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Abstract

Group AStreptococcu§GAS) is a pathogenic bacterium that strictly infects humans, causing a
diverserange of diseases from severe toxic shock syndrome to moderate strep throat infection,
especially in childrenGAS produces certain virulence factors that are structuraliytbgether

by complex molecular linkages, including covalent disulfide bonds formed between cysteine
residues. Disulfide bonds are essential for protein stability and function, and are ifiofrived

by enzymes called thigisulfide oxidoreductases (TDOR&emarkably, disulfide bond
formation pathways have not been studied in the context of GAS pathogenesisilanoe an
excellent approach to better understandiregstructure andegulationof virulence factors in

GAS. An in silico approach was used iaentify five putative TDORs in GAS which were
individually mutated and their subsequent biologfcactionscharacterizedOur results have
identified 2037 as a novel TDOR enzyme in GAS. 8837 mutantshowed significantly
increasedensitivity to oxdative strespromotingcompounds andasmoresusceptible to
phagocytic death by murine macrophages, indicating a role for 2@8&imaining thiol balance
at the cell surfacthrough an unknown mechanisMost notably, 2037s needed for proper
disulfide bond formation in an important GAS exotoxin: streptococcal pyrogenic exotoxin A
(SpeA).Redox state analysis 8peA secreted by the pareniture showed the presence of a
disulfide linkage (oxidized formy)hereaghis disulfide bond was broken (reduced form) in

P2 0 &lfures.The2037-complemented mutant restored SgeAhe oxidized state, implicating
2037 as a direct player in forming the disulfide bond of SgAsistent witlthese data2037
exhibitedfunctional oxidase activityn vitro and disulfide exchange reactions showed
recombinant SpeA changed from its initial reduced form to an oxidized form following
incubation with oxidized recombinant 2037 but not reduced ZB8thermorepreliminary

point mutaton datasuggests thahe active site 2037 cysteines 46 and 49 have different
reactivites, with the Nerminal G/s46 possibly playing a distinotechanistiacole during protein
complex formation with SpeAThis is the first report of an enzyme being diestvolved in the
proper folding ofa superantigenic toxin. Our findinggyhlight the importance aftudying
disulfide pathways in modifying virulence factors secreteghathogenic bacteriand pave the
way for new drug targets and vaccine developrs&ategies that offer an alternative to
antibiotics.
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CHAPTER 1: Introduction

1.1 Group A Streptococcus

Streptococcus pyogeneommonly known as Group A streptococcus (GAS), is a
pathogenic Granmpositive bacterium that strictly infects humans, setting it apart from many other
streptococcal species. GAS is spherical in morphology, characteristically farhaing of cocci
that are nommotile (Bisno, 1991) Classifications of streptococcal speaesinitially based on
the traditional Lancefield system; thissolvesgroupingstreptococcaccording tahe reaction of
antiserum raised against variable cell wall antigens and polysacch@essen, 2010;
Lancefield, 1962)More than 20 serologic groups were identified and designated by letters (i.e.
A, B, C, etc). In addition to Grgp A streptococci, Group B streptococcus is another established
human pathogen that can cause neonatal pneumonia and meningitis; disease caused by Group C
and group G streptococci are also described in the liter@u&ch et al., 2009; Zaoutis, Attia,

Gross, & Klein, 2004)

Isolates within the Group A streptococci classification are further dividedserotypes
based orantigenic differences in the krotein moleculeThe M proteinis an antiphagocytic
surface protein thailays a major role in virulence.ift present in all isolates, displayiadigh
level of sequence polymorphigi@ole et al., 2010; Steer et &Q09) In other words, every
strain has a slightly different M proteiDuring S. pyogenesnfection Lancefield(1962)found
that antibodiesleveloped againstrainspecificM proteins led tkilling by opsonophagocytosis
and immunity against reinfectigrhowever, anbodiesraised againghe M protein of onstrain

often failed to protect againsgtfection byanother Strong protective immunity ithereforeM



type-specific(Lancefield, 1962)The development of antiserum directed to M proteins was the

foundation of theserologicallybasedscheme known ad typing.

To better characterize and measuregitmving genetic diversity among isolates f
pyogenes an extension of the Lancefield system throagimsequence typing is routinely used
today(Facklam et al., 2002; Steet al., 2009)Thisi nvol ves sequenenmg t he
gene, encoding fahe M protein(Steer et al., 2009Y o date there are more th&200emmtypes
describedi.e., M1, M12, M18, M24, etd)Bessen, 2010 ollectively, these classification
systems serve as valuabf@demiological markerand providea reference point for

investigating outbreaks &. pyogenedisease.

1.1.1Prevalenceof GAS

Onthe global scaleS. pyogeness associated with significant morbidity and mortality
accounting fomat least 517, 000 deaths each year world@irapetis, Steer, Mulholland, &
Weber, 206). It was ranked ninth among individual pathogens causiegighest estimated
deathsas reportedh 2002by the World Health OrganizatiofCarapetis et al., 2005Although
guantifying an accurate disease burden renaiafiengingand availale epidemiologicatata
from 2005 mayequire revisionGAS is responsible fan estimate®16 million cases of throat
infection (pharyngitistonsillitis) worldwide eactyear, and 111 million cases of skin infectiam
children of undedevelopedcountrieg(Carapetis et al., 2008)Vhile in highincome countries
GAS infection predominantlyaises public health concerns fararyngitis and invasive diseases,
low-income countriebave a higheprevalencef rheumatic fever, rheumatic hedisease and
glomerulonephritigSteer et al., 2009)ndeed, he greatest burden of streptococcal diseases is
encountered in lovincome countriegSteer et al., 2009Distribution dfferences ofS. pyogenes
serotypes vary both ye#&w-yearand geographicallywith certain M serotypes of GA$nked to

2



thehigh income countries that asearcelyseen in lower income natioriBhis inevitably

represents a greatstiacle in designingneffectiveGAS vaccine.

In Canada, GAS infections haaésobeen the subject of publiealthconcern.

According todata from the Public Health Agency of Can@dblAC), the number of reported
case®f severe GAS infectiom Canada has been rising steadily over the last 15 (fedrsC,
2014) Local media have reported extensively enant outbreaks of a particularly invasive GAS
strainthathas affected Toronto, Montreal, Vancouver, Ottawaathdr cities with nine dead in
the London Ontario area since 20(&land, 2017; Picard, 2018)he underlining causes of
these outbreaks remaininknown but are also reminiscent of other epidemic outbreaks in
history, such agvasive strais affectingLos Angeles County, USA irhie 1980s and parts of

Norway and Sweden from 198B89(Bisno, 1991)

1.1.2Superficial colonization and infection

Outside of the human host, there is no known reservoir for @A&ening & Federle,
2017) This bacterium primarily colonizes theucosal epithelium of the gobarynxand the
epidermal layer of the skifBessen, 2010}t is at these twamichesites that the organism most
often enters and exits itgologicalhost.Upon initial invasion, GAS tends reside
extracellularly as it attempts to replicate and persist while overcamuimgnimmunesystem

defense (Bessen, 2010)

The presence of GAS does not always result in symptonmégiction.In fact, GAS is
carried asymptomatically ir20% of schoclge children during seasonal peaks and 25% of
adults with household contact of infected sckhagé childrer{Bessen, 2010; Bisno, 199T)his

quiescent carrier state elicittle or no immune response $treptococcal antigens.



Asymptomatichroat carriage can persist for weeks or momthse carriage at the skin is less

well understood, and may be only transi@#ssen, 201XKaplan, 1980)

When a productive infectiotloesoccur, GAS is ofterlinically associatedvith impetigo
andstreptococcal pharyngit{strep throat{Bes®n, 2010) Impetigo is a topical skin infection
that results in honegolored crusted skin lesions and mainly affects children between the ages of
2-6 years oldParks, Smeesters, & Steer, 2QIY)is contagious diseasespread through direct
contactwith open wounds and sores on the skin from infected individBaissen, 2010; Walker
et al., 2014)Strep throat isnfection of the pharynxwhichresults in swelling of the tonsils and
mucus production, usually accompanied by f¢Parks et al., 2012PDther common symptoms
include malaise, headache, nausea, abdominal pain, and vofwWhatiger et al., 2014)GAS
pharyngtis is generally selfimiting but is highly communicable persao-person through
mucous secretions and saliva dropleti@ghing (Walker et al., 2014)Children aged 8.5 years
are especially susceptible to infectigilkening & Federle, 2017)Both impetigo and
pharyngitisare examples aofell-characterized moderate-mild cases of GAS infection

routinely treatedvith antibiotics.

1.1.3Invasive diseases

Rare invasive GAS infections also occur, which the consequence of the bacteria
migratingto normally sterile sites, such as the bloodstream and deep ti&igas, 1991;
Walker et al., 2014)This intrusive migration can ledd tissue destruction, bacterial
dissemination, and hypénflammation(Walker et al., 814) Despite representing a minority of
cases, invasive illnesses have long been the focal point of GAS re@&dkaning & Federle,

2017) Invasivediseasesange from less severe forms of cellulitis and bacteremia, to more



severe cases okcrotizing asciitis (fleskeating disease) and streptococcal toxic shock

syndrome (STSS)Cunningham, 2008; Walker et al., 2014)

GAS infectiors that originate in thekin, such asmpetigo,may penetrate the epidermis
to cause cellulitigwWalker et al., 2014)Cellulitis is an infection of the subcutaneous tissues and
manifests asedness and inflammation of the skirttwassociated pain and swellifWalker et
al., 2014) Bacteremia is the presence of GAS in the bloodstream and is often characterized by
high fever, nausea, and vomiting as a result of a robushffanmatory cytokine response
(Bessen, 2010As reviewed byValker et al(2014) GAS strains may be introduced directly
into the bloodstrearfrom childbirth, or may be introduced as a consequence of superficial

infection of the throat or skin

Necrotizing fasciitis i® severénvasiveGAS infection of the skin, subcutanedissue,
fascig and muscléWalker et al., 2014)This flesheating disease has high mortality rates due to
the raidly progressive nature of the infectig@unningham, 2008)Asthe name implie<GAS
invades andpread along the fascial sheaths that separate adjacent muscle groups, which in turn
are breached, resulting in severe necrosis of the adjacent {(i€suegngham, 2008; Walker et
al., 2014) Symptoms commonly preseas localized pain, chills, fever, sore throat, rash and
vomiting (Cunningham, 2008While GAS is the most common cause of flkesting disease,

this disease state is frequently polymicrobial in nafW#kening & Federle, 2017)

1.1.4 Toxinmediated diseases

The pathogenesis sfreptococcal toxic shock syndromseelatedn partto the ability of
certain streptococcal pyrogie exotoxins released by GAS thianction as superantige(SAQs)

(Parks et al., 2012; Walker et al., 201#) STSS, SAgs cause activation daege numbers of T



cells in an antigeiindependent manner. The result is a massive cytokine response by(ILeells
2,IFN-y ) a n d-presenting geB§fiNF-a , -1IBL  a6h(Walkerlet al., 2014; Xu &
McCormick, 2012)STSS often occurs in conjunction with other invasive streptococcal diseases
and rapid onset can result in hypotensigitlespread tissue damaaged fatal multipleorgan

failure (Steer et al., 2009Additionally, thelack of anttSAg antibodies has been associated with

an increased risk of STBreiman et al.1993)

GAS strains that secretdreptococcal pyrogenic exotoxiagealsothe causative agent of
clinical scarlet fevefBessen, 2010carlet fever is characterized by a distinct red sandpaper
rash, fever and swelling of the tongue that gives a strawberry appeéPanke et al., 2012)
However, scarlet fever only affects a small number of individuals who have strep throat or
streptococcal skin infections. The rash may persist for more than a wee&kramnifest in

either mild or severe infectior{Bisno, 1991)

1.1.5 Nonpyrogenic diseases

Prior GAS infections that were not properly treated may result in a number of post
infectious sequela@@isno, 1991) Thesenonsuppurative complications of GAS infections
include rheumatic fever and glomerulonephi(Esrretti, Stevens, & Fihetti, 2016; Walker et

al., 2014)

Acute rheumatic fever (ARF) is a delayed inflammatory complication of pharynagitis,
appearing 5 weeks later, with symptonssich agever, multiple painful joints and involuntary
muscle movemenisSteer et al., 2009While the pathogenesis of ARF is still being actively
studied, symptoms are adtomune in nature and likely due to antibody crosactivity against

shared epitopes from the streptococcagpidtein similar to epitopes found in cad myosin,



synovial, and neuronal tissu@isno, 1991) Crossreactivity of selfantibodies that target and
damagehe heart valve antigens is known as rheumatic heart di€steses et al., 2009
Rheumatogenic serotypassociated with documentegidemiologically outbreakscludeM1,

3, 5and18 (Bisno, 1991)Similarly, poststreptococcal glomerulonephritis is the immune
mediated swelling of and subsequent damage to the kidneys, which may eventually result in
kidney falure (Cunningham, 2008 GAS M12 and M49 serotypes have most camiybeen
related to glomerulonephritis which typically affect children the r©@atiningham, 2008;

Wilkening & Federle, 2017)

Taken togethelS. pyogenegroduces infections of varying clinical severities, with
genetically identical strains even causing both severe andev@re human diseag@&essen,
2010) This points to an important role for both bacterial and host factors in determining the

clinical outcome of streptococcal infections.

1.2 Dynamic regulation of GASvirulence factors

GAS virulence factorsvork in a highly coordinated fashion teelpestablish a
succesful infection in the humapharynx, a challenging environment for bacterial colonization.
Virulence factorsare produced by bacteria to aid in invadamgl multiplying within the host
this includes grface adherence proteins, secreted exotoxins, production of a protective capsule
and growth factorgCross, 2008)Work done in golutionary biologypointsto complex
virulence regulatiomnd quorurrsensing pathwayasplaying keyroles in bypassingrimary
phayngealdefencegBessen, 2010These mechanisms allow rapid and dynamic alterations in

gene expression without requiring a fixed mutation in the gendthenmisregulatedchowever,



thesepathwayscould have counteproductive consequenceshibstimmune responses become
stimulated whichwork to kill any GAS bacterigWilkening & Federle, 2017)ThisGAS host
pathogen interactiois thefocus of ongoingresearctwith the mechanismsom bah sides

lacking infull understanding

Two well-studied virulence regulators $ pyogeneare the standlone regulatoMga
and theCovRStwo-component systertfKasper, 2013Kreikemeyer, Mclver, & Podbielski,
2003) All GAS serotypebave thdranscriptional activator Mgahich regulates genegquired
for growth,adaptation into new tissue sites and expression of surface assoaitdedles such
as the M proteimnd C5a pptidasgKreikemeyer et al2003) The CovRStwo-component
systemis comprised of a sensory histidine king€evS)that autephosphorylates in response to
an environmental signal, and transférs phosphate to a response regulé@ovR), which then
influences the transcription of approximatdl§$% of genes in GASKreikemeyer et al2003)
The CovRS system contraggnesnvolved in stess adaptatioand virulenceincluding the
hyaluronic acid synthesis operon, streptokinase, cysteine protease, mitogenic faaite,azaps
streptolysin §Kreikemeyer et al., 2003; Wilkening & Federle, 2Q1Ayleed, other regulators

also exist that are leggell-defined in the context of GAS pathogenesis.

1.2.1Hemolysins

In the early stages of infectiortreptdysin O (SLO) and streptolysin S (S).&re two
potenttoxinsexpressed by almost all GAS straifiontaine Lee, & Kehoe, 2003)These
proteinslyse mammalian erythrotgs, or red blood cells (RBCs), aak responsible fahe
zone ofbeta { )-hemolysis observed on blood agar pldMslloy, Cotter, Hill, Mitchell, &

Ross, 2011)SLO is a 54amincacid secreted protein toxihat is also highly immunogenic.



SLO binds tocholesterol in eukaryotic cell membranes, whetdtimately oligomerizes to

produce largeransmembrane porgeading to cell lysigFontaine et al., 2003)

On the other hanactiveSLS is a2.7 kDa peptide thas cytolytic only when associated
with the bacterial ceBurfaceor in the presence of certain carneoleculegdMolloy et al, 2011;
Theodore & Calandra, 19813LSis extensivelyposttranscriptionallymodified, resulting in the
formation of distinctive heterocyclgstior to exportrom the cell. Peviousstudies of
transposon mutants of GAS that lacked SLS production revesdétie sagAgene encodes a
53-amino acid SLS precursaralledSagA(Betschel, Borgia, Barg, Low, & De Azavedo, 1998;
Molloy et al, 2011) In contrast to SLOSLS is not immunogenic in the course of natural
infection, howeverisolation of the mature SLS toxin and elucidawdits moleculaistructure

has proven to be challengifigontaine et al., 2003)

1.2.2Bacteriocins

GAS s able to compete with the highly complex microbiota of the hunpgoer
respiratory tractiuring infection including manyotherspecies of streptoco¢dy producing
bacteriocinsBacteriocins are small, ribosomally synthesized antimicrobial peptides that
typically demonstrate activity against closely related organ{gmastronget al., 2016)There
are three major classes of bacteriocdsss | bacteriocinthat undergo podtanslational
modif i cati on t o i n c omghygllanthiorene tesidoes imtd thenactinegpeptde; 3
Class Il bacteriocins that are typicaligt posttranslationally modified except for leader peptide
cleavage and disulfide bond formation; and Class Il bacteriggimsstrong et al., 2016Df
importance to bacteriocin regulation netstreptococcal invasiondas 6€il), a quorumsensing
locus which is activated by the attwlucer peptide SiICR through the tgomponent system
SilA-SilB (Belotserkovsky et g12009) Recent studies of the invasive GAS strain JS1#v

9



that uporsensing asparagine released by host,d8WsS upregulates expression of the SiJCR
thisautoinduction process propagates throughout the GAS population, resulting in bacteriocin
production(Hertzog et al., 2018While sil has been linked to bacteriocin production and
increased virulence in GAS, only 18% of clinical GAS isolates have an siltéatus,

suggesting a more complex explanatidfertzog et al., 2018)n theM18 strain for example,

the SIlD/E transporter is inactivateahd a promoter elemeisthighly induced withirthe mouse
nasopharynx, which might account for bacteriocin producationvo (Armstrong et al., 2016;

Hertzog et al., 2018)

1.2.3Cell-membrane and cellall integrity

As mentioned, th€ovRS twecomponent signal transduction regulatory system in GAS
represses roughly 15% of the GAS genome, includindenceassociated gengs response to
the environmengCole et al., 2010; Dalton & Scott, 200¥)nder mild stress condition€ovS
reportedly dephosphorylat€ovR, either @ectly or indirectly,leading to its inactivationhe
dephosphorylated CovR then dissociates from the regulatory promoter sequences to which it
usually bindgDalton & Scott, 2004)CovRinactivationthereforerelieves repression of many
GAS genes. This allows transcription of genes needed for growth of GAS under general stress
conditionssuch as low iron, elevated temperatures (40pE)changesand growth in the
presence of salingCole et al., 2010; Dalton & Scott, 2004Jlong the same ling®ther one
componenSer/Thr knasemediatedegulatory systems in GAS have been reported to mediate
proteins containing a CHAP (cysteine and histidiependent aminohydrolases/peptidases)
domain(Pancholi, Boél, & Jin, 2010Proteins with CHAP domains are mainly involved in
peptidoglycan hydrolysis, thus making them important in the regulatioell division, growth,

and virulencgPancholi et al., 2010)
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Maintaining a healthgell-wall and celmembrane are crucial for GAS surviald
current treatments fdBAS infectionanvolve antibiotics, specifically those that target the
bacterial cell wallGAS is most often treatedith i -lactam antibioticsuch as penicillins (i.e.
penicillin or amoxicillin (Eneli & Davies, 2007; Parks et al., 201Rgnicillin and other -
lactam antibiotics inhibithe formation of peptidoglycan creksks in the bacterial@l wall by
binding transpeptidase, alsalled penicillin binding proteins (PBPs) for their known affinity for
penicillin (Sauvage, Kerff, Terrak, Ayala, & Charlier, 2008prtunately, resistande penicillin
has not emerged 8. pyogeneperhaps due to thessential role dPBPsinvolved in cell wall
synthesisvhere anymutations that lower their affinity for penicillimay have low survival
fitness(Bessen, 2010)n the case of penicillin allergglindamycin or macrolide antibioticae

usedas alternativeéEneli & Davies, 2007Kaplan, 2004; Spellerberg & Brandt, 2016)

1.2.4Capsule

GAS musffirst pass through a mucus layer to reach and attach to the epithelial cells of
the pharynxduringhumaninfection. The streptococcal cell wall @irroundedy acapsule
composed ohyaluronic acida highmolecularmass polysaccharidemprised of glucuronic
acid and Nacetylglucosaminewhich has both advdageous and disadvantageous features
(Cole et al., 2010While the hyaluronic capsule may aidgassing though musuit has also
been reported that the néigaly charged capsule likely refs surface interactiongith epithelial
cells and could provide a reason why hypecapsulated strains are impaired in host
colonization(Flores, Jewell, Fittipaldi, Beres, & Musser, 201&cording toFlores et al.

(2012) GAS <rotypes M4 and M22 multiplied extensivelgx vivoin human bloodlespite
lackinga hyaluronic acid capsuénd it is speculated that these strdiage alternative,

compensatory naanisms that promote virulendehasalsobeen hypothesized that hyper
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encapsulation may impede surface attachment by masking other bacterial a@isasitise case

for M3 isolaes where loss of capsule is benefi¢ikno, 1991)

However,Lynskey et al(2013)found the opposite to be true ilgperencapsulated
M18 serotype, which appearsheantiphagocyticandhasan advantage in wholgood
survival and mtine nasophg/ngeal carriageGiven thatCovR is an important transcriptional
repressor of the capsule synthesis opehasdperon) apositive regulator of CovRzalled
RocA, has been reported to upregulaeRtranscription with subsequent enhanced repression
of capsule synthes{®alton & Scott, 2004; Lynskey et al., 2013he highly mucoid M18 strain
was found to hava protein truncationn RocAleadng to decreasedovRexpressia, which
thuslimited repression of the capsule biosynthésisoperon(Lynskey et al., 2013)These
mechanistidindings aresupporive of observationshat hypermucoid M18 isolates were largely
responsible for obreaks of rheumatic fever occung in a number of areas in the U®%&tween
1985 and 1987, and onagain between 1997 and 19@sno, 1991; Smoot et al., 2002;
Wilkening & Federle, 2017)GAS regulation of hyaluronic capsule productiompactssuccess

during colonizatiorand serves as atcessory virulence factor

1.2.5Superantigens

Bacterial SAgsareadiversefamily of paent immunostimulatory exotoxins classically
associated with food poisonigd toxic shock syndrome (TS&riskandan, Faulkner, &
Hopkins, 2007; Wilkening & Federle, 201 They arecomnonly encoded on mobile genetic
elementgWilkening & Federle, 2017 SAgsact bysimultaneously bindg to major
histocompatibility complex (MHC) class Il molgles on host antigepresenting cells (APCs)
and the Tcell receptor (TR) variablei -chain resuling in non-specific activatiorof a large

number of Fcells massive cytokine release and systemic inflammd#¥on Kasper, Zeppa, &
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McCormick, 2015) GAS camproduceat least 148Agsbut theras surprsingly little known
about the geneticregulation(Sriskandan et al., 2007; Wilkening & Federle, 20Pfevious
reports have highlighted SAgs as being criticaltf@ invasive qualities df11 serotypeshat
have been linked to major outbreaks worldwiBesno, 1991; Wilkaing & Federle, 2017)
During theearlystages of infection, the potenA§s released by GAS are responsible for the

clinical symptoms o8TSS and scarlet fever.

