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Abstract

Antibiotics arean importantresourcen modern medicin@isedto treat serious infections
and enabé a wide array of vital medical interventions including surgery and cancer
chemotherapyHowever, die to thencreasing prevalence ahtibioticresistah pathogensmany
clinically useful antibiotics are being rendered ineffectineth too few new antibiotics in
developmento combat themWith highly diverse chemistry and bioactiviexquisitelyshaped
by evolution natural productsprovide an urvaled source of antibiotic compoundbat is
impossible taeproduce instinctivelyn the laboratoryThe ameniaspirad arepolyketidenatural
producs with a unique spiro[4.4Jnon8-ene corethat were isolated from Streptomyces
armeniacus and were shown to be active against drugpistant Granpositive bacteria.
Promisingly in vitro resistantStaphylococcus aureuwssrainscould notbe readily obtaineéven
afterthirty serial passages under sldthal dosesHerdn, we decipher the mechanism of action
for this structurally unprecedentechatural productantibiotic in the Grarppositive model
organismBacillus subtilis

Through chenical proteomics with an armeniaspirehspired activitybased prohe
guantitative proteoms; biochemicalassaysand microscopywe show that armeniaspirol is a
competitive inhibitor ofthe AAA+ protease€£IpXP and CIprQ. Armeniaspird representghe
first known natural product inhibitor of ClpP, a highly coveted target due podtainentrole in
bacterid virulence Using overlapping proteomic fingerprints of armeniaspirelatment with
qelpQ and gzlpP deletions inB. subtilis inhibition or deletionof these proteasesppears to
dysregulatekey proteins involved in cell division, including FtsZ, DivIVA, and MreB eTual
ClpXP andClpYQ inhibitionis responsible foa r me n i apstent antibibtié activityandthis

unique pharmacologynakesit a promising candidatefor antibiotic developmentSeveral



armeniaspireinspired analogsvere generated as part of a medicinal chemistry study and
evaluatedor antibiotic activity towardsa panel ofclinically relevantGrampositive pathogens.
As a result, & identifythree excithg armeniaspirol analogsith improved antibiotic activity.

Lastly, thefoundationfor elucidatingthe ClpYQ degradomis developedOur proteomic
fingerprint of the B. subtilis qelpQ deletion strain generatedsome of thefirst insights into
potential substratesof the ClpYQ protease As a largely uncharacterized AAA+ protease
implicated in the mechanism of action of armeniaspirol,pwesu@ a previouslyestablished
acykintermediate covalent trappirsfrategyto characteize the ClpYQsubstrate complexés B.
subtilis cell lysate Through unnatural amino acid incorporation using an evolved
tRNA/aminoacyitRNA synthetasepair, the Nterminal active site serine of ClpQ is substituted
with a photocleavable precursor that gener&gsdiaminopropionic acidWhile we were
successful irsynthesiing the photocleavable precursor, initial grimens to incorporate this
unnatual amino acid in CIQ expressiorprovedunsuccessfulleading us tooutline necessary
control experimentdor future endeavourdJitimately, the covalentlytrappedsubstratesvill be
identified by LCMS/MS, wherewe expect to identify key divisome and aj@someproteinsin

corroboration witithe armeniaspirol mechanism of action study
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CHAPTER ONE:Introduction
1.1 Natural product antibiotics: important prospects in the resistance era

1.1.1Secondary metabolism in microorganisms
Secondary metabolisim microbesprodue natural products that do not play explicit
roles in growth, yet still serve important functions in survivability and fitnesEhese naturally

ocaurring compounds permit access to highly complex and diverse cherarstrypossess

important biological activities that have coincidentally provided us with an indispensable

resource for modern medicine as antimicrobial and eventamtur agenfs While the

biological functions ofmanysecondary metabolites are relatively unknown, it is postulated that

microorganisms would only retain these energetically expensive pathways if it semwed
evolutionaryadvantaged do sd. The mosteited exampleattributed tosecondarymetabolism is
in the productionof natural product antibioticéh microorganisms as a means for inhibiting
competing speciés a biological interaction known as antibiasihis hasgenerated immense
interest insecondary metabainwith the specificintentto combat ifiectious disease. However,
secondary metaboliteserve multi-purposeroles that extendbeyond antibiosis The d/namic
conditions of the naturanvironmentdemandsonstant acclimation bg microbial species, and
secondary metabolite production at saobibitory concentrationkiave been shown tenhance
biological fitnessthrough a range obther processes includingell signaling, colonization,
motility, stress responses, and/or biofilm productfon
1.1.2Natural productantibiotic discoveryand limitations

The raturalproductsecondary metabolitggoducedoy microbes tanhibit a competitive

speciesrefittingly termedantibiotics The bacterialwarfarethat promotes antibiotic production

has been exploited for humanmbe f it as a means for treating



first antibiotic accredited to Alexander Fleming in 1928d the serendipitousliscovery of
penicillin G from the fungusenicillium notatum?®, This ignited a flurry of ensuing research
emphasizing natural product antibiotics in the #wentieth century, a time now regarded as the
igol den ageo of %H(Riguieh.1).dtwasdauridgithss dirnevtreat approximately
half of the antibiotics commonly in use today were discoveredwith synthetic derivatives
produced inthe yearsfollowing aimed atimproving their clinical efficacy. Accordingly, these
natural product discoviers have playeda prominent role in improving quality of life, by both
enabling and revolutionizing modern medicine. In addition to treating serious infections,
antibiotics havepermitted therapies that otherwise pose significant risk of infection such as
cancer chemothapy, surgery, and transplantatidh However, the innately complex and
evolutiondriven chemistry of natural productmakes proposng clinically viable synthetic
antibiotic compoundsle novoessentially impossibté Even more complicated is the fact that
natur al product s, i ncluding antibiotics and
which makes their compound desigubstantially less intuitiVé Thus, this limitatiorsuggest$

as evidena# by an extended discovery gap that developingantibiotics is almost entirely

depenént on our ability to continuously discover neatural products
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Figure 1.1. Timeline examining the evolution of antibiotic discoveryMost antibiotics were discovered in the
mid-twentieth century, regaedd as t he @ gol ddissoveaydheedcurrent rateaaf discdveryoof riew
antibiotics hagpropelledthe world into an antibiotic resistancerawith an alarming rise in multidrug resistant
pathogens

Many of the current antibiotics were discovered through wptead research into
marine and soil microbial species. Initially, the commencement of soil investigation in the late
nineteenttcentury was undertaken in an effort to identify bacterial agdnitdextious disease; it
was reasoned that over the course of existence of organic life, pathogens eventually all end up in
the soil either through excrement or the remains of the decdeasesvever, the discovery that
soil harboued few pathogens led to the hypothesis that nativeigbdbiting microbes might
instead be responsible for the demise of these pathogens in the envifénifiaund, serious

considerations were given to the screening methods of environmental samples in an effort to
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identify microbes antamnistic topathogen®¥. The antagonistic action of soil microorganisms to
certain pathogens was first demonstrated by Louis Paatelidules Francois Joubert in 1877,
but the termfantibioticd was coined byselmanA. Waksmanin 1941718 Considered a pioneer
in the isolation ofantibiotics from soil miaoflora, Waksmarfirst isolatedactinomycin from
Actinomyces antibioticus 1940°.

This early approach for screening natural prodwes highly successful for discovering
the first and most prevalent natural gwot antibiotic classeduring the midtwentieth century.
However, the vast majority of screens eventually started to produce natural motibictics
that had already been discovefedThe standardworkflow of cultivation, extraction, and
structurl elucidationnow too ofterresultsin natural producte-discovery®. Additionally, many
microbial species are uncultivatable outside of their native environments, leaving much to be
desired imaccesmg thefull potential ofmicrobial diversityin nature.Phylogenetic markers such
as 16S RNA gene sequendesm environmental DNA sampleveal a plethora of hidden
microbial populations not recoverable under standard laboratory conditiéhs Another
commonly confronted challenge is the activatibsecondary metabdé biosynthéic pathways
For examplethe Streptomycegenus possesses the genetic potential to harbour upwahiigyof
secondary metabolites, yetany of the products d@hesecryptic biosynthetic gene clustenave
dodgel cultivation and extractioomethod$®. Given these limitationsi is clear there is still a
great deal of potentially bioactiveatural products yet to be discover&uhile positive strides
are being made to access biosynthetic pathvaagelucidate novel natural prodgcthrough
innovative screening strategiésthe currentlack of antibiotic @velopmenin conjunction with
the global escalation of multidregsistant pathogensw threatens to upend the modern era of

antibiatics’.



1.1.3Antibiotic mechanisms of actiomnd resistancaelevelopment

The molecular pharmacology oflirically approved antibiotics function through
disruption ofsomecritical bacterial cellular proces§he majority of clinical antibiotics inhikst
only a small number of cellular targets including the cell wall, ribosome, Bdghcation,RNA

transcriptionor folate biosynthesi$?® (Table 1.1).

Table 1.1. Antibiotic classes sorted by mechanism of actiorMost clinical antibiotics are derived from natural
products and target eitheretlacterial cell wall, ribosomes, and DNA, RNA or folate biosynthesis.

Mechanism Chemical Class Spectrum of Activity
Cell wall b-lactams Grampositive and Grarmegative
Aminoglycosides Gramnegative
Tetracyclines Grampositive and Grarmegative
Ribosome Macrolides Grampositive
Chloramphenicol Grampositive and Grarmegative
Oxazolidinones Grampositive
DNA replication Fluoroquinolones Grampositive and Grarmegative
RNA transcription Rifamycins Grampositive
Sulfonamides Grampositive and Grarmegative

Folatebiosynthesis _ ) N
Trimethoprim Grampositive

The small subset of mechanistiargets has enablel the development ohigh-level
antibiotic resistance mechanisntisat arereadily transferred between bacteridere are four
strategies by which bacteria demonstrate antibiotic resistance: (1) enzymatic inactivation of the
antibiotic, (2) modification of the antibiotic target, (@pregulation of efflux pumps, and (4)
impaired penetration Kigure 1.2). Notably, the impermeability of antibiotics through the
bacterial cell wall is an exclusively intrinsic resistance mechamisth a significant defense

strategyespeciallyin Gramnegative bacteria. The presence of the outer membrane in- Gram



negative bacteria provides a significant barrier that renders many antibiotics ineffective.
Alternatively, antibiotic inactivation, target adification, and efflux pumps are resistance
mechanisms induced in response to antibiotic exposure and can be intrinsic to the bacteria or
acquired by gene transférThe mobilization of these resistanglements through horizontal or
vertical gene transfer is a major contributor to the increasing prevalence of antimicrobial

resistant pathogens and diminishing antibiotic efficacy.
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Figure 1.2. Intrinsic and acquired resistance mechanisms in bacteria.Antibiotic inactivation, target
modification, efflux pumps, and cell permeability are commonly featured bacterial resistance mechanisms that
counteract antibioticsendering them ineffective.

