVY3CTTTDNQTLKVTKEGGNYVYSHGNTTFKNPVKEALKNPASEIAGGSQFTTISLELRNAGKSYIVGHIEADPKSPFEASVQIQDIKTGNDITSFECRSDKPIRHNFDRKLMRRSGFAA

_—

MHA 1205
142

1 T

MRKLLVITALTLCTTPVFAADKNVIFSCTSTEGKPLTVKRVGNDYEYSYDKTTFKNPIKKAVTNDGSIIARGSGFTTYALELENDGLKYLVGFVEPNGNAREFIEPGATISQSKEQPSIGSVDCDTRKKSHYKFDVHLMNTL

mh0603

1 —142

MRKLLVITALTLCTTPVFAADKNVIFSCTSTEGKPLTVKRVGNDYEYSYDKTTFKNPIKKAVTNDGSIIARGSGFTTYALELENDGLKYLVGFVEPNGNARBFIEPGATISQRKEQPSIGSVDCDIRKKSHYKFDVHLMNTL

COI_1584
—142

MRKLLVITALTLCTTPVFAADKNVIFSCTSTEGKPLTVKRUGNDYEYSYDKTTFKNPIKKAVTNDGSIIARGSGFTTYALELENDGLKYLVGFVQPNGNAKEFIEFGATISQSKEQPSIGSVDCDTRKKIHYKFDVHLHNTL

. L280_13705 Cas
MRKLLGITVLTLCITSAFATDKNVVFSCTSTEGKPLTVKRVGNDYEYSYDKTIFKNPIKK&VTNDGSIIARGSGFTTYALELKNDGLKYVVGFVQPNGNSKEFIEPGATISRDNDQPSIGSVDCDPYKKIYL

MHpara
1 131
MKKLMIFATTAMIVSNLAHAAGEQSDAREAHESTVKTSTVKYSCQNGKKLSVKYGFNKQGIPTYAEAKLSGKKRFMPINLYTTDATGTNFGDENNFSLYGDFMEFTNHRKASVNIQSPASEILYKGCTPQK

Mhpara 184
—112

MQQVNKVMQEAHESTVKTSTVKYSCQNGKKLSVKYGFHEQGIPTYAEAKLSGKKRFMPINLYTTDATGTNFGDENNFSLYGDPMEFTNHRKASVNIQSPASEILYKGCTPQK

———

Figure 3.1. Secondary Sticture Rediction of M. haemolyticaProteins of Interest ding SABLRedzigzagshow predicted helical structures,
greenarrows show predicted beta structures. The red graph on the lower line indicates confidence in secondary structure predgtidars
equates to high confidence
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NM
1 T T T T T T T T T T T T T 139
MKKMFLSAVLLLSAAAQTVWADTVFSCKTDNNKYIEVQRK INRNLYEYSFGSAAKKEIAIRNSKADLLGRSDRWQGMGSGRWATMKFONGEFMYTIWTIGFDSVTHTESSGVVVERRGKEVARVGCTPKTAQANFNDDDFS
= e ——— i ————————————————————i i e —————— ——————————— ]
HS
145

MRHKKLLFSTLAMVTFLTIMPVQAATKPIFSCS TAQGKKLLVEKTGSNYVLS YODLKVTNPISQILERTNSHIVSRSGYVLYSLEFSDPKYSYYMOYQESMGDEKPLFAGLFRVEPNSNNAPTTLVKCNLKKPISNNFEINLMNN

SARI_04389
1 v T T T T T T T T T T T T T 148
MHHYKFFALAAMLLCGSSFASDEYFMCNTAKGTIKLDENKGVLRYTLSKDRKTAFNYESKGNDYSGFKYNHYSRFQTDYFSVSFVNAEYKYTIFSNYEGESESRGVSVTNLNSKKESVYDCKSVSIDRLSDLSAKLACDKDSALGCEE

APP
137
L

1 T T T T T T T T T T T T T
MRKLTTLAVCSFISLPVLAENISIFSCTAEDGNQILIQKTGADYQFSYGKILFKNPAKQVLKNEGS YVATGSGFTTSALEMKSKSHSYTIEFVQPRGTNVIDSPMLY ITKGNNTTEIKCDTNKKVGQHFEYSKMNI

137

PM
1 T T T T T T T T T T T T T
MRKRLSFISLLCLASTTYANNQQVEESHEQEEPIFYCSTNNEKLIELSKYDEVYIYRFGADLNSPELTLENHIEEVIKRTQSENGIEVKRSYDLKSGPYTYRVFSSNPKIPEENGVEVFKHKKRIARVECSGGIHIFE

Figure 3.2. Secondarystructure Rediction of Gher Gramnegative Bacterial Proteins of Interestdihg SABLE

Redzigzags showredicted helical structures, grearrowsshow predicted beta structures. The red graphtba lower line indicates confidence
in secondary structure predictiethigher bars equate to higher confidenbe b a RS LJA O (i M. ménkagitidisBR INFKoReik yoimple@e with

eight beta strandstHS is thed. somnpredicted Glyl and PM R. multocia.
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Once the proteins of interest had be@xpressed, circular dichroisnas used to further
analyse the protein secondary structufgee figure 3.13)o allow comparison with the
neisserial Glyl proteirBased on the commonly observed CD spectra of proteins, those
with mainly antiparallel beta secondary structure generally have a negative peak at 216
nm and a positive peak at 195 nf@reenfield, 2006)MHA_1205 &lis, MHA 0579-C

His and APP all had spectra resembling those of proteins consisting of a high percentage
of beta strands. This is supported by the lowest point of the spectra, whicbbezsved

at 216 nm for MHA 1205-Bis and at 218 nm for MHA_0579Hs. With APP, the
negative peak occurred at 219 nm. All three had positive peaks at between 193 and 199
nm. These positive peaks were measured at atmospheric pressure so must be analysed

with caution, as at wavelengths below 200 nm air can absorb UV.