1.3 Protein disulfide bonds

From a structural perspective, bacterial virulence prosm@sield together by complex
molecular linkages and must be folded properly to function. One type of linkage is called a
disulfide bond, which is imptant for the stability of mangxtracellular proteingDaniels et al.,

2010) Disulfide bonds areovalent bonds formed between sulfur atoms of cys{€gs)
residuegDaniels et al., 2010)lhey are formed through an oxidation reaction that involves the

loss of two electrons and are broken by a reduction reaction where cysteines conversely gain two
electons(Heras et al., 2009)n proteins with more than two cysteines, an incorrect disulfide

bond could benadewhich requires reshuffling or rearranging of the smative bond through an

isomerization reactio(Heras et al., 2009)

While gpontaneous disulfide bond formationvivois possiblethe process is extremely
slow (Heras et al., 2009)nsteada family of enzynes calledhiol-disulfide oxidoreductases
(TDORS9 caalyzesthe oxidation reduction and isomerization of protein disulfide boftdisras
et al., 2009)TheseTDOR enzymedypically have alistinct active site motif witl2 Cys residues

separated by two amino acids (CXXC) and oftemction by coupling the redox of their own
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active site cysteinesith those of their substratderming a mixed disulfide intermediatea a
thiol-disulfide exclange reactioiHeras et al., 2009; Lee & Davey, 201While cytoplasmic
TDORs, such as thioredoxin, maintain a reducing environment inside the cell, extracytoplasmic
TDORs in the cell envelogaay a rolein a variety @ physiological processes, incling

disulfide bond formatiojoxidative stress resistanenergygeneration, sporulatiomand

regulation of virulence facto(®avey, Halperin, & Lee, 2016Any disruptions in the natural

protein folding mechanisms of bacteria lead to abnormal misfolded proteins, which are
dysfunctional andjuickly degraded by proteas&ecause of this, there is particular interest in
understanding and targeting these baatgmotein folding pathways to potentially reduce the

production of harmful proteins

1.3.1 Disulfide bond formation in Gram negative bacteria

Disulfide bond formation pathways have been extensively studied in-Gegative
bacteria. In fact, the beshaacterized extracytoplasmic TDOR enzymes belong t®#ie
pathwayin Escherichia coli As reviewed byHeras et al(2009) theE. colioxidase DsbA
introducedisulfide bonds ito newly synthesizedubstrate proteinthatare translocated from
the reducing environment of the cytoplagnthe periplasm, space between thener andouter
cellmembrans. The active siteof DsbA contains pair of redoactive cysteinethat are
disulfide bon@d (Czo—P31—H3>—Cs3; CPHCmotif), and this disulfide bond transferred to
substrate proteing\fter each reactiorDsbAis left ina reduced state anis redox partner
DsbB, is required to reoxide DsbA back to its active state, allowing ttegtalyticcycle to
continue E. coliexpresses ov&50 proteingontaining at least two cigneresidues that are
predicted to enter the periplagmnd it is reported that DsbA has broad substrate specifiaity

DsbA-homologswidely distributed among Gramegative bacteriéHeras et al., 2009The
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disulfide isomerase, Dsb@ith its redoxpartner DsbD, as well as the reductase, DsbE, itgith
redoxpartnerDsbD are additional welknown components of tHe. colidisulfide bond

formation pathwayHeras et al., 2009)

Thethermodynamic mechanism$ DsbA interaction have been welbcumented in the
literature.DsbA has greater thermodynamic stability in its reducethfoommred to its oxidized
form (Heras et al., 2009 he disulfide bond that forms reversibly in the DsbA active site
(betweernCys30-Cys33) is believed tde very unstablandis 1¢-fold more reactivéoward
thiol groups than normathus giving rise to its highly oxidizing activiynaba & Ito, 2008;
Nelson & Creighton, 1994)n fact, he two cysteine residues of DsbA are markedly different
their chemical properties in the nett conformation, whereas they have similar and normal
properties in the unfolded protgiNelson & Creighton, 1994 he Cys30 residue solvent
exposedvith its thiol grouphighly reactivetowardalkylating reagentsven at acidic pH
environmentsin contrast, theulfur atom otthe Cys33 residue is buried in the folded
conformation of oxidized DsbA, with thiol groupbeinglessreactive and ionizes less readily
than normallt is therefore the sulfur atom of Cys30 that preferentially reactsamitxternal
thiol groupof E. colisubstratesand Cys33 can reaohly with the sulfur atom of Cys3Melson
& Creighton, 1994)In-depth studiefocused on cysteine point mutations andpgKe values of
the thiol groups have been able to model and refledhttiesic chemical reactivates of protein
sulfur atoms, providing insigh on the rate of thiadlisulfide exchangéinaba & Ito, 2008;
Nelson & Creighton, 1994)n DsbA, the instability of thdisulfide bondmakes itdeally suited
to reactwith the cysteine residues of newsynthesized proteins to join them with disulfide

bonds when appropriate
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1.3.2Disulfide bonds in Gram positive bacteria

Very little is known about disulfide bond formation in Grpositive bacteriawith the
majority of TDORs identified only within the last 5 yeaf#is discrepancy in knowledged
understandings likely due to a combination of factorSor example Grampositive bacteria are
predicted to hava lower prevalence of disulfileonded proteinandtend to generallgxclude
cysteines from their exported prote{i3aniels et al., 2010; Davey, Halperin, et al., 2016)
Additionally, they lack the structurgleriplasmic compartmeiwf Gramnegative species that
serves as an optimum environment for redox reactions to @swlimsteadise TOORSs located

at the cell wal(Heras et al., 2009)

Neverthelessseveral DsB-like disulfide bond catalystsave beenliscovered in the
phylum Actinobacteria. As reviewed IRReardorRobinson& Ton-That 016) current data has
largely focused oMycobacterium tuberculosi€orynebacterium diphtheresandActinomyces
oris. Dsbklike factors identified irM. tuberculosisnclude MtbDsbA, MtibsbE, andtbDsbF
(Chim, Harmston, Guzman, & Goulding, 201®Jhile in vitro analyses of theseneymes have
been extensiveheir biologicalfunctions are not elar and studyin@ vivoactivity is challenged
by the slowgrowth phenotype dfl. tuberculosisand a lack otonsistent established genetic
techniquegChimet al.,2013; ReardofRobinsam & Ton-That, 2016) The nmembranelocalized
oxidoreductase MdbAvas identified in oral pathoge®s diphtheriaeandA. oris which are
usedas alternative models to study ditieg bond formation systems incinobacteria
(ReardorRobinson et al., 2015Notably,mdbAmutants exhibit severe morphological defects,
have defective toxin production, apdor pilus assembly; thisuggests thavidbA is important
for growthandmayserve as a powerful target for new bactericidal d{&®gardorRobinson &

Ton-That, 2016)

16



Recent studiesf the Gram-positivephylum Firmicuteshaveidentified TDORs
belonging to aerobispecieBacillusandStaphylococcud. subtilishasa main
extracytoplasmic TDORcalledBdbD, which isbroadly similarto E. coli DsbA, and two DsbB
like proteinsnamedBdbB and BdbGMeima et al., 2002)Jnlike Bacillus, only one TDOR has
been identified irS.aureus a single DsbAlike protein called SaDsbA that is predicted to be
conserved awng staphylocoadDumoulin, Grauschopf, Bischoff, Thofyleyer, & Berger
Bachi, 2005)The target substrate proteins of SaDsbAssiteunclear SaDsbA has been
proposed to functioautonomously, without a redox partnend this has been attributedtie
unusual structural stability of its active site cysteivghile the active site cysteines in similar
TDORs form an unstable bomhd require a redox partner to achieve the enesglist
unfavorable conformation, as is the caseHocoli, the reduced andxidized forms of SaDsbA
have equivalenthermodynamictabilities andikely allow oxidationthrough a different
mechanisn{Heras et al., 2008}t is also possible th&aDsbA might use a redox partner that

has not been identified e

1.3.3Disulfide bonds in streptococcal species

Unlike the aforementione@ram positivespecies, facultative anaerobic streptocdsck
homologs tcE. coliDsbA and theTDORs identifiedshare low sequeee identity with known
enzymesPreviously published work in our labatoryhas notably identified a novel TDOR
enzyme inStreptococcus gordonicalled SdbADavey, Ng, Halperin, &ee, 2013)Compared
to parentthes d mudantdisplays arange of phenotypic defects includitigck biofilms, and
impaired extracellular DNA production, genetic competence, bacteriocin production, and
autolysis(Davey et al., 2013Mutation ofsdbAeventriggeredupregulation of the CiaRvo-

component signaling system$ gordonij which ontributes to cell wall homeostagBavey,
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Halperin, & Lee, 2016)SdbA was found to catalyze disulfide bonds in the major autolysin AtlS
andit is possiblethat SdbA has additional natural substrates yet identified Davey, Halperin,

et al., 2016)While the underlying mechanisrmfr many ofthese phenotypes is not well
understoodit appears to be a combination of SAbA substrates lacking their disulfide bonds,
along wth a general stress resporiBavey, Halperin, et al., 2016)ogether, his highlights the
importance of investigating TDORs, even in bacteria that are predicted to have few disulfide

bonded proteins

1.4 Reducing pathways

Aside from oxidation pathways, thesiee also specialized TDORs required to maintain
proteins in aeducedconformation Broadly speaking, reducing pathways in bacteria consist of
systems that worky transfering electrons originating froraytoplasmicdNADPH via possibly
thioredoxinor membrane proteirte extracellular TDORs. These electrons serve as reducing
equivalents needed to catalykereduction of substrate disulfide bon@ho & Collet, 2013)

The function of reducing pathways provides electrons to a variety of cellular process and are
important for oxidative stress resistance in some species, although dableterunderstanding

isrequiredin both Gram negative and positive bacteria.

1.4.1 Reducing pathways in Gram positive bacteria

As reviewed byDaveyet al. 016b) B. subtilishas acell envelog-associatededucing
pathway and this system works toginsferring electrons frotie cytoplasnacross tk
membrane through an integral marane protein called CcdAvhich functions similar to the

transmembrane domain Bf coliDsbD.Electrons are passed from cysteines in Ccdig¢o
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extracellular TDORsalledResAand StoA both of which reduce downstream substrates
(Moller & Hederstedt, 2008ResA and StoA are membraaachored TDORgs2quired for
cytoclromec maturation and sporulatiaespectively. On the other hariél cereusandB.
anthracishave two CcdA proteins (CcdAl and CcdA2) amelse enzymes are involved in

processesuch as cytochromebiogenesis and toxin productigéHan & Wilson, 2013)

Reducingpathways of streptocochaverecentlybeencharacterized it$.pneumoniae
and are important for oxidative stress resistance, involving CcdA proteins CcdAl and CcdA2
(Daveyet al., 2016; Saleh et al., 2013p counter oxidative stress at the cell envel&e,
pneumoniaeises an extracellular methionine sulfoxide reductaseedMsrAB2 (Saleh et al.,
2013) MsrAB2 repairs proteinlamagecaused by thexadation of methionine to methionine
sulfoxide by reducingnethionine sulfoxide and thus restoring itsginal state(Cho & Collet,
2013; Saleh et al., 2013Fjollowing the flow of electrons from inside to outsi®e pneumoniae
CcdA1l and CcdA2 pass electrons from the cytoplasm to two extracellDIORscalled Etrx1
and Etrx2;Etrx1 andEtrx2 then reduce different domains of MsrAB2, which then reduce
methionine sulfoxid€Saleh et al., 2013)n fact,mutants lacking both Etrx1 and Etrx2re
more sensitive to killing by hydrogen peroxi@:O-), reinforcing their role in oxidative stress
resistance and showing their partial redundg@snnaris & Collet, 2013)he role for CcdA
Etrx-MsrAB2 in oxidative stress resistance is particularly importanBfgreumoniadecause it

produces KO as a metabolic bproduct and lacks catalagsemilar to GAS.

1.4.2 Thiol-dependenantioxidant systems

Different bacteriaare equipped with various types of antioxidant systdrhe three
major systems are thioredoxaependent, glutathiorgependent and cataladaven.
ThioredoxingTrx) are typically 12 kDa smatlytoplasmicreductases thahaintain thiot
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disulfide bond balance kyirectly repairing oxidizegroteincysteinesn the cybsolor by
providing reducing equivalents tgpstreanenzymes(Lu & Holmgren, 2014)Reduction of Trx
depend®nthioredoxin reductase (TrxR). The reaction mechanism therefore invbkres
transfer ofelectrons from cytoplasmic NADPA TrxR A Trx A CcdA-like proteins or other
repair enzyme familiesuch as peroxidases, whicbnvertharmfulperoxides to alcohsLu &
Holmgren, 2014)Catalase, for example, is an important hetapendent enzyme that rapidly
degrads H20O- to water(H20) and oxyger(O) (Seaver & Imlay, 2001 Similarly, the
glutathiong(GSH) system involves the transfer of electrons from NAD¥PIglutathione
reductaséy GSHA glutaredoxinh upstream repair enzymésu & Holmgren, 2014)Trx and
GSH antioxidant systentsave many overlapping complementary functions, and indeed, these
systems have been extensively studieB.iooli but little is known in Granpositive specief_u
& Holmgren, 2014)While Trx is ubiquitous in bacteria, GSH catalase is lacking in some

bacteria

1.4.3 Antioxidant systemg GAS

GAS must avoid andounterachost immune clearance mechanisms in order to survive.
At the infection siteinnateimmune cells such as neutrophils and monogytegjocytose
microbes, thus causing oxidative burst agléase breactive oxygen spesgROS)
(Henningham, D6hrmann, Nizet, & Cole, 201BRPOS are the highly reactive and toxic by
products of oxygen metabolissuch asd.0,, superoxide anions ainydroxyl radicalsvhich
caneasilydamagebacterial nucleic acidgroteins and celnembranegHenningham et al.,
2015) GAS navigatethe subsequent harsiidative stressonditions byexpressg surface
associated ROS resistaniadors, intracellular and secretedzymes involved in ROS

detoxfication or repair of ROSlamaged proteindienningham et al., 2015or example, the
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surface M protein and hyaluronic acid capsule of GAS agtiial defences, due to their anti
phagocytic properties, resistance againgdiland the ability to structurally mimic human
tissues containing identichlaluronic acigtherefore avoiding detectighlenningham et al.,

2015)

In contrast to GranpositiveS.aureus GAS lacls catdase Because ofthis, the
antioxidant functiormainly relieson a thioldependent system, which makes the bacteria easy to
be attacked by thiol reacting age(its & Holmgren, 2014)In spite ofthis, GAS carmrepair and
cope with oxidative stress through enzymes such as superoxide dismutase (Sod), alkyl
hydroperoxide reductase (AhpC) and glutathione peroxidase (gpoA) as revietWedrigglam

et al.(2015)

GAS has a singl&in?*-dependent superoxide dismutase, designated SodA, which
enhances growth under aerobic conditiand protects against superoxide stress by converting
superoxide aniondy™) into H202 and Q. According toKing et al.(2000) GAS AhpC is an
NADH-dependent kD.-degrading peroxidase thatug-regulated in response ¢xidative
stress An in-frameahpCdeletion mutantvasfound to bemore susceptible to 50 mM rarge
of methyl viologen (paraquatyhich isa redoxcycling agent thaaugmentsntracellula levels
of superoxideGAS ahpCmutants werealso more suscéple than wildtype to 5-20% cumene
hydroperoxide, as meared by zone of growth inhibition in disk diffion assaysand atalase
treatment rescued tlaapCmutant phenotype, inditiag that AhpC enhances GASsigtance to
H20.. A role for AhpC in scavenging intracellulai-O, was seen in catalaseficientE. coli
ahpmutantwhich accumulateanoreH>O- intracellularly(Seaver & Imlay, 2001)Similarly,
Gpo is aroxidoreductase imptant for maintaining cellular redox homeostasis and for

protecting cells fronmost releaseBROS(Arthur, 2001) Studies from thenHframegopAmutant
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in serotype M14 GAS strain HSC5 found it to be important feistance against30 mM

paraquatbut not sensitive to direct challenge wihO. (Henningham eal., 2015)

There have also been previous reports $hqtyogenekas both Trx and GSH systems as
E. coli, but the major thietlepenént peroxidase systemsunderstudied and gtear(Lu &

Holmgren, 2014)

1.5Virulence factors havedisulfide bonds

Disulfide bonds are known to be crucial componensoaie Granpositive virulence
factorsyet the mechanism dhis bond formatiorremains a mysteryrhe potent human
clostridial neurotoxinsincluding tetanus toxifrom Clostridium tetaniand botulinum
neuotoxin from C. botulinum are dichain proteins linked by a disulfide bridge thatitsl for
function(Zuverink, Chen, Przedpelski, Blum, Barbieri, 2015) These toxins cause human
paralysis bytargetingmotor neuronsAn intact disulfide bond is required fand dictates the
outcome otheprotein light chain translocatianto hostneuronakells (Fischer & Montal,

2007; Zuverink et al 2015)

Diphtheria toxin a potent exotoxin secreted Gprynebacterium diphtheriaes
composed of two subunits linked by a single disulfide bridge aaldagknown as an A toxin
(ReardorRobinson & TorThat, 2016) Diphtheria toxin is infamous for causing diphtheria, a
deadly disease for unvaceted indviduals. t was hypothesized thé diphtheriaeMdbA, a
TDOR previously mentioneds involved in the folding of cysteireontaining exportegroteins
such as thisoxin. Workdone byReardm-Robinson et al(2015)showed thatleletion ofmdbA

was associated with thelease of reduced and degraded diphtheria tdbirs phenotype, along

22



with the lack of adhesive pili, hadlearconsequences dd. diphtheriagpathogenesis, as the
AmdbAmutant was attenuated in aiigea pig model of diphtheritic toxemi@/hile the
mechanism is still uncleahé combined dats indicative of MdbA beingmportant for the
disulfide bond formation in diphtheria toxin agdneral folding obthersecreted virulece

factors(ReardorRobinson & TorThat, 2016)

S. aureusas multiple disulfide bonded virulence factord tir@ independent of
SaDsbA including up to 23uperantigensStaphylococcal superantigenslinde the
staphylococcal enterotoxins (S&s)B, Ci-3, D, E, G, HI, R, and Tithe staphylococcal
erterotoxinlike (SEIs) proteinsand toxic shock syndrome toxin(TSSTF1) (Xu & McCormick,
2012) Based on previously reported thv@ienensional crystal structure analyses, a disulfide
loop is present in aitaphylococcasuperantigens except TSSTwhich does not possess any
cysteine reslues (Hovde et al., 1994; Papageorgiou et al., 1999; Spaulding et al., 201S3)
cysteine looghasa varying 10to 193aminoacidsequence separating the teyseresiduesand
importantly, the disulfide loops required for emetic activityr causing clinical vomiting.
However, ithas beempreviouslyshown instaphylococcal enterotoxin GEQ that changing the
two cysteine residuds alanineresultedn loss offunctionalemetic a&tivity, but changing the
residues to sere does nofHovde et al., 1994; Papageorgiou et al., 1998yus, the overall
conformation of the SE structure, as regulated by the disulfide loop aminpraaigdbe more
important than the actual presence of the cysteomelitself (Spaulding et al., 2013)
Remarkably, there is no knowledge on how thege disulfide bondsre formedlIf there are
TDOR pahwaysinvolved informing and breakinghese bondghese enzymesould be targets

for noveldrug development strategies in the clinical setting.
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1.6 Evidence of dsulfide bonded proteins inGroup A streptococcus

TDOR pathways have yet to be studied in the conte8t piyogenegathogenesis.
Interestingly there is evidence of disulfileonded proteins produced by GASmilar toS.
aureus GAS carproduceup to 14superantigenscludingstreptococcal pyrogenixetoxins
(SPEs)A, C, GM); streptococcal superantigen (SSA); and streptococcal mitogenic exotoxin Z
(SMEZ,) depending on the strain. Exclod Spes andSMEZ which are encodedn the core
chromosomegdl of the streptococcal superaggns are encoded lggnedocated within
bacteriophage&Spaulding et al., 2013Df particular interest is SpeA, which has been lintced
clinical symptoms of scarlet fever rash, hypotensionsawvére infectiomssociated with STSS
and high mortality ratéHoge et al., 1993; Maamary et al., 2012; Sriskandan, Unnikrishnan,
Krausz, & Cohen, 1999The speAgeneis present in 4800% ofS. pyogenestrains associated
with invasive streptococcal disease ai&5, but in only 1520% of nonrinvasive straingYu &
Ferretti, 1989)Undoubtedly, SpeA playa key role in GAS pathogenesis and acquiring a better

understanding afs mode of action is essential.

Notably, crystal structur@nalysisof SpeArevealed its overall structure is similar to that
of other pototype microbial superantigens, either of staphylococcal or streptococcal origin
SpeAhas greatest similarity S. aureusSEC2(Papageorgiou et al., 1999hecrystallized
allelic form of this toxin, SpeAlgontainghree cysteine residagtwoof them (Cys87 and
Cys98) form a disulfide bridgevhile thethird cysteine (Cys90) is accessible to solvent and is
part of the disulfide loopTheSpeAl disulfide loop is comprised bd residues and is shorter
than the corresponding loops in SEB and $ETand 16 residues respectivgliput is of siniar

length to that of SEA (fesidues)Papageorgiou et al., 1999)
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Mutationalanalysis of SpeAhrough singleand doublesite mutantdy Roggiani et al.
(1997) found trat 2 cysteine mutantsC87S and C98Jailed to stimulate proliferation of
murine lymphocytesin other words, they were less mitogenic than native SpeA. Therefore,
cysteineresidues 87 and 9&hich are now known to form a disulfide bonggre importantdr
the lymphocyteroliferative activity of SpeAThis is supportive of the idea thheiSpeA
disulfide linkageconfers conformational stabiligs well as protease resistabaehis exotoxin

(Roggiani et al., 1997)

1.7 Hypothesis and Objective

There are still many unanswered questions surrounding the mechanisms of GAS
virulence and its interaction with host factors during infect@inen theclinical importance of
GAS and the evidence dfsulfide-bonded toxingroduced further investigation fadisulfide
bond formation pathways could be an excellent approach to better understanding the regulation

of GAS virulence factors at the molecular level.