Chemical tailoringhasproducel second and third-generation antibiotics with renewed
efficacy and improved pharmacological properttesaid in temporarily outpacing evolved
resistancemechanismso first-generation antibiotss. Howeversincethesesubsequenterations
depend on theamefundamentaimechanism of actigrthese antibioticsemainprone to rapid
resistance developméht Thus, given the rise in antibiotic resistant bacteria and the limited
breadth of antibiotic targets, there is a clear and dire need for the discovery of antibiotics that

functionthrough mvel mechanisms of action to combmaulti-drugresistant bacteria



1.1.4The antibiotic crisis

Multi-drug resistant bacteriar superbugsare internationally recognized as a significant
emergingthreat to human heafth Methicillin-resistantStaphylococcus aureyRSA) is one
of the most prevalent causes of healtine assciated infections in Cana@adposes significant
risk with a 25% fatality rate in those who develop a bloodstream infé&tDisturbingly, cases
of MRSA resistamnto the principal treatment of vancomycirave beemlocumented in the United
States and United Kingdof Several causes have led to the present crisis state of antibiotic
resistant bacteria. According to the Public Health Agency of Canada, the overuse and abuse of
antibiotics in humans and animals are leading contribuibantibiotic resistanéé The misuse
of antibiotics in situations where they are meguired onlyenables opportunity fdbacteriato
evolve resistance mechanisms.

To make matters worse, the pharmaceutical industsyvaeated the field of antibiotic
discovery in favour of research investrtethat produce greater economic rettirnSpending
on the conversion of a chemical prospect to antibiotic is principally determined byecsss
profit assessmenthe aversion towards antibiotic discovery stems in part from the technically
challenging and timéntensive research to the unfavourable returns on investfhdfiom this
perspective, development of drugs that treat chronic conditions such as diabetes andreancer
significantly moreprofitade thansingleuseantibiotics that end up being leprofit, shortlived,
or both Maor biopharmaceuticacompaniessuch as Novartis, AstraZeneca, Sanofi, and
Allergan have abandoned the sector all togetHeaving only Merck & Co., Roche,
GlaxoSmithKline and Pfizer with active antibiotic program#dditionally, companies entirely
dedicated to the development of antimicrobials have seenitietly large capitad dry up

including Melinta Therapeuts; which wasfounded by Nobel Prizen Chemistry recipient
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Thomas A. SteitzFurthermore Achaogen, astartup entirely dedicated to the developmeoit
antimicrobials declared bankruptcydespite hitting instrumental success withZEMDRI
(plazomicir), aUnited States Food and Drug Administration approsetibiotic for treatment of
urinary tract infections caused by multidrtegistant EnterobacteriaceaeClearly, without
government intervention or substantial market incentivew solutions towardg€ombading
antimicrobial resistance fallargely on members ofacademiachallengedwith less funds and
fewerresources

1.2 AAA+ proteases promising antimicrobial targets

1.2.1Structure and function ofAAA+ proteases

The AAA+ (ATPaseAssociated with cellulaActivities) proteasesare functionally
diverse,multimeric complexes that couple ATP hydrolysis and proteolysis activitidegrade
protein substratesThe AAA+ proteases in bacteria include the caseinolytic proteases CIpAP,
CIpCP, ClpXP and ClpYQ (also called HsIVU), as well as the Lon protease and°FiaH
human cells, the mitochondrial AAA+ proteaseslude the Lon protease (LonP1) and ClpXP
both of which are implicated in various carcinafid’. The focus herein is on the role of the
bacterial AAA+ proteases and their implications in bacterial pathogerndstse complexes
function throughan ATPasedomain responsible forrecogrizing and unfolding a protein
substrate that is subsequentignslocatd into the proteolytic chamber ofa proteasedomainfor

degradationinto small peptide fragments of 5 to 25 amino atidfigFigure 1.3).
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Figure 1.3. Mechanism of the AAA+ protease# substrate degradation The ATPase domain is responsible for
binding and unfolding protein substrates which are transferred into the protease domain for deg&dadtoame
unfolding and translocation &n energetically expensivaTP-dependenprocess

The CIAP, CIpCP, CIXP, and ClpYQproteases are largaultimeric complexes with
the ATPasedomains (CIpA, CIpC, ClpX, and ClpYand protease domaiff€IpP and ClpQ)
encoded on separate gefleEachATPase domain forma cylindrical hexamethat stackwith
its protease domaift The ClpP proteas#omain forms a stacked dimer of cylindrical heptameric
multimers, resulting in a tetradecarffethat interacts witlits respectivehexameric ATPasdn
contrast, he ClpQ protease domain forms a stacked dimer of cylindrical hexameric multimers,
resulting in a dodecantg, that interactsvith hexamericClpY ATPase(Figure 1.4). In contrast,
theLon and FtsHproteasesreencodedn a single polypeptideoniining both the ATPase and
protease domaifs Both Lon and FtsHform a similar cylindrical complex composed ofix

identicalsubunit$® (Figure 1.4).
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Figure 1.4. Structures of the multimeric AAA+ protease complexesLon (PDB: 3K1J) and FtsH (PDB: 2CE7)

form hexameric complexes, with the ATPase and protease domains encoded on a single polypeptide. ClpXP is
composed of hexameric ClpX (PDB: 3HWS) ATPase subunits and a dimer of heptameric ClpP (PDB: 3MT6)
protease subumt ClpYQ (not shown) is composed of hexameric ClpY ATPase subunits and a dimer of hexameric
ClpQ protease subunitReproduced (adapted) with permission fr&ittner, L. M. et al. Biopolymers.2016 105

(8), 505 517.Copyright 205 John Wiley and Sons

The ATRdependent process of unfolding and translocatmn a substrate is
mechanistically conserved across the ATPase dom&aseral cycles of ATP hydrolysis
resultingin release of ADP and inorganic phosphate facditainformational changes withingh
ATPase domainshat lead tounfolding of stable protein substraf&4? Overall this step isan
energetially expensive processquiring anywherérom less thar20 ATP molecules to upwards
of 500 ATP moleculesn the degradation of a single prot&inAlternatively, the catalytic
mechanisms for proteolysis adestinct across allprotease domainef ClpP, ClpQ, Lon, and
FtsH The ClpP proteasefunctions through a Seilis-Asp catalytic triaf which generates
peptide products of-8 amino acids irE. coli**. The ClpQ proteasefunctions through am-
terminal serine inB. subtili$® (or N-terminal threoninein E. coli*®), which is allosterically
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activated by a @erminalsequencef the ATPase domaiim response téTP-binding*’*¢ The
Lon proteasdunctions through a Serys catalytic dyatf, andfinally, FtsHis a metalloprotease
that consists of a catalytic zinc ion bound by a histidine HEXXH fotif
1.2.2Quality control roles ofthe bacterial AAA+ proteases

Combined the AAA+ proteases are respsible formaintainingprotein quality control in
bacteria They are intimately involved in the regulation of various biological processes, and in
some cases possasgerlappingroles ClpXP is one ofthe best characterized AAA+ protease
both Grampositive and Grarmegative bacteridt recognize specific peptide sequences called
degrons that target a protein for degradatfiom B. subtilisand E. coli, a degronof eleven
amino acidknown as the ssrA tag appended tdhe Gtermirus of nascent proteinat stalled
ribosome® >4 This tag is added etanslationally to a nascent polypeptide chain through
expression of a transfenessenger RNA (tmRNA) encoded by tissrA gené? ClpXP
recognizes tis degron and targets the unstructured proteins for degradation, thereby rescuing the
ribosomeand allowing translation toecover Additionally, significant upregulation oflpP
transcription was observed B. subtilisin response to conditions such as heat shock and
exposure to excess salt or ethanol, suggesting ClpP plays a prominent role in mediating protein
degradation under stress condititthsThese quality control mechanissn are crucial in
maintaining proteostasis in the cddyy preventing accumulation of abnormal or unfinished
protein productsin comparison,he quality control responsibilities of tH&pYQ proteaseare
much lessinderstood

In E. coli, the Lon proteaseplays asignificant role in the degraction of misfolded
proteirs primarily by recognizingexposed hydrophobipeptide sequenceshat are otherwise
inaccessibleat the core of natively folded proteiifs This generic recognition results its

11



promiscuous substrate spédify that allows for degradtion of approximately 50% of the
denatured proteins iB. colP’. In contrast, théwo Lon proteasg in B. subtilis LonA and LonB,
have only been observed to play a minor role in protein degraaéti While ClpXP is
responsible for the degradation ofer 90% of ssrAtagged proteins, both Lon and FtsH
contribute minor roles in degradation of these cytosolic proteirs. ioolP®®% The essential
membranebound FtsH maintains protein quality control of Wotcytosolic and membrane
proteind. However, FtsH primarily mediates degradationf membranebound proteinsby
recognizinga cytosolic segment of a nespecifictwenty amino acidresiduetail at the N or C-
terminus ofits substraté? 3
1.2.3ClIpP and bacterial virulence

A specific emphasibasrecentlybeenplaced onthe role of theClpP proteasgiven its
implicationsin bacterial virulencemaking it anintriguing antkvirulent andantibiotic targetfor
both Grampositive and Grammegative pathogens including Staphylococcus aureusnd
Salmonella typhimuriumA signaturetagged mutagenesstrategywas implementedn these
pathogenic bacterit identify genes required for virulence in a bacteraemia murine rffotrel
this original approacf’®® a transposon insertion libragf mutants of abacterial strainis
constructedwhereeach transposocarries a unique DNAequencégsignaturetag or bar code
flanked by invariant DNA sequences to allow fal mutants to be amplifiecdbut also
differentiated from each other. Thautant strains are combinednoculated in mice, and
recovered after a set period. Tsighature tag®ef inoculated stinsandrecovered strains are
amplified radiolabelled, and hybridized to thatial transposon libraryA signature tag that is
detected from the inocukd strains but nofrom the recovered strains represent mutants with

attenuated virulenceThis stategy identified virulence genedpP in the GramnegativeS.
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typhimuriun§® andclpX in the GrampositiveS. aureu¥’, providing the firsevidenceconnecting
ClpXP to bacterial virulence.