PhuT had a spectrum indicating a mainly ahkblesical secondary structure, which
supports the predicted secondary structure seen with SABLE analysis. Alpha helical
proteins generally have a dble negative peak at 222 nm and 208 nm with a positive
peak at 192 nnfGreenfield, 2006)in this instance the negative peaks were observed at

217 nm and 208 nm, and the positive peak at 195 nm.

The spectrum of Mpara looked to be mainly beta but had a slight second negative dip
suggesting that another structure was possibly affecting the shape. The protein gave a
positive peak at 233 nm, a negative peak at 211 nm and a further positive peak at 195
nm. SARI-Blis,also predicted to have a mainly beta secondary structgexe a simér
double negative peak spectrumesembling that 6 helical reference proteinsThe

negative peaks were observed at 216 nm and 201 nm and a positive peak at 194 nm.

To further analysehte data generated, DichroWwgbVhitmore and Wallace, 2008)as

used, with the reference set SMP18thdulGader et al., 2011 psthis provides a broad
coverage of proteins, and analysis programme CONVEN Stokkum et al., 19907 he

results for MHA_0579-dis, MHA_1205-8is, SARI-Bisand MHpara agreed with the
SABLE predicted percentages of alpha and beta forming the secondary structures. The
PhuT spectral analysis on average suggested that the protein was 19% alpha, 27% beta
and 54% coils/ turns/ disordered protein. This did not agmeih the predicted

secondary structures generated by the SABLE and Phyre2 servers.
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Figure 3.B. Secondary tucture Analysis Using Cp&kctra.
The CD spectra of Glyl homologues sbdwurves characteristic of antiparallel beta strands (MHA_1265sCMHA_0579 €His and APP) or

containing some alpha helical structures (MHpara 8ARCHis). PhuT also da spectum suggesting alpha helical structures. N=3.
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3.2.4 Protein Tertiary Structure

To investigate further structural similarities between suspedygl homologues,-}ay
crystallographyvas performed a purified protein samples. Solved structures could also
provide clues to putative ligand binding pockeAdthough crystals of MHA _1205H0s

and SARI-Blis were produced using the hanging drop tecud, they did not diffract

well enough to allow structural analysis. MHA_057BIi€ crystals grown in PACT D3,
which is 0.1 M MMT buffer pH 9 and 25% (w/v) PEG 1500 diffracted to 2.1 A but the
structure has not been solved to date. Additional attempts ave this were made by
soaking the crystal in hemirhowever, further optimisation is required to produce

results. Fgure 3.14shows the protein crystals.

Figure 3.4. Crystals of Glyl éinologues.

Structures of the crystallised proteins seen aboe@dnnot yet been solved. SARI €

His in 0.2 M potassium phosphate and 20% PEG3350. 10 weeks incubation dtyl7°C (
Richard SalmgnfUO¥$B. MHA 0579 &His PACT D3 (0.1 M MMT buffer pan@ 25%
(w/v) PEG 1500F.and D. MHA_ 0579 €His in PACT O08.1 M MMT buffer pH 6 and
25% (w/v) PEG 1500) after hemin soaking respectiglyC(and D byason Wilson
TUO$ A, B and C at 68x magnification. Red scale bar in D is 100 pM.
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TheM. haemolyticaGlyl paralogue was crystallised in JCSG+ A5 which contains 0.2 M
magnesium formate and 20% PEG3350 to R3@ee Fure 3.16). No structure was
solvedfor the other Glyl homologueSthe MHpara protein was crystallised in dimer
formation as shown in the structure solved by Jason Wilson (Figure 3fi&)crystal
structure of the M. HaemolyticaGlyl paralogue shown iRigure 3.16 has the final
cysteine highihted and shows the antiparallel beta strands forming a barrel like
structure. The paralogugrotein comprises arySC region rather than the FSC region
used for identiication initially, and the FS&n be seen in thél. gonorrhoeastructure
(Figure 3.4). alongside the neisserial structures generated by Magda Weirzbicka/ Jason
Wilson Department of Molecular Biology and BiotechnologyOS, 200)4and Arvidson

et al (Arvidson et al., 2003)

Figure 3.19M. haemolyticaParalogue Crystal ibher

The protein was crystallised in dimer formation as seen above. It is not known whether
this is the natural state of the protein or an artefact the crystallisation procedure.
Cysteine residues in orange, carbon atoms white, oxygen atoms red and nitrogen atoms
blue. Rendered in PyMol
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Figure 3.6. M. haemolyticaGlyl Paralogue Crystatr8cture.

PanelA shows the antiparallel beta sheet structure of MHpaiigh a minority made up

of alpha heliwiewed from thexaxis Beta strands numbered from the-krminal. Panel

B and PanelCshowviews from they and z axes,and how the two highlighte regions
interact with one another. The FMC and C terminal cysteine are highlighted in magenta.
PanelD shows the disulphide bridge formed between the two cysteines, with the C
terminal cysteine this time highlighted in blugtructure rendered in PyMol.

An overlay of the crystal structuresif gonorrhoea&lylORF1 and the MHpara protein
(Figure 3.17highlights the similarities despite the low protein sequence identity of

16.4%at the amino acid level
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Figure 3.17 Overlay oM. haemolytica Paralogue and N. gonorrhoea GlylORF1
Sructures.

N. gonorrhoeadslylORE in green and MHpara in cyan. Three orthogonal views of the
overlayed structures with the FSC and Glo§onorrhoeadslyl in purple and YMC and
C of MHpara in orange in partgl

Phyre2 was sed to predict the tertiary structure of the proteins of interest that were
not solved during the course of the projefffigure 3.18)Proteins had their signal
peptides removed prior to input, as those purified for this study lacking the polyhistidine

tagunderwent N terminal sequencing, and this showed they had been processed.
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Figure3.18. Predicted Tertiary Structure of Glyldtologues.