It washypothesizeal thatGAS has a disulfide bond fortian pathway mediated by a

TDOR. To test thishypothesis, 3 mainbjectiveswere designed:

Aim 1: Identification ofcandidate TDORs and natural TDOR substrates in GAS

Aim 2: Constructionof TDOR mutantsand functionabnalysis of their role im vitro andin vivo

phenotypic assaysompared to parent

Aim 3: Analyss of enzymatidunctions and activities aecombinant TDOR protesn
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CHAPTER 2: Materials and Methods

2.1 Bacteria and Culture Conditions

2.1.1S.pyogenegrowth conditions

S. pyogenestrainsused in this study are listed in Table 1. Unless otherwise spe@&fied,
pyogenesultures wergrown inBrain Heart Infusion brot(BHI) (Wisent, QC) supplemented
with 0.2% (w/v) yeast extract (Wisent) at either 30°C, 37°C or 40°C, 5%ire0bation without
shaking. Culture medium was prepared to contatg/nl erythromycin(SigmaAldrich, St.
Louis MO, USA) for growth with plasmids as necessary. All antibiotics were filter sterilized
through a 0.2m syringe filter.S. pyogenestocks wee maintained and stored in 1 ml aliquots
of BHI containing appropriate antibiotics aR8% (v/v) glycero( Fi sher Scienti fi c,

80.° C
2.1.2E. coli growth conditions

E. colistrains used in this study are listed in Table 1EAltoli cultureswere grown
aerobicdl in Luria-Bertani (LB) broth 1% tryptone (Wisent), 0.5% yeast extraéty NaCl
(Fisher Chemicals) (w/vat 37°C with shaking at 180 rpm, or on LB or BHI agar (1).584v).
Media were prepared to contain antibiotics appropriateg@ldgsmids within those strains:
ampicillin (amp)(BioShop Burlington ON, CANwas used at a concentrat.i
erythromycin(ery) at 200>g/ml (Sigma) and kanamycikan)at 50>g/ml (Bioshop) E. coli
stocks werenaintained and stored in 1 ml aliquots of LB containing appropriate antibiotics and

25% (v/v) glyceroa 8 0. ° C
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Tablel: Bacterial strains used in this study.

Strains Relevant Characteristics Source

S. pyogenes

S. pyogen®IGAS8232 M18 serotypeassociated with acute rheumatic Smoot et al(2002
wild-type fever outbreaks in USAsolated from acute
rheumatic fever patient in Utah, 1987

S. pyogene40/58

S. pyogene$0/69

M1 serotype reference strain WHO, Prague Koroleva et al. 199§

M22 serotypereference strain WHO, Prague Koroleva et al(1998

S. pyogene?2 0 3 7 StrainMGAS82322037:erm This study
S.pyogenes@ahpC StrainMGAS8232ahpC::erm This study
S. pyogeneg9 8 2 StrainMGAS8232982::erm This study
S. pyogene2 1 3 8 StrainMGAS82322138::erm This study
S. pyogeneql572 StrainMGAS82321572:.erm This study
S. pyogenes 2037 StrainMGAS8232g 2 0:2037, kan This study
complement
E. coli
E. coliXL-1 Blue Alpha complementation Stratagene
E. coli SpeA XL-1 Blue carryng pQE-30- SpeAl Lee, unpublished
E. coli2037 XL-1 Blue carryng pQE-30- 2037 This study
E. coli 2037ca6a XL-1 Blue carryng pQE-30- 2037coding for ~ This study
cysteine 46 to alanine point mutatighXXC)
E. coli 2037ca9a XL-1 Blue carrying pQE-30- 2037 coding for ~ This study

Other

Lactococcus lactis

MG1363

cysteine 49 to alanine point mutati@XXA)

Indicator strairfor bacteriocin assay

Amiri-Jami, Lapointe, &

Griffiths, (2014)

Wegmann et al2007)
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2.2 GeneticDNA Manipulations

2.2.1 Genomic DNASgolation

Chromosomal DNA for polymerase chain reaction was obtdnoedS. pyogenes
through a rapid chloroform extraction procedurelt@es(3 ml) were grown overnight ancells
were harvested bgentrifugationat 10 000 x g, 5 min. &suting pellets were suspended B2
p | bufter (10mM Tris, 10 mM EDTA, pH 8.0),@ 0 p | c (FIsher Sciéntific) amd
100 mgglassbeadgd0 0 pm, Si g ma) ,1mia.rCdll deboswaseemeved bfy o r
centrifugation afLlO0 000 x g, 5 min ahthe top aqueous laygansferred to new 1.5 ml tubes.

Extracted DNA was kept at 4°C for immediate osstored at20°C.

2.2.2 Plasmid DNASgolation

Plasmids were isolatddom E. coliby thealkaline lysismethod(Birnboim & Doly,
1979. Cells were grown overnigim 2 ml LB with appropriate antibioticand harvested by
centrifugaion at 14 000 x g, 5 min. Celepets weraes us pended i n 150 0M p | GTE
glucose25 mM Tris, 10 MM EDTA,pH8.0) 186 pul Mi RNase@ (lovmg/md)r10 2 pl
pl 20 SDS, 4 pl NaOH (10 M). The tubest were g
roomt emperature for 5 min. The pH wactateeutr al i z
solution 60% (v/v) 5 M potassium aceta@8.5% (v/y MilliQ H 20 and 11.5% (v/vplacial
acetic acid), mixedently agairby inversion, and incubated on ice for 10 min. This was
followed by centrifugation at 14 000 x g, 10 ma4°C. Supernatants were transferrecéov
1.5 ml tubes andxtractedwith vigorous vortexing using an equal volume of chloroform for 2
min. The mixture was centrifuged at 14 000 x g for 5 mop aqueous laysrwerethen

precipitatedvith 95% ethanol containing 2.5% potassium acetate for at least 30 f807@t
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DNA wassedimentd by centrifugation at 14 000, 10 min, 4°C, and wash:
ethanol. The resultingelles werecarefully vacuum dried and dissolved20 >l TE buffer. To

guantify the amount of plasm@NA, 1 pyl was separated by gel el
concerration wasestimated usinghage analysisof pixel intensitycomparedo a known

standard (1 kIDNA ladder N3232S, New England Biolabs).

2.2.3 DNA estriction digestions

Endonucleaseestriction digstions were performed in a 20reaction volume
containing0.5-1 >l of each restriction enzyme the appropriaté X reaction buffer and
incubated foll owi ng t h eonditiens Entyaes ivere perchased frore ¢ o mm
New England Biolabs (IpswichlA, USA, Whitby ON, Canadgor Invitrogen (Burlington, ON,
Canada)DigestedDNA wassubjected to agarose gel electrophoresis followed by excision of the
DNA bands from the gel arlrification using a DNA Fragment Extraction Kit (DNA Land

Scientific, USA) according to the manufacturénstructions

2.2.4 DNA lgation

All ligations were performed 0 >l readion volumes containing 20 bf T4 DNA
ligase (New England Biolgland an excess of insert to veatatio (10:1). Reactionsvere

carried out overnight at room temperature

2.2.5 Transformation dE. coli

To prepare competent cellsiil of an overnight culture wasoculatel to 45 ml of LB.
Cultures were grown at 37°C, 180 rpm, to ansgblose to 0.35, ancells were harvested by
centrifugation at 10 000 x g, 10 min, 4°The cell pellet wasvashed with 50 ml of
Transformation Bffer 1 (10 mM Tris, 150 mM NacCl, pH 7.5pllowed by centrifugation. The
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resuting pellets were resuspended in Transformatiaffd 2 (50 mM CaCl) and ircubated on
ice for 45 min. @lls were hargsted bycentriugation and suspended in 3 ml of Transformation

Buffer 2 and2 ml of 50% glycerolAliquots of competent cellgvere stored ai80°C.

DNA wascombinedwi t h @0 Oc ampet ent ransforhasonfBuffed3 100 pl
(20 mM Tris, 50 mM CaGJ and 10 mM, MgS@ pH 7.5) and incubated on ice for dfn. The
transformation mixture was heat shocked at 37°@ffecisely2 min, followed byincubation at
room temperature for 10 min. Fresh LB (0.5 ml) was added araklisenvere incubated forid
at 37°C Transformants were grown for Pdat 37°C on LB agaplateswith appropriate

antibiotics.

2.3 Agarose Gel Electrophoresis

DNA waselectrophoresedna 0.8% (w/v) agarose (Bioshop) gel placed irapparatus
filled with 1 X TAE buffer (Tri-acetateEDTA buffer, 40 mM Tris base, 1 mM EDTA, afdL%
(v/v) glacial aceticacidp ont ai ni n gethtium brgmglé (8ignmalNA loading dye
[5% glycerol, 0.04% (w/v) bromophenol bluegher)jwas mixed witheach samplerior to
loadingonto the gelAn electric field was appliedcross the apparatus (12519 allow
separation of differently sized DNA fragments. A 1 kilobase (MdA molecular weight ladder
(New England Biolabswas included as a size standartsualization ofDNA was doneaunder

UV light using the UVP BDoc-It Imaging System (Uplan@A, USA).

2.4 Polymerase Chain Reaction
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2.4.1 Standard polymerase chain reaction method

Polymerase chain reaction (PCR) was performexth iEppendorf Mastercycler EP S
ThermaeModule. All oligonucleotide primers used were obtained from Alpha DNA (Montreal,
QC). Reactions were preparedlirD 0 p | voluemasoit masten mixes containing=l1
template DNA0.5>M of the forward primer, 0.5M of the reverse primer, 206M
deoxyrilonucleoside triphosphates (dN)Tiixture (DNA Land Scientifig)sterile MilliQ H20
and either XX high fidelity (HF) buffer (New England Biolabsvith 1 U of PhusionDNA
polymerase (New Englari8iolabs) or 1X ThermoPol Buffe(New EnglandBiolabg with 2.5
U of Taq DNA polymerase (New England BiolabGeneral cycleonditions were as follows:
98°C for 5 min; 98€ for 15-30 se¢ primerspecific annealing temperaturdnieh was in general
the melting temperaturd ) + 4°C for 30 se; 6872°C for a duratin appropriatéor the gene
being amplified at 15 s&ckb (Phusion) or 60 sec/1 kb (Taq). PCR was typically performed for

35 cycles followed by a final extension at CXor 5 min.

2.4.2 Colony screening by polymerase chain reaction

To screen foE. colitransformantscolony PCR waperformed. A standard master mix
for PCR was prepared with the exception of added temipldfe and aliquoted int@5 >l
volumesacros9.2 ml PCR flatcappedeaction tubegCorning, Axygen Scientific)Sinde
colonies were gked from LB or BHlagarplatesusing individual sterile toothpickand dipped
into 0.5 ml tubes containing 100 TE buffer. From there, 2l was taken as template DNA for
the prepared PCR reaction tubResulting PCRamplified products were analyzed lagarose
gel electrophoresi€olonies showing the DNA bands of interest were grown and stored in

appropriate media withecessargantibiotics.
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2.5Mutant Construction

2.5.1 Electroporation d. pyogenes

Electrocompeterns. pyogenesells were prepared ksubculturing 1:100 acdinovernight
culture into prevarmed BHI supplemented with 40 mMthreonine (BDH Laboratory Supplies,
Poole, UK). The culture was grown at 37°C until these@Peached 0.2, followed by
centrifugation at 3 000 x g for 15 min. Theukimg cell pellet was washed 3 times using 1 ml
ice-cold filter-sterilized electroporation buffer (EB) (0.3 M sucrose, 1 mM Mg&mM sodium
phosphate buffer, pH 7). Afterwards cells were resuspended in 2 ml of EB and kept on ice for at

least 15 min.

Plasmids to be electroporated were ethanol precipitated (described previously), washed
twice with 1 ml 70% ethanol, and dissolved inrZ®>| of sterileMilliQ H20. DNA (1-2 u ywas
combined with 60& of preparectlectrocompeters. pyogenesells in a sterilel mm-gap
electroporatiortuvette(Biorad). Cellswereelet r opor at ed ,and22bkiMad V, 400
Biorad Gene Pulser Kell electroporatorAfter electroporation, cells weteansferred to a 1.5
ml tube andmmediatelyplaced on icdor 10 min, followed by addition of 808l of BHI. The
tube was incubated at 30°C for 2 h then pelleted (10 000 x g, 10 min), resuspended and plated on

BHI agar plates (1.5% w/v) with3g/ml ery. Plates were incubated for up to 3 days at 30°C.

2.5.2Insertional inactivation

The construction of the streptococG&®OR mutants was made in a manner similar to the
procedire reviewed irMaguin et al. {996)and achieved through insertional inactivatiSn.
pyogenesvere electroporated with@EG hog5-based plasmid (Table 2) carrying an internal

portion of the TDOR gene to be targetedcirial transformants that grew BHI + 1 >g/ml
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eryplates at 30C were picked and grown ihml BHI, erymedia at 30C for 3 h This was
followed by incubation a40°C for 3 h to facilitate integration of the plasmid into the TDOR
gene via homologous recombination Followirensfornation,bacteria were plated dHl, ery
agar plates (1.5% wi/v) and incubated at@l®% CQ for up to 3 daysResulting colonies were
picked and grown iBHI, erymedia at 40C. DNA was isolatetby chloroform extractiomnd
theinsertionalintegration of the construct wasalyzedoy PCR ThePCR primers used f@.

pyogenesnutationsare listed in Table &nd themutagenesistrategy is depicted in Figure 1
2.5.3 Sitedirectedmutagenesis

A cysteine TGT) to alanine (GCY'mutation was introduced in tl2937enzymeactive
siteat amino acid position 4@ hepoint mutation was constructed by overlapping PCR using
Phusion higHidelity DNA polymerase and primer pairs SL1417 and SL1@p2atream)and
SL1418and Sl11311 (downstream) (Tablg.3he two fragments were combined as template for
overlappingP?CR and amplifieavith the outside primers SL13/811312 Standard PCR
procedu es wer e foll owed with the exception of fo
omitted from the initial master mix preparation. After 5 amplification cycles, the reaction was
paused, primers were added and amplification resufedcond cysteingosition 49) to
alanine point mutant was constructed using the same procedures except with the following
primer pairs: SL1419/SL1312 (upstreai®),14205L1311 (downstream) (Tablg.Each
resultingpoint mutantonstruct was thedouble digestedith BamH/Hindll, and cloned into

the pQE30 plasmid backbone as described in Table 2.
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Table2: Plasmids used in this study.

Plasmid Description Source

pG'host5 Erythromycin resistanc&ramnegative origin of replication, Appligene

Grampositive temperatursensitive origin of replication

pGthost5gp2 0 3 7 Internal 300 bp 02037, ery? This study
pGthostsga h p C Internal 450 bp o&hpG eni This study
pGthost5p9 8 2 Internal 490 bp 0982, ery® This study
pG'hostsp2 1 3 € Internal 750 bp 02138 ery? This study
pG'hostpl 5 7 Z Internal 310 bp 01572 ery? This study

pG'host52037 Whole gene with predicted promoter sequence 675 Bp®%  This study
complement karf®
pPQE-30 Bacterial expression vector, T5 promofgsterminus 6X His  Qiagen

tag, BamHI and Hind Il cloning sits, affip

PQE-30rSpeA T5 promoter, Nterminus 6X His tagspeAlwhole geneami®  Lee,
unpublished
pPQE30r2037 T5 promoter, Nterminus 6X His tag2037whole gengam® This study

PQE30r20374sa  T5 promoter, Nterminus 6X His tag2037with cysteine 46 to  This study
alanine point mutatigramg

PQE30r2037an  T5 promoter, Nterminus 6X His tag2037with cysteine 490  This study
alanine point mutatigramg

pDL276 Contains knamycirresistance cassettaphA3, karf® Dunny et

al. (1991)
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Figure 1: Insertional inactivation strategy to generate mutants inS. pyogenesAll
constructs were made in pG+host5 (Table 2) by cloning PCR products containing internal
regions of the TDOR gene target. Following electroporaomygenedransformants
containing the plasmids were grown at 40°C with erythromycin to facilitate singlearess
integration of the plasmid into the streptococcal gendemghromycinresistantS. pyogenes

were screened for proper TDOR gene disruption by PCR using specific primers (Table 3).
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Table3: Primers used.

Primer | Gene Direction | Description | RE* Sequenk80) 560
SL1309| 2037 For Knockout EcoRl | TACGAATTCCATGACATTTGAAGAAATCG
SL1310| 2037 Rev Knockout Hindlll | TACAAGCTTCACATACAGCCCTTTGGTG
SL1311| 2037 For Knockout | BamHI | TACGGATCCATGAGACCAAAAGAGAAGG
SL1312| 2037 Rev Knockout Hindlll | TACAAGCTTTTACTCACGAGTCAAAAAAG
SL1338| ahpC For Knockout BamHI | TACGGATCCATCATGTTACAAATGAAG
SL1339| ahpC Rev Knockout EcoRl | TACGAATTCTTTCCATTTAGCTGGACA
SL1340| ahpC For PCR ATGTCTCTAATTGGAAAAGAA
SL1342| 0982 For Knockout BamHI | TACGGATCCATATTGACAACAAAGAATG
SL1343| 0982 Rev Knockout EcoRl | TACGAATTCACTTGATTTGGTTGGAG
SL1341| 0982 For PCR ATGGCACAAAGAATCATTG
SL1345]| 2138 For Knockout | BamHI | TACGGATCCTTGCTCTCTTGCAAGTAT
SL1346| 2138 Rev Knockout | Xhol TACCTCGAGITCAAAGAGTGGGCCATC
SL1344| 2138 For PCR ATGGCATTAAGTCCTGATAT
SL1161| 1572 For BamHI | TACGGATCCGAAATAACTCAGGACA
SL981 | 1572 Rev BamHI | GTAGGATCCITCCTAATGTATACCTTTAAG
SL1116| 1572 For PCR TAGGAGGGAAGCTTATGAAAAAAGGACTA
TTAGT
SL106 | -40 PCR GTTTTCCCAGTCACGAC
universal
primer
SL728 | erm For PCR TTTGTAATTAAGAAGGAGTG
SL729 | erm Rev PCR TACGGATCCAGCGACTCATAGAATTATTT
SL1417| 2037 For 2037point TCGAGCGCTCCTTATTGTCGCC
mutants
C46A
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Primer | Gene Direction | Description | RE* Sequenk80) 560

SL1418| 2037 Rev 2037 point GGCGACAATAAGGAGCGCTCGA
mutants
C46A

SL1419| 2037 For 2037 point TCGAGCTGTCCTTATGCTCGCC
mutants
C49A

SL1420| 2037 Rev 2037 point GGCCAGCATAAGGACAGCTCGA
mutants
C49A

SL1421| 2037 For 2037 BamHI | TACGGATCCCATCAAACCAAAACACCAG
complement

SL1421| 2037 Rev 2037 Ascl ATATGGCGCGCAOTACTCACGAGTCAAAA
complement AAG

SL1129| aphA3 For 2037 Sphl TAGGCATGGOCGCAAGGAACAGTGAATTGGA
complement

SL802 | aphA3 Rev 2037 EcoRl | TACGAATTCCAGTTGCGGATGTACTTCAG
complement

*Restriction enzyme cut site
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All cysteinepoint mutations were confirmed BNA sequencing (The McGill

University and Génome Québec Innovation Centre).

2.5.4 Complemeerd mutantonstruction

Construction of 2037complementednutant waschieved by introducing fanctional
2037gene backrito the chromosome. To this ertlde entire 2037 reading frame, along with 300
bp of upstream DNA containing the predicted promoter and ribosbimding site sequences,
was amplifiedwith theprimer pair SL1421/S1L1422 (Table.3)hisfragment was ligatetb a
kanamycin resistance cassdtdphA3 amgified from the plasmid pDL276. The ligated DNA
was amplified byPCRusing the primer pair SL1421/SL802 (Table 3) and dodigested with
BamHI and EcoR|, then cloned into theG hog5 plasmid. The resulting plasmid was
transformed intdc. coli and seleted on BHI plates containing e¢¥50>g/ml) and kanamycin
(50>g/ml). Colony PCR was done to confipositive transformants. This was followed by
plasmid DNA isolation fronk. colicells and then transformation into ttpe2 0 Butantby
electroporation (previously described). Homologous recombinsgizosinglecrossingover
resulted in a complement strain that has both the kanamycin resistance cassstteAdmhd
cassetteTransformants were selected on BHI whibth kan (256-g/ml) and ery(1 >g/ml), and

analyzed fo2037gene omplementatioy PCR.

2.6 Proten Analysis

2.6.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Proteins were analyzed bgdium dodecyl sulfate polyacrylamide gdéctrophoresis
(SDSPAGE)followed by Coomassie blue staining according to the protocol developed by
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Laemmli L970) Samples were mixed widample buffe(250 mM TrisHCI, pH 6.8, 2%
sodium dodecyl sulfate, 10% glycerol, 1@mercaptothanol,0.01% bromophenol blug)
boiled for 5 min, and #n centrifuged at 10 000 x §,min. For samples run under reeducing
conditions, 2mercaptoethanol was omitted from gemnplebuffer preparationThe samples
were electrophoresed 5% SDSPAGE gels usigthe buffer system diaemmli(1970)(Mini
PROTEANeEelectrophoresis system, Biad 200 V, ~1 h) The gels were stained with
Coomassie Bliant Blue staining solution (0.1% (w/v) @massie brilliant blue R 25@ischer)
50% (v/v) isopropanol, 10% (v/v) glacial acetic acid, 40% (v/x®}and then destained for
visualization(5% glacial acetic acid (Fischer)). Thencentration of purifiedecombinant
protein wagyuantified usinga standard curve generateddmywine £rum albumin (BSA, Sigma
standardg¢2, 1, 0.5, 0.25g) on the same geVith Image) software (National Institutes of

Health, Bethesda, MD).

2.6.2 Westernlbtting

Unless otherwise specified, westdstottingwas performed according to theotocolof
Towbin et al(1979) S. pyogenekom 3 ml of overnight culture were pelleted by céngation
(20 000 x g, 10 min, 4°CSupernatants were collected amcubatedwith 9% (W)
trichloroacetic acid (Sigma) with.18% (v/v) sodium deoxycholate (BDH Chemicals Ltd, Poole,
England) (TCA precipitation) on ice for 30 miojlowed by centrifugtion (15 000 x g, 10 min,
4°C).The pelleted proteins weveashed twice with iceold acetone. Protein samples were
electrophoresedn 15% SDSPAGE gels and then transferrediitrocellulose membranes (Bio
Rad)at 200 mA for 60 mirfMini TransBlot, Bio-Rad).Membranes were blocked with 1%
(w/v) gelatin(Bioshop)dissolved inPBS with 0.1% (v/v) Tweei20 (Bioshop) (PBSTijor 1 hat

room temperature followed by overnight incubatwaith primary antibodiesliluted in PBST at
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4°C. The blotswerewashed x 1min with PBST. Proteins were detectegladdingsecondary

antibodies conjugated to alkaline phosphatesé& h. Membranes were theleveloped at room
temperatureising3 3y {bromof4-choro-3-indoyl phosphate (BCIP) (50% (w/v) BCIP
(Bioshop)indH20)and 66 pl of nitroblue t @ibshop)z7@b i um ( N
(v/v) dimethytformamide(Fischer) in 10 ml of alkaline phosphatase buffer (0.01 mM

MgClze 626, 0.1 M NaCl, and 0.2 M THBICI, pH 9.8 until the desired band intensity was

obtained Antibodies used are given in Table 4.

2.7 Phenotypic Assays

2.7.1 Growth on selective agar plates

To test for hemolytic activity$. pyogenesultures were streaked on sheep blood agar
(SBA) plates and incubated overnight at 37°C, 5%.@0nes of hemolys around singkeell

colonieswere observed.

Sensitivity to salt and copper were tested on BHI agar plates containing 0.4 M sodium
chloride (NaCl) (Fisher Scientific), 0.2 M potassium chloride (KCI) (Bioshop) or 2 mM copper
sulfate (CuS@) (Fisher). Overight S. pyogenesultures were adjusted &mODsoo 0f 0.2 using
BHI and four serial dilutions were made in 1.5 ml tubes (dilutions:1@"). Ten>| of each
diluted culture tube was spotted onto the agar plates containing different salt and copper
concentrations. The culture drops were allowed talairand the plates were incubated at 37°C,

5% CQ. After 24 h, bacterial growth was observed and compared between plates.
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Table4: Antibodies used in Western blot.