This led to dditional studies corroborating these resuft murine infection models.
ClpX and ClpP werdoth shown to beaequired forS. aureussirulence in a murine skin abscess
model Infection of mice with S. aureusnclpX or pclpP strainsresultedin significantly less
bacterial recovery from skin lesions compareéhfectionwith wild-type S. aureu¥’. Similarly,
a SreptococcugpneumoniaaqelpP strainfailed to colonize the lungs in a murine luimfection
model and did not result in mortalify In stark contrast a wild-type S. pneumoniadung
infection modelresulted in 100% mortality aftet8 hour§®. Finally, in yet another example
usingthe pathogenic GramegativeS. typhimurium goc X gndpc P girains lost the ability to
cause systemic infection in miceesulting in surwal beyond five days as opposed to mice
infected with the wiletype strainof which none survived beyond five d&$s

Attenuating virulenceepresents viable approach to treating infectioviirulence factors
are produced by bacterial pathogens to either damage the host and/or evade the host immune
systenf®. As antibiotic resistance becomes more prevalent, targgiioteins that hamper
virulencemechanismeffersa unique strategy for treatimgfectionby disabling targets essential
for infection and allowing fobacterialelimination by the host immune respofisé Antibiotics
that typically target essential pathways impose severe selection pressures that favour resistance
mechanisms byde novo mutation that is consequentlgpread among bacteriaith high
frequency®. It has been argued that awiiulence strategies would apply a reduced selective
pressure since most virulence traits are not essential for surviedilicing resistance
dewelopment andncreasing clinical lifespdf. As a result, there has beenigngficant increase
in the discovery andoublication of novel synthetic small molecule avitulence compounds
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over the past decade showing prdmgs results for treating infectious diseds€ Thus,
identifying compounds that inhibitirulence factorgsuch as ClpPprovide a new arsenal of
drugs and drug targetgorth exploring
1.2.4Natural producstargeting ClpP

Given the direct relationship between ClpP and bacterial virulencarious Gram
positive and Gramrmegative bacterjeClpP provides aninterestingtargetfor inhibiting bacterial
pathogen. Synthetic compound librariegsere successful in identifyingg r o u plactorfes ahd
phenyl estersas potent ClpP inhibitors vitro, but poor pharmacokinetics and selectivity has
limited further clinical developmeft’® Instead, we direct our attention towarti® natural
products targeting ClpP as more promisargivirulenceor antibioticagents. To date, only a
few natural produamodulatingClpP activity T throughinteracton withthe ATPase or protease
domaini have beerdiscoveredFigure 1.5). The natural productsyclomarinA, sclerotiamide,
and the acyldepsipeptides lead to eaetivationof ClpP and uncontrolled proteolysisvhereas

lassomycin and ecumicin lead to inhibitidipooteolysis.
N
r Cyclomarin A
ATPase domain - Lassomycin
Ecumicin
) J
r N\
Protease domain Acyldepsipeptides
Sclerotiamide
- J

Figure 1.5. Natural products targeting the Clp AAA+ proteases.Few natural productsave been discovered that
target the ATPase or protease domains of the Clp AAA+ proteBisesesulting rode of actioris either inhibition
(red)or overactivation(green)of overall proteolytic activity

The natural productsyclomarin A, lassomycinand ecumicin are large cyclic peptides

that disrupt the ClpCL/ClpP1P2 interactionin Mycobacterium tubercokis (Mtb), leading to
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antibiotic activity (Figure 1.7). Mtb is the causative agent of tuberculgsastopten cause of
death worldwide and leading cause of death from a single infectious agmording to the
World Health Organization (2020 GlabTuberculosis Report) Mtb differs from most other
bacteria by encoding ClpC homolog, CIpC1, antivo closely related ClpP homologs, ClpP1
and ClpP2, which assemble to form the proteolytic complex ClpB1Bgclomarin A was
discovered through a natural product whotdl screef?, and determined to bind tiNterminal
domain ofMtb CIpC1. This binding interaction creates a lafg@eopeningin the Clp complex
for proteins to enteand undergaincontrolled proteolysfs. Lassomycin and ecumicin were both
discovered from actinomycete extmdhat were screened agaimdtb. Both bind the CIpC1l
domain leading to an increase in ATP hydrolysis, but as opposed to cyclomarin A, result in
proteolytic inhibitiof*2 Interestingly,all of these compounds display no antibiotic activity
towards other Grasmositive or Grammegative bacterld, suggesting its activity is due to a
combination of theessentialfunction of ClpPLP2in Mtb and also differences between Glp

domain$3,

15



ﬁ 58

Cyclomarin A

HgN\rr

H
N
N

AN \/\//INH HN O Lassomycin
NHz 07 NH
; J/:r ¢ \*N’ﬁr”\ﬁjﬁr
HN O
HN)\NHZ

Figure 1.6. ClpC1-targeting natural products.

Additionally, the acyldepsipeptide (ADEP) natural products and sclerotiamide are ClpP
binding activators of proteolysigigure 1.7). The ADEPs display antibiotic activity towards a
broad range of Graspositive bacterf. The ADEP structures and mechanism of action were
elucidated by thérotz-Oesterheltgroup™ following isolation of eight uncharacterized factors
with potent antibiotic activity from fermentation broth $freptomyces hawaiiendsy Eli Lilly
and Comparf?. The ADEPs bind to sites on CIpP that compete with and displace the ATPase
domairf®. Thus, even in the absence of ATP hydrolysis, the result is a conformational change in
the ClpP tetradecameric complex that forces #&dopt an active state in which proteins nan
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selectively enter the proteolytic chamber and be degfagfeddditionally, a highthroughput

screen of a large bacterial and fungal secondary metabolite library resulted in the discovery of
another ClpPactivating naturajproduct called sclerotiamiffe While sclerotiamide results in
uncontrolled proteolysis of th&. coli ClpP activity in in vitro biochemical assaysno

appreciable antibiotiactivity was observed with this compohd
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Figure 1.7. ClpP-targeting natural products.

1.3 Degradomics characterizing proteasesubstrate interactions

1.3.1Defining the degradome

Aside from maintainingoverall protein quality control in the celby a general
degradation of aberrant and unfolded protepreteasse are responsible fodegrading specific
substrate under certain conditions.These conditional substrateprovide an indepth
understanding of thbiological processesegulated by a gen proteaseT he t er m fAdegr ac
has been proposed as a subset of the proteome referring to the complete natural substrate
repertoire of a specific protease in a cell, tissue, or orgdhigha molecular levelspecific
proteasesubstrate interacti@tanprovide insights int@ mechanistic actiothat can be used to
develop therapeutiasr be taken advantage of &sological tools For example the discovery of

the unique nature dhe PhePro, PhelLeu, and Phd&hr scissile bondm substratesf thehuman
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immunodeficiency virus(HIV) protease enabled development of peptidomimetic protease
inhibitors such as ritonavit. Additionally, proteases such as the Tobacco Etch Virus (TEV)
protease has become a staple in molecular biology with a de&nednition sequence that can
be used to cleave fusion tags from recombinantly expressed ptét€nsacellularlevel, he
characterization ofhe degradome®f proteases enablesnaore globalundestanding into their
biologically relevant regulatorgoles including in pathologyand virulence in bacteriar various
carcinomas in human celfs Thus, insights into protease function a@hdir interactingsubstrates
may unlock new pharmaceutical targiistreaing diseaseThis section will focus primarily on

the degradomes diie bacterial AAA+ proteases.

1.3.2Strategies for characterizing the degradome of AAA+ proteases

Two innovativetrappingstrategies have been implemented in order to identify the direct
substrates of AAA+ proteases in bactefihe first strategy involves mutational alterations to the
Walker motifs on the ATPase domainghich prevents the substrate from being unfolded and
translocated into the proteolytic chambdfiglire 1.8A). The second strategy involves
mutational alterations to the active site of the protease domdich disables its catalytic
mechanism(Figure 1.8B). Thus, n both strategies theprotease substrates are capable of
associating with the AAA+ protease tbare unable to be degrade®y deleting the
corresponding wildype protease and overexpressing these variants in a bacterial strain instead,
the proteassubstrate complexes can be recovemad identified by mass spectrometry (MS)

basedoroteomics.
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Figure 1.8. Strategies for characterizing direct substrates of AAA+ proteasesTwo strategies have been
successfully implemented for characterizing proteadsstrate interactions. The firstvolves mutation of the

ATPase Walker motifs to prevent ATP hydrolysiintaining transient interaction with native substrate (A). The
second strategy involves mutation of the protease active site allowing substrates to be unfolded and translocated into
the proteolytic chamber, but unable to be degraded (B). In both strategies, the psotesise complexes can be
purified and identified.

The WalkerA and Bmaotifs in the ATPase domains are responsible for facilitating ATP
binding and hydrolysisrespectivel§P. By introducing mutations to the Walker B motifs, ATP
binds to the ATPase domain bu$ unable to be hydrolyzed, selting in ATPasesubstrate
complexesThis strategy was successjuapplied tothe ClpB ATPase irE. col®®, which does
not interact with a proteagmrtnerbut insteacdcoordinats with the DnaK chaperone systdo
solubilize and refold aggregated protémntroducing mutations Glu279Ala and Glu678Ala in
the Walker B motifs of ClpB resulted in the first characterizabbnhe direct interactions of
ClpB with protein aggregat¥s A similar strategy waspmlied to the AAA+ protease CIpCP in
S. aureusin which a ClpC variant called ClpCRAP possessing mutations Glu280Ala and
Glu618Ala in the Walker B motifwas used to identify the direct substrates of ipC

The principles of introducing mutations ittactivatethe ATPase domainsan similarly
be applied to theactive site of theprotease domainef AAA+ proteasesIn this strategy

unfolded and translocated proteimediated by the ATPas®eheldin the proteolytic chamber
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of theinactivatedproteaseAn advantage to this strategy is that the resulting proteassirate
complex ismore effectively purifiedtogetheras compared to the more transiémtieraction
formed between the ATPasebstratecomplexX®. Thus, this has been the method of choice in
characterizing substrates for the AAA+ proteases, including for ClpP, Lon, and Seteétal
studies to determine substratesCifP proteasutilize an active sitevariant calledCIpP AP in
which the active site serine residues are mutated to alarhiestrategy has proven successful
for characterizing ClpRBubstratesn the Grampositive S. aureu¥’ and GrarmegativeE. col®
and Caulobacter crescent®s This trapping strategy has also beémplemented in the one
componenAAA+ proteases, Lon and FtsH. Since the Lon protedsgpossesses an active site
serine, a LoM”P variant substituting the serine for an alanine was successfully constructed and
implemented to idetify substrates inE. colt® The FtsH protease is a zidependent
metalloprotease, in which a catalytic zinc ion is bound by the histidine residuds-tefrminal
HEXXH peptidemotif in conjunction with araspartic acidesidue located further awyThus,

a FtsHR*P variant was constructed with a His417Tyr mutatiéthe first histidine residui the
HEXXH zinc binding motif leading to an ATPasactivebut proteolyticallyinactivecomplexto
identify substraté§'. Combined, these strategies haveavered many substratebthe AAA+
protease the effort toelucidae the degradomef®r each ofthese proteases.