A. MHA 0579 confidence of 48.9% over 45% cove®g®HA 1205 confidence of
44.8% over 46% coverage, both based mart of structure2XzzC. P. multocida
confidence of 27.8% over 44% coverage, component of strudbtsD. APP 56.4%
confidence and 66% coverage also based on human transglutaminase 1 beta barrel
domain 2XZZE. SARI 25.5% confidence and 56% coveragedan galactose binding

protein 1DLC Structure predicted by Phyre2 server and model edited in Pymol. PDB
reference numbers used for identification.
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The confidence in the predicted tertiary structure of thd. haemolytica Glyl
homologues was very lowh& models only covered a small percentage of the amino
acid sequences &ving a lot of missing informatiofrigure 3.9). They do, however, go
some way to support the predicted secondary structures as they are mainly composed

of beta strands.

MHA_1205:
MRKLLVITALTLCTTPVFAADKNVIFSCTSTEGKPLTVKRVGNDYEYSYDKTTFKNPIKKAVTNDGSIIARGSGFTTYAL

ELENDGLKYLVGFVQPNGNAKEFIEPGATISQSKEQPSIGSVDCDTRKKSHYKFDVHLMNTL
MHA_0579:
MKKMAIVALSAFFSMNAFANNNVVYSCTTTDNQTLKVTKEGGNYVY SHGNTTFKNPVKEALKNPASEIAGGSQFTTISLE

LRNAGKSYIVGHIEADPKSPFEASVQIQDIKTGNDITSFECRSDKPIRHNFDRKLMRKSGFAA

Figure 3.D Areas Covered by Tertiary Structuredéiction of M. haemolyticaProteins.

Sequences used to create predicted tertiary structures with the Phyre2 server. The
sections highlighted in bold are those used for tertiary structure prediction. The key
regions(FSC, YEYS, C) are not included in these predictions.

This also highlights the novel structure ofgtiamily of proteins as there vganothing
appropriate to model them against in the database used by the Phyre2 server. It is
interesting to note that MHA1205, MHA_0579 and APP were all modelled on the same
crystal structure PDB reference 2XZZhe crystal structure of the human
transglutaminase 1 betharrel domain which is an eigth of the 817 a.a. protein. This

is involved in protein cross linking $uas the clotting factor XlIThe active site residues

in the humanclotting factor XIIl form a triad of CydisAsp. These three residues are
not adjacent to each other in the amino acid sequence but are brought together in the
tertiary strucure (Yee et al., 1994) The proteins modelled on this section of
transglutaminase contaithe three residues that form thactive site, however, the
histidines were not included in the region for which tipartial predicted tertiary
structure was generated so we cannot be sifrthey are located in positionsreating

an active site.
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Figure3.20. Predicted Tertiary Structure of MHpara

Panek A, B,and Cshowthree orthogonal views athe MHpara model (yellow) aligned
with the structure solved by Jason Wilson (cydre predicted structure wasased on
the template of protein3OE3from the PDB site, the crystal structure BiGst with
96.8% confidence of 60% coverage.

Figure 3.21Predicted Tertiary Structure of PhuT.

ShuT fromShigella dysenteriaéblue) aligned withthe predicted PhuT structure d¥l.
haemolytica(yellow)based oni2R97 aP. aeruginoshaem PBPThe haem molecule in
red is shown as seen in the crystal structure of the ShuT pr@it&net al., 2007)This
crystal structure was solved as a four protein complRnoteins modeéd in Phyre2 and
edited in PyMol.

Confidence irthe MHpara tertiary structure model was 96.8% over a coverage of 60%
of the amino acid sequence. This can be seen in Figaée\Bhere the solved structure

is aligned with the predicted structure. The gealeshape and secondary structure of
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the predicted MHpara aligns to the actual solved structure, although the beta strands
are shorter in reality and the helical regions are missing in the predicted strudtbee.
pore is alsgartiallyoccluded bydisordered loops, which could potentially be flexible or
involved in protein interactions as has been described for a number of hemoproteins.
The model is based operiplasmic lysozyme inhitor of ctype2 lysozyme PIiC from
Salmonella typhimuriugnwhich as the nme states is a lysozyme inhibiter, which was
shown to dimerisgLeysen et al., 2011Yhe amino acid sequences share only 18.42%
identity. PhuT models had 100% confidence over 90% coverage, suggesting that these
predictions give a good indication of the likely protein structure. The predicted structure
of PhuT was based on a haem PBP fRaraeruginosghowever its close alignment with
ShuT ofS. dysenteriaenabled an insight into the possible haem binding clefttfos
protein (Figure 3.21

3.2.5 PredictedCellular locations of Glyllike Foteins

The location of the proteins within the cell can indicate whether piogative function
of the proteinis feasible. Initially, an online programme called PS@ORKai and Horton,
1999) a cellular location prediction tool, was usethisanalysel the probability of the
proteins of interest being ineither the outer membrane, the periplasnfas is
hypothesisedfor PhuT), secretedr in other regions of the cell. Table 3.4 shows a

summary of the predicted locations.

As previously mentioned, the yal family of proteins share the feature of antsrminal

signal peptide which would direct the protein into at least the periplasmic space
However, it is currently unknown as to whether this is where the different proteins
remain or if the @inction of the proteins requireembedding in the outer membrane or
secretion. We know PhuT is predicted to be a periplasmic haem binding protein based
2y (GKS AAYAfIFINARGASA G2 20KSNJ t .t Qshowa dzOK

by thisprogramme supports tisithat it is indeed a periplasmic protein.
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Protein Periplasm Outer Membrane
Certainty

MHA_0579 0.365 0.826
MHA_1205 0.524 0.252
MHO0603 0.655 0.252
COI_1584 0.655 0.252
L280_13705 0.699 0.183
MHpara 0.229 0.177
APP 0.104 0.775
NM Glyl 0.268 0.934
NG Gly1 0.228 0.832
PhuT 0.929 0.211
HmbR 0.131 0.922
SARI 0.300 0.937

Table3.4. PSORT Results for Proteinsraetest.

The closer the number to one, the higher the likelihood of the protein being targeted to
that location based on signal pegé presenceand basic and hydrophobic regions.
Those in bold are the higher numbers giving the estimated cellular location.