Antibody Characteristics

Dilution Source

Mouse anti2037 Polycloral, antiserum

Mouse antiSpeAl  Polycloral, antiserum

Goat antimouse IgG Polyclonal, against the whole IgG,

alkaline phosphatase conjugate

ExtrAvidin Avidin-Alkaline phosphatase

conjugate

1:8000 This study

1:1000 This study

1:3000 SigmaAldrich

1:60000 SigmaAldrich
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2.7.2 Bacteriocin deferregntagonism ssay

A deferred antagonism bacteriocin assay was done as describesdin & Biswas
(2011) S. pyogenesultureswere stabbed intBHI agar plates with gerile toothpick and
grown overnigh{~18 h) @4 37°Cunder microaerophilic conditions candle jars. The indicator
strain,Lactococcudactis (Table 1) was incubated in 5 ml BHI at 30°C. The following déyl
ml of theL. lactisindicator culture was mixed with 10 ml BHI soft (0.4%, w/v) agaand
overlaid on platesontainingS. pyogenestabs Theplates were then incubated overnight
30°C in the same candle jaasd the diameters of the zonesndfibition around th&s pyagenes

stabswereobserved

2.7.3 Disc diffusion ssay

Sensitivity to celwall or cellmembrane specific antibiotics were tested using a disc

diffusion assay protocol. OvernigBt pyogenesultures were adjusted to an &@bof 0.2 in 1 ml

of BHI, and tansferred to agar plates using sterile cotton swabs to evenly distribute a bacterial

lawn across the top. After adirying briefly, tweezers were used to place sterile filter paper discs

on the agar plate surface in an arrangement cge% gber plate evinspacedThe following

antibiotics and their final concentrations were tested: penicillin G (Sigma) (5, 2.5, 1.25, 0.625

>g/ml), vancomycin (Sigma) (100, 50, 25, 12d/ml), bacitracinSigma) (100, 50, 25, 12.5
U/ml), polymyxin (Bioshop) (200, 100, 585 mg/ml). Antibioticswerethen pipetted directly on
top of the sterile discs at a volume of3l0Plates were incubateat 37°C, 5% C®@and
examined after 24 for growthinhibition zones surrounding the antibiotic diséenes were
measured icentimeters (cmjusing a rulerDiscs containing no antibiotic treatment were also

used on agar plates and included as a negative control (data not.shown)
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Sensitivity to hydrogen peroxide £§8>) was assessed using the same disc diffusion

assay. The concentrat®of HO- (Sigma) used were 0.5%, 1%, 1.5% and 2%.
2.7.4 Autolytic &tivity

Autolysis was tested as describedAin & Burne(2006)with the following
modifications. Overnight cultures & pyogenewere diluted 15 into HTVG media(per 100 mi:
0.5 g glucose, 3.5yptone, 100 mM HEPES, 4 npgaminobenzoic acid, 20 mg thiamihiCl,
0.1 mgnicotinamide and 0.02 mg riboflavin, pH 7d@)d grownat 37°C,5% CQ, to an ODsoo
of 1.0. The cells were pelleted by centrifugat{BA00 x g, 10 min4°C) and then suspended in
prewarmed (44°C) 20 mM potassiupmosphate buffer (pH 6.5) containing 1 M KCI, 1 mM
CaCb, 1 mM MgCh, 0.4% sodiunazide,and0.2% TritonX-100. The cell suspensions were
incubated in a 44°C water bath aagtolytic activity monitored by measuring the @gat 0O, 1,

2,3and4h

2.7.5 Capsulenpduction

To guantify the amount of hyaluronic acid (HA) capsule produced by each GAS strain,
the StairAll protocol was used similar to that describedGrater & Van de Rijr{1995) and
Moseset al. 997) OvernightS. pyogenesultures were subcultured 1:10 in BHI and incubated
to mid-log phase of growth (~Qdgo = 0.7). The volume of culture equivalentainODesoo Of 2
was centrifuged at 10 000 x g, 5 min. Pelleted cells were washed twiceatéhand the pellet
resuspended with 500 MilliQ H20in a 1.5 ml tube. Chloroform (1 mias added and the tubes
were vortexed for 2 min to extract the capsule. The mixtures were centrifuged (10 000 x g, 10
min, 4°C). The top aqueous layers were saved in new tubes, kept on ice, and diluted 1/10 with

MilliQ H20. In a 96well plate, 50> of theeach diluted aqueous layer was combined with150
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of StairAll solution (20mg StainsAll powder(Sigma, USA, 50% formamid€Bioshop)

0.06% glacial acetic acig@Fisher)in a final volume of 100 ml)Absorbance was measured at 640
nm using anicroplatereader (Synergy HT; BioTeK®, USAndthe total amounof hyaluronic
acidwasdetermined using standard curve geraed with known concentrations of hyaluronic

acid (Alfa Aesar, Ward Hill MA, USA).

2.7.6Paraquat and dithiothreitol sensitivitysay

Sensitivity to the oxidatiwstresspromoting compound methyl viologen (paraquat) was
performed according tking et al.(2000) Briefly, overnightS. pyogenesultures were
subcultured 1:300 in Tryptic Soy Broth (TSB) medium (Wisent) in 15 ml Falcastabd
grown for 12 h. In a 1.5 ml tube > of subcultures was added1db mITSB containing
paraquat (Sigma) at a final concentration of 0.5 mM or 1 mM. Tubes were incubated for 18 h,
37°C, 5% CQ, and the culture densities were determined by measimgn@Doo. The same
protocol was used to assess culture sensitivity to dithiothreitol (DTT) (Bioshop) at concentrations

of 15 mM and 20 mM.

2.8RAW 264.7 Cell Culture Conditions

RAW 264.7 cellsATCC® TIB-71), amurine macrophage cell line, wegsownto
confluencan RPMI 1640 mediunm(Wisen) supplemented ith 10% fetal bovine serum (FBS)
(Invitrogen) andLX penicillin-streptomycin (Invitrogenin 75 cnt flasks (Corning) maintained
at 37°C, 5% C@ Since these are adherent cells, subculture passagepnepared by aspirating

old media, scraping to dislodge cells and diluting in fresh growth media at a subcultivation ratio
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of 1:5 every 23 days. Viable cell aliquots were preserved in RBkdwth medium

supplemented with 5% (v/v) DMS(@isher Biotech) &80°C.

2.9 Gentamicin Protection Assay

RAW 264.7 cells were seededaatiensity of 2« 1 cells per well into a 24vell plate.
The following day, cells were washed three times wiénilePBS.Overnight cultures o%.
pyogenesvere subcultured amgtown to ORoo = 0.2. Bacteriaweresuspended iRPMI +10%
FBSto achievea concentration of 2 16 CFU/mlI per well RAW cells were infected witls.
pyogenegor 1 hin a 37°C, 5% C&ncubator Each well was then wash&timeswith PBS. To
remove anyesidual extracellulaoacterial cellgshat were not internalizediegshRPMI + 10%
FBSmedia containind 0 0 p g/ ml Sgmawamandedandrhe plate was incubated for
an additional hour. Aliquots were taken from supernatants and platedftion that all
extracellular beteria were killed by the 1 ¢eentamicin treatment. Following the gentamicin
treatment, the plateas washed 3 x with PBS and 1 ml edshRPMI + 10% FBSmedia
containing no antibioticavas added to establish thén@ime point At the 1 h and 18 h time
points, ells were lysed by 1 ml of steri@®001% (w/v) TritonX100 (Sigma) in X PBS The
resulting lysate wereserially diluted and plated to enumerateititeacellularbacteriaThe
supernatants were also collected, seridillyted and plated to enumeratee extracellular

bacteria.

2.10Cloning and Expression of Recombinant Proteins

45



Recombinant plasmids to produdeterminalhexahistidine tagged proteins were
constructedy cloning inframe fragments of the genes inte #xpression vector pQED
(Qiagen). The primers and restriction enzymes used for eaclagehsted in Table.3lasmids
were transformed int&. coli XL-1 Blue and selected diB with ampicillin, and the constructs
were confirmed by restrictioanalysis.The E coli pQE30 rSpeA construct containing tepeAl

whole gene was provided from previous work done in the lab (Lee, unpublished).

To produceHiss-tagged2037, a 50 ml of overnight culture was diluted into 450 ml of
prewarmedLB and incubaté at 37°C,180rpm, until midexponential phasef growth was
obtained Expressiorwas induced with a final concentration ofiM of isopropytp-D-
thiogalactopyranosid@PTG), andthe culturewasincubated at 37°C for an additional 4 h. Cells
were harvestd by centrifugation 0000 x g, 10 min) andesuspended in 10 ml column wash
buffer (50 mM NaHPQs, 300 mMNacCl, 20 mM imidazole, pH 7).he cells were lysed by
sonication for 30s x 30 cyclewjth alternatingcooling on ice for 30 s intervals. Cell debwas
removed from the lysate mentrifugation 27 000 x g, 30 mip4°C)and tke supernatant was
applied to a 4nl His60 Ni Superflownaffinity column Clontech, Mountain View CA, USA
equilibrated withthewash buffer. Unbound proteins were remowetth 20 ml of wash buffer
and His62037was eluted with 10 ml of elution buff@0 mM NaHPQs;, 300 mM NaCl, 250
mM imidazole)andcollected in 1 ml fractionRurity of the eluted protesnwas confirmed by
SDSPAGE andCoomassie blustaining.The His6-SpeA,-203 Tcasa and-203Tca9a Cysteine

variantswere prepared using the saapproach

2.11 Production of Antisera
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Antibodieswere raised against purifigd037andrSpeAlin mice usinghe same
approachpurified recombinanproteins were&eombined with2% aluminumhydroxide gel
(Sigma)in 1X PBSat 4°C for 24 hFemaleBALB/c mice (n =5,Charles River Laboratory, St.
Constant, QC, Canaplavere immunized via intraperitongajection with 10  p groteirf
antigen per dosen days 1, 14, and 21. On d28, the mice wereuthanized and blood was
collected by cardiac puncture. To obtain serumptbhed wasncubated at 37°C for 1 h, and
then on ice at 4°C overnight. Following incubatiserum was collected by centrifugation at 10

000 x g, 10 min and sted at-20°C.

2.12Alkylation of Proteins

2.12.1In vivodisulfide status

Thein vivodisulfide status of SpeA was determined through cysteine alkyl&ion.
pyogenegells from 100 ml overnight culture were pelleted by centrifugation at 14 000 x g, 15
min, 4°C. Proteiain the supernatantere precipitated wh 9% (v/v) TCA + 0.18% (v/v)
sodium deoxycholaten ice for 30min, followed bycentrifugation(15 000 x g, 1%nin, 4°Q
and washed twice withcetone. Pellets were thessuspendewvith 5 mM maleimde-PEG-
biotin (0.5 kDa)(Bachem bufferedin 200mM Tris (pH 7.0) and 1%w/v) SDS The mixture
wasincubated for 30 min at room temperature, follovesgdLO min at 37°Go allow alkylation to
occur. Excess maleimide wasmeved by TCA precipitation. Thesultingpellets were
solubilized in 200 mMrris (pH 7.0)and1% SDS To prepare positiveontrols, TCA
precipitated proteingerefirst reduced with 200 mNDTT in 10 mM Tris (pH8.1) far 30 min at

room temperaturprior to the addition ofmaleimide.To detect biotinlylated proteins, the
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samples were boiled in sample buffer and ruduplicate on 1% SDSPAGE. Proteins were
transferred tanitrocellulose membraise One blot waseacted with avidin alkaline phosphatase
(Sigma)to detect alkylated proteins@ the second blot reacted with aBpeA to determine
total SpeAin thesamplesAll experiments were repeated at least three times to ensure

reproducibility.

Densitometry analysis of alkylation wgaantifiedusing ImageJ. The proportion of
biotinylatedprotein was calculated by dividing the isé&d for bandsletected byavidin-AP by the
signaldetected by the ar8peAantibody The fold change betweeBpeA band intensitiesas
calculated by dividing the relative intensity of D& T-treatedband by thenot treatedand The

mean fold change was measured fithnee independent experiments

2.12.1In vitro disulfide status

The redox state of either the rSpeA or r2037 imnaritro disulfide exchange reaction
was determined in a similar manner. Redu&ukA and r2037 were prepareddmmbining 425
>| of protein with 50 mM DTT for 30 min on ice buffered in 100 mM Tris (pH 8)TDVWas
removedby size exclusion chromatography (SEG)ng a 5 cm commercial PID desalting
column (Sephadex-@5, GE Life Scierces) equilibrated with 560M sodiumphosphate buffer
(pH 7).Reduced r2037 protein sample was applied to the top of tHEORDIumn followed by
addition of 2.5 ml 56nM sodiumphosphate buffeand allowed to run though the entire column.
At this point, Iml of 50mM sodiumphosphate buffewvas added and the eluted proteimction

was collected. The eluted protemadtion was collected arigkpton ice.

Fully oxidized rSpeA and r2037 wepeepared by combining 408 of protein with50

mM oxidizedglutathione (Sigma) for 1 h at rocmperaturduffered in 200mM Tris (pH 8.8),
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200 mM KCI,1 mM EDTA (Bioshop)Glutathione was then removed agplying the sample to
a PD10 column as described above. Quantification of B&duced proteins and glutadhie
oxidized proteins were done using SBAGE with BSA standards and ImageJ analysis as

described previously.

To perform the disulfide exchange reactidmmolof both 2037 (oxidized) and SpeA
(reduced) proteins were combinedir2 mlof buffer contaimg 50 mM sodium phosphate (pH
8), 5 mM EDTA, and 100 mM NacCl to achieve final protein concentrations sMLO'he
mixture wasallowed to react at room temperature for either 30 min or 1 h. The same equimolar
reaction was setpucontaininglO >M of 2037 ¢educed) and SpeA (reduced). Proteins were TCA
precipitated following incubatiorPellets were thealkylatedwith 5 mM maleimidePEG-biotin
(0.5 kDa)(Bachem or 20 mMmaleimidePEG-biotin (2 kDa) (CreativePEGworksis
described abovd=xcess maleimide wasm®ved by TCA precipitation and acetone washes. The
resultingpellets were solubilized in 100 miWtis (pH 7.0), 1% SDSPositive controls were
prepared containing0 >M of either SpeA or 2037 alone in their oxidized or reduced form
buffered in 50 mM sodium phosphate (pH 8), 5 mM EDTA. Controls were treated with
maleimide for 30 min directly, followed by TCA precipitation as already described. Detection of
biotinlylated proteins was done through western blot, identical tm thigo protocol. All

experiments were repeated at least three times to erepnaducibility.

2.13Enzyme Assays
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2.13.1 Oxidative folding of reducedeatured RNase A

To determine oxidase activity of recombinant proteinsRNase A refolding assays
were caried out as described I3aniels et al.(2010) Recombinan2037 protein was fully
oxidizedwith 100 mM oxidized glutathione (Sigma$ described abov&lutathione was then

removed by dialysis against 100 mM sodiphosphate buffer (pH 7).

Reduced, denatured RNase A was prepared by incubating 5 mg/ml RNasé/A in 6
guanidine HCI, 100 mM Tris acetate, 2 mM EDTald130 mM DTT(pH 8), overnight atroom

temperatureExcess DTT and guanidine H@kere removedby SEC as described above.

Refolding assays were ceul out using/ nmol of r2037in aredox buffer contaimig 0.2
mM oxidized glutathione (GSSG), 0.1 mM redugiatathione (GSH), 2 mM EDTA, in 100
mM Tris acetate, pH 8. Reduced, denatlRéthse A T nmol) was added and incubated for 2
min prior to the addition of 4.5 mMICMP substrat€Sigma) Tubes were topgewith MilliQ
H20 to reach avolume of 0.7 m[final protein concentration of 26M) and transferred to 1 ml
guartz cuvettefRNase A catalyzed cCMP hydrolysis wasasured at As. Reduced RNaseA

alone, without added enzyme, was also included as a control

2.13.2 Reductasectity

Reductase activity was assessed using an insulin disulfide reduction turbidimetric assay
as described biMolmgren(1979) Recombinan2037 protein was fully reduced BT and

excess DTwas removeddy SEC.

Insulin (Sigma) was prepared at 2 mg/ml by dissolving 20 mg in 10 hiD6fmM
potassium acetatpH 7.5andthenadjustingthe pHto 2-3 with 1.0 M HCI and rapidly titrating

the solution to 8.0 with 1.0 M KOH.
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Turbidimetricassays were carried out usingmolof puified reduced 203¢ombined
with 1 >g/>l of insulin and2 mM EDTA, buffered in100 mM potassium acetatgH 7.5. Tubes
were topped wittMilliQ H 20 to reach a final volume of 0.7 ml and transferred to 1 ml cuvettes.
The reaction was started bgdingDTT (350>M) to all cuvettes and any precipitation of insulin
was measured at Qievery 5 min for 1 h. Insulin reduction By5 0 DI Malone, without

added enzyme, was also included as a control.

2.13.3TDOR-substrate complex interaction

The formation of antermolecular disulfide bond betwe2037 and SpeA was assessed
in anin vitro protocol using potassiuferricyanide(KsFe(CN)). Reduced rSpeA and r2037
were prepareds described abovim a 1.5 ml tube2 nmolof 2037 (reduced) and SpeA
(reduced) pratins were combined with 5 mKlsFe(CN) (w/v) (Sigma) in0.2 mlof 50 mM
sodium phosphate buff@H 7), and allowed to react for 1 h at 37°C. To detect protein
complexesthereactionsamples weranalyzedn 136 SDSPAGEgelsunder norreducing
conditions, followed by staining with@massie blue. The same experimentalpetvas used to

test heterodimer complexes formed between 235peAand2037caga-SpeA.

2.14Sequence Analysis

A list of potentialS. pyogene§DORsand TDOR substratesvas initially generated by
Lee (unpublished)ising a protocol modifiettom Daniels efal., (2010)(as described iDavey
et al.,2013) TheML1 serotypeS. pyogeneBIGAS5005proteome was downloaded frddmiProt
(http://www.uniprotorg) and separately grouped into extracytoplasmic versus cytoplasmic

proteinsusing theprediction serverSignalP 3.0Bendtsen, Nielsen, Von Heijne, & Brunak,
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2004)and LipoP 1.qJuncker et al., 2003)vhich screen for potentisglecretegroteins and
lipoproteins, respectivelydentified extracytoplasmicrpteinspredicted to encode a signal
sequence by either the Neural Network or Hiditamkov Model were considered as
extracellular and analyzddrtherfor cysteine contenExtracellular portions of the proteins
were identified using the transmembrane predictenverSCAMPI (Bernsel et al., 2008and
proteins with two or more cysteine residues predictéddalize on the outside of the membrane
were collected in a list of potenti@DORs and natural TDOR substratéhe presence of the
distinct catalytic CXXC motifvas also used to narrow down potential TDORs, but was not a
necessity. Predicted/toplasmic proteinsvere mostly discarded; however, those with two or
more cysteine residues known to be surface or memiaissteiatedvere also included in the

TDOR list. The annotated functions of the genes were obtained froM@iB# protein database.

To generate a TDOR list in the M18 serotype, the protein sequences from predicted M1
TDORswere used as the query for a BLASTP seardh&rs. pyogeneBIGAS8232strain
proteome. Homologs that still contained two or more cysteine residues were listed as candidate
M18 TDORs. The same BLASTP comparison from $Jpyogenewas used to compile a list of
candidate TDOR substrates in M1&otated functions of tHdGAS8232genes were obtained

from theNCBI protein database.

2.15Statistical Analysis

Results were analyzed byp®way analysisof variance withDunnettposttestsusing
GraphPad Prism version 6 (GraphPad Software Inc., La Jolla, Califokrfy. a | ue.00 f <

was considered statisally significant
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CHAPTER 3: Results

3.1 Identification of putative TDORs and TDOR substrates irS. pyogeneMGAS8232

Given the recent discovery of a novel TDORSingordonij called SdbA, we first sought
to identify potentiaTDORs within theS. pyogenegroteome. Aist of candidate TDORm M1
serotypeS. pyogeneBIGAS5005was initially generate@l_ee unpublished) usingnin silico
approachwhere atracytoplasmi@nd gtoplasmic proteins wergrouped separatelysing the
prediction serverSignalP 3.0 and LipoP 1(@endtseret al.,2004; Daniels et al., 2010; Juncker
et al., 2003) Proteinswereanalyzed for cysteine contesntd those with two or more cysteine
residuegredicted tdocalize on the outside of the membravere compiled into a list of
potential M1 TBDRs (Appendix B). Using this initial list, a BLASTP search in the 318
pyogeneMGAS823proteome was conducted, looking for TDOR homolégsalysis by
BLAST searchdentified 5 candidate M18 TDORs: SpyM18_ 2037, SpyM18_AhpC,
SpyM18_0982SpyM18_ 2138 an&pyM18_1572 (Table 5). Of these five, SpyM18_2037,
SpyM18 2138 an®&pyM18_ 1572 contain the catalytic CXXC motifglaaracteristic of TDOR
enzyme active site The annotated functions of each protein are described in Table 5 along with
their primary amino @d sequences.

Identification of potential substrates was done during the gasikco analysis and
compiled into a list of M1 TDOR substrates (Appendix C). Likewise, a BLASTP search in the
M18 S. pyogeneMIGAS823proteome was conducted, looking for stthte homologs compared
to M1 protein sequences. Table 6 shows the disvraf candidate protein substrates found in the
M18 S. pyogenesncludingthe gene name, known or possible function and number of cysteine
residues. The corresponding primary amacid sequence of each identified M18 substrate can

be found in Appendix D. Of note, tlspeAgene wasdentified as a potential substrate,
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Table5: Candidate TDORs in M18. pyogeneBIGAS8232 strain.