1.3.3Substrates of the AAA+ proteases

Several substrates have been characterized that enable insights into the cellular roles of
AAA+ proteases such as in competence development, motility, various stress responses,
sporulation, and biofilm fanatiorf?, with many of the proteases haviagerlapping substrates
Both the Lon and FtsH AAA+ proteases are implicated in various stress response mechanisms,

such as the SOS and heat shock responsEs @0lit?? 104 While the Lonprotease displays a
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high level of promiscuity in protein degradation, the @R variant demonstrated itis
responsible for degradation of SulA, a cell division inhibitor and a regulatory protein induced
during the SOS respori® As would be expectedthe FtsHRAP variant demonstrated is
largely responsible fothe degradation adeveral membrane proteimsE. coli including FdoH,
DadA, and YfgM as well as LpxC and KdtA which are both involved in lipopolysaccharide
biosynthesi¥’. Approximately 70 proteins were identified &CIpP RAPvariant inE. coliwith a
diverse array of functionghese include proteins involved in transcription regulation, translation
(ribosomal proteins, Rpl)cell motility, metabolism, and celivision (FtsZf8 A ClpP'RA?
variant instituted inS. aureusalso yielded many of the same cellular substrates, including
transcriptional regulators CtsR and Spx, and the cell division proteif’Fig# ClpQ protease,
whose degradome has yet be characterizethrough this variant approachas only been
implicated in degradation of cell division related proteins SulAEincolit®® and EzrA inB.
subtilist®®,
1.4 Thesis overview and goals

The primary objective of ik thesis is to elucidate the mechanism of action of the novel
polyketide Grarrpositive antibiotic, armeniaspirdin Chapter Two the direct biochemical protein
targets of armeniaspirol iBacillus subtiliscell lysate are identified, while Chapter Three
discusses how inhibition of these targets lead tome ni a s p i raatibidtis actovityhe r v e d
diverse array of experimental techniques includihgmicalproteomics, quantitative proteomics,
microscopy andbiochemicalassaysare implemented taltimatelyaccomplishthese goalsUsing
armeniaspirol as a lead structure, a roedil chemistry evaluation of armeniaspirol analogs is
examined in Chapter Four for the purposes of identifgipigmizedantibiotic candidatesuitable

for preclinical drug development. Lastlgxpanding orthe armeniaspirol mechanism of action
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study is asecond project aimed efarifying the degradome diielargely uncharacterizelAA+

proteaseClpYQ (HsIVU).
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CHAPTER TWO:
Armeniaspirol Inhibits AAA+ ProteasesCIpXP and ClpYQ

2.1Introduction
2.1.1Armeniaspirok area structurally unique class of antibiotic

ArmeniaspirolsA-C are polyketide natural productghat werefirst isolated fromthe
bacteria Streptomyces armeniacui® 20129710 (Figure 2.1). A combination of NMR
spectroscopyand X-ray crystallographywere implemented toelucidate the structures,
identifying a uniquespiro-[4.4]non-8-enecorescaffold®. Additionally, the armeniaspirolshare
a resemblanceo the pyrrole-containingnatural productgpyrrolomycing!!, marinopyrrole§,
and chlorizidiné®® dl of which possesdive membered nitrogenontaining heterocycteand
display potentbioactivitiesas antimicrobial and astumour agentsSpecifically, ameniaspirol
A was shown to be active against multidrug resistant Grasitive bacteria including
methicillin -resistant S aureus (MRSA), vancomycifresistant Enterococcus (VRE) and
penicillin-resistantS. pneumoniagPRSP) at low micromolar concentratiétg1°(Table Sl in
Appendix I). Promisingly,intravenous adminisdtion of armeniaspirol Aranslated tca 67%
survival rate ina MRSA-inducedmurine sepsis motfé®. The unique structure of armeniaspirol
increases the prospect of a novel mechanism of actionalsodlecreases the likelihood of
existing resistance mechanisasdemonstrated by the inability to acquire resistanc® aureus
after 30 serial passagassubinhibitory concentratiost'®. However, he target and mechanism
of action ofthese compoundwas entirely unknownand is uncovered hereiiotably, native
armeniaspirol \@s inaccessibleby organic synthesisinstead a synthesisresuling in the
chlorination of the phenol ring yielding-chloro-armeniaspirdf’, 1, was usedinsteadfor our

mechanism of aain studiegFigure 2.1).
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Figure 2.1. Structures of armeniaspirols AC. Armeniaspirols were isolated frorBtreptomyces armeniacus
DSM19369 and possess a unique spird]non8-ene scaffold. A synthetic route to armeniaspirol A generated
racemic mixture othe chlorinated derivative-8hloro-armeniaspirol AL

2.1.2 Armeniaspirol inhibits drug-resistant Grampositive bacteria

A minimum inhibitory concentration (MIC) assay wiasplementedo screenactivity of
1 towards Granpositive and Gramrmegative bacterial@ble 2.1; Figure Sl in Appendix I). A
MIC assaymeasursthe lowest concentration at which bacterial growth is inhibifgdn two-
fold serial dilutions of test compound, in this cdselthough 1 is ineffective against Gram
negative bacteri&scherichia coliand Pseudomonas aeruginog®liC >3 2  ¢)gits pokecy
towards drugesistant Granpositive bacteria such ddRSA (MIC 4 ¢ g L)mand VRE (8
€ g L)ns intriguing as an antilotic candidate Despite the addition of a chlorine atom to the

phenol ring, the antibiotic activity df is retained at appreciable concentratidnsadditionto

the MIC, the minimum bactericidal concentration (MBC) is a complementary assay that

identifies the lowest coraitration ofl that results in complete microbial death, representedl by
3-log reduction (99.9%)of the MIC microbial subculturesre-streaked on non-antibotic
containingagar plateg* A compounds considered bactericidal if it hasBC lessthan4X the
MIC!5 The high MBCs indicate thatl is a bacteriosttic antibiotic of the Grampositive
pathogenic bacteri@lable 2.1). For example subcultures of MRSA USA30@rerecovered at

concentrationss high a8X the MIC (32e g L)nfFigure S2 in Appendix |). Thus,the unique
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scaffold and potent antibiotic activity of armeniaspifolly warrants investigation into its

unknown mechanism of action.

Table 2.1. Minimum inhibitory /bactericidal concentration (MIC/MBC) assays MIC/MBC ( ¢ g / pndfiles
with 1 indicate bacteriostatic antibiotic activitywardsGram-positivebacteriajncludingclinically relevantMRSA
and VREstrains Each MIC was performed in triplicate (n = 3).

Gram-Positive Bacteria MIC 1 (ug/mL) MBC 1 (ug/mlL)
Staphylococcus aurelid116-USA100 (MRSA) 4 32
Staphylococcus aurelddN8-USA200 (MSSA) 4 >32
Staphylococcus aurelA\C-Fitz-USA300 (MRSA) 4 >32
Staphylococcus aureddW?2-USA400 (MRSA) 4 >32
Enterococcus faecalidJ3 ATCC 51299 (VRE) 8 >32
Bacillus subtilis168 2 4
Gram-NegativeBacteria MIC 1 (pg/mL) MBC 1 (pg/mL)
Escherichia colBW25113 >32 >32
Pseudomonas aeruginoBA01 >32 >32

Bacillus subtiliswas used to determine the mechanism of action for the antibiotic activity
of 1. B. subtilisis a Grarapositive bacteria that has been usatknsivelyas a model organism
to studypathogenidGrampositive bacteriasuch asBacillus anthracis Listeria monocytogenes,
and Staphylococcus aurettS Access to acomprehensiveB. subtilis genomic directory*?’,
deletion libray repository*®, andrigorouscharacterization of essential geHésogetherjustify

the use oB. subtilisas a model systenB. subtilis168is inhibited byl ata MIC of 2>g/mL
(Figure Sl in Appendix |). Additionally, the MBC of 1 is 4 >g/mL, making it a bactericidal

antibiotic towardghe nonpathogenid. subtilis.
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2.2 Identifying direct biochemical target of armeniaspirol in B. subtilis
2.2.1Activity-based protein profiling

Activity-based protein profiling (ABPP)s an indispensablechemical proteomc
approachthat utilizes a functionalized small moleculeor activitybased probe (ABP)to
investigateenzymetarget$?’. These probes interact witnzymesin the proteomewhich are
subsequentlgharacterized through downstream-gelLC-MS-based method#ABPP has been
instrumental for a variety of applicationsuch aselucidating uncharacterized enzymes,
discovering selective inhibitors of enzynotasses and capturingtargets of bioactive smial
moleculesncluding natural product€® 22, ABPs are constructed with thrbasiccomponentsa
reactive group, a linkeregion and a reporteiag The reactive group is typically an electrophilic
centet hat participates i n an daepypeEimpoR bicdadg’al yt i c
Thus, conserved active sites of a targetedhily of enzyms, such as serine hydrolasess
cysteine proteasegan be exploitedo enhanceprobe selectivity andminimize promiscuity
throughout the proteont€. The linker regiorseparates the reactive group from the reporter tag
and consigtof either extended alkyl or polyethylene glycol (PEG@its. The functional purpose
of the linker region can be twiold depending on the protein of interegi minimize overall
steric hinderance of the ABP trmodulag solubility*?. Finally, thediverse utility of ABPHs a
direct result of the reporter tags that can be appendetb ¢ime probes Two examples of
commonreporter tags include fluorophores, such as rhodamine, or affinity labels, such as biotin,
for visual deg¢ction or pulldown assays, respectivél§ While fluorescent probes can be used
for rapid visualization of proteins and with high sensitivity, the use of biotin as an affinity label

is more commonly used because it allows for the combination of Hvegpd visualization by
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Western bloimmunoassays as well &€-MS-based identification of targeted proteihsough
recovery withstreptavidinagarose beadf.

Additionally, an ABP can be functionalized with a mathogonal handle to mediatiee
bioconjugation of a reporter tagubsequent to the protemobe interaction This ingenious
strategy was famously coinddlick chemistry by K. Bar ry »SThis adodde s s
flexibility helped overcomelimitations of having an ABP possess a bulky reporter group that
may otherwise hindecellular uptake forin vivo labeling?®'?” The most widely used click
chemistry reaction is the copperflatalyzed azidalkyne cycloaddition (CuAAC), which
utilizes reativity between grobeappendedvith aterminal alkyneand a reporter tagppended
with an azide, or vice versa, to generate adisdbstituted 1,2;8iazole?51?8 (Figure 2.2).