The neisserial Glyl proteins are all predicted to be localised to the outer membrane of
the bacteria, as are the APBARANA MH Y n p T ¢ InReSti@atiddsib Sathyamurthy

et aldid not identify any OM protein motifs in thid. meningitidisGly1(Sathyamurthy,
2011) The neisserial Glyl1 in the Sayers lab was, however, believed to be present on the
outer membrane as the Glyl gene knamkt bacteria was less susceptible to
complement mediated bacteal killing than the wild type, anfiirther analysis showed

the Glyl present on OM blel{grvidson et al., 1999, Weirzbicka, 2014, Sathyamurthy,
2011) This again could support the evidence collected so far that fhoteins of
interest are involved in different cellular functions. Also included ishé&aemolytica
HmbR, a know outer membrane receptor that veapredictedby the PSORT softwaas
being in the outer membrane, as expectedlhe MHpara protein was nabonclusively
predicted to residen either of these locationsyhile the results suggest that MHA 1205
and its highly similaM. haemolyticaGly1ls are in the periplasm. Further studies would

be required to state this with any confidence.
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3.3 Discussion

3.3.1 Identification of Potential Hhmologues

The method of homologue identification was inclusive, as previously stated, with
differences between the key FSC motifs being accepted, such as FMC aimgrySiae

(Y) and phenylalanine (F) are both aromatic aracids, only differing by the hydroxyl
group present orthe benzene ring of tyrosine. Tyrosiigemore reactive to noprotein
atoms thanphenylalanine as a result of this and is also more soluble. Both are often
buried within the protein due to their ldrophobic nature. Serine (S) angethionine

(M) are both aliphatic. Methionine is hydrophobic, and again is often found buried
within the protein. Serindhowever,is polar, and can be found in many positions within
the protein. The initial drawback in seelingfor homologous proteinsvas thatusing
online databases wakampered bythe limited availability of genome sequences for
strains of M. haemolyticawhen the project beganAlthough more have been added
since the majority currently available belong e of three serotypes. An additional
issue is the annotation of theupative open reading frames as predicted proteins which
can be misinterpreted based on previous sequence annotations. The shorter MHpara
proteins annotated irerror in certain M. haemoytica genome sequences shows it is

worth ensuring the hypothetical proteins presented are true to the DNA sequence.

Proteins identical to AP8lylwere also recently found in strains Af equiiandA. suis
which could be a result of input error in the tdlhase, contamination of samples, or
K2NAT 2y il f 3SyS GNIYyaFSNW ¢KS&aS aidNI Aya
database in late 2014 and March 2015, after the completion of many struétumeion
experimentswith the synthetic APP proteinThe possibility ofA. pleuropneumoniae
culture contamination is greater with. suisas it isalsoa cause of porcine disease, which

is less pathogenic and often misdiagnosedapleuropneumoniadt is also a pathogen
found in the porcine lung and calilhave been cdésolated. This may also provide a
reason for the APP Glyl protein only being present in one database strafn of

pleuropneumoniadf it is not truly native to this species
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An additional search revealed the presence ofapleuropneumoiie protein with low

levels of sequence identity to Glyl homologues (betweer2086 amino acid identity).
Further analysis showed that although the protein had an N terminal signal peptide, it
did not contain the FSC or YEYS amino acid motifs or simikamtgzof these. Secondary

and tertiary structure prediction was performed and this showed 54% alpha helical
structures when analysed with Phyre2 although SABLE predicted mostly disordered or
random coil with just 16% alpha helix and 20% beta strandsfigere 3.23.

The predicted tertiary structure was based on only 7% of the amino acid sequence which
showed an alpha helical regignot shown) The PSORT cellular location prediction tool
could not estimate where the protein exists in the bacterial wéth confidence. It is
possible based on this new information that pleuropneumoniaegoes not contain a
GlyHlike protein, and thatl KS LINE (uSedl yo th& bxpriménts in this thesis

belongs to anotheActinobacilluspecies.

APPn MEKNVIT LAY B AT ERAKRGCGESHSVTEKE) [OSTQSNIQKDAT, TONRA . PNIOQOAQ! GNRLABIFATGAAAGYVL-EMLAPT
APPo MRK V S| BNTSTEECTAEDENOMLT [GADYQF " YGKII| [PAKQV] [EGS [SGETT] EMKSKSHSY IEFVQP
consensus: 1%, e Tx S ot Bl | Ak . - B

APPn 95 ELQAQTO QOAAAITOP AVONAQNAANTAPAAVATFRSTGGOVDPFLVEKTDGYRRYCISGVQYLIAAQGSPSAPVVMVN PN(-}SP\/Q
APPo 95 RETNVID:PMLYIWKGNATTELIKCDINKKVGOHFEY SMN I L= === === === — e e e e —
*

Consensus 95 . s

* % * ok

1 r T T T T r T T T 100
MKKVITLSAVIALSIATVAEAKRGGSSRSVTGKPIAAQKTQS IQSNTQKDATFDNTQNRAMPNQOQAQASGGNRLASFATGAAAGYVLSEMLAPTEAQAQ

101 T T T T T T T T 188
TQTQQAAATTQPQAVQONAQNAANTAPAAVATFKS IGGQVDPFLVEKTDGYRRYCISGVQYLIAAQGSPSAPVVMVNPNGSPLACNLVQ

Figure 322 A. pleuopneumoniaeProtein Dissimilar to Gly1l émologues.

The signal peptides are underlineghd the FSC region of the APP protein described
throughout (APPo) is highlighted in the first box. The latter two boxes highlight the C
terminal cysteines respectivelf\PPn accession numbetP_005604137.1.