Gene
Name

(SpyM18)

Annotated
Function*

Primary Protein Sequence*

2037

Bacteriocin
transport

MRPKEKETSMTFEEIVANFIPSSVAEVTSAIASGKDMIVFLG
SSCPYQRRRFAPKLAQVATDNQKEVYFVDSENAADAAELAAI
NYQLVTVPALLVSYDQHQRZDSSLTPDDILAFLTRE

2137
(@hpQ

Alkyl
hydroperoxidase

MSLIGKEIAEFSAQAYHDGKFITVTNEDVKGKWEBNFPADF
SFVCPTELGDLQEQYETLKSLGVEVYSVSTDTHFVHKAWH
DVVGTITYPMIGDPSHLISQAFEVLGEDGLAQRGTFIVDPD(
IQMMEINADGIGRDASTLIDKIHAAQYVRKHPGERAKWKEG
AETLTPSLDLVGKI

0982

Oxidoreductase

MAQRIIVITGASGGLAQAIVKQLPKEDSLILLGRNKERLEM
QHIDNKEELELDITNPVAIEKMVAQIYQRYGRIDVLINNAGYG
AFKGFEEFSAQEIADMFQVNTLASIHEAGQKMAEQGQGHI,
INIVSMAGLIASAKSSIYSATKFALIGFSNALRLELADKGVYV
TTVNPGPIATKFFDQADPSGHYLESVGKFTLQPNQVAKRL
IGKNKREINLPFSLAVTHQFYTLFPKLSDYLARKVFNYK

2138

NADH
Oxidase/alkyl
hydroperoxidase
reductase

MALSPDIKEQLAQYLTLLEADLVLQVSLGDNEQSQKVKDF
IAAMSERISIENITLDRQPSFKVAKKGHDSGVVFAGLPLGHE
TSFILALLQVSGRAPKVDQDVIDRIKAIDRPLHFETYVSCH
NGPDVVQALNIMSVLNDKISHTMVEGGMFQDEVKAKGIMS
VFLDGEEFTSGRATIEQLLEQIAGPLSEEAFADKGLYDVLVI
GGPAGNSAAIYAARKGLKTGLLAETFGGQVMETVGIENMI(
YTEGPKLMAEVEAHTKSYDVDIIKAQLATSIEKKENIEVTLAI
GAVLQAKTAILALGAKWRNINVPGEDEFRNKGYHNDGPL
FEGKDVAVIGGGNSGLEAALDLAGLAKHVYVLEFLPELKAL
LQDRAADTANMTIIKNVATKDIVGDDHVTGLNYTERDSGEL
LDLEGVFVQIGLVPNTAWLKDSGVNLTDRGEIIVDKHGSTN
GIFAAGICTDSAYKQIISMGSGATAAIGAFDYLIRQ

1572

Thioredoxinlike
protein; TIpA
family

MKKGLLVTTGLBLGLLTACSTQDNMAKKEITQDKMSMAAKH
DKMSTSKDKSMMADKSSDKKMTNDGPMAPDFELKGIDGK
SEFKGKKVYLKFWASWICLSTLADTEDLAKMSDKDYVVLT
VSPGHQGEKSEADFKKWFQGTDYKDLPVLLDPDGKLLEA
SYPTEVFIGSDGVLAKKHIGYAKKSDIKKTLKGIH

*Annotated descriptions obtained from NCBI protein database
** All cysteine residues are bold and catalytic CXXC motifs are underlined if present
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Table6:

Candidate S. pyogenes MGAS8232

cysteine residues.

extracyto

Gene ID | Gene Annotated Function* Cysteine
(SpyM18) | Name Residues
0393 speA | Exotoxin type A; superantigen 3
0201 speG | Exotoxin type G; superantigen 3
0547 Conserved bacteriociike peptide 2
0975 Putative exfoliative toxin 3
0799 sagA | streptolysin S associated protein 7
0803 CPBP family intramembrane metalloprotease 7
2236 hasA | Hyaluronate synthase A (HasA) 6
1014 hylA | Extracellular hyaluronate lyase 2
0011 Betalactamase class A; serine hydrolase 2
1051 Putative D,Dcarboxypeptidase, penicilibinding protein 3
0280 dacA | Putative penicillirbinding protein; DalanytD-alanine 3
carboxypeptidase
0031 Autolysin; CHAP domaircontaining protein 2
1382 deadD2 | Putative deacetylase 2
1321 putative extramembrargotein; 2
D-alanytlipoteichoic acidbiosynthesis protein DItD
0476 family of actinrADP-ribosylating toxin 9
1867 heme ABC transporter substrdimding protein IsdE 5
0197 Cytokinesis protein 3; transglutaminase/protdasedomain 5

*Annotated descriptions obtained from NO@btein database
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containing 3 cysteine residues. This agrees with published reports of the crystal structure and
mutational analysis of SpeA showing 2 of the 3 cysteines are involved in forming a stable
disulfide bridge(Papagorgiou et al., 1999; Roggiani et,d997) Togetherthis alsosupports

the validity of then silico approach.

3.2 Successful construction 05. pyogeneMGAS8232 TDOR mutants

To elucidate the function of each candidate TDOR protein in $1J8/0genesnutants
defective in the TDOR gene were createdrtsgrtional inactivationThe thermosensitive
pG*host5 delivery vector isctcnmonly known to have broad applicatiam a mutagenic tool
(Kasper, 2013; Magui et al1996) Vectors of theoG'hostbased family aréhermosensitive
derivatives of theL. lactisplasmidpWVO01, and have been shown to be instrumental for-high
efficiency gene inactivation and replacement in Grasitive bacterigLeenhouts, Kok, &
Venema, 1991; Smidt, Van der Oost, & De Vos, 20B&)y featuesof thepG*host5 plasmid
include: the pBR322 origin replicon for propagatiorkincoliat 37°C; the pWwVv01
thermosensitive (Ts) origin for maintenance of the plasmid-802€ in Grampositive species;

a multicloning site originating from pBluescriptcaan erythromycin resistance ge€iMaguin et

al., 1996) Accordingly, thepG'host5 plasmid was used and constructed tadecthe internal

portion (300750 bp) of the targeted TDOR gene, as named in Table 2. Following electroporation
of pG'host5 constructs into GAS, transformants were grown under erythromycin selection at
30°C, then 40°C. Chromosomal TDOR gene interruptiohdyyologous recombination was
facilitated by this upward shift iitemperature to the nguermissive plasmid replication
temperatur€40°C). Properrtegration of the plasmid was confirmeg BCR using one primer

t hat Dbinds to t heedthecleonedintanal frhgment, ane arxsecond primers i d
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that binds @G"host5 plasmiespecific sequence, as illustrated in Figure 2A. Successful
interruption of the2037gene was confirmed by PCR amplification of a ~0.4 kb fragment (Figure
2B). Similarly, nsertional mutation of thgphC,0982, 2138, 157®%hole genes were

successfully PCR confirmed by visualization of ~0.6 kb, ~0.7 kb, ~1.2 kb, ~0.7 kb fragments
respectively (Figure 2). The M18 wildtype DNA, containing n&hromosomamutation,was

included as negative control in each PCR.

3.3Mutant s show negligible differences in a range of phenotypes comparedp@arent

3.3.1 No difference in hemolysis

ThesagAgene encodes for Streptolysin S (SLS), a toxin responsible fanghee or
lysis of RBCsin early stages of GAS infectiqiMolloy et al.2011) The SLS toxin contains 7
cysteine residues based on ousilico analysis, and is therefore a potential TDOR substrate
requiring disulfide bond formatiorf.o test hemolytic activity between wild type and TDOR
mutants, cultures were streaked on sheep blood(884) plates. Observations of hemolytic
zones surrounding parent and mutsinglecolonies showed no difference in heysi$ (Figure
3A). Mutantsgp2 0 3 h p Cpa &2, @2 1 3 8isplayaddsimipdysiZed zones of
clearance compared to the M18 par@rtemolysiswas observed uniformlgcross the entire
streaked SBA plates with parent and all five mutant cultures (data not sliiwer).the
gualitative nature of this result, there is the possibility that SLS is partially misfolded in TDOR
mutants or a compensatory factor is producingh#raolysis observed. The role of candidate

TDORSs in hemolysis was not investigated further.
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Figure 2: Successful PCR confirmed TDOR mutations in M18 GAS(A) Schematic

illustrating how the insertional disruption of TDOR gemess evaluated. Mutation of

chromosomal TDOR gene by integration of the'lp@t5 constructs through homologous
recombination. Integration of the p@st5 constructs was confirmed by PCR using

representative primers 1 (forward) and 2 (reverse).Primerlnds t o t he 5’ end
gene outside of the cloned fragment on the plasmid, serving as a reference point. Primer 2 binds
to a pGhost5 plasmiespecific internal sequence.{B Agarose gels showing PCR products of

2037 aphC, 0982, 2138, 15%&holegene interruptions. Three positive mutant clones are shown
for each TDORyene M18 wild-type DNA, containing ninsertionalmutation,is included as a
negative control in each PGRactionwith designated primer®-F, WTlané. All primer

sequences arested in Table 3.
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Figure 3: Qualitative observations of hemolysis, bacteriocin production, salt and copper

sensitivities show negligible differences between parent and mutan{é) Sheep blood agar

(SBA) plates streaked with parentand TDOR mutp@0 3 7, @ahpC, ®0982, m21
cultures incubated at 37°C, 24 h. Each panel depicts visible zones of hemolysis around colonies
B-hemolysis was observed uniformly across the entire streaked SBA plates withgat all

five mutant cultures (data not showfB) Deferred antagonism assay for bacteriocin production

by M1 wild-type, M18 parent, and TDOR mutant straf@spyogenesultures were stabbed into

BHI agar and incubated overnight at 37°C under microaerophilic conditions in candle jars. Plates
were overlaid with soft agar containihglactisas the indicator strain. Zones of inhibition of the

indicator strain were evaluat after overnight incubated at 30°C in the candle jars. Triplicate

stabbed colonies are shown for each TDOR mutanD)(Growth of M18 parent and TDOR

mutantgp 2 0 @ 7epresentative BHI agar containing either 0.4 M NaCl, 0.2 M KCl or 2 mM

CuSQ. S. pyogrescultures were adjusted to @faof 0.2 and four serial dilutions were made

(1010 with 10 pl spotted on agar plates. Gr owt
incubation 37°C. Control plates containing no salt and no copper are inclughedinkents done

withgpa hp C, @0 9 8 2 mutgnis $hdded singpdr EeSulesqw2 0 gaivth on 0.4 M

NacCl, 0.2 M KCIl and 2 mM CuS{agar (plates not showr(A-D) All assays were performed

three independent times
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3.3.2 No difference in bacteriocinqutuction

Since theéSypM18_2031gene is annotated as being involved in bacteriocin transport, we
sought to compareacteiocin production in mutant and parent strains. GAS is known to produce
Class IlIb bacteriocins, which exert optimal antibaatectivity when two peptideare present
(Armstrong et al., 2016)These mature twpeptide bacteriocins each have 1 cysteine and can be
posttranslationally modified by disulfide bond formatiGhrmstrong et al., 2016)n order to
assess bacteriocin productiornvitro, a standard deferred antagonism assay was done. While the
M1 serotype displayed a zonginhibition surrounding the established colony, no bacteriocin
activity was detected fronvild-type M18 (strainMGAS8232 or any of the mutant strains
(Figure 3B). Triplicate stabbed colonies for mutapt® 0 3 h p C@®a8@® , apdgil3s87 2
showed no surrounding zones of inhibition (Figure 3B). The inability of M18 GAS to produce
bacteriocinin vitro hasalsobeen reported b&rmstrong et al(2016) who demonstrate that a
promoter required for bacteriocin expressigas only successfully inducea vivo. The rde of

candidate TDORs in bacteriocin production was not investigated further.

3.3.3 No difference in salt or copper sensitivities

Since candidate TDORs enzymes are predicted to be extracytoplasmic or membrane
associated, sensitivity of mutants to NaCl and KCI was tested. It is possible that mutations of
putativeTDORs affects the ability of GAS to cope with osmolarity differencesezhiby general
salt stressors. Agar plates were first determined to contain either 0.4 M NaCl or 0.2 M KClI, as
these high salt concentrations were still able to support viable M18 parent growth2T@e3 7 ,
mpapCQPP 8@, apAgil3c8nurants showed sinait sensitivities to 0.4 M NaCl and 0.2 M

KCI compared to the parent (Figure 3C). Representative platesyprdrd groivth are displayed.
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Sensitivity to copper was tested next. Copparedoxactive metalcancatalyze the
formation of norspecific disulide bondsand,in the absence of a functional TDORutants
may be unable teearrange copperatalysednon-native disulfide bondeading to growth
differenceqHiniker et al, 2005) However, observations of growth on selective agar plates
showed no difference in mutagt2 0 3 h p CPa8 P, aplqil358kelsitivities to 2 mM
CuSQ compared to the parent (Figure 3Bepresentative plates froqp2 0 @ofvth are shown,

with copper concentrations likewise determined based on M18 parent viability.

3.3.4Mutants are sensitive to peniaillG but not other cellvall/membrane antibiotics

The ability to cope with the effects of celbll and ceimembrane targeted antibiotics
may be compromiseid the absence of a functional TDO&specially if the predicted TDOR is
involved in disulfide bond formation of peptidylglycan synthesis protéiesicillin G is & -
lactam antibiotic that irreversibly binds to transpeptidase, also known as pethiciting
proteins (PBPs), disrupting the final cragsing steps of cellvall peptidoglycar(Sauvage et
al. 2008) PBP5, encoded by tldacAgene, has 3 cysteine residues and was identified as a
potential substrati silico (Table 6). Antibiotics vancomycin and bacitracin also work by
disrupting GAS cell wall and peptidoglycan synthésilammes & Neuhaus, 1974; Maxted,
1953) Polymyxin Bdisrupsthe structure of bacterial cell membrabg interacting with
its phospholipid (Morrison & Jacobs, 1976%ensitivities to these 4 antibiotics were assessed by
disc diffusion assays (Figure 4A) and subsequent measurement of zones of inhibition.

Results from triplicate mean diametsiowed thatp2 0 3 hpC,amdegp 2 1 BuBants

were more sensitive to penicillin G at concentrations of 2.5, 1.25 and¥gg#bcompared to
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Figure 4: Mutants are sensitive to penicillin G but not other celwall or cell-membrane

specific antibiotics.(A) Representative image of antibiotic disc diffusion plate assay. M18

parentand TDOR mutagp2 0 37, @ahpC, opCdtdres wereadjdsedto @apl 57 2
of 0.2 and evenly distributed on BHI agar plates, covehegentire surface area. Four sterile

filter paper discs were placed on top of each plate containing: penicillin G (5, 2.5, 1.25, 0.625

pg/ ml ), vancomyci n ( Iit@dn,10% 30,25, 255/0n),lolpolgnyxing / ml ) ,
(200, 100, 50, 25 mg/mlzrowth inhibition zones surrounding the antibiotic discs were

measured after overnight incubation, 37Bscs with no antibiotic treatment were included as a
negative control showing no inhibition zone (data not sho@@))Graph of mean diameters (cm)

oo i nhibition zones due to peniciltE)Mean G sensit
diameters of inhibition zones due to vancomycin, bacitracin and polymyxin sensitivities

respectively. Error bars represent standard deviation (SD) of triplicagsieents. Asterisks

indicate a statistically significant difference?(¥ 0.05; **P < 0.01; Oneway ANOVA).
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M18 parent (Figure 4By®982was more sensitive to penicillin G at 2.5, and 0.8@8nl while
1 5 wad more resistant t625>g/ml comparedo parent straiifFigure 4B). No significant
difference, however, was found in TDOR mutant sensitivities to defined concentrations of
vancomycin, bacitracin or polymyxin compared to parent (Figuree3. Oiscswithout
antibiotic treatment were included asiegative control showing no inhibition zoaad thus

confirming the sterile discs themselves do not have antimicrobial propeldiasnot shown).

3.3.5 No difference in autolytic activity

To further assess any differences in-gall biosynthesis and integrity caused by
mutation of predicted TDORs, autolytic activity was tested. Autolysis plays a role in many
important functions including bacterial growth, remodelling of the cell wall seglaration,
adherence, biofilm formation, and eDNA releg&avey et al2013; Forsberg & Rogers, 1971)
In fact, mutation ofs. gordoniiTDOR SdbA showed clear defects in autolysis compared to
parent. GAS cellvall proteins containing cysteine residues have also been identified, such as
peptidoglycan deacetylasate@dD2gene, 2 cys) and autolysin (2 cy$able §. However,
triplicate autolysis assashowedno significant difference in mutant autolytic activity compghre
to M18 parent. Mean Odgpvalues ofpp2 0 3 h p Cpa &2, @2 1 3 Butaatrsthingpl 57 2

remained between 980 of the initial optical density (Figure 5A).

3.3.6 No difference in capsule production

ThehasAgene encodes for hyaluronan synthase, agrea with 6 cysteines residues
responsible for hyaluronic acid (HA) productionGAS capsule compositionifizrences in

capsule production caused by mutation of predicted TD&d#Retested. The amount of HA was
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Figure 5: Mutants show no difference in autolytic activity or capsule production(A)

Autolysis of M18 parentand TDOR mutap2 0 37, @ahpC, oG@h, ®2138,
monitored over 4 IS. pyogenesell pellets were suspended in autolytic buffer at 44°C and
ODeooWas measured. Percentages for each-pioiet were calculated by dividing the OD value
by that of the start (time 0) Qb value. Mean percentages are plotted; error bars representing
SD of triplicates. (B, leftQuantification of mean capsular hyaluroamd production from

parent and mutant strains. GAS capsule was extracted by chloroform, combined wilIStain
solution, andabsorbance measured at 640 (B&).right) Absorbance values were compared to a
standard curve generated with known concentratadrnyaluronic acid (HA). Mean HA
concentration values are plotted with error bars representing SD of three independent
experiments performed in triplicat€€)(M22 serotype, a strain that does not produce capsule
(Flores et al., 2012)as included as a negative control. GraphB)Ashown are representative

of three independent experiments performed.
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guantified in triplicate assayBpwever no difference in capsule production between TDOR
mutants and the M18 parent was detected (Figure 5B). The M22 sei®typ®gene$0/69
strain, was included as a negative control as it is knowackothehasABCgenes necessary for
hyaluronic acid capsule biosynthefores et al., 2012 Consistent witl-loreset al.(2012)

the M22wild-type producedho detectabldHA, thus supporting our experimental assay validity

(Figure 5C)
3.4 Oxidative stress resistance and intracellular survivaisc o mpr omi sed i n mut an
3.4.1 Mutant A2037 shows increasipdirosensi ti vit

We next asked if the antioxidant system in GAS was compromised in any way by the
absence of a fustional TDOR In fact, theSypM18_ AhpCis annotated as a peroxidase, and an
ahpGdeficientS. pyogenewas previously shown to be more sensitive to methyl viologen
(paraquat)King et al.2000) While it is not itself a reactive oxygen species, parageiatto
increase intracellular levels txic superoxids (Lu & Holmgren, 2014)SypM18 2138s also
annotatedis a NADH oxidase/peroxidsyuggesting possible playewolein the antioxidant
system. To this end, we assessed the sensitivity of all 5 TDOR mutamistto oxidative
stresspromoting compounds. Based on measured culture densities of growth witivi0.5
paraquatgp 2 0, §0R82,andgp 1l 5 Muants showed significant sensitivity to paraquat compared
to parent as growth was visibly impaired (Figure 6A). At 1 mM paraquat, all mgpeht® 3 7
mpapCQP 8@, apAgil3s8&hawed significant paraqusensitivity, with culture densities
well below that of the M18 parent (Figure6As 0. 001) .

The effect of HO2 was tested next, since this is commonly usetbtoplementindings

from paraquasensitivitydata. Sensitivity to kD> was assessed by diséfdsion assays and
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Figure 6: Mutants show increased sensitivity to paraquat but not hydrogen peroxide(A)

Growth sensitivities of M18 parentand TDOR mutgg2 0 3 7, @ahpC, ®0982, 2

strains to 0, 0.5, 1 miaraquat. Mean growth was measured by determining theo@ier 18

h of incubation with indicated paraquat concentrations. A representative experiment is shown
from five total independent experiments performed. Error bars represent SD of triplicates.
Asterisks indicate that a mutant TDOR value is statistically significantly different from the M18
parent **P< 0. OPk; O0O**0*Owlaay OMNOVA) . Where indicated,
significance P > 0.05, Oneway ANOVA). (B, left) Representative image of hydrogen peroxide
disc diffusion plate assay. M18 parent and TDOR mwaat0 3 7, @ahpC, 0982,
cultures were adjusted to @gof 0.2 and evenly distributed on BHI agar plates, covehng t

entire surface area. Four sterile filter paper discs were placed on top of each plate containing
0.5%, 1%, 1.5% and 2%:2B.. Growth inhibition zones surrounding the®4 discs were

examined after overnight incubation, 37°C. (B, right) Graph of meanetgssn(cm) of clearance
zones due to 0.5%, 1%, 1.5% and 2%kbkensitivities in parent and mutant TDOR cultures.

Discs withoutH20, treatment were included aggative contr@showing nazones of inhibition

(data not shownkrror bars represent SD oigiicates. A representative experiment is shown

from three independent experiments performed.
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subsequent measurement of zones of inhibition diameters (Figure 6B). Based on triplicate mean
diameters, mutargp2 0 3 h p Ca8® , ap@qil1358ha@wed naignificant difference in
sensitivity to defined concentrations of®} (Figure 6B).

Sensitivity to the reducing agent DTT was also investigated. DTT acts to break existing
protein disulfide bonds. At 15 mM DTT, the 5 mutants showed no difference irsBisitivity
compared to the M18 parent (Figure 7). However at 20 mMptRe0 Butant showed
significant growth impairment hereaspa p CQ9 8@ , apdqil358iisplayed negligible
sensitivity differences comparedttee parent (Figure 7/7< 0 . 0 0 Hdly) theqpR 0 Budant
displays distinct phenotypic differences in assays tested so far, setting it apart frbothie

candidate TDORSs

3.4.2 Mutant A2037 is more susceptible to pha

To further investigate the difference inidative stress resistance of mutants, a survival
assay was performeaging RAW 264 mouse macrophagkfection of a humahostdepends
on the ability ofGAS to counteract the oxidative stress conditions generated by the release of
reactive oxygen species (RO&)m innateimmune cells such as monocytes and neutroghils.
TDOR mutants are defective in any parttéir antioxidant system, they aggpected to be
more susceptible tkilling by these cells. RAW 264 cells infected with either wiyge,qp2 0 3 7
orgl 5 muRant cultures were lysed at thén and 18 hr tim@oints, followed by serial dilution
and enumeration of viable colonies in the lysat&dcellularbacteria) and supernatant
(extracellulatbacterig. Survival was expressed as the number adrepforming units (CFU) per
ml. Compared to the M18 parent, infection with mugg# 0 sh@wed significantly reduced

intracellular survival in RAW 264 cell lysates after 1 h and 18 h, suggesting this mutant is more
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susceptible to RO8riven phagocytic death (Figure 8AandBs 0. 05) . On the
lysates fromp 1 5 muant culture infectioshowed a survival similar to that of tharent M18
(Figure 8A and B). The same trends were seen in extracellular GAS counted from the
supernatant 1 h and 18 h pasection:gp2 0 sh@wed significantly lower survival whigpl 5 7 2
showed negligible differences in CFodsmpared to the parent (Figl8C and DP< 0). 01
Growth curve analysis of the M18 parent and mugat 0 $h@w nearly identical sigmoid

curves (Figure 8E), therefomeaking it unlikelythat differences in macrophage survival are due

to bacterial growth defectstroduced by TDOR gee interruption

3.5Redox state of exotoxin SpeA differs in GAS mutants

3.5.1 SpeA exotoxin is produced in all GAS mutants

Given that SpeA has 3 cysteines, 2 of which are involved in a disulfide lfGgg87
and Cys98)we investigated SpeA agpatential TDOR substrai@apageorgiou etl., 1999;
Roggian et al, 1997) To test SpeA production in pent and TDOR mutant cultures,8atern
blot was done using arfipeA antibodies. The results indicate that not only does the M18 parent
produce SpeA, but each of the 5 mutants also prodimea atsimilar levels (Figure 97
Bands fromp2 0 3 hp CQPa8 P , apAgil358re2shown expressing SpeA at Z3ak
The same samples were subjected to-PBSE and Womassie blue staining to assegsal
protein loading in all lane@igure 9B) Despite showing no differences in SpeA production
between parent and mutants, there is the possibility that SpeA could be misfolded-and non

functional but still detectable by ¥gtern blding.
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Figure 8: Mut ant oXs&ftible te phagocytie death by mouse macrophage
cels.RAW 264 c &dells/ml) it RPMkwerk Seeded in a-@#ll plates at 37°C, 5%