Using this strategy, we set out to elucidate the direct biochemical targets of armeniaspirol by

employing ABPP to the cell lysate Bf subtilis

Reporter

CuAAC click chemistry
Enzyme Reactive group Bioconjugated
activity based probe
Figure 2.2. CuAAC-mediated activity-based protein profiling. Click chemistrybased approaches utilize bio
orthogonal handles to facilitate the attachment of a reactive group to a reporter tag. The most widely used click
chemistry reaction is coppertpatalyzed azidalkyne cycloadditiorthat results in formation of &,4-disubstituted
1,2,3triazole.

2.2.2Development of armrmeniaspirotbasedcaptureprobe

Several derivatives of were synthesized in a structuaetivity relationship (SAR) study
to designa functionalizedarmeniaspirolprobe Importantly, te ability to sustain antibiotic
activity was evaluated by MI@gainstB. subtilis(Figure 2.3A). Both the aromatic alcohol and

the alkyl chain on the nitrogenvere targeted as possible sites for modificatiGur SAR
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indicated tha{1) the free phenol is essent@sdemonstrated by the abolished antibiotic activity
upon replacement of theromaticalcohol with a methoxy groy@mnd @) extending the Malkyl
chainmaintairs modesantibiotic activity (Figure 2.3B). Based on these results, a capture probe
harbouring an alkyne in place of them&thyl was synthesized, resulting in prab¢Figure
2.3C). Gratifyingly, 2 displayed antibiotic activity with an MIC of 8g/ml againstB. subtilis
Retaining comparable biologicahctivity is an essential prerequisiie order to ensurethe

interaction that detrmines antibiotic activity is still able to occur with our modified probe.

Cl Cl

Cl

HO 0, I~ Cl HO. 0 )=
cl 0 ct N"=g

\ 0
1 1.1 1.2 1.3
MIC: 2 pg/ml MIC: >32 pug/ml MIC: >32 pg/ml MIC: 0.5 pg/ml
Electrophilic center
) ) cl reacts with nucleophiles
Aromatic alcohol is [ HO. ' from target protein(s)
imperative for | Ry -
activity cl N
cl I o
(o]
: Lolng alk‘;{l groups 2 Alkyne used to conjugate
tolerate MIC: 8 pg/ml probe for inhibitor
’ capture
HN
T
0

Figure 2.3. Structure-activity relationship of armeniaspirol. (A) Derivatives of armeniaspirol evaluated against
B. subtilis (B) Results of the SAR indicate that the aromatic alcohol is require@rfaibiotic activity while
extending the alkyl chain on the nitrogen doesdiatinishits inhibitory effect.(C) Congruct of the ameniaspirol
derived capture prob@, functionalized with an alkynfer activity-based protein profiling
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2.2.3Targetcapture using activitypbased protein profiling

A standard ABPRtrategywasemployedto capture protein candidates with prébea B.
subtiliscell lysaté?® (Figure 2.4A). The alkyne installed on prot&wasbioconjugatedo biotin-
azidethroughCuAAC click chemistry.The proteirprobe complexes wenmecoveredollowing
binding to streptavidin agarose beaddn-bead trypsin digestion followed by LC-MS/MS
analysis provided relative abundances of all identified protedvdy proteins with a high
confidence, 1% false discovery rateDR), andwith at leastwo detectegbeptides werencluded
in the data analysi€f these, only proteins that were detected in three of four replicates were
used for the analysiddeally, this strict analysis would eiv for only the most likely of
candidates to bespresented.

However, norspecific proteinprobe interactions arene of the main limitations of
ABPP'2130 Thus, h a parallelexperimenta competitiveABPP approachwasperformedwith 1
in orderto discernactual proteirtargets from false positive8 (Figure 2.4A). The cell lysate
was pretreated withan excess concentration bto block availablebinding sitesof the protein
targets and subsequently treated wihto captureremainingproteins with accessible binding
sites. This competitionshould resulin the captureof mostly nonspecificfalse positiveprotein
targetswhich arescreenegainstthe proteins obtained frothalone Thus, significant increases
in proteinabundanceapured with 2 alone versus the competitidrasednonspecific capture
deconvolutethe actualproteintarges. In total, tvelve proteins showed a statistically significant
(p-value <0.05) and biologically relevant (fetthange >2) increase in abundamdéh 2 versus
the sample prereated withl as shown by a volcano plot distributi@figure 2.4B; Table &2 in

Appendix 1).
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Figure 2.4. Inhibitor capture strategy to determine biochemical targets of armeniaspirol.(A) Experimental
workflow for profiling armeniaspirol protein targets. The electrophilic center binds to the protein of inteBest in
subtilis cell lysate. The free alkyne is conjugated to bi@taide and captured on streptavidin beads. Captured
proteins aresubjected to digestion and LS/MS for identification. A competition assay withis included to
clarify targets. B) Volcano plot of inhibitor covalent capture, resulting in 12 biologically and statistically significant
hits. Biological andstatistical significance is defined as faldange >2 and-palue <0.05, respectively
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Interestingly ClpP showed a 3.3fold increase in abundande the probeonly capture
versus the competitiebased captureAs previously discussed iG@hapter One Section 1.2,
ClpP is the proteolytic component of thélpXP AAA+ bacterialprotease andepresentsan
attractive antibioticand antivirulenttarget Thus, the capture ofClpP warrantsfurther
investigation and excitemeas a direct biochemical target ofraniaspirol.Moreover ClpQ,
was also detectedat high abundance our probeonly inhibitor capture experiment, though
only one of the four replicate$he decreased sensitivity of H@S/MS detection of ClpQ across
replicates may be explained by the much lowelular abundance of ClpYQ compared to
ClpXP in B. subtilig3’. Nevertheless, thesingle detection of ClpQ lends support to the
hypothesis thathe Clp proteasesay betargets of armeniaspirollhus,we sought to determine
if 1 inhibits the ClpXP and ClpYQ proteasés vitro in biochemical assaysA further
comprehensive analysis of the other apparéidlogically and statistically significant
biochemical targets of armeniaspirol is discussed in Chapter Three (Sect)n 3.4.

2.3 Kinetic characterizationsof ClpXP and ClpYQ AAA+ proteases
2.3.1Michaelis-Menten kinetcs

A continuousbiochemicalassay to monitor proteolytic activityf the CIpXP protease
from the GrarmegativeE. coli has been extensivelgeveloped®. In the presence of active
protease, e commercially availablefluorogenic peptide substrate N-SuccinytLeu-Tyr-7-
amido4-methylcoumarin is cleaved toreleaseamido4-methylcoumarin (AMC)which is
measuredn relative fluorescent units (RFWrigure 2.5). Thus, we used this established ClpXP
assayas a foundation t@orstruct our biochemical assayend characterize Michaelidenten

kinetics. This provides us with a quantitative referenceuford er st andi ng an
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for a substrate (K) and its catalytic efficiency——) under given experimental conditions.

Analyzing how these parameters are affected in the presericgrovides valuable insight into

characterizing its mode action.

/ Succinyl-Leu-Tyr-AMC \
N N 0’ [+]

H H
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Figure 2.5. General schematicfor assaying Clpproteolysisin vitro. The degradation of fluorogenic peptide,
SuccinytLeu-Tyr-AMC, leads to the release of AMC that can be detected at an excitation and emission of 355 nm
and 460 nm, respectively.

While we were ableto heterologouslyexpress and pusifthe B. subtilisClpX and ClpP
proteinsin E. coli BL21(DE3), we could only achieve single turnovef the peptide substrate
despite the many assay conditiongested (data not shown) Thus, we chose instead to
characterizeéhe proteolytic activityof the homologoug&. coli ClpXP (ecClpXP) complex, using
this as a moel for CIpXP inhibition kinetics witi. Both ClpX and ClpRverereadily expressed
and purified Figure S3A in Appendix |). We obtaired a MichaelisMenten curve for the
ecClpXP complexyielding a Ku of (365.4 + 25.5) x 18 M and kear of 0.0512+ 0.0038s?
(Figure 2.6A; Figure $4 in Appendix I). Furthermore, sinc€lpP is known to possess modest
peptidase activityn the absence of CIgR we obtained a Michaeli#enten curve for ecClpP

alone Figure 2.6A). Similarly, a biochemicalassay foB. subtilisClpYQ (bsClpYQ) has also
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been developed using an alternathdC fluorogenic peptide substrategrbobenzoxyGly-Gly-
Leu-7-amido4-methylcoumarif®*34 Upon successful expression and purification of bsClpQ
and bsClIpY, we kineticallgharacterizedts proteolytic activity Figure 2.6B; Figure S3B in
Appendix 1). In contrast with ecClpP, we observed no peptidase activity for ClpQ in the absence

of ATP or the ATPase component Clpk accordance with the literatdPe(Figure S5 in

Appendix 1).
A 2.57 ecClp(X)P Michaelis-Menten Kinetics ecClpXP
2o Koo 5D 0.0512 + 0.0038
g ' < Ky (M) (365.4 + 25.5) x 10
?, 1.5+ kae/ Ky (M15T) 140.12 + 14.27
z
O 1.0
i ecClpP
0.51 K (1) 0.0612 + 0.0055
0.0 Ky (M) (605.6 + 62.8) x 106
o 500 1000 1500  he/ Ku(M's?) 10106 +13.87
[Succinyl-Leu-Tyr-AMC] (M)
—— ecClpXP ecClpP
B 6.07 bsClpYQ Michaelis-Menten Kinetics
Q3
2 4.0 )
x [ ]
> bsCIpYQ
3 2.0+ . Keqr (57) 0.1266 + 0.0106
S 2.
> Ky (M) (755 +9.3) x 1076
Kege/ Ky (M50 1,676.60 + 249.21
0-0 T T 1
0 100 200 300

[Cbz-Gly-Gly-Leu-AMC] (1M)

—— bsClpYQ

Figure 2.6. Michaelis-Menten kinetics for ecClp(X)P and ecClpYQ proteolysis activity (A) MichaelisMenten
curve of ecClpP and ecClpXP proteolyqiB) MichaelisMenten curve of bsClpY@roteolysis Experimentally,
MichaelisMenten curves are produced by plotting initial velocities of peptide hydrolysis at varied substrate

concentrationsThe Kear, K, and%& WMichaelisMentenparametersre dsplayed Each data point was collected in
E
triplicate (n = 3).
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2.3.2Armeniaspirol nhibition kinetics

In the presence of increasing concentrationd,oive observed a clear dose response

towardsthe proteolytic activities of boththe ClpYQ an ClpXP complexes We characterized

protease inhibition by 165. Addition of 1 showed protease inhibition for ecClpP and ecClpXP

with an 1Go of 61.0+ 1.0 >M and 48.6+ 1.0 >M, respectively Figure 2.7A), whereasl

inhibited protease activity of bsClpYQ with ansi®@f 15.2+ 1.0>M (Figure 2.7B).
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Figure 2.7. ICso0 curves ofecClpXP andbsClpYQ proteolysis activity. (A) 1 inhibits ecClpXP and ecClpRith
an IG of 48.6 pMand 61.QuM with 0.1 mMsuccinyl-LeuTyr-AMC, respectively(B) 1 inhibits bsClpYQ with an

ICso Of 15.2 uM with 0.1 mM CbzGly-Gly-Leu-AMC.
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Surprisingy, we did not observerreversible inhibitionin our biochemical assays despite
obtaining ClpP and ClpQ using a covalent ABPP chemical proteomic str&tddys was tested
by incubatingClpYQ with an excess concentration dffor 4 hours diluting the incubation

mixture to @ inhibitor concentratiorwell below the 1Go, and evaluating proteolysictivity

(Figure 2.8).
Control Assay Inhibition Assay
ClpY ATPase
ClpY ATPase ClpQ protease
ClpQ protease (+) 1

()1

1. Incubation
2. Dilution

Activity assay
Figure 2.8. Enzyme inhibition assayto evaluate reversibility. Irreversible versus reversible enzynmhibition
was tested by incubating an excesslafith ClpYQ. Following a substantial incubation period, the mixture was
diluted to yield a concentration df below the 1Go. Irreversiblybound inhibitor should result in no proteolysis
activity, while reversibly bound inhibitor should recover significant proteolysis activity.