S. enterica arizonae (lll& the only salmonella species containing a Glyl homologue
candidate to date. This subspecies was found to be the most distant relative when
comparing salmonella speci¢€han et al., 2003)which could provide an explanation

for this. There is a protein witlow levelsequence identity(13.9%)to this S. enterica
arizonaeGlyl inS entericapomona While this protein does have an N terminal signal
peptide of 26 amino acids in length, it does not possess the FSC or C terminal cysteine

motifs (or variations) thewe used to identify ptential homologues (Figure 3.23
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S pom 1 MDIKMKKLEDIT LLEFSS SKLCEPNTTFFFANNKAH)N LCYEKKGVKYIFGPESKPEITLE
S ariz 1 MHHYKEF SEASDHYIIMCNTAKGT IKLDENKGVLRY iy KIRKTEFNYESKGNDYSGFKYNHYS
* * * x

consensus 1 * 4 o -
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S ariz 61 RFQTDYFSVSFVNARYKYTIFSNYBMGESES TNLNSKKESVYDCKS PRLSDLSAKIEA SIELG
o+

consensus 61 * *ox

Figure 3.3 Salmonella entericdrotein Ossimilar to GlylHomologues.

Signal peptides are underlined in red, FMC regio®.oénterica arizonaand C ofS.
enterica pomona (accession number WPB00148339.1)in the first box and the C
terminal cysteine of. enterica arizonaia the final box.

3.32 Sequence Differences Betweerokhologues

The differences between the amino acid sequences of the MHpara proteins include the
F78l polymorphism, @& Ay (KS WaK 2 NRhiSaE poy@oidisnysss | Y
the signal peptide region to differ upstream of residue 39 as predicted by ORF Finder
using the DNA sequence as illustrated in Figure 3.4 sequence 184. This short sequence
Is the result ofa frame shift early on due to a deletion, F78l is a change from a
hydrophobic aromatic residue to a hydrophobic aliphatic residue. The phenylalanine
residue, as expected from a larger aromatic residue, blocks the slight pore within the
protein barrel to agreater extent than isoleucine and causes a change in the predicted
surface of the protein (Figure 3.24Both lysine and glutamate are polaydrophobic
residues,although lysine is a little biggand is chargedThe lack of knowledge about

the function of this protein prevents us from knowing whether this would affect the
LINEGSAYyAaQ AydaSNI Ol A 2y astandardsgnadpkptideded/age LINE
site and is therefore not likely to function in the same manner to the other paralogues

if at all. There is a possibility that it has an unusual signal peptide not recognised by the

prediction software.
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Figure 324 Amino Acid 8bstitutions in MHpara.

A. shows isoleucine in blue, arigl shows phenylalanine in yellow.and D. show the
surface clanges as a result of this substitution. Mutagenesis generated in Pymol and is
therefore an estimation of the position of the Pherotein structure solved using the
isoleucine variant.

3.3.3 Prediction $ftware

Prediction software was used as a subsgtub in vitro assayshowever, there are
varying levels of accuracy of these predictions as identified by the confidence limits. In
terms of signal peptide prediction, sigRalvas chosen based on a stu@hoo et al.,

2009) who found it to be the most accurate prediction tool. The predicted signal
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peptides in APP and WNpara were processed as shown by N terminal sequencing, and
the other proteins were assumedotbe processed too, although ardifferences
between the predicted MW to that seen on the SBSGE gels could be due to the

manner of protein folding.

The secondar structure prediction software, SABLE is quoted to have an accuracy of
around 78% based on the protein reference sets used. Phyre2 has an accuraey of 75
80% when predicting secondary structure. This potential for error was highlighted in
some of the re@mns in theM. haemolyticawhere homologues with identical amino acid
sequences differed from each other in the predicted secondary structure. The residues
IKKAV were predicted by SABLE to be alpha helical in two of the proteins, with a beta A
or AV in tvwo of the others. This mostly agreed with the results seen with Phyre2, with a
small number of differences as stated; Phyre2 predicts the region IKKAV to be helical for
all proteinswith none of the beta strands suggested by SABIls highlights the
limitation of the predictive methods, and that these results should be used in

conjunction with other analytical procedures.

While PSORTis reported to be the most accurate cellular localisation prediction
software at 97.3% accuracy, it is still limited by tedection of reference proteins
available.The MHpara results could indicate a dual location protein, but further work is

required to find out how this protein functions.
3.34 drcular Dichroism

Circular dichroism is a techniqugésed to estimate the seondary structure of the
proteins. While software such as DichroWeb provides a good indication of the
percentage of the protein that is alpha helical or beta strand, it is not 100% accurate and

isagaindependent on the proteins within the reference set.

This could explain why the PhuT secondary structure was estimated to be mainly beta
strands, when the predicted secondary and tertiary structures suggested a majority of
alpha helical structures with 6 or 8 short beta strands. Additionally, both secondary
structure predictive software results showed around 46% alpha and 14% beta. This was

not seen with the DichroWeb results, even when analysed with different reference sets.
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The double negative pealf the spectrum suggests alpha helical structunewever,
the wavelength of the peak is 217 nm rather than the 222 nm seen with the average
alpha helical protein. It does have the second dip at the same location as alpha helical
proteins, along with the positive peak. The higher level of disordered region/ taoils/
could suggest that the protein had not refolded correctly, although as seen in Chapter

4, the protein still functioned in a haem binding capacity.

Although both proteins purified from the supernatant andgelubilised fraction were
observed to bindhaem, further analysis could be performed on the protein purified
from the supernatant that was solublender different conditiongo ensure the results
have not been affected by the 1®lubilisation procedure. Additionally pH, temperature
and solvent camffect the structure, and although the protein was stored in the same 1
x PBS at20°C, the temperature differed between experiments, and was considerably
lower for the CD spectra, at between 18 and 2@Wnpared to the 37°C of the

peroxidase activity agy and 2025°C of the hemin absorbance spectra
3.35 Crystallography

While SARI€Elis and MHA_1205-8is crystals did not diffract at all, MHA_057$H(S

did diffract, however Jason Wilson was unfortunately not able to solve the structure in

AU a foeh. TRe@hasing proved more difficult than hoped because of the lack of
sequencesimilarity to previously solved structuresncluding the neisserial Glyl
dadSYLIWia 6SNB YIRS (G2 az2tgS 0KS adNHzOG dzNg
but to date it has been impossible to recreate the crystals to optimise this. This may be
worth attempting for the MHA 1205 and SARI as they could be involved in haem
binding, which may stabilise the proteins for longer periods of time and possibly allow

these crgtal to diffract.
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3.4 Conclwsion

Potential Glyl homologues appear to peesent across a wide range Gfamnegative
bacteria, and the list is growing as more and more genomes are sequenced in their
entirety and added to databases. Sorhemologuesare presentin the majority of
bacterial isolates within a species, where others are limited to one or two seratypes
former could present potential novel vaccine targets in the face of increasing antibiotic

resistance.