CQO; for 24 h, followed by infection with either M18 wildype,p2 0 & @1 5 MmuantS.
pyogenesultures.Infected RAW 264 cells were lysed after 1 h (A) and 18 h (B)-piats and
the number of colony forming units (CFU) were determined. Supernatants were collected to
enumerate the extracellular bacteria after 1 h (C) and 18 h (D). Survival was expreksed as
mean number of CFUs per ml.{®) Error bars represent SD of triplicates. A representative
experiment is shown from three independent experiments performed. Asterisks indicate a
statistically significant difference compared to M18 pareRt{* 0 .*@&; 0 * O-way On e
ANOVA). (E) Growth curves of M18 parent agal2 0 Srdins. Error bars represent SD of

triplicates.
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Figure 9: SpeA exotoxin is produced by all GAS M18 mutantgA) Production of the 2kDa
SpeA protein (arrow) was detected by Western blotting in M18 parent and TDOR optadt3 7
wahpC, @09 82 stragmuii@tBe, antigpeSantibody. (BSDSPAGE of the same

samples stained by Coomassie blue, showing equal loading.
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3.5.2 Then vivo SpeA redox state differs in mutants

To determine then vivodisulfide status oSpeAin theM18 parent anctach TDOR
mutant,cysteine alkylation experients were carried out with maleimié&G-biotin (0.5 kDa)
In thisreaction, the maleimideoiety forms acovalentthioether bond with free cysteine thiols,
resultingin a biotinylated protein thiaan be detected with avidalkaline phosphatase (avidin
AP). Disulfide bonded cysteingsn the other han@dye blocked fromeacting with maleimide
Bands detected withavidin-AP that corresponded &peAwere identified based on molecular
weight(25 kDa) To ensure that the bands aligned, control experiments were carried out by
cutting individuallanes ofblots in half and reacting ¥ eitheravidin-AP or antiSpeA

Alkylated protein extracts &dm the same sample waaralyzed byVestern blaing and
reacted with either avidtAP to detect biotinylated proteins or aBpeA The latter allowedhe
determiration ofthetotal amount oSpeAin the sample, thus serving as a loading control. The
results for thgparent strain showed a weak band detected by asidiat the sam25 kDa
weightasthe full lengthSpeA However, when samples were reduced with DTT prior to
alkylation,there was a markadcrease in the intensity of this band, indicating the presence of a
disulfide bond (Figure 10AQuantification of band intensities by ImageJ are plotted in Figure
10B and theneanfold change betweethme DT T-treated and not treated sampkesxpressechi
Figure 10C. Likewise, SpeA froop0 9 @&h@p 1 5 muants also showed an increase in
intensity with DTT reduction prior to alkylation similar to that of the parent (Figure 10A and B
In contrastcysteines irSpeAfrom theqp2 0,3 Hp@andgp 2 1 dlantwere efficiently
alkylated both withand without DTT treatmenindicating thdack of a disulfide bond (Figure
10A and B. Analysis of mean fold changes in band intensities sipd®tv0, 3 Typ@andmp?2 1 3 8

mutants are significantly different compared to pafenh threeindependenexperiments
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Figure 10: Redox state of exotoxin SpeA differs in GAS mutants vivo. (A) Protein extracts

from M18 parent and TDOR mutagqg2 0 3 7, @ahp C, mOG@WahweredAl 38, (1!
precipitated and reacted with maleimidEG2biotin (Mal). Following alkylation, proteins from

a single sample were run in duplicate western blots and reacted with eitherAdvittirdetect
biotinylated proteins or with arBpeA antisax to detect the total SpeA concentration in the

sample (loading control). Positive controls were prepared by reducing the samples with DTT
prior to alkylation with maleimide. (B) Densitometry analysis of alkylation was carried out using
Image J. The amounf alkylated SpeA was normalized by dividing the signal detected with
avidin-AP by the signal detected with ai@peA. Results are given as relative intensity. Data is
representative of three separate experiments. (C) Fold change of the SpeA bandstbetween
DTT-treated and not treated samples. Fold change was calculated from the relative intensity
shown in panel B and are means of three independent experiments with SD. Asterisks indicate a
statistically significant difference compared to M18 parentrs{ff#< O . O-way On e

ANOVA).
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(Figure 10CP< 0 ). The hackground bands present in aviélihr lanes are a result of using
crude bacterial samples with maleimide bindingtteer proteingontainingfree thiok.

Together, ar analyses suggested tiia in vivoredox state of SpeA differs in certain TDOR
mutants. Similar to the parent, Sppfoducedoy 0 9 @& @1 5 muants likely have an intact

disulfide bond, while thep2 0 3 7 , amg@ 2 pr&EBans lacked disulfide bonds entirely.

3.6 Complementation of 2037restores thein vivo redox state of SpeA

3.6.1 Successful generation of a 2037 complement strain

In light of theobservedspeAredox statalifferences, the contribution of 2037 was
furtherpursuedoy constructing a 2037 complemented muttrdin Theentire 2037 reading
frame was amplified, includingredicted promoter and ribosomahding site sequencesnd
ligated to &kanamycin resistanagene Figure 11A illustrates theCRconfirmed ~1.7 kb ligated
fragmentwhich was thertloned intopG'host5 The complement plasmid was isolated from
positiveE. colitransformants that were kanamycin and erythromycin resisteyuré~1B).
Restriction digest using BamHI and EcoRI confirmed the isolated complement coimstesct
contained thelesigred complement fragment, as seen in the ~1.7 kb drop down(baqde
11B). Following electroporation ahe construcinto thegp2 0 Bufant transformants were
grown undeboth kanamycin andrythromycin selection at 30°C, then 40RCoper integration
of the constructandthus reintroduction a2037backinto the genomevas confirmed using
primers that bind to t h(eigu®lX).dhed08kbbardhnd of t he
corresponding to the 2037 whole gene was clearly seen in the M18 pareotgidment

strains, but not itheg 2 0 Butantindicating successful complementation (Figure 11C)
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Figure 11: 2037 complementation restores the redox state of SpeA$ pyogenegA)

Agarose gel showing PCR constructed complement fragment. The entire 2037 reading frame,
along with 300 bp of upstream DNA containing the predicted promoter and ribesmialg

site sequences, was amplified and ligatea kanamycin resistance cassettee final combined
amplification product band is seen at ~1. /037 compl insejt Primers used are found in

Table 3. (B) Agarose gel of the 2037 complementhwst5 plasmid isolated from kanamycin

and erythromycin resistait colitransformant$2037compl plasmijl Double digestion of the
complement constru¢R037 compl RE clibr the pGhost5 plasmidpGhost5 RE clitwith

BamHI and EcoRI. Arrow indicates the expected ~1.7 kb drop down band. (C) Agarose gel of
PCRanalysis of th037 complementation strain. Proper crosgsr integration was verified
using primers that bind t o Anhlgsis& theradoxdsat8of e nd
SpeA inM18 parent and mutant straif@otein extracts from M18 paregp,2 O @uiantand

2037 complemest strain(2037 complwere TCA precipitated and reacted with maleimide
PEGZ2biotin (Mal). Following alkylation, proteins from a single sample waralyzedn

Western blots reacted with either avidi® to detect biotinylated proteins with antiSpeA

antisera to detect the total SpeA concentration in the sample (loading control). Positive controls
were prepared by reducing the samples with DTT prior to alkylation with maleimide. (E)
Densitometry analysis of alkylation was carried agihg Image J. The amount of alkylated

SpeA was normalized by dividing the signal detected with asxAdirby the signal detected with
ant-SpeA. Results are given as relative intensity. Data is preliminary and repeated experiments

are necessary.
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3.6.2 2037-complemerdtion restores SpeA to the oxidized state

Thein vivodisulfide statussof SpeAin theM18 parent theqp2 0 @utantandthe 2037
complemergd mutantvereexamined byalkylation Importantly, the 2037 complemeat
mutantshowed an increase randintensity with DTT reductiomrior to alkylation, matching
the M18 parent phenotype as displayed inaWidin-AP blot (Figure 1D). This is indicative of
a disulfide bond present BpeA fromboth the parent an2D37-complemerdd strains. Wiereas
cysteines in SpeA from thp2 0 Butantwereefficiently alkylated both with and without DTT
treatmentshowing no differece in band intensity, the 208@mplemergd mutanteverses this
phenotypeQuantification of band intensities lijnageJ are plotted in Figuld E. These results

further reinfore the notion that 2037 plays a direct role in affecting the redox state of SpeA.

3.7The 2037 enzyme is needed for proper disulfide bond formation in SpeA

3.7.1 Purified 2037 exhibitexidase activity

We nextsought to characterize the functional propertiethef2037protein. The oxidase
activity of r2037was testedh vitro using theRNase Arefolding assayRecombinan037was
expressed iE. coliand purified by affinity chromagwaphy(Figure 122). r2037was incubated
with reducedand denatureBNase A and the oxidative folding BNase A to its active
conformation was monitored by cCMP hydroly8ased on meaf2gs values, r2037
successfully catalyzed the correct foldwfgeduced, denatured RNase A (FigureB)2
Recombinang. gordoniiSdbA was included as a positive control since it is known to exhibit
oxidase activityDavey et al2013)

The reductase activity of r203vas testedh vitro throughan insulin disulfide reduction

turbidimetric assay. Reduced 2037 was incubated with insulin and any precipitation of insulin
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Figure 12: Purified 2037 protein exhibits oxidase activity but lacks reductase activityA)

SDSPAGE of recombinant 2037 purified frol coli by nickel affinity chromatographgarrow,

~14 kDa) (B) Oxidative folding of reduced, denatured RNase A by the recombinant (r) 2037 and
SdbA proteins. r2037 (10 pM) way iamduld ehtee & | wvia
of cCMP was monitored at28e. rSdbA (10 pM) was used as a pos
RNase A without added enzyme was used as a negative control. Data show the average from

three experiments, error bars represent the standard(&yd&teductase activity of recombinant

2037 and 1171 proteins in an insulin turbidim
with insulin (10 pM) and any precipitation of
ODeoo. S. gordoniil 1 71 (1 6usedMy a posdive control. Insulin without added enzyme

was used as a negative control along with-neattive 2037 and 1171. Data show the average

from three experiments, error bars represent the standard error.
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caused by reduction was measured. Based on mean OD values, 2037 did not catalyse the
precipitation of insulin, showing similar reactivity to the heatctivated 2037 tube and insulin
alonenegative control tube (Figure €2 Recombinan®. gordoniill71 protein was included as
a control since it is known to exhibit reductase activity (J&lal, unpublished). The heat
inactive 1171 reaction tube displayed delayed reductase acliakgn together, these results
indicate thaR037 is an oxidoredt@se which isdirectly involved in thdormationof disulfide-

bonded proteins in GAS

3.7.2 Recombinant 203@xidizesreduced SpeAn vitro

In light of the SpeA redox state differences in mutp 0 iB vivoand the finding that
r2037hasoxidaseactivity, we investigated the disulfide status of rSpeA in the presence of r2037
underin vitro conditions. A disulfide exchange reaction was conducted by combining DTT
reduced rSpeA with glutathiorexidized r2037 at equimolar concentrations for 30 min and 1 h
time points. Sample proteins were precipitatéki/latedwith maleimide an@nalyzed by
western blding with ether avidinAP to detect biotinylated proteifgigure 18 and D),or
ant-SpeAto determine théotal SpeAsampleamount (Figure 18 and C;loading contrad). The
reduced and alkylated SpeA control lane showstlangintensityband detected by avidiP
with a visible lower doublet banding pattern, while the oxidized and alkylated SpeA control lane
showed a much weaker intensity single bendiicatingthe presence of an intact disulfide bond
(Figure 13). Interestingly, rSpeA changes from its initial reduced form to an oxidized form
following 30 min incubatia with oxidized r2037 (Figure Bj. The rSpeA remained oxidized

after 1 hr in reactio with 2037.
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Figure 13: rSpeA becomes oxidized in the presence of recombinant 208&, B) Western

bl ot visualization of the disulfide status of
oxidized r2037 for 30 min and 1 h. Following TCA precipitation and alkylation with maleimide
PEG2biotin (mal, 0.5kDa moiety), proteins from a single sampdeawun in duplicate lanes and

reacted with either avidiAP (B) to detect biotinylated proteifarrow)or with antiSpeA

antisera (A) to detect the total amount of SpeA in the sample (loading control). (C, D) Western

blot of the disulfide status of redeidd r S p e Aarrqwlréactqa Mith either oxidized or
reduced r2037 (10 pM) for 30 min. Control Il an
recombinant SpeA alone are included. Data is representative of three separate experiments. (E)
SDSPAGE of disilfide exchage reaction samples stained bgn@massie blue. Following TCA
precipitation, protein samples were alkylation with a larger 2 kDa maleiRtd&2biotin

moiety to observe a shift in band migration. Theldapdsshows fully reduced and alkylated

SpeA at a molecular weight above 25 KR&d SpeA The lowerbands indicatexidized and

alkylated SpeA at a molecular weight close to 25 KDa SpeA
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To confirm the reoxidation of reduced rSpeA was due to the activity of r2037 in its
oxidized form asimilar disulfide exchange reaction was conducted by combining reduced
rSpeA with reduced r2037 at equimolar concentrations for 30 min. Detection by-ARdin
revealed SpeA remained in its reduced state after incubation with reduced 2037, showing the
samestrong band intensity pattern as the control lane reduced SpeA (FRRixeThis supports
the notion that r2037 must be in its functional oxidized form in order to alter the redox state of
SpeA.

Up to this point, differences in SpeA redox state hawen laetermined based on changes
in normalized intensity between alkylated protein samples and not based on band migration
shifts, which is typically reported in the literature for these types of expdsiriarorder to
corroborate theseata, a larger malmide compound (2 kDa) was used in the same disulfide
exchange experiment. SpeA contains 3 cysteines and alkylation with the larger maleimide will
add a 2 kDa weight shift to each free thiol group available, leading to visible differences in
migration disances on SD®AGE. Indeed, upon reaction with reduced 2037, SpeA remained
reduced as highlighted in the upper band shgvai slower migration (Figure 13BJpon
reaction with oxidized 2037, SpeA becomes oxidized, blocking the maleimide from binding, as
highlighted in the &ster migrating bands (Figure 1)3Ehis is in line with previous findings
based on intensity differences. Control lanes containing reduced and oxidized 2037 alone also
display the expected molecular weight shifts upon maleimide treatment. Extra bands visible
likely represent incompletdkylation of a small fraction of proteins, while lane smudges are

likely due to the nosspecificity of this particular maleimide compound.
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Taken together, r2037 and rSpeA appear to act as an emszpstate pair, facilitating
an exchange of electrons. its functional oxidized form, r2037 reforms the disulfide bond in

reduced rSpe#n vitro.

3.8 Exploring mechanisms of 2037SpeA interaction by geeration of 2037 cysteine point

mutants

3.8.1 Successful generation of singlgsteine point mutants in 20&ctive site

To better understanithe mechanisms of interaction between 2037 and Spedle
cysteine mutants were generated at the 2037 active site. Since the 2037 enzyme contains the
characteristic CXXC catalytic motif, a cystei(leGT) to alaninemuteion (GCT) at position 46
(203Tcaen) and position 49203 cas) Were created. Final products from overlapping PCR
showed distinct sharp bands at the expected fragment size of ~0.4 kb for both cystaints
(Figure 14\). These PCR products were individlydigated into a pQE30 plasmid backbone
and transformed i&. coli. Positive colonies containing the correct point mutant plasmid
constructs were edirmed by colony PCR (Figure Bj. Expression and purification éfis6-
taggedr2037casa andr203casa Was done through subsequent nickel affinity chromatography. In

addition, gsteine point mutations were confirmed by DNA sequen@iupendix A).

3.8.2 Active site2037cysteinemutants show different protein complex formation profiles with
SpeA

The generation of these recombinant cysteine variants will allow valuable comparisons

between native 2037 and point mutant 2037 interactions with SpeA. Since the point mutants are
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Figure 14: Successfully generatedingle-cysteine point mutants in 2037 active site may

affect complex formation with SpeA.(A) DNA agarose gel showing overlapping PCR products
of 203%46a and 203¢490a point mutants at the expected fragment size of ~0.4 kb (arrow). (B)
Agarose gel showingositiveE. colitransformants containing the 2@3da - and 203 ¢49a -

pPQE-30 plasmid construc{garrow). Primers used for screening are listed in Table 3. Both
cysteine point mutations were further confirmed by DNA sequencing (Appendix AD) (C
SDSPAGE analysis oproteincomplex formation between 2037 and SpBA&duced rSpeA was
reacted with either native 2037, 2@3¢A or 203 &49a in the presence of 5 mM potassium

ferricyanide.Under reducing conditions, 2037 runs at 14 kDa and SpeA runsk&ta25
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within the 2037 active site, any differences in the abilitiotan disulfide linkedcomplexes with
their substratesan be attributed to the importance of these catalytic cysteine residues.
Investigation of heterodimer complex formation betweesi72énd SpeA was done throughian
vitro reaction that combined DFiieduced rSpeA with either reduced r208Md-type),
r2037ca6a Or r203 494 at equimolar concentrations in the presence of 5 mM potassium
ferricyanide for 1 h. Potassium ferricyanide oxas thiol groups, making cysteine residues
highly reactivgWiberg, Maltz, & Okano, 1968Protein complexes wesnalyzed bysDS
PAGE under nomeducing conditions and stained wittb@massie blue.

Results from preliminargxperimentshoweda ~40kDa bandlikely signifying a
heterodimer compleketweerwild-typer2037 (14kDa) and rSpeA (2%Da) (Figure 1£). In
contrasta weaker-40kDaband was detected in the reaction between r2@3and rSpeAThe
gel also showed a ~3Da band likely representing the formation of a SpeA homodimer
complexduring the reaction between wildtype 2037/SpeA (Figure 14C). The sanka50
bandwas detected in the reaction between 20a¥SpeA.Notably, a ~2&Da bandwhich
likely represents the formation of a 2037 homodimer complex was observed in thgpsild
2037/SpeA reaction lane but not in the 2884 SpeA reaction (Figure 14CA. ~25kDa band
representing the SpeA monomer was found in the reaction betweei$gé&7and
2037casn/SpeA (Figure 14C). A ~1KDa bandepresenting the 2037 monomer was found in the
reaction between 2037/SpeA and 2034 SpeA (Figure 14C)Control lanegontaining either
wildtype 2037 alone or 2034sa alone in the presence of potassiterricyanide are shown side
by-side. A final control lane containing only SpeA in the presence of potassium ferricyanide is

also given.
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Similarly, results from preliminargxperimentshowedthe ~40kDa heterodimer band
present in both 2037/SpeA and328494/SpeA reaction lanest equal intensities (Figure D3,
The ~50kDa bandrepresenting a SpeA homodimer complex was found in reactions between
both 2037/SpeA and 20344/SpeA.Notably, the ~2&Da bandsignifying a 2037 homodimer
complex was visible in the wildtype 2037/SpeA reaction lane but was only weakly detected in
the 203¢404/SpeA lane (Figure 14D). The ~RBa SpeA monomebandwas found in reactions
between both 2037/SpeA and 2034/SpeA. The-14kDa 2037 monomebandwas found in
reactions between both 2037/SpeA and 2037SpeA. Control lanes containing either wildtype
2037 alone, 203464 alone or SpeA alone in the presence of potassium ferricyanide are also
included.

Taken togethedisulfide linkedcomplex interactions formed between 2084 SpeA
and 203¢s94/SpeA differ compared tparent2037/SpeAn vitro. Of the two active site
cysteines, the C46A point mutant had a nametrastingprotein profile, showing a weaker
intensity ~40kDa heterodimer band and a missing K8 bandepresenting 2037 homodimer
complex formation. This suggests that the activei&¥ cysteines 46 and 49 may have
different reactivatesyith the Nterminal cys46 playing a leading ralering protein complex

formation with SpeA
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CHAPTER 4: Discussion

4.1 Major Findings

Group AStreptococcuss an important pathogenic bacterium that strictly infects humans,
causing a diverse range of diseases fnoitd mucosal (pharyngitis) and skin (impetigo)
infection to severenvasive (necrotizing fasciitis) and toxin mediatéakic shock syndrome
diseaseslong withnon-pyogenic complications (acute rheumatic fevévhile there have been
exciting advances in GAS virulence factor regulation coupled with massjuersgng efforts to
isolate genomes, there are still many questions surrounding the molecular mechanisms of
virulence factor production and their role in GAS hpathogen interactions.

There is evidence that some GAS virulence proteins, including potent superantigenic
toxins such as SpeA, are held together by structlisalfide bondswhich are essential for
protein stability andctivity (Papageorgiou etl., 1999; Roggiani et 311997) Disulfide bond
formation pathways have not been studigdctlyin the context of GAS pathogenesis. This lack
of knowledge stems from the unedraracterizeghrocesss of disulfide bond formation in
Grampositive bateria in general, compared to its Gra@gative counterpart. Grapositive
species tend to makewer disulfide bonded proteirsd sometimes us®mvalentamide bonds
as an alternativéBudzik et al., 2009)Neverthelesss. gordoniiSdbA was found to form
disulfide bonds in a natural autolysin substrate, with SdbA mutants defective in many
physiological process¢Bavey et al., 2013andC. diphtheriagMdbA was found to affect
disulfide bond formation in diphtheria toxin, with MdbA mutants exhibiting morphological
defects ad attenuated viruleng&eardorRobinson et al., 2015)

Along the same lines, a TDORediated pathway in GAS likewise essential for

virulence factor productiobased on the expeental data presentedn in silico approach
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coupled with BLASTP analysis identified 5 candidate TDORs irvthh8 S. pyogenes
MGAS823strain:SpyM18 2037, SpyM18_AhpC, SpyM18_0982, SpyM18 2138 and
SpyM18_1572 (Table 5)he same approach identified patehTDOR substrates with more

than 2 cysteine residues (Table 6), and this list was used as a guideline with the goal of studying

TDOR function in phenotypic assays.

4.1.1 The functions of SpyM18 0982 and SpyM18_ 1572 remain largely unknown

Two of the pedicted TDORs, SpyM18 09&hd SpyM18 1572xhibited the fewest
phenotypic differences in the assays tesfgryM18 0982s annotated as a putative
oxidoreductase with 3 cysteines but does not have a distinct catalytic CXXC motif.
SpyM18 1572 is annotateds a hypothetical protein containing a Tke domain and a
catalytic CysS-1-Cys motif. The TIpA/ResAdsbEfamily of proteins diversely encompasses
bacterialdisulfide redictases with important roles in cytochrome maturai@im & Collet,
2013)and other membrar@sociated proteinsapable of catalyzing disulfide bon(3him et
al., 2013) In S. pneumoniatr example TIpA is proposed to work in conjunction with MsrAB
and CcdA to reducexidized methioninegAndisi et al., 2012)Notaldy, SpyM18_1573s
located immediately upstream of a protein annotaged methionine sulfoxide reductase
(SpyM18_1571) and located downstream is a cytochiobiegenesis protein CcdA
(SpyM18_1573).

Our results show that mutagutO 9 @splayed increasesensitivity to penicillin G at 2.5
and 0. 6@amncentragignsnwhilepl 5wa®moretolerant o peni cill i n G at
(Figure 4B)compared to parenechanistically, pnicillin inhibits the last steps of
peptidoglycan synthesis by binding to higiolecularweight PBPqFerretti et al., 2016)This

suggests that our candidate TDORs are somehow involitbd multifaceted regulation ctll
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wall metabolismi n r e s plactamm antibtotacsreBuling in eithercell tolerance or cell death
(Chaussee, McDowell, Rieck, Callegari, & Chaussee, 2088)icillinmediated killing leads to
widespread proteome changes in GAS accordirightoussee et alQ06) with transcriptional
regulators such as Rgg being important for influencing membrane stress essioiss
reasonable to assume that our putative TDORSs play a part in these systems and were not
identified in our assays.