For irreversible inhibibn, enzyme activitywill remain fully inhibited evenupon large dilution

of inhibitor, wheeas enzyme activity will recovéor a reversible inhibitorFollowinga dilution

of 1, ClpYQ proteolysis activity was recoveratl 78% of the control without. One possible
explanation for this irregularity is thatvary slow inactivation ratekgac) may enable formation
of covalent enzyménhibitor complex for capture, but insufficient covalent modification to be
able to exhibit detectable irreversible inhibitidn. order tofurther characterizéhe mode of
inhibition by 1, we monitaredchanges in i and wax valuesof the B. subtilisClpYQ proteolytic
activity at a range of inhibitor concentrationsder classical steadgtate conditionsWe
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observedan increaseikma nd sdaalml ¢ he pdrmesemotdingft or ,concen
demonstr aftumgt itdmms as a ofo mpled i €k 3fFegpreé 86tme s ¢ o r
Appendix 1). In the competitive inhibitim mode| substrate and inhibitor contend for the same

active site of an enzyméeading toa reversible enzymehibitor complex Thus, binding of

inhibitor to free enzyme prevents binding of substrate and vice (&thame2.1).
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Scheme2.1. Enzyme Kkinetics reaction schematicgA) MichaelisMenten enzyme reaction schematic. Enzyme
binds substrate to produce produ@®) Competitive inhibition enzyme reaction schematic. Enzyme binds substrate
or inhibitor to produce product or enzysimibitor complex, respectively. Enzyme (E), Substrate (S), Inhibitor (1),
Enzymesubstrate complex (ES), Enzysmibitor complex (El) Product (P).

The inhibition constantfor reversible inhibition K;, measureshe dissociation of the

enzymeinhibitor complex and is given by the following equation:
+  — [eq. 2.1
Under conditions of competitive inhibition the ChengPrusoff equationallows for the

conversion olCso valuesto obtain K!*6. The ChengPrusoff equation for competitive inhibitors

is defined as follows:
Y #=p —+ [eq. 22]

The K; from this equatiorcan bevalidatedgraphicallyusinga modifiedDixon plot represented

by - versus , Where thex-interceptof the trendlinerepresentsK; (Figure S7 in Appendix
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). The K constars for bsClpYQand ecClpXPwveredetermined to be 312¢M and 3668 M,
respectively Surprisingly, the K; for ecCIpXP is significantly greater thamoth the K of
bsClpYQ and the MIC ot (4.8€M in B. subtilig. While it is possible that possessea lower
affinity towardsthe Gramnegative ClpXPcomplex the inaccessibility to dunctional Gram
positive ClpXPcomplexmakes it difficult to substantiatihis claim However, in conjunction
with the inhibitor capture, thesiatastill coincide withClpXP and ClpYQasdirectbiochemical
targetsof armeniaspirol.

In order to fully understand the impactbbn theAAA+ proteasesATPase actity was
also investigatedn vitro. A discontinuouscolorimetric malachite green assaas used to
monitor freeinorganicphosphate release following ATP hydrolysis at an absorbance wavelength

of 650 nn®" (Figure 2.9).
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Figure 2.9. General schematicfor assaying Clp ATP hydrolysis in vitro. ATP hydrolysis is monitore¢hrough
interaction offree phosphate witmalachite green dy@ndmeasureatan absorbance &0 nm.

The ATPase activities of thecClpXP and bsClpYQ complexes, asvell as the individual
componentedClpX and bClpY, were inhibited byl. The 1Go of bsCIpXP and ecClpX ATP

hydrolysis is 54.4 .1 >M and 42.2+ 1.0 >M, respectively(Figure 2.10A). Additionally, the
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ICs0 of bsClpYQ and bsClpY ATP hydrolysis is 96.48>M and107.9 +1.0>M, respectively

(Figure 2.10B).
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Figure 2.10. ICso curves of ecCIpXP and bsClpYQ ATPase activity. (A) 1 inhibits ecClpXP and ecClf with
ICsos of 54.4puM and42.2uM with 1 mM ATP, respectively (B) 1 inhibits bsClpYQand bsClpYwith 1Cses of 96.9

UM and 107.uM with 1 mM ATP, respectively.

2.4 Conclusions

2.4.1Armeniaspirol inhibitor kinetics suggest a complex molecular interaction

Interestingly, armeniaspirol inhibits both thpotease and ATPase activities ot th

ecClpXP and bsClpYQ complexes. The AAA+ ATPases group into classand class I

chaperones depending on tpeesenceof one or two nucleotidbinding domains. ClpC and
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ClpE are class | chaperones with two nucleeba&ling domains, while ClpY and ClpX are
class Il chaperones with one nucleotide binding dotfaifihe amino acid sequences of ClpY
and ClpXshow close homology to each other relative to ClpC and*&pEhus, whie it would
be reasonable to propose a mechanism for armeniaspirol that targets these Acdelasgto
protease inhibition this would be inconsistent with the inhibitor capture of Clghd the
competitivemode ofinhibition observed in our biochemicaksays, including with th€lpP
protease activity aloné second possibility is that binding afat the active site of eith&lpP
or ClpQ may lead to allosteric disruption of ATPase function. However, this walatd be
inconsistentwith the inhibition of both ClpX and ClpY ATPase activities alone. Moreower,
could not discerrany obvious disruptions to the multimeric aggregation of ClpYQ by-non
denaturingpolyacrylamidegel electrophoresis unden vitro assay conditions, eveat high
concentrations ofl (Figure S8 in Appendix |). Thus, the molecular interaction between
armeniaspiroland these complexes remaimscharacterizeégnd of particular interest moving
forward
2.4.2 Antibiotic implicationsof ClpXP and ClpYQ inhibition

Based onour chemical proteomics anth vitro biochemical assaysthe antibiotic
mechanisnof action ofarmeniaspirolappears to be a consequenceandibition of the ClpXP
and ClpYQ AAA+ proteasednterestingly, there is precedence to support that the combined
activities of ClpQ and ClpP are essential in Gijamsitive bacteria. Fanstance while clpP and
clpQ are noressential geneg t t e mpt s t dpQ pulpP doubteemutanin @. aureus
proved to be synthetically lethdf®. Additionally, clpP is essential inthe Grarpositive
Mycobacterium tuberculosishich lacksclpQ’®83 Thus, we propose that abolishing both ClpXP
and ClpYQ activities together is responsible for antibiotic actithpugh we cannot explicitly
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rule out the possibility obtherbiochemicattargets as isoften the case withatural product$™.
In further support of this is that a mutation in either ClpXP or ClpYQ would likely leaaiid
resistancetowards armeniaspirplbut inability to develop resistarstrains suggests a more
complicated mechanism is at work.
2.4.3Armeniaspirol is the firstkknown natural product inhibitor of ClpP

ClpP is a highly covetedntivirulencetargetfor inhibiting pathogenic bactefa44144
However,extensivecompound library screems searctfor clinically viable ClpP inhibitors hae
been met with limited succesSynthetic compounds including certéirlactones and phenyl
estershave been identified as selective inhibitors of Cipih antivirulence propertigsbut
suffer from poor plasma stabilitand pharmacokinetiés’® Alternatively, ameniaspirol
repregnts the first natural product ClpP inhibitordis inherently mordikely to overcome these
in vivo challengesgiven its naturally evolved scaffold*® and efficacy in MRSA-induced
septicemia modst*®. Armeniaspirol is alsaniquein displaying antibiotic activity,whereas the
synthetic selective inhibitors of Clpesult inreducel virulence in the Granpositive pathogens
S. aureusindListeriamonocytogendsut exhibit no antibiotic activy’>48

The ADEPs representhe only otherclass ofnatural producantibioticsthat target ClpP.
In contrast to armeniasplrahe ADEPs bind to ClpP arattivate rather than inhibjtroteolytic
activity!*’. Although ADEP-activated ClpP is unable to degrade stably folded proteins, unstable
proteins and newly emerging proteins from the ribosomdigley susceptible to degradatf®n
This uncontrolledand undiscriminatingrotein degradatioteads tooss of cellular homeostasis
andresuls in antibiotic activity However,given thatthe ADEPs aresingle enzymeargeting

antibiotics, they are substantially mopeone to rapid developmentof resistant phenotypes
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rendering tem ineffectivé®®4148 As already notedarmeniaspirol does not appear to suffer from
this clinical complicatiorgiven the inability to generate resist@taureustraing™®,
2.5 Contributions

The synthess of chloro-armeniaspiroll, analogs1.1-1.3 for the structureactivity
relationship study, and inhibitor capture prdbevere performed by Mark H. DornarPh.D,
University of Ottawa LC-MS/MS for inhibitor captureproteomicswas performed by Zoran
Minic, Ph.D, John L. Holmes Mass Spectrometry Facjlityniversity of Ottawa.Plasmid
constructs for expression and purificationEofcoli ClpX (p P r eHE® | p a0YE. coli ClpP

(PET9aClpP) were provided by Prof. Walid A. Houry, Warsity of Toronto.
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CHAPTER THREE:
Armeniaspirol Leads toCell Division Arrest in Gram-positive Bacteria

3.1lIntroduction
3.1.1Stable-isotope dimethyl labelinguantitative proteomics

Advances in mass spectrometry based analytical methods have increased our ability to
identify and quantify proteins to obtain proteomic representstifna biological sampfé®.
Quantitative proteomics strategies have been deedltipat allow for relative or absolute
guantificatiors of protein levels in a cell or tissuand provide useful information in
understanding how a proteome changes in response to an altered biochemié®l state
Quantitativeproteomics can beerformedthrough diversechemical labebasedor labelfree
approachesThe demicallabetbased approacallows for theincorporaion of stableisotopes
into peptides to quantifyand comparemultiple samples inone combined LC-MS/MS
experiment

Stableisotope dimethyl labeling is an extensively usbeémical labebasedproteomics
approab for quantifying relative protein levels between sampleThe labeling of peptides is
dependent ora reductive alkylationreaction with formaldehydeand cyanoborohydrideo
methylate primary amine group®n the N-terminusor lysine side chains of peptide$his
approachallows for up to a maximum of thrggoteomic samplet® beanalyzed simultaneously
through addition oformaldehyde (light labelpr deuterated formaldehyde (intermediate label)
with cyanoborohydrideor deuterated®C-labeled formaldehydeith cyanoborodeuteridgheavy
label) tolabel corresponding samp®?! (Table 3.1). The addition of the light, intermediate, and
heavy labels create mass shifts of 28, 32, or 3bBsper primary amine, respectivel. Only

the light and intermediate labels are typically used when comparing two samples, whereas all
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labels are used when comparing three samples. The labeled samples are mixed in a 1:1 or 1:1:1

ratio accordingly and analyzed by {MIS/MS.