Further invedgations need to be conduatieto confirmthe cellular location of these
proteins but the predicted locations suggest that MHA_0579 may indeed have a similar
role to the neisserial Glyl proteins and potentially SARI, whereas the more dilnilar
haemolyticahomologues were predicted teemain in the periplasmit is possible that
these proteins could form different parts of a nutrient uptake system, rather than all

having the same function.

The MHpara protein structure was a similar antiparallel beta strand structure to the
neisserial §/1 proteins. Unlike these neisserial Glyl proteins there is a structure in the
PDB database that is believed to be similar to the MHpara protein and could provide an
indication of the role of this protein as a lysozyme inhibitor. The secondary struatires

all other Gly1 proteins appeared to have a large percentage of beta strands, which was
in agreement with them being a family of bacterial proteins. Further experiments to
obtain structures of those putative Glyl homologues, and the PhuT haem binding

protein would be interegng and could provide informativiasights into their functions.

Clues have been uncovered throughout the sequence and structural analysis in this
chapter providing guidance as to where to begin functional abi@risation of these
proteins, with haem interactions providing the most interesting starting point. It is also
of interest to note that some of the flanking genes of these proposed Glyl homologues
have been implicated in antibiotic resistance such as ICE proteins and aceti@dteses,

which could provide clues towards the protein function in a broad sense.
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4. Haem Interactions

4.1 Introduction

Iron uptake is vital for bacterial cellular survival. In do@n environments such as the
respiratory tract, bacteria use a number of meacisms to enhance the likelihood of
accessing host iron, which is often sequestered in high affinity prossrsimmarised
in the introduction Haemis a major source of iron that bacterial cells catilise. A
number of haem uptake pathways @ram-negaive bacteria have been characterised
to date, however, this is by no means an exhaustive list and the discooémew

proteins involved irthese pathways is ongoing.

Haem acquisitioms an iron sources a known virulence factor in many bacteffnzaldi

and Skaar, 2010)herefore identification ofhaem binding proteins could provide
potential new targets in the struggle against antibiotic resistance. Haem uptake genes
KIS 06SSyYy RAA023SNBRE 2600023KQA yA i W KyF d2Yvo SINNT 2/
S. dysenteria@avhich contains eightpen reading framesQRF}sincluding genes for

ShuA a haem receptor and ShuT a periplasmichaainding protein(Wyckoff et al.,

1998) The presence of such a locus could be used to identify currently uncharacterised

proteins as potentially involved in haem uptake.

There is no singlamino acidmotif consistently associated with the binding of haem to
known hemoproteinsand both the metlod and affinity of haem binding vary depending
dzLl2y Sl OK LINRGSAYyAQ LI NI A Oaxfinhpdifant akpecd afA 2 v |
the haem uptake systemmboth enabling the movement of the haem ligatetween

proteins and inenergyproviding mechanismsNot all contacts between haem and
protein are covalent, with notonded contacts also providing important interaction

sites to stabilise the bindindor example electrostatibonds

Acollection of residues have been identifiad important in proteirhaem binding on a

regular basisAs mentioned in the introduction, one use of haem in a bacterial cell is
incorporation into the cytochrome C protein Bf colwhich occurgovalently using the

ddzf LIKdzZNB FNRY Gg2 OealdSAySa . -lFvVvRIIIKARGTd
histidine can be substituted and the motif still bind haéitien et al., 2005)Alternative
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binding sites include the haerhinding pockets of the PBPs ShuT and HasA which
coordinate haem with a tyrosine residyelo et al., 2007, Wolff et al., 200&urther
haem interactions have been shown to occur betwegnistidine residue anthe NPDL

motif in the HMuR ifP. gingivaligLiu et al., 2006 Haem protein interactions have also
been seen via Arg and Met residues, however, alternate motifs all incorporate cysteines,

for example a CXXCK aBEXXCH

The functiorfs)of the Gly1 family of proteinas a wholes currentlyunknown The novel
proteinfold2 ¥ (GKS ySA&aaSNALIE DfémQa R2Sa y2i
proteins have previously been characterised. A possible starting point was to analyse
the genes flankingachgene of interest. In the neisserial spes containing Glyl, the
flanking genes caalfor proteins involved in haem biosynthesis (¥€kapter 3, Figure

3.5). In addition to thisN. meningitidihas been shown to interact with both haesnd
components of erythrocytes iprevious studies in thedgyers lab grougSathyamurthy,
2011)

The analysis of flanking genespotential M. haemolyticaGlyl homologues Chapter

3 showed that the gene for MHpara ligcated downstream of genes coding for a
possible haemoglobin receptor, a potential periplasmic haem binding protein and hemin
ABC transporter proteing a putatve haem uptake locu@Chapter 3, igure 3.5). This
points to a possible role in haem uptake, therefore we hypothesise that Glyl proteins

are involved in haem acquisition.

In a study looking at the consequences of iron limitation on gene expressibh in
haemolytica genes coding for potential haemoglobin receptors, a PBP and hemin ABC
transpotters were upregulated, as was mh0603, a putatBlgl homologu€Roehrig et

al., 2007) While this could indicate that th&lyl homologue is involved in haem uptake,
other genes that were upregulated in the study were involved in iron uptake from a
variety of alternate sources. These findings further support the results observed by
(Sathyamurthy, 2011p the hypothesis that Glyl preins are involved in bacterial iron

uptake with haem the likly source

The aim of this chapter is to investigate whether or not the newly proposed Glyl

homologues are also hemoproteins.
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4.2 Results

4.2.1 HeminAgaroseBindingAssay

The hemimgarosepull dowrtassay has been widely used to demonstrate the ability of
proteins to bind haen{Lin et al., 2013)initial heminpull down assays performad the
Sayers lab group witN. meningitidigslyl showed thait was enriched after incubation
with heminagarose beaddt was therefore used as a positive control tbhese assays
when testingproteins of unknown function. PhuPpredicted to be geriplasmic haem
binding proteinof M. haemolytica was successfully cloned and expressaad was

therefore also asssed for haem binding ability.