Increased sensitivity to 0.5 mM and 1 mM paraquat concentrations were seen for both
0 9 &@mp1l 2 (Figure 6A). This is consistemtith SpyM18_1572as a possible reductase
under paraquanduced intracellular oxidative stress conditions; however, the survigallo 7
was no different in RAW 264 macrophage cell infection experiments compared to parent (Figure
8). Further investigationf qp1 2 $hould focus on possible defects in reducing methionine
sulfoxide in a reducing pathway similar to thatSofpneumonia€erhese types of TDORs likely
performunidentifiedspecialized functions within the celi exhibit functional redundancy that

would require multiplemutations to produce observalpleenotypes

4.1.2 The functions of SpyM18 _Ahpc and SpyM18 2138 may be closely associated

SpyM18_AhpC is an alkyl hydroperoxidase containing 3 cysteine resicaieisas been
the subject of previous publications. Accordinding et al. 000) ahpCmutantsof S.
pyogene#iSC5and JRS4 straindid not demastrate any increased senstino H>O> when
analyzed both by a disk diffusion assay andleterminatiorof minimum inhibitory
concentrations (MIC assay); howevahpCmutants did demonstrate increased $fiyi to
certain foms of extreme oxidative stress, specificaltyen cultured in the presencepzfraquat.
A concentration of 5 mM paraquat hadimpad on the growth of the wildype straingdut

greatly impairecahpCmutant growth(King et al., 2000)Consistent with this, our results show
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thatS. pyogeneBIGAS823gahpCis highly sensitive to 1 mM paraquddut was not sensitive to
H20: in disk diffusion assag/(Figure 6)This apparent contradictianay be due tthe factthat

the continuous production of superoxithediated stredsy paraquat can result in increased
concentrations dfl2O2 in the culture mediurand other reactive bgroduct species from

reaction ofH>O- with substratesyhereas exogenously added hydrogen peroxide is reduced over
time (King et al., 2000)The capsule of5AS has also been reported to contribute to resistance
against HO> (Henningham et al., 20159)pue to thdarge amounof capsule produced by the
mucoidM18 erotype, this could mask any TD&Recific phenotype since capsuhediated
aggregdon is thought to mechanically shield GAS from destruction by oxygen metabikges
H20- (Cleary & Larkin, 1979)

SpyM18_2138s similarly annotated as a putative NADH oxidase/alkyl hydroperoxidase
reductase, containing two CXXC motifs and an alkyl hydroperoxide reductase subunit F region
(ahpF). Of particular interest is th2it38is the immediate downstream geneabpC
(SpyMB_2137 in the M18 GAS genome. These two genes share high sequence homology with
Salmonella typhimuriurgenes encoding AhpC and AhpF.SntyphimuriumAhpC and AhpF
together form an alkyl hydroperoxidase system that undergoes a series of electron transfers:
AhpC isthe peroxidereducingplayer that acts asstavenger of endogenodsO- in bacteria
while AhpF isa separte disulfide reductase protein thageneratedhpC every catalytic cycle
via electrons from NADHJoOnsson, Ellis, & Poole, 2007 imilar togahpC our results indicate
thatg2138is hypersensitive to 1 mM paraquat, but was not sensitiié>@, compared to
parent (Figure 6). It is very possible that the role of 2138 is coupled with that of AhpC in GAS
resistance to oxidative stress, given its dipassociated features. It would be interesting to

study the effects of gahpCy2138double mutant created 8. pyogenesn resistance to
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peroxides. Further investigation is inevitably needed to be better characterize this possible
AhpC-AhpF system in GA&nd its larger role in the bigger picture of oxidative stress resistance
during pathogenic infections.

Both g@ahpCandg®2138mutants also showed greater sensitivit &, 1.25 and 0.625
M g / abhpenicillin G (Figure 4B) and a different SpeA redox state comparex frarent
(Figure 10). This suggests that AhpC and 2138 have roles in the cell that may extend beyond
resistance to peroxides. It is also possible that 2138 reduces AhpC butaiffectsrotein

substrates not yet identified either directly or indirectly.

4.1.3 SpyM18 2037 displays a pleiotropic mutant phenotype

Of the 5 candidate TDORs, SpyM18 2037 exhibited the most prominent phenotypic
differences in assays compared to parmggesting@animportant biological functiormand
possiblebroad substrate specificitipespite the annotation adacteriocin transport accessory
protein 2037did not affect bacteriocin productiom thedeferred antagonism assay (Figure 3B).
However, then vitro conditions were not ideally suited to study bacteriocin production since
even the parent showed no detectable bacteriocins. The inability of M18 GAS to produce
bacteriocinin vitro has also been reported Aymstrong et al(2016) who demonstrate that the
promoterdriven expression of Class IIb bacteriocins was only successfully indugeaa using
anacute nasopharyngealurineinfection model This therefordnighlights the importance of
studying GASbacteriocingene regulation within appropriate environmeisGrampositive
species, therare several examples DDOR systemsn the literaturededicated to bacteriocin
production, includind. subtilis168 BAB, andStreptococcus bovidJ50 SdbXDorenbos et
al., 2002; Liu et al., 2009)t is still very possiblehat2037affects production or activity of an

unidentifiedbacteriocinand onewvhich inhibits bacterianot testedn our assay.
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Theq2037mutant showed increased sensitivity2to 5 1. 25 aofpkniclin 6 2 5
G similar togpa h pn@p 2 1 Figure 4B).q2037was the only mutant that displayed increased
sensitivityto DTT (Figure 7), suggesting that 2037 may be involved in proper disulfide bond
formation of protein substrates needed in growth andaallbiosynthesis in a mechanism that
is unclear. GAS lacking 2037 appear to display a pleiotropic phenotype resemiiogSha
gordonii SdbA mutantgDavey et al., @13) Mutation ofsdbA was found to trigger upregulation
of the CiaRH twecomponent signaling system involved in cell wall homeostas$s gordonij
leading to repression of tl@mDE quorum sensing system that regulates bacteriocin production
(Davey, Halperin, et al., 2016s well, theComDE systm alone affects expression of over 150
genesandalteration of CiaRH activitys expected to haverofound effects on the dejlobally
(Davey, Halperin, &al., 2016) It is reasonable to believe that 2037 could have a similar global
effect on GAS by altering a known or unknown regulatory signaling system.

Of note, all TDOR mutants showed no defects in capsule production and autolysis

compared to parerfFigure 5), which was unexpected if a role for maintaining cell wall integrity

is proposed. Further investigations are warranted to better understand the basis for many of these

phenotypes and their contribution to GAS virulence.

4.1.4 2037 plays a rola resistance to oxidative stress damage

Our findings suggest that 2037 plays a role in GAS resistance to oxidative stress since
gq2037was highly sensitive to both 0.5 mM and 1 mM paraquat concentrgianse 6A). As
well, RAW 264 murine macrophagesected with mutangp2 0 sh@wed significantlyeduced
intracellular survivalsuggestingp2 0 i8 more susceptible to R@8iven phagocytic death
(Figure 8). The same trend was seen in extracellular GAS counted from the supernatant 1 h and

18 h postinfection withgp2 0 $h@wing significantly lower survival (Figure 82037was not
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sensitive tdH20; in disk diffusion assag] however, this matches the phenotype already seen in
all other mutants, includingahpCandg2138which are annotated peroxidases (Figure 6B).

This may speak to possible limitations and inaccuracies diie disk diffusionagarassay

itself, given that it is qualitative in nature. A supporting MIC assay can be done to confirm these
findings.

The GAS antioxidant system is complex and our assays have not addressed these
pathways in depth.ikdingspublished byKing, et al. 2000)revealed that ahpCgpoAdouble
mutantcreated was even more sensitive to paraquat than the respective single mutants but neither
AhpC or GpoA peroxidases wenequired for normal growth under aerobic conditions
emphasizing that alternative antioxidant pathways/strategies with multiple redundancies exist.
Different mechanisms aksistance may be ink@d in GAS protection from different levels of
stress. IrE. colifor example, proxide killing is bimodaand taiored to the degree of stress or
concentration level of peroxide expos(ralay & Linn, 1986) Low-level H2O> exposure leads
to DNA damage, whiléigh levels ofH20O- directly oxidizemany cellular targetdmlay & Linn,
1986) Damage to different constituents would likely require different types of repdior
resistance mechanisrfimlay & Linn, 1986; King et al., 2000)

At this stage, our data points to 2037 asg one of potentially many required
components of a GAS cell defense syst€émcounter oxidative stress at the cell envelSpe
pneumoniaaises an extracellulanethionine sulfoxide reductadel§rAB2), since ROSnduced
oxidation of methionine to methmine sulfoxide can damage protei{@aleh et al., 2013 heS.
pneumoniaeeducing pathway involveseetronsbeingpassed fronthe cytoplasn® CcdA
protans A extracellular TDOR&trx1 and Etrx23 MsrAB2 which then reduces methionine

sulfoxide thus repairing the dama@aleh et al., 2013)t is possiblehat a similar system
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involving 2037 exists where electrons are passed from a cytoplasmic thioredoxin Aystem
uncharacterized integral protein such as CédR037, which then reduce®wnsteam

substrates. However, this is directly contradicted by the fact that 2037 does not exhibit reductase
activity based on oun vitro results (Figure 12C). In this case, it might be a combination of other
unknown proteins acting with and around 2037 tantaan thiol balance at the cell surfadé

appears that a combinationpdroxidase gene products are required for optimal resistance

4.1.5 2037 forms the disulfide bond in exotoxin SpeA

Most strikingly, our results show that 2037 is needed for prdigeifide bond formation
in the exotoxin SpeA. In cysteine alkylation experiments, an increase in band intensity with DTT
reduction prior to alkylation was seen in the M18 parent, indicating the presence of a disulfide
bond in SpeA (Figure 10) that is castent with crystal structure analysis of SpeA forméng
disulfide bridgebetweenCys87 and Cys9@Papageorgiou et al., 1999Qysteines ifSpeAfrom
2 0 &ilfures, n contrastwere efficiently alkylated both witand without DTT treatment
indicating thelack of a disulfide bond (Figure 10). NotabB037complemented mutant showed
the return of the SpeA disulfide bond, matching the parent pheniotype (Figure 11D and E),
strongly suggesting that 2037 is responsible for the formation of the disulfide b&pdAn

Accordingly, results fronin vitro functional assay experiments show that 2037 exhibits
oxidase activity (Figure 12B). Disulfide exchange reactions revealed rSpeA changed from its
initial reduced form to an oxidized form following 30 min incubation with oxidized r2037 but
not reduced r203#{gure 13). Thus, r2037 must be in its functional oxidized form in order to
oxidize SpeA, lending additional supportitovivofindingsthat2037directly contributes to

disulfide bondlormation
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Given that GASan produce umt14 superantigens (SAgs)l, with similar structure,
2037 could be involved in collectively forming disulfide bonds for these prominent exotoxins.
While SpeA was the main focus, SpeG was identified in our TDOR substrate list and also
contains 3 cysteine residues (Table 6). Othemknpyrogenic exotoxins include SpeC and
SpeHM (Spaulding et al., 2013Moreover, SpeA belongs to a family of motly streptococcal
superantigens, but also staphylococcal superantigens. This enconspasisg®coccal
enterotoxins (SEs) A, B,G, D, E, G, H, |, R, and T; the staphylococcal enterotdikim (SEISs)
proteins; and toxic shock syndrome teifTSSF1) (Spaulding et al., 2013; Xu & Magmick,
2012) Based on previously reported thhv@ienensional crystal structure analyses, a disulfide
loop is present in a3 knownstaphylococcal superantigens except T33MHovde et al., 1994;
Papageorgiou et al., 1999)deedjt is likely that 2037, or another unidentifid@OR-mediated
pathway, helps to fold this family of toxins.

Our findings resemble a previously identified TDORCindiphtheriaecalledMdbA.
Studiesby ReardorRobinson et al. (2015) showed that deletiomdbAwas associated with the
release of reduceaihd degraded diphtheria toxin. This phenotype, along with the lack of
adhesive pili, had clear consequencegfodiphtheriagpathogenesis, as tigem d Inétant was
attenuated in a guinea pig model of diphtheritic toxemia. While the mechanism is sti#iruncle
MdbA is important for the disulfide bond formation in diphtheria toxin and general folding of
other secreted virulence factors (RearéRwbinson & TorThat, 2016)Likewise, 2037 altering
the SpeA redox state appears to have a negative impact on GA®ieuindepth analyses are
needed both at the structural and functional levels.

Given thatoxin-mediated disases such as th& SSare rare and have high mortality

rates,it is unlikely thatsecreted SAgs providen evolutionary advantage f8t pyogeng An
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alternative hypothesis asper etl., (2014)suggested thdhe true biological function of SAgs

is to promote the initial establishment®AS in humansandSAgsact in a locally
immunosuppressive fashiolm fact, aderivative ofS. pyogeneBMIGAS8232 in which all six
SAgsweredeled ASpe A, ASpeC, ASpeG, )wasSapendated iltisep e M,
humanized mouse mod@asper et al., 2014)nterestingly, complementation gfeAregained

the ability to colonize humanized mice, and SpeA toxoid immunization provided mice with
protection in the intranasal infection médasper et al., 2014)n this context, 203Tediated
disulfide bond formation in SpeA could be important for initial oatation during early stages

of entering the host.

The redundancgf SAgs withinS. pyogenesemainsunexplainedand poses challenges to
studying TDORmediated outcomes.mMin vivo role of $eA as a virulene factor has been
elusive, as aps p rutantstrain demonstrated no difference in overall mortality comptred
wild-type in a humanized murine model of skin infectjptaamary et al., 2012; Sriskandan et
al., 2007) Additionally, in theM89 isolateS. pyogenesl293whereSmeZSAgis dominant,
genetic disruption admeZdid not alter bacterial clearance or mortality in a peritoneal infection
model(Unnikrishnan et al., 2002 husindividual SAgs may not contribute 8. pyogenes

survival during invasive diseagemice, with further possible differences in humans

4.1.6203%-SpeAform a heterodimer complér vitro via an unknown mechanism

To further elucidate the echanisnof complexinteraction between 2037 and SpeA,
cysteine to alaninpoint mutatiors at position 46203 7c4e) and position 49203 7cas) were
generated in the 2037 active site (Figure 14A and B) and confirmed by DNA sequencing
(Appendix A). Results from preliminary @geghowed a ~40 kDa band, likely signifying a

hetendimer complex betweai2037 (14 kDa) and rSpeA (25 kD@igure 14C and D). e ~40
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kDa heterodimer bandaspresent in both 2037/SpeA and 2034 /SpeA reaction lanes at
equal intensitiesconverselyaweakerintensity~40 kDa band was tected in the reaction
betweer?03casi/SpeA(Figure 14C and D)Other differences included th8 kDa band
likely representing 2037 homodimer complewhich was observed in the wilgipe 2037/SpeA
reaction but notni 203&464/SpeA (Figure 14C)Of the twocysteinesthe C46A point mutant
had a more contrastirgotein profile.

The 2037 point mutants show different profiles of disuHid&ed protein complexes
with SpeA, however repetition of the experiment is neeBadhermorethe active site 2037
cysteines 46 and 49 have differegactivites with the Nterminal Cy46 possiblyplaying a
distinctrole during protein complex formation with SpdA.E. coliDsbA and other related
TDORSs with oxidase activitthe CXXC motif typically contains an intramolecular disulfide
bond that is transferred to substrate proteins, theegyiringboth cysteines for activitfHeras
et al., 2009; Inaba & Ito, 2008pPsbA has one cysteine that is accessible and highly reactive
while the other residue was buried and unreactive, leading to the formation of an unstable
catalytic disulfide bond that explains the high oxidase activity of O#tdba & Ito, 2008) The
same could be true for 2037 where both cysteines are required for oxidation through an
intramolecular disulfide bond but with unequal thermodynamic reactivitieigkéJpreviously
described TDORSs, characterimat of S. gordoniiSdbA active site showed th&tlbA is active
with only a single cysteine of the CXXC motidavey,Cohen, Leblanc, Halperin, & Lee, 2016)
Only variants with a single @rminal cysteingvere active ir5. gordoniiunder most conditions
which was unexpectegiven that the @erminalcysteine is buried, and does not typically

interact with substratg®avey, Cohen, et al., 2016)

104



Since this studpas explorednany different experimental amues, it is important to
mention and summarize certain limitatiofibe gemrrated list of M18 TDORs and their cysteine
containing substrates was limited by the fact that these targets were first found in the M1
proteome followed by a BLASTP search in the M18 serotype looking for protein homologs
Using the describent silico approach with the M18 GAS proteond@ectly, anyadditional
TDORs andoroteinsubstrateshat were straispecific and missedould be identifiedSome
experiments had low replicate numbers and shoulddependently repeated to confirm the
reproducibility of the data. This is especially important for the preliminary results reported from
the 2037 complement and 203peA hetermodimer complex experiments.

The qualitative nature of the hemolysis, bact@npdisc diffusion,salt and copper assays
limited the interpretation of these results; it is possible that redundancies of substrate targets exist
andthat a compensatory factor is producing the phenotype observed, as could be the case for
hemolysis sine GAS produces SLS and SLO. The bacteriocin assay designed was not suitable to
test the M18 serotype and therefore conclusions cannot be properly dravikelise possible
that TDORs have redundant functions in the cell and that creating a mutabio®, afoes not
necessarily lead tanabviousdefect

Although thepG'host plasmidvas used successfuligr generating the TDOR mutants
andis well-documented for higlefficiency gene inactivatiom Grampositive bacteria, polar
effectsmutations canndte entirely ruled ouand pose as a limitatioithis could negatively
affect gene products neighboring or downstream of the intended TDOR gene, especially since
the promoter regions of SpyM18 2037, SpyM18 AhppyM18 0982SpyM18 2138 and
SpyM18_1572 wex left undisturbed during insertional inactivateypproachPolar mutations

can be misleading and complicates the study of the role of specific TDOR genes in GAS.
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At this stage we do not knotlie additional proteingf any,that GASuses to catalyze
disulfide bond formation. fie identity ofpotential2037redox partner(s) have yet to lentified
in GAS as well. Togethepur novel findings surrounding 2037 are depicted in a working model

scheme (Figure 15). A summary of all phenotypic assays petbis given in Table 7.
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ROS
(A) Exotoxin folding

SH ﬁ\'—; (B} Antioxidantsystem

Spea  SH

i 5 progenes
Cytozal

Figure 15: Working model of major findings. Schematic of the GAS cell showing the TDOR
enzyme 2037 in the center. (A) In its oxidized form, 2037 is needed to form the disulfide bond in
substrate exolin SpeA. (B) Under oxidative stress conditions induced by ROS, 2037 is likely
involved in maintaining thiol balance at the cell surface by an unknown mechanism. It is possible
that a thioredoxirdependent antioxidant system (Trx, TrxR, NAPDH) in GAS eagtectrons

(e) either directly to 2037 or indirectly through unknown accessary proteins such as CcdA
(dashed arrows)Cytosolic thioredoxin ig ubiquitous oxidoreductase that plays a role in

repairing oxidized cysteines or by providing reducing equivalents to pariteins.
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Table7: Summary of phenotypes investigated.

Difference compared to M18 parent?

Phenotypic Target Cys* |p20 | pahp 09 {m21 |pl5s
Assay Substrate/Purpose
Hemolysis Streptolysin S 7 - - - - -
Bacteriocin Bacteriocin 2 - - - - -
Production peptides
Sensitivity to saltg General cell stress - - - - -
(NaCl, KCI) osmolarity
Sensitivity to Non-native - - - - -
Copper disulfide bond

rearrangement
Sensitivity to Cell wall synthesis| 2-3 + + + + +
Penicillin G enzymes;

transpeptidases
Sensitivity to Cell- 2-3 - - - - -
other antibiotics | membrane/cell

wall synthesis

enzymes
Autolysis Autolysin, PBPs 2-3 - - - - -
Capsule Hyaluronate 6 - - - - -
Production synthase A (HasA)
Sensitivity to Promote + + + + +
Paraquat intracellular

oxidative stress
Sensitivity to Promote oxidative - - - - -
H202 damage
Sensitivity to20 | Reduce disulfide + - - - -
mM DTT bonds
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Difference compared to M18 parent?
Phenotypic Target Cys* |p20 | pahp 09 {m21|pl5s
Assay Substrate/Purpose
Survival inside Macrophage + TBD TBD | TBD -
macrophage cells induced ROS
Exotoxin SpeA 3 - - - - -
Production
Exotoxin redox | In vivoSpeA 3 + + - + -
state disulfide status
Disulfide In vitro SpeA 3 + TBD TBD | TBD | TBD
Exchange disulfide status
Reaction

*Number of cysteine residues, if applicable

‘ + ’

denot

' TBD’ dat

- denotes no

es a

a is ¢to

be
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4.2 Future Directions

This is the first reported functional analyses of putative TDORs done in Group A
streptococcus. As such, this project lays the foundations for continued investigations of protein
disulfide bond formation pathways in GAS, along with other clinically sigaufi bacterial
speciesKey future directions can largely be divided into three areas: a focus on SpeA, 2037 and

the mechanisms of a 20&peA complex interaction.

4.2.1 SpeA

The guestion remains as to whether the functional activity of SpeA is affecisd by
altered redox state and future experiments should be designed to address this. SpeA is one of
several SAgs secreted by GAS and$h@yogeneBIGAS8232 strain in particular encodes 5
other SAgs in its genome. SAgst by simultaneously binding ddHC class Il molecules on
hostAPCsandtothe TCRv a r i almh, eesufingn nonspecific activabn of a large
number of T cells anthassivepro-inflammatorycytokine releasdt is possible that thgp2 0 3 7
mutant lacking the disulfide bond in SpeA haspaired T cell stimulation and a different
cytokine expression profile compared to wiighe. This is greatly supported by toxicity analyses
of SpeA done byroggianiet al. (997)showing thatndividualcysteineresidues changeto
serine had diverse effects 8peA propertiesCysteines 87 and 98 are linked by a disulfide bond
in SpeA, and point otants C87S and C98tadseverely reduced mitogenic abiligoggiani et
al., 1997) Cys 87 an®8 were also important for the lymphocytproliferative activityof SpeA
in vitro, further emphasizing the notion that thisulfide linkageconfersconformational stability
that effects SpeA functiofRoggiani et al., 1997)

It is unknown if the missing disulfide bond in SpeA of the 0 utant changes the
overall binding affinity of SpeA with the TCR and MHC class Il molecule. Previous data have
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shown the disulfide loop between Cys87 and Cys98 is important for SpeAl interactions with
both MHC and TCR/ a r i eliah ia thgdM1 serotypéKline & Collins, 1997) The proximity
of the disulfide loop to the antigdnnding groove ao needs to be considerg@dine & Collins,
1997; Roggiani et al., 1997)

Differences in GAS survival caused by tp2 0 @ufation should be further investigated
usingin vivomodels. As previously described in literature, an Hbxpressing humanized
mouse can be used for nasopharyngeal infections with GAS, and these humanized mice are
better representative models of naturatesiof infection compared to other animal modkts
et al., 1996; Nooh, EGengehi, Kansal, David, & Kotb, 2007; Wilkening & Federle, 20RAn)
in vivoenvironment maype more suitable for studying GAS antioxidant defenses and possible
virulence attenuation due to misfolded superanitgens, as was the case for bacteriocin production.
Certainly, the role of 2037 in GAS pathogenesis needs to be explored in humanized mouse

infections before any clinical significance can be attributed.