Table 3.1. Light, intermediate, heavy stable isotope labels afimethyl labeling. Dimethyl labeling quantitative
proteomics tolerates a simultaneous analysis of up to three samples, which can be attained by addition of
formaldehyde (light label), deuterated formaldehyde (intermediate label), or a combination cétdduaad-C-

labeled formaldehyde (heavy label).

CHs CHD, 13cD,
Structure: R—N R—N R—N<
CHs CHD, 13CD,
Reagents: CH,0 CD,0 CD,0
NaBH;CN NaBH;CN NaBD;CN
Label: Light Intermediate Heavy
Mass shift: +28 Da +32 Da +36 Da

Herein, we appliedstableisotopedimethyl labeling to quantitatively profile changes in
the B. subtilisproteome following treatmemf cultureswith either avehicle contro(DMSO) or
a sublethal dose ofl ( 1 & g A2nthe MIQ (Figure 3.1A). Proteome extracts of DMSO
(untreated)and 1-treated (treated) B. subtilis cultures were labeled with formaldehyde and
deuterated formaldehyde, respectiveand quantified by LMS/MS (Figure 3.1B). Our high
confidence(1% FDR protein recovery acrossthree replicates/ielded a sufficiently broad
coverageof the totalB. subtilisproteomecomparable to tht seen in thditeraturé®® (Figure
3.1C). Of this coverageonly protein hits detected iat leasttwo of threetreated/untreated
replicates wereaised for analysjsthus providing astringentproteomic profile ofB. subtilisin
response to treatment with The resulting proteins were graphically distributed using a volcano
plot to visualizethe statistical and biological significancd each deteed proteinfor further

analysis(Figure 3.1D).
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Figure 3.1. Dimethyl labeling and quantitative proteomics of theB. subtilis proteome. (A) Proteome extract of

B. subtilis following DMSO- and 1- treated growth are isotopically labeled with formaldehyde and deuterated
formaldehyde, respectively, aggdiantified by LEMS/MS. Experiments were carried out in biological triplicaB. (
Stable isotope dimethyl labeling by addition of formaldehyde at tie eNr mi n uasnincagnodps of lysine
residues, followed by the immediate reduction with sodium cyaoblydride. C) Total protein recovery following
dimethyl labelling for each replicata, is shown.(D) Volcano plot ofhigh confidencdreated/untreateB. subtilis
proteins detected in at least two of three replicates

3.2 Armeniaspirol has a distinct mechaism of action
3.2.1Armeniaspirottreatment displays a unique proteomprofile

The B. subtilisproteomehas been extensively profiled in responsedweeralantibiotics
of various mechanismscluding those that inhibit proteipiosynthesisfatty acidbiosynthesis
cell wall biosynthesisandDNA damaging agent¥ 1°°. Each of thesantibiotic profiles display
increases in abundance of specific protein biomarkers that are characternistimézhanism.
Thus, overlaying out-treated proteomic profile with each of these estabtisintibiotic profiles
will allow us to directly compare similarities in mechanisnifowever the increase in

abundance dkey proteinswith these other antibioticare notsimilarly observed with treatment
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of 1. Instead maost referencedproteinsshow a statistically and biologically insignificant change

resulting in a unique proteomic profilEigure 3.2; Table S3in Appendix I1).
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Figure 3.2. Antibiotic protein biomarker abundancesin relation to 1-treatment. Protein foldchange and
values are identified for specific proteins associated with certain antibiotic treatniwts protein marker
highlighted has been shown to have substantial enrichment knittwn antibiotic treatmerst Biological and
statistical gynificance is defined as foldhange >2 and-palue <0.05respectively

Treatment of B. subtilis with the protein biosynthesis inhibitors tetracycline and
chelocardin show an increase in ribosomal protdiRpsB, RpsF, RplJ) and translation
elongation factors (TufA, FusA) biwo-dimensionalgetbased proteomi¢®. While our data
showsl increasefRpsBandRpsF, there is less thartwo-fold changen RplJ, FusA and TufA,
suggesting it does noprincipally target protein biosynthesis.Likewise, the fatty acid
biosynthesis inhibitors platencin, platensimycin, cerulenin and triclosan all cause a significant
increase in FabHA, FabHB, FabF, and Fabl lev&l&Jpon treatment withl, none of these
proteins showed a greater thawo-fold increase The cell wall biosynthesis inhibitors

merscadin, bacitracin, and vancomyaf show a significant increase in YceH and YceC
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levels®’. However,in only one replicat®f our proteomicsloes YceC increase abotwo-fold
when treated withHl. Lastly, treatment oB. subtiliswith DNA-damaging agents mitomycin,
daunomycin, anddriamycin leads to significant increases in RecA and the SOS response,
whereas treatment withled to no change iRecA level$®*1%® Thus,the distinctiorbetween the
many characterizegroteomic profiles oB. subtilistreated witha range ofantibioticsversus
treatment withl suggests unique antibiotic mechanism
3.2.2Armeniaspirol is not synergistic with common antibiotics

Studyingthe synergistic interactis of two antibioticson bacterial growtlis another way
to elucidatemechanisms of inhibitianSynergy is defined when a combination of antibiotics
leads to an inhibitory response much greater than that expecteeitf@mnindividual antibiotic
activity aloné®. If one antibotic displays synergy with another, it lisghly likely that both
function through a related mechanisthis is described as parallel pathway inhibition, which
states that the combined inhibitory effect of two antibiotics that inhibit targets on parallel
mechanisms is often more severe %iSsegysither
determined experimentally through-@&ll plateMIC checkerboard assays, where one antibiotic
is serially dilutedhorizontally from left-to-right and the othevertically from top-to-bottom A
drastic decreasa the MIC in both dimensions of the 9¢ell plate is representative of synergy,
while no change in the MIC in either dimension represents no interaction between antibiotic
activities (Figure 3.3A). Thus, we sought to identify synergy 1 with known antibiotics of
various mechanisms such as tm®tein biosynthesis inhibitor tetracycline, DNA replication
inhibitor ciprofloxacin, cell wall biosynthesis inhibitor penicillin, and the fatty acid biosynthesis

inhibitor ceruleninn B. subtilis(Figure 3.3B).
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Figure 3.3. Checkerboard synergy assays with 1(A) Depending on the extent of growth inhibition, a pair of
antibiotics may be considered synistig (left), antagonistic (not shown), or indifferent (right). (Bis paired with
Gramypositive antibiotics of varying mechanismsBn subtilisto determine changes in MIC, includitige protein
biosynthesis inhibitor tetracycline, DNA replication inhibitor ciprofloxacin, cell wall biosynthesis inhibitor
penicillin, and fatty acid biosynthesis inhibitor cerulenin. No synergy Withobserved.

Upon visual inspection, iivas immediatly obvious thatl did not display synergy with
any of theselectedantibiotics.A fractional inhibitory concentration (FIC) index cadditionally
be calculated from these assays to quantitatidelgtify synergy®2 The FIC index is calculated
using the MICs of antibiotics in combination versus ithICs alone. The consensus follows

t hat a FIC index O 0.5 1is defined as syner
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antagonistit®® A FIC index that falls between these two bdaries is considered to be
indifferent, or have no interactiéii'%4 Our deckerboargynergyassayshowedactivity of 1 is
independent oéll tested antibiotics, as determined by their FIC indéXable 3.2). Thus, this
datain conjunction with the proteomic profile B. subtilisprovides further evidence thahas a

novelantibiotic mechanism.

"000 "HB 8

Table 3.2 Fractional inhibitory concentration index of antibiotics paired with 1. The fractional inhibitory
concentration (FIC) index was calculated according to the equatlaabove where MIG represents the MIC df
alone, MIGc represents the MIC df in combination with antibiotic X, MI& represents the MIC of antibiotic X

alone, MIG represents the MIGf antibiotic X in combination witl. Sy ner gy i s defined as FI
synergy is observed with
Antibiotic X = Tetracycline  Ciprofloxacin Penicillin Cerulenin
. o Protein DNA Cell wall Fatty acid
Mechanism of Action: . , L . , . .
biosynthesis replication biosynthesis biosynthesis
FIC index:
5-chloro-armeniaspiroll 0.625 O 1.0t O 1.0 O 1.0
Effect: Indifferent Indifferent Indifferent Indifferent

3.3 Implications of armeniaspirol in bacterial cell division
3.3.1Profiling gpc | gndPpc | B. Qubtilis proteomes

Given thatantibiotic activity isbelieved to beconferred through a combined mechanism
inhibiting both ClpXP and ClpYQproteaseswe sought taharacterize thproteomic profiles for
B. S u bt iardB. subtipsn@ip® Beletionstrainsindividually to compare tawild-type B.
subtilis (Table B in Appendix V). We expect the proteomic profiles of tBe subtilisdeletion
strains to share similarities with the proteomic profileletreatedB. subtilis. Specifically,
protease substratefor either CIpXP or ClpYQ are expected tasignificantly increasein

abundancein thdr respectivedeletion strainswhile the subtrates for bothproteasesare
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expected to significantljncreasen abundance id-treatedB. subtilis Thus, informationfrom

the enriched proteinaf these proteomic profiles méde used ta@wharacterizehe degradome and
biological roleof the ClpXP andClpYQ proteasess well asnfer a mechanism of action for
armeniaspirolAs above, dnethylisotopiclabeling was used to quantitatively profile changes in
each of thedeletionstrainswith wild-type B. subtilisused as the contraDnly proteinswith a

high confidence (1% DR) anddetecion in two of threereplicates were used for the analyensl
represented in volcano plotBigure 3.4). 109 proteins showed a biologically (fetthange >2)

and statistically (pvalue <0.05) significant enrichment atreatedB. subtilis the gelpP and
gelpQ B. subtilisdeletion strainglisplayed asignificant enrichment o264 and 191 proteins,
respectively(Figure 3.4). 41 enriched proteins overlap betwegitreatment and theglpP
deletion, while 2lenrichedproteins overlap betweehtreatment and thgxlpQ deletion The
number of overlapping proteins is a statistically significant increase over the expected values
from random as determined by the Chi square goodness of fit test (P < 0.0004).the
significant overlap of enriched proteins betwdetneatedB. subtiliswith each of theylpP and
gelpQ B. subtilisdeletion strains strongly supports a mechanism of action relating to ClpXP and