TheSDSPAGE gel analysi$the pulkdown assaysvere studiedon a gelby-gel basis to
eliminate gelrelated variability and to uniformly interpret proteibinding ability.
ImageJ software was used to measure protein band intensigaamindividual laneto

elucidate theratio of BSA: protai of interest with the two proteinstogether making

100% of the lane total.

BSA was used asnan-specific controko demonstrate that the hemiragarose beads

had been sufficiently washed to remove any r&pecifically bound proteins as
evidenced by armmost totalf 284 2F . { ! Ay esdts ke thetefiBe S { ¢
seen aghange in the perceageof the lane total compsed by the protein of interest.

'y SYNAROKYSyYy(d 2F (GKAA LINRISAY Ay (GKS WLIS
suggesthiemin binding, while no increaser a decreasgsuggests no hemin bindirxy

the protein in questior{Figure 4.1 and 4.2)
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Figure4.1.Hemin Agarose BindingAssay.

SDSPAGE gJs on the left of each panel show the pddwn, BSA is theO&kDa band and

the protein of interest is the lower MW band. The graphs show the percentage of the
lane total made up by the protein of interest in the stock (black bar) and the pellet (grey
bar) respectively. Of the Glyl proteins of interest, only MHZ5 CHis shoved a
significant enrichment*¢ indicatesP < 0.05), with MHA 0579 Elisand SARI-Bis a
slight, yet nomsignificant, enrichmentvas observedPhuT wa significantly enriched (*
indicates P < 0.05An independentl- test was used.
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Figure 4.2 Hemimgarose BindingAssay Controls.

Panels @ show the controls used for this assély. meningitidisGlyl has previously
been shown to bindhaem, and here wasignificantly enriched*t* indicates P < 0.001).
Lysozyme wa not enriched as a negative control. Howgvasa predictedfurther
negative control,hGH GHis was significanty enriched (** indicates P < 0.01). An
additional polyhistidine tagged protein, tFENH@ was therefore used (Panel J). This
also showed unexpected significant enrichméagain, ** ndicates < 0.a). N = 3.
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As predicted based on previoussults ofthe Sayers group, th&l. meningitidisGly1
protein was significantly enriched, with the lane percentage increasing from
approximately 190Glyl and 9%BSA in the stock lane, to apprmately 536Glyl and

45% BSA in the bound fraction. PhuT was also found in the pellet fraction and was
consistently enriched, a result showm be statistically significant which supported the
hypothesis that PhuT is a haem PBRIohaemolyticaThis bindngalso demonstrasd

that the protein hadrefolded correctly.

Lysozyme does not bind haem and was therefore used as a negative control. In this assay
the percentage of lysozyme in the lane total decreased as expected for -haemn
binding protein. Contrey to the overall hypothesisfor Glyl proteins neither the
MHpara protein nor the APP Glyl protein showed any binding to the hemin beads.
MHA_0579 éHis protein showed a slight level of enrichmehgwever,this was not

found to be significant. MHA_1205His andSARIGHiIs both displayed a significant
enrichment when incubated with the hemin beads, supporting the hypothesis that these

proteins are involved in haem binding.
4.2.2 HaemoglobinAgarose BindingAssay

As the haem binding ability of protesranalysd using this assay was not conclusive, the
hypothesis that the Glyl proteins may act as hemophoresstiisincertain therefore
haemoglobin garose beads were usesiith the sameprotocol asthe hemin agarose

bead binding assays
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Figure 4.3 Haanoglobin AgaroseBinding of Gly1Proteins.

The panels show SBPNGE separation of tretock protein usedcomprised ofGlyl and
BSAwhich was incubated with haemoglobin agarose be#ussubsequenpellet after
three washes and the firstupernatant. Samples were incubated both with and without
glutaraldehyde.The protein band at approximately 13 kDa svéhe haemoglobin

monomer (HbM)No binding was seen. The imag

es are representative of three repeats
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This experiment was an attempt to identifyhether the proteins of interest had any
haemoglobin binding ability, as they could potentially form haemoglobin receptors
Glutaraldehyde was used to immobiligay transient interactions to visualise any
binding that may have otherwise been missed, as was hgxised with theneisserial
Gly1 protein This has been observed in haemoglobin receptors to allow haem transfer
from the haemoglobin and into the cell periplasnf the proteins bound the
haemoglobin even transiently we would expect to see the proteithe pellet lane
along with the haemoglobin monomeln this case, the results shed no interactions

with the immobilised haemoglobimowever,no haemoglobin binding proteins were
available as a positive contr@s attempts tooverexpress the clonedl. haemolytica

HmbR protein irkE. colicells were notonsistentlysuccessfu{Figure 4.4

The low MW band around 13 kDa seen in the pellet lane of each experiment was the
dissociated haemoglobin monomer. Some of the haemoglobin was seen forming higher
MW bards in the experiments without glutaraldehyde, but thises notsuggest any
interactions with the Glyl proteins. Instead, the higher molecular weight band appears
to be protein dimers based on the MW of around 26 kDa. Haemoglobin readily forms
multimers, and is found in tetramer formn viva Glutaraldehyde was used at a high
concentration to stabilise any transient interactiorid. haemolyticaand S. enteria
arizonae [l1a) Gly1 proteins are known to form multimers (see Figure 5.5, Chapter 5),
and this mg have led to the Glyl protein monomers being at too low a concentration
to be observed easily in the supernatant. Only the APP protein monomer was observed
in the supernatant after glutaraldehyde incubation. Densiometry was again used,
however, the resuk showed no proteins in any of the pellet lanes other than the

haemoglobin monomers.
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Figure 4.4 Haemoglobin Receptoxiession

TheM. haemolyticaHmbR was cloned and expressedincoliBL21 (DE3) cells. HmbR
MW 79.5 kDaThe lanes show protein expi&en in empty pUC19 vectors and in those
containing the HmbR receptor, separated by $I2&E.