4.2.2 2037SpeA complex interactions

The interaction 0203 7c4sa and2037cas point mutants with SpeA needs to be explored
in GAS directly, with a good starting point being thevivo alkylation experiments. The
potassiunferricyanideusedin vitro oxidizes thiol groups bynakingany cysteine residugghly
reactive but is not ideally representative of true profeiotein interactions that happen in the
cell. Based on known TDOR stiwral activity inS. gordoniiSdbA, it is expected that one of the
two single cysteine point mutations will render 2037 inactive, likely therhinal cy46, and
will prevent 2037 from interacting with SpeA. Along with studying single point mutants,
geneation of a successful double cysteine point mut2d8{.xxa) at the active site will provide

valuable insight othe 2037SpeA complexStudying the interaction &037axx a with SpeA
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should be explorelothin vitro andin vivo. It is expected that theiouble mutant will render
2037 catalytically inactivegpreventing binding to SpeA and therefore having no effect on SpeA
redox state.

To betterunderstandhe catalytic mechanism of 203&halyseshould focus on solving
its crystalstructure 2037 has 8ysteine residues in total, 2 involved in the CXXC motif that
participate in a disulfide bond and a third that is nearby. It is unclear if 2037 favorably forms
homodimers or if the third cysteine is in any way involved in enzyme function. SpeA has 3
cystene residues as well, which could add another layer of complexities when studying 2037
SpeA interactions. With 3 cysteines in each respective protein, there are likely a combination of
disulfide-linked protein formation complexes that are possible eachdifférent
conformational stabilities. By replacing the cysteines that are not expected to participate in
disulfide bonding in both SpeA and 2037 with another amino acid, this could be a way to
specifically study the disulfide transfer between TDOR andtsaie. These are only few of

many exciting future directions.

4.3 Conclusion

Our results have identified 2037 as a novel TDOR enzyme in GAS. Mutdtiiy87
results in a pleiotropic phenotypelicatinganimportant biological functiomndpossiblebroad
substrate specificity2037 plays a role in GAS resistance to oxidative stress but the mechanism is
unclear as to how it helps maintaimol balance at the cell surfaddost strikingly, 2031n its
oxidized form was found to introducedesulfide bondin the exotoxin SpeAThis is the first

report of an enzyme being directly involved in the proper folding distinctGAS
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superantigenic toxin araghlights the importance oftudyingproteinfolding-pathways in
pathogenidcGrampositivebacteria.

Froma clinical perspective, an improved understanding of individual virulence factor
production at the molecular level can lead to better modé€ls\& disease progression, which
may ultimatelylead to better treatment addugintervention strategieStudying TDOR
mediated pathways coufave the way for new vaccit@rgetsthat offer an alternative to
antibiotics.Indeed, he development of a safe aeffiectivecommercial human vaccine for the

prophylaxis of GAS diseas#ill remains a high prioritfWalker et al., 2014)
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Appendix A

CLUSTAL 0(1.2.4) multiple sequence alignment

GAS PSSVAEVTSATASGKOMIVFLGRSYCPYCRRFAPKLAQVATDNQKEVYFVDSENAMDAAE 60
1.1 PSSVAEVTSATASGKOMIVFLGRSYAPYCRRFAPK LAQVATDNQKEVYFVDSENAADAAE 60
(1.2 PSSVAEVTSATASGKDNIVF FLGASIAPYCRRFAPKLAQUATONOKEVYFVDSENADAAE 60

GAS AAFRENYQLYTVPALLVSYDQHQRAVCDSSLTPDDILAFLTRE-
€1.1 uu-RF”‘-’Q VTVPALLVSYDQHQRAVCDSSLTPDOILAFLTRDKRACK 109

1.3 LAAFRENYQUYTVPALLVSYDQHQRAVCOQUAP - - -« == ==~

GAS PSSVAEVTSAIASGKDMIVFLGRSYCPYCRRFAPK LAQVATDNQKEVYFVDSENAADAAE
2.1 PSSVAEVTSATASGKDMIVFLGR ':‘C-'—'TH‘F'#- #Q ATDNOKEVYFVDSENAADAAE
c2.2 :'55"-":1-E"-"TS—‘-I—"~SG-.:I'I IF C SEC:"f"*F LAQV *—T:h' Qh': VYF) D:E’ XC-

GAS LAAFRENYQLVTVPALLVSYDQHORAVCDSSLTPDDILAFLTRE 184

2.1 LAAFRENYQLVTVPALLVSYDQHQRAVCDSSLTPDDILAFLTRE 184

o 1 S 56

Figure 16: Cysteine point mutant DNA sequencing results framMcGill University and

Génome Québec Innovation Centre were translated to primary amino acid sequences and aligned
with Clustal OmegéSievers et al., 2011) GAS’' denotes the M18 parent
‘' Cl. 2’  C46A pointanutanh sequence amplified with 2037 forward primer 1 or reverse
primer 2 respectRvVeldgn dAtpér mulabt seguedce ampl@ied with

2037 forward primer 1 or reverse primer 2 respectiighxedareas indicatéhe location of the

CXXC active site Asteriskgndicate identical amino acids, and single dots indioatesimilar

residues thus confirming the cysteine ttaaine point mutants generated.
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Appendix B

Table8: M1 S. pyogeneMIGAS5005 strairpredicted TDORS list

Gene
Name

Primary Protein Sequence

Spy_1678

MTFEEIVANFIPSSVAEVTSAIASGKDMIVFLGRERPY RRFA
PKLAQVATDNQKEVYFVDSENAADAAELAAFRENYQLVTVPALLVSYDQH
CDSSLTPDDILAFLTRE

Spy_1768
(ahpc)

MSLIGKEIAEFSAQAYHDGKFITVTNEDVKGKWEBNFPADFSFZPTELGDL
QEQYETLKSLGVEVYSVSTDTHFVHKAWHDDSDVVGTITYPMIGDPSHLI
EVLGEDGLAQRGTFIVDPDGIIQMMEINADGIGRDASTLIDKIHAARKHPG
EVCPAKWKEGAETLTPSLDLVGKI

Spy_0726

MAQRIVITGASGGLAQAIVKQLPKEDSLILLGRNKERLEMQHIDNKELEL
DITNPVAIEKMVAQIYQRYGRIDVLINNAGYGAFKGFEEFSAQEIADMFQVI
ASIHFACLIGQKMAEQGQGHLINIVSMAGLIASAKSSIYSATKFALIGFSNAL
LELADKGVYVTTVNPGPIATKFFDQADPSGHYLESVGKFTLQPNQVAKRL
GKNKRENLPFSLAVTHQFYTLFPKLSDYLARKVFNYK

Spy_1769

MALSPDIKEQLAQYLTLLEADLVLQVSLGDNEQSQKVKDFVEEIAAMSERI
NITLDRQPSFKVAKKGHGSGVVFAGLPLGHELTSFILALLQVSGRAPKVD(
DRIKAIDRPLHFETYVSLTCHN®DVVQALNIMSVLNDKISHTMVEGGMFQD
KAKGIMSVPTVFLDGEEFTSGRATIEQLLEQIAGPLSEEAFADKGLYDWAS
GPAGNSAAIYAARKGLKTGLLAETFGGQVMETVGIENMIGTLYTEGPKLM
AHTKSYDVDIIKAQLATSIEKKENIEVTLANGAVLQAKTAILALGAKWRNINV
GEDEFRNKGVIDPHOGPLFEGKDVAVIGGGNSGLEAALDLAGLAKHVYV
LPELKADKVLQDRAAKTNNMTIIKNVATKDIVGEDHVTGLNYTERDSGEDK
LEGVFVQIGLVPNTAWLKDSGVNLTDRGEIIVDKHSKFGIFAAGDCTDSAY
KQIUISMGSGATAAIGAFDYLIRQ

Spy_1283

MKKGLLVTTGLBLGLLTACSTQDNMAKKEITQDKMSMAAKKKDKMSTSKD
MADKSSDKKMTNDGPMAPDFELKGIDGKTYRLSEFKGKKVY LKESVBISSV

TLADTEDLAKMSDKDYVVLTVVSPGHQGEKSEADFKKWFQGTDYKDLPV
GKLLEAYGVRSYHRHVFIGSDGVLAKKHIGYAKKSDIKKTLKB
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Appendix C

Table9: S. pyogenebll strainMGAS5005e x t r acyt opl asmi c protein sul
residues
Gene name Annotated function* Cys_teme
or ID residues
speA2 Enterotoxin, superantigen 3
speE Enterotoxin, superantigen 2
speG Enterotoxin, superantigen 2
silD Uncharacterized 2
Spy 0720 | Putative exfoliative toxin 3
sagA Streptolysin S 7
sagE Streptolysin S selfmmunity protein 4
hasA Hyaluronan synthase 6
hylA Extracellular hyaluronate lysae 2
Spy 0010 | Betalactamase 2
dacA Penicillin-binding protein 3
dacA2 Penicilinbinding protein 3
Spy 0028 | Autolysin, CHAP domain amidase 2
Spy 1118 | Peptidoglycan Macetylglucosamine deacetylase 2
Spy 1370 | Putative deacetylase 2
ditD D-alanyHlipoteichoic acid biosynthesis protein 2
SpYyA C3 family ADRribosyltransferase 6
Spy 1528 | Ferrichromebinding protein 2
Spy 0180 | S-layer homology domain 4
Spy 0210 | Uncharacterized 4
gap** Glyceraldehyde3-phosphate dehydrogenase 2

*Annotated description obtained from NCBI proteiatabase

**Glyceraldehyde3-phosphate dehydrogenase does not have a signal sequence but it is known
to be found on the surface 6f pyogenes
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TablelQ: S. pyogenebi18 strainMGAS8232TDOR substratesvi t h = 2 cysteine

Appendix D

Gene ID
(SpyM18)

Primary Protein Sequence

0393

MENNKKVLKKMVFFVLVTELTISQEVFAQQDPDPSQRSSLVKNLQNIYF
LYEGDPVTHENVKSVDQLHBLIYNVSGPNYDKLKTEIQEMATLKDKNVLE
IlYGVEYYHLCYLCENAERSAYGGVTNHEGNHLEIPKRIVKVSIDGIQSLS
FDIETNKKMVTAQELDYKWRLTDNKQLYTNGPSKYEYEBFIPKNKESFW
FDFFPEPEFTQSKYLMIYKIETLDSNTSQIEVYLTTK

0201

MAKFILEFENILTHILSCV FSYGSQLAYADENLKDLKBSFVYNITPCDYE
NIEIAFVTTNSIHINTKQKRSECILYVDSIVSLGITDQFI KGDKVDVFGLPYN
FSPPYVDNIYGGIVKHSNONKSLQFVGILNQDGKETYISEAVRIKKKQFTL
QEFDFKIRKFLMEKYNIYDESRYTSGSLFLATKDSKHYBLFNKDDKLLSR
DSFFKRYKDNKIFNSEEISHDIYLKTH

0547

MTGMAGAAQGVTVCAQTIBVRQGYILCGAAGAATNINYH

0975

MKHLKNPPLVMSGLALGTESNLLATYVSIFSYLGILAALFIYGILLVGMVR
NLNDTKMQLRQPLIASVFFFMTGMLLSSLFLKVTGGCBFLTWWLFFLGN
LVLIAYYQYRFVFSFSWDNYSWSVLFVGIAMAALTARRQFLLGQVIFWV
CLLLTAVILPFMAKKTYGIGGQAVMPNISTFCAPLSLLASSYLATFRRPQVG
MVIFLLVSSQLLYAFVVVOQRRLLNRPFNPGFSAFTFPFYATSLKMTLSFL
GWQGLGWQVLLLGEVLLAVAYVYGAYLRFLFQNK

0799

MLKFTSNILATSVAETTQVRGGCCCCCTTCCFSIATGSS8QGGSGSYTPGH

0803

MPLSIQCLNLCFLLVTFCPEPMQAIFGKEDSGYAFNLIGLRATLIYDILAL
VSIYVLSPQITLSLESIDSKTFFMGLVFCVLIVLIELVFLHGLRCWQKKQWL
ATFSFVGTTNDWSKIGYPLALFEEMIYRFLWFENILAFQVHLPTIIVLIVTS
FCYALNHLLMGKSIFYAKLVGIIYGSIYMLTSQLWLVVIMHVGGNLLVECLS
HLQTKKKKEVT

2236

MPIFKKTLIVLSFIFLISIL  [YLNMYLFGTSTVGIYGVIUTYLVIKLGLSFL
YEPFKGKPHDYKVAAVIPSYEDAESLLETLKSVLAQTYRBEIYIVDDGSSN
TDAIQLIEEYVNREVDICRNIVHRSLVNKGKRHAQAWARSDADVFLTVDS
DTYIYPNALEELLKSFNDEVYAATGHLNARNRQTNLLIRDIRYDNAFGVE
RAAQSLTGNILVCSGPLSIRREVIIPNLERYKNQTFLGRBVSIGDDRCLTNY
AIDLGRTVYQSTARCDTDY¥RLKSYLKQOQNRWNKSFRRISVKKILSNPI
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Gene ID
(SpyM18)

Primary Protein Sequence

VALWTIFEVVMFMMLIVAIGLLFNQAIQLDLIKLFAFLSIFIVALCRNVHY
MVKHPASFLLSPLYGILHL¥LQPLKLYSLCTIKNTEWGIKKVTIFK

1014

MNTYFCTHHKQLLLYSNLEBEAMMGQGTAIYADTLTSEBNNTYFQTQTLT
TTDSEKKVVQPQQKDYYTRQWNSIIAGNDXDKTNPDMVTFHNKAEKDA
NIIKSYQGPDHENRTYLWRBHDYSASTNITKTYRNIEKAKQITNPESCYYQ
DSKAIAIVKDGMAFMYEHAY. DRENHQTTGKENKENWRIG TPRAINNTL

SLMYPYFTQEEILKYTAPIKFVPDPTRFRVRAANFSPAESGNLIDMGRVK
LISGILRKDDLEISDTIKAI EKVFTLVDEGNGFYQDGSMVITNAQSPLYK
KGIAYTGAYGNVLIDGLSQPII QKTKSPIEADKMATIYHWINSFFPIIVR

GEMMDMTQGRSISRFNA@SBIEALRAILRIADMSEERRLALKTRIKTLY

TQGNAFYNVYDNLKTYHOUKIKELLSDTSVPVQKLDS®SFNSMDKLALYN
NKHDFAFGLSMFSNRTQMKNNENLHGWFTSDGMANNDLGHYSENYW/
TVNPYRLPGTTETEQKPLEBENIKTNYQQVGMTSLSBEVASKKLNNTSA
LAAMTFTNWNKSLNKGWFILGNKIIFVGSNIKN)SSHKAYTTIEQRKENQK
HPYHAYVNNQPVDLNNQIETDNTKSIFLESDDSAQNIGYFFKPTTLSISKA
LQTGKWQNIKADDKSPEAR/SNTFITIMQNHTQDDDRY MMLPNMTRQE!
ENYISKLDIDLLENNDKLAA’YDHDSQQMHVIHYEKKATBNHNLSHQGFYS
FPHPVKQNQQ

0011

MRKLLAAMLMTFFLTPLPATEKKLIFSKNAVYQLKQDXMBTQFYNQLPSN
PNLYQETCAYKDSDLTLPRGGVNQPLLIKSLVLNKESPVFELADGTYVEA
NRQLIYDDIVLNQVDIDSYWTQKKLRLYSAPYVLGTHESFSFAQKVHAT
QMAQTNHGTYYLIDDKGVQEDLVQFDNRMLKVQEMKMYNPNY SIFVKQ
LNTQTSAGINADKKMYAASKLAPLYIVQKQLQKKKLAEKTLTYTKDVNHF
YGDYDPLGSGKISKIADNKMRVEDLLKAVAQEDNVATNILGYYLCHQYDKA
FRSEIKALSGIDWDMEQRIISRSAANMMEAIYHQKGGEYLSNTEFDQQRI
TKNITVPVAHKIGDAYDYKBVAIVYGNTPFILSIFTNKSTYEDITAIADDVY
GILK

1051

MIKRWAILFFVVLACSGLGR/LAADFQVGAEHAIVVEAGRVLYEKDAKTP
DAIASLTKLVTAYLVLDKVISGQLQLSDQVNLSDYAFELDDSSLSNVPFDQK
TYSVQDLLEATLYXSSNSAAIALAEKVAGSEFVAQMRAQLSRWGITSGKIY
NASGLPNEVLKDHRYPGSENMLSAQDVAIVTMHLDEPEILEITKQTE
VDFAGNSIKSFNQLLPGMGSRAGVDGLKTGTTDLAGHGITSIENGMRVIT
VILNADGSDKNQNTRFEQRN.DYVARTYCRRKILKKGYLERSLPIQDGQ
VKELPVSVAEDVTIILQQGRVPKPKQFMISETSLLAPIKGEVVAYLTSPRI
TDQSY/RYLKEPKRIPLKASQSLKASDLQLWWRDFLEKRR
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0280

MIKRLISLVVIALFFAASTV SGEEYSVTAKHAIAVDLEYLYEKDAKEVVP
VASVSKLLTTYLVYKEVSKG.NWDSPVTISNYPYELTTISNVPLDKRKY
TVKELLSALVVNNANSPAIBAEKIGGTEPKFVDKMKKRQWGISDAKVVNS
TGLTNHFLGANTYPNTEPBNCFCATDLAIARHLLLEAPEVLKLSSKSSTI
FDGQTIYSYNYMLKGMP(HY®DGLFVGYSKKAGASH\WBVENQMRVITVV
LNADQSHEDDLAIFKTTNQQYLLINFQKVQLIENNKPYXTLSVLDSPEKTV
KLVAQNSLFFIKPIHTKTKN VHITKKSSTMIAPLSKGQMGRATLQDKHLIG
QGYLDTPPSINLILQKNISKSFFLKVWWNRFVRYVNTSL

0031

MKKFHRFLVSGVILLGFNGIPTMPSTLISQQENLVHAAGDNYPSKWKKGI
GIDSWNMYIRQCTSFAAFBBANGFQLPKGYGNACTWEHNQGYPVNKTP
SIGAIAWFDKNAYQSNAAHYAWVADIRGDTVTIEEYMAGQGPERYHKR(
IPKSQVSGYIHFKDLSSQTBSYPRQLKHISQASFDPSEHFTTRLPVKGQT
SIDSPDLAYYEAGQSVYYDKTAGGYTWLSYLSFSGNRRIKEPAQSVVQ
NDNTKPSIKVGDTVTFPGWYDQLVNNLIVNKELAGGDPLNWIDPTPLDE
TDNQGKVLGNQILRVGEYW¥TGSYKVLKIDQBNGIYVQIGSRGTWVNADK/
NKL

1382

MKKLNVILVGLLSILMLSLAVFINRWKLNEDSQRIVLAKKKNTSDLVIKAV
KHIKKDQKDYYYFSPIKQADFFVDNLPVSLYKKKNSDKEVKPKLQSSHL
RSVNTLTISKIVY QKKFFHIAKKSEKVISTYHVTDNLKRBVKDLVSGHLERI
QEEVEKKYPNAGFNSDKYME&SNSLLSDGFEVKSGNEDKKLTIPLTTLF
DVINPDFLANSDRAYDNYRTYKEQHPKKLVAEDDGPDPTTTPQVLDILAK
YQAKGTFFMIGSKVVNNENKRVSDAGHEIANHTWDHHANLSVSEIQHQV
NMTNQAIEKACGKKPRYLRPGATNATVQQSSGLTOMMNTRDWENHSTL
GIMTNVKNQLQPGGVVLMHQTTINALPTVMEYLKAEGECVTVSELYAHQ

1321

MLKRLWLILGPLLIAFVLVNTIFSFPTOLDHSIAQEKANAVAITDSSFKNGL
IKRQALSDETCRFVPFFGEWSRMDSMHPSVLAERYKRBFLIGKRGSAS
LSHYYGMQQITNEMQKKKAIVSPQWFTVQGINPSAVOMNTQVIEFLLK
ARTDKESQFAAKRLLELNRSKSNLLKKVSKGKSLSREAILKCQHQVALR
EESLFSFLGKSTNYEKRILRVKGLPKVFSYKQLNALARGQIATTNNRFGI
KNTFYRKRIAPKYNLYKNRONYSYLASPEYNDFQLLLEBKRKTDVLFVIT
PVNKAWADYTGLNQDKY@RKIKFQLKSQGFHRIADASDGGESYFMQDTI
HLGWNGWLAFDKKVQPFKBPVPNYKMNPYFYSKIWRKDLQ

0476

MLKKRYQLAMILLLSCFSLWQTEGLVKLFVCEHYERAETPAYFTFSDQK
GAETLIKKRWGKGLVYPROEAMAAYTCQQAALTMSLDKTKGELSQLTPEL
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RDQVAQLDAATHRLVIPWMNVYRYVYETFLRDIGVSHADSYYRNDQFDPH
ILCKIKLGTRYTKHSFMSTRALKNGAMTHRPVECASV3BRKQPLSSLIRLC
LQRLSSCFQEAVSWRSLELHIRTTKSST

1867

MTKVVIKQLLQVIVVFMISISTMTNLVYADKGQIYGCIIRNYRHPISGQIED
SGGEHSFDIGQGMVEGT\DASILEVSDAGKIVLTFRMBDY SENYQFWIQP
GGTGSFQAVDYNITQKGTRGTTLDIAISLPTVNSIIRG SMFVEPMGREVVF
YLSASELIQKYSGNMFAQME TDNSQNQEVKDSQKPWRGESQDESHTGA
MITQNKPKANSSNNKSLSRK PSKMGLTTSLELKKEDRRSKKDLSIMIYY
FPTFFLMLGGFAVWVWKHKRKKRCKGIGLVLMAFFLVBVNQHPKTAKETE
QQRIVATSVAVVDICDRLNDLVGVCDSKLYTLARYDAVKRVGLPMNPDIEL
IASLKPTWILSPNSLQEDLPKYQKLDTEYGFLNLRSVES QSIDDLGNLFQ
RQQEAKELRQQYQDYYRARBKGKKKPKVLILMGLPGEVATNQSYVGNL
LDLAGGENVYQSDEKEFLUSREDMLAKEPDLILRTAHARDKVKVMFDKEFA
ENDIWKHFTAVKEGKVYDNDLFGMSAKLNYPEALDTQLFDHVGDHP

0197

MGVMMKQKIKILTVIGLMTEMSACHNTSKPSNTDSVARKKRQQIVKQVR
QRYYFQQLSKTEQENYLTRBLAQFREIISLTPASTKSUKTIDAFVMDNPE
FYWITSADYRFEFSDQTVR¥PIPEDAKNVYQDLQAIGNVANMPSKDRYE
QVKYFYEVIIRDTDYNKKAEAYQSGSQAQVASNQDIKSPHLSVCNGYAQ
AFQFLCQKAGIPVAYIRGTEBQQPQQSFAHAWNAVQINNG/DVTWGDPV
FDNHLSHQKQGTINYSFLEDHLMALSHQPSKDIAFNBRFENVWTIPSCT
DDSLLYSKRHQSYISTFDSDLASLENQLLNRQEPLSLEAHQDDYQQMVTI
LTTNQTGYHNLFNQYWNIMBFTYGLLPETLSISFASRN
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