Expression of the HmbR proteinkn colwas seen in initial cloning, howeveepeated
attempts at expressinghe protein in whole cells for Glyl interactioanalysis using

techniques shown to work with thH. meningitidigoroved unsuccessfijFigure 4.4)
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4.2.3 Hemin Absorbance [#ctra

The hemin absorbance spectrum has beeidely used as a tool to examineabm-
protein interactions, and to identify new hemoprots. The maximum absorbance
(Amay of heminalone is around 385 nm, also known as the Soret Band or Peak. This
maximum absorbanceeak alters when hemin forms complexes with hemoproteins.
The formation of bondsltersthe spin ofthe ironatom within theheminmolecule and
causes a shift in the Aax for example haemoglobin is characterised by its.Af 420

nm and cytochrome P450 by its Soret Peak at 45Quen in complex with haenThis

Ad 1y26y a I NBR aKATFG 2 NlehgthWol 4§ K2 OKNER Y,
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Figure4.5. Changes to Heminl#sorbanceSectraWhen Incubated with Gly1 i@teins.
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The results showed an increaseda.fAfor heminincubated with PhuT at the higher
protein corcentrations usedFgure 4.6) which is in agreement witthe heminagarose

pull down data further supporting the prediction of PhuT functioning as a hemin. PBP
The MHA_0579 Elisprotein, conversely to what was anifi@ted following the hemin
pull-down assay, showed a conueation-dependent increase in thenAx(Figure 4.5

with concentrations up to 80 pM of protein being usdédata not shown) All
concentrations of protein, from 10 uM upwards, caused a clear change in the shape of
the curve in addition to the change indlwavelength of the maximum absorbanat

higher proten concentrations (see Figure 4.7

15+ MHA_ 0579 C-His
MHA 1205 C-His
—_ SARI C-His
E 10-
= - PhuT
£ MHpara
% 5l - APP
Lysozyme
— —
0 10 20 30 40 50

Protein Concentration (uM)

Figure 4. 7Change in Aaxof Hemin with Increasing Proteindbcentration.

The graph shows the change insAcompared to hemin alone at each concentration of
protein tested. Each value is an average over a minimum of 3 repeats.

As expected following the hemamgarose pull down, neither APP nor MHpara displayed
any change in fwxand the spectra closely mirrored that of the hemin along émgire
wavelength scan. T wassimilar to the spectraseen with the negative contrpl
lysozyme which does not bind haerbut had an average maximum absorbance of
386.25 nm over three repeatNone of the marginal increases were found to be

concentration dependent.
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The spectra ohemin incubated with various concentrations ®ARIGHis did not vary

in shape from that of the hemin alonbowever,the Anaxincreased with the protein
concentration to 388.75 nm, which could indicate that some interactions were occurring
to slightly aler the spin on the hemin irarHeminincubated with MHA _1205-8is gave
interestingresults; dhough there was no shift in thesAx the shapeof the spectra
differed slightly from that of hemin alon&his waanost notabé at the 400- 450 nm
region, where compared to Igyozyme the hyperchromic shift resembled that seen with
PhuT and MHA_0579Kis. A bathochromichyperchromic shifin chromophores has
previously been noted under differing solvent solutions, occasionally canbed the
chromophore is onjugated to a ligand causing the local environment to chaides
change in the shape of the curve cotlteerefore indicate an interaction, although no
bindingwas seen in the hemiagarose experiment after the removal of the polyhistidine

tag.

Hemin isknown to form complexes with itself which can affect its ability to interact with
proteins e.g. the poxo dimerthat forms at basic pH. Haem can exist in equilibrium
between the dmer and monomer state dependingpon the surrounding environment,
and somehemoproteins have been shown to bind both forf&malleyet al., 2001)
Hemincan be resuspended in TritotX or DMSO to reduce this aggregatibowever,

as binding was seen in theniversally used®BS solution at pA.5 with both the PhuT

positive control and the MHA_0579HKisprotein, this was not deemed essary.
4.2.4 Haem Absorbance Spectra

The difference between haem and hemin is thédaxion state of the iron at the centre

of the molecule. In hemin, the oxation product of haem, the iron i ferric form, i.e.

Fe*, while haem contains ferrous iron, #FeFerric iron is more stable than ferrous as it

is already oxidised. To ensure the oxidation state of tleenim did not affect the
interactions, the absorbance assays were also performed under reducing conditions

using sodium dithionite and dgassed buffes.

While the maximum absorbance of hemin alogtgfted from 385 nm to 390 nm when
reduced to haemhaem incubated witlPAPP and MHparagain showed no change in

the Amaxcompared to that of the haem alon&heaverageSoretBand with SARIGHis
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presentshowed a hypsochromic shiftlecreasng slightly to 387.5 nm (seddure 4.8).
This has been observed in the haem binding protein Irr iBsadyrhizobium japonicum
which works in a manner similar to Fur to regulate haem biosyntl{€sist al., 1999)
MHA_0579 éHis again caused a battioromic shift to 400 nm with haenmowever,
PhuT did not change thenA. Thiscould be attributedo the fact that similar PBPs (e.g.
ShuT) interact with hemin FeO via a tyrosine residugakanunkul et al., 2008ther
than haem. MHA_1205-Bis incubation with haem caused a slight red shift to 392.5 nm

on average, suggestirag interactionwasoccurring.
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Figure4.8. Absorbance Spectra of Haem when Incuéd with Recombinant Proteins oinkerest.

The Avaxof haem in this studyasat 390 nm. The #w0f APP and MHparmso remained aB90 nm. MHA_1205-8is showed a sligfmaxshift
to 392.5 nm on averag§ARIGHis shifted to 385 nm and MHA_0579 €Histo an average Max 0f 400 nm. The fax0f PhuT remained a 390

nm. N =3.
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