ClpYQ inhibition.
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Figure 3.4. Proteomic profiles of 1-treated B. subtilisand gxlpP and qzlpQ deletion strains Dimethyl labeling
guantitative proteomics was performed bireatedB. subtilis aqzlpP deletion strainand aqzlpQ deletion strain
with wild-type B. subtilisused as the control. Proteomic profiles are representealame plots ohigh confidence
proteins detected in at least two of three replicafése Venn diagram depistupregulated proteins across
treatments Biological and statistical significance is defined as {fdiénge >2 and-palue <0.05, respectively.
Upregulated proteins are proposed to include biological substrates of the ClpP and ClpQ proteases.
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3.3.2Divisome and elongasome proteomics

Interestingly, a sygematic survey of theenrichedproteins showedeveral divisome
relatedcomponentsncrease in abundaneeross treatment§igure 3.5; Table $4 in Appendix
II'). The divisome complex plays@ucial role during cell divisio. In B. subtilis cell division
occurs at the midell and is mediated by the formation of a Hikg structure (Zring) via
polymerization of theessentialdivisome protein FtsZ%. FtsZ and a number of chaperone
proteins that scaffold with -Zing formation to facilitate cell divisioit namely GroEL, DnakK,
and Tigi increase significantly upon treatment witlf® 1%°. These proteinare also observed to

increase significantly in the gc | pldketion and are known substrates thfe ClpXP

proteas%7'98’17°’171
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Figure 3.5. Divisome-related protein abundancesEffects onB. subtilisdivisome protein abundances according to
treatmentwersus wildtype.nd, not detectedA n ot s i qot significard, detected yn two of thresplicates.

Additionally, sveral negative regulators of the divisome increase in abundance upon
treatmentwith 1 including DivIVA, the DivIVA ortholog GpsB (detected in two of three
replicates),and MinD (Figure 3.5; Table $4 in Appendix II'). DivIVA is recruited to sites of

negative membrane curvaturiecluding nascentell division sites, where it complexes with
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MinC and MinD to inhibit FtsZ polymerizatidf? 1’8, While it is possible thaDivIVA is a
substrate for CIpXP giveits increase in abundance the qpc | geletion(detected in two of
three replicates)DivIVA shows asignificart increase in abundance in tlgec | de@tion
Notably, DivIVA is a proposed substrate of ClpXP 8treptococcusnutans a Grarapositive
bacteria that lacks CIp®. Thus,we propose DivIVA, and perhaps GpsB, are substrates of the
ClpYQ protease irB. subtilis Given that w targets of the ClpYQ proteasee knowr’®
degradation of DivIVAwould represena significant new role for ClpY@MinD, also anegative
regulator of the divisome-#Ang, is observed to significantly increase in abundandeeqpc | p P
deletion and in two of three replicates upon treatment Withs MinD is a known substrate of
ClpXP in the GrammegativeE. col®®1’% our proteomis would suggeslinD maysimilarly bea
substrate of ClpXP irB. subtilis Since bothdivIVA and themin operon are constitutively
expressed with low transcript levEl$ their increases in abundanae kkely due to decreased
proteolysisas a result ofhedeletion orinhibition of ClpXP andClpYQ. Additionally, the loss of
regulation ofeach of theseritical cell division proteins have been shown to have detrimental
consequenceim bacteria The overexpressioof FtsZ inhibis cell division inE. coli*®¥ 1 the
overexpression of DivIVAis not viablein B. subtilig®* and elevated levels of Minh the
presence oMinC results in inhibition of celbivision'’>8 Given that each of these key cell
division proteins are reportedly degraded by ClpXP, it follows suit that all increase in abundance
upon treatment with in B. subtilis

In addition to the divisomethere appears to be dysregulation oféglgasome complex
responsible for peptidoglycan hydrolysis and synthesis along the cell axis allowing for
cylindrical growth in rogshape bacterid®® (Figure 3.6; Table $4 in Appendix I1). Given that
both the elongasome and divisongnction through a complex of extracellular and integral
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membrane proteinscaffolded to a cytosolic polymer to remodel peptidoglydaey are thought
to be evolutionarily related complex&s Thus, both these complexes may share similar patterns
of regulation.

3 1-treatment

6= 3 clpP deletion

3 clpQ deletion

Fold-change (log2)
T

Figure 3.6. Elongasomerelated protein abundances.Effects onB. subtilis elongasomeprotein abundances
according to treatmemnersus wildtype.nd, not detectedA n ot s i ot significard, detegtedyin two of three
replicates.

The cytosoliaVireB polymeri andhomologs Mbl and MreBH scaffoldthe proteins of
the elongasome compl&&194 MreB sigrificantly increases in abundance upon treatment With
and in thegpc | delBtion Additionally, theepc | delBtionandtheqgc | geldtionboth show a
significant increase ithe MreB homologMbl. Thesedatasuggest a new role for the GIp and
ClpYQ proteasesin the regulation of the elongasomé/reB is constitutively expressed
suggsting the increase in abundance is due to decreased protgdlySisthermore, the
overexpression of MreRas been shown to lethal inB. subtilig®1%". SweCis alsoobserved
to significantly increase in abundance upon treatment Wend in thegpc | delBtion.SweC
and SweDactivate the extracellular peptidoglycan hydrolase, CwlO, which degrades the distal

load bearing peptidoglycan lay&ts!®® The overactivation of CwlO due to SweC resiin
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weakening of pejdoglycan and ultimately cell lysi®. As an extracellular protein, CwlO likely
evades detection iruo proteomics due to limitations in the experimental setup which is biased to
soluble cytosolic proteing.hus, our proteomics dapmovides strong evidence theimeniaspirol
arrests cell division through dysregulation of the divisome, but aisakens th cell wall
through dysregulation of the elongasorBath ClpXP and ClpYQ appear tbave concerted
rolesin the regulation of th8. subtilisdivisome and elongasonvé@ proteolysis of, at minimum,
principle proteins FtsZ from the divisome and MreB from the elongasome.

3.3.3Microscopy evaluation of armeniaspirdteated B. subtilis

We sought to examinghenotypicchanges irB. subtilisat subinhibitory concentrations
of 1( | MI C, asing aprifocdl fluoresoee microscopyB. subtiliscells were stained
with DAPI and FM 464FX to visualize the DNA anthe membrane, respectivelyFigure
3.7A). While we did not observe significant changes in cell length as might be expected with cell
division inhibition, evaluation of-treatedB. subtiliscompared to wileype B. subtilisshowed a
clear and statistically significant change in nucleoid phendtygeire 3.7B). B. subtilistreated
with 1 showed a statistically significant increase in the nunobeellswith separated nucleoids
compared to untréad B. subtilis The opposite was observed for single nucleoid containing cells
in that most untreated cells appeared to display this phendiiiedata supports a mechanism
involving negative regulation of cell divisiprwherebynucleoid replication caroccur but

without sepation to produce daughter cells.
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Figure 3.7. Confocal fluorescence microscopy oB. subtilis. (A) Micrographs of vehicle control versdstreated

(2 MIC, 1 ¢ g B. mubt)lisstained with DAPI and FM -64FX showing representations of single nucleoids A,
bilobed nucleoids B, and separated nucleoids(E). Septation defects were graphed according to nucleoid
phenotype (biological triplicate; DMSO n=14Breatment n=157)**p < 0.05, statistical analysis was performed
by 22way ANOVA with HolmSi dakdés mul ti pl e comparison test.
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3.4 Conclusions

3.4.1Armeniaspirol does not appear to inhibit other AAA+ proteases

Our quantitative proteomics allows us to evaluheselectivity of armenispirol towards
two other bacteriahAA+ proteasesLon and Ftsl. A knownsubstrateof the Lon proteasen B.
subtilisis SwrA, an activator of thita-che operort®®2°! Inhibition of Lon protease bg would
lead toreduced proteolysis of SwrA and incredisdundance of proteirencoded by th#a-che
operon.Two of these detected protejriSheA and CheCare insteadobserved tadecreasen
abundanceby 3.6 and 9.3fold with p-values of 0.03 and 0.0007, respectivelisH is a
membranebound metalloprotease that degrades EzrAegative regulator ofell divisior?®?, If
FtsH were inhibited byl, there would be an increase in abundance of EzrA. Instead, our
guantitative proteomics shows Ezedundancelecrease significantly (23-fold) with a pvalue
of 0.01.Thus, based on these results it does not appear agthomeniaspirol inhibits the other
AAA+ proteases.
3.4.2Armeniaspirottreatment displays enrichment of known C{ substrates

We hypothesizedhitially that ClpXP inhibition byl should lead to several of its protein
substrates to be enriched in the proteorne tb decreased proteolysiortunately, mny of
these proteins have been proposediectly identifiedin the literatur&’-98170.171.203|n sypport
of our findings, examination of out-treatedB. subtilis quantitative proteomics showed a
biologically andstatistically significant enrichment (folchange >2, fwalue <0.05)of at least
nine known or suspected protein substrates of ClpiPluding the aforementioned divisome
related proteins DnaK, FtsZ, GroEL, and Tigigure 3.8; Table b in Appendix II'). This

overlap in proteomic profilesupportsClpXP as a targeif 1.
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Figure 3.8. Enrichment of known ClpXP substrates Severalsubstrate proteins of ClpXP show a statistically and
biologically significant increasén abundance inA) 1-treated and (BozlpP deletion B. subtilis supporting a
mechanism involving inhibition of ClpXMBiological and statisticalignificance is defined as foldhange >2 and-p
value <0.05respectively
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3.4.3Discussion of other observed proteomic trends

Our quantitative proteomics showedbsignificantincrease in abundance of translation
related proteins upon treatment withThe increase in proteins of the large and small ribosome
subunits L12, L13, S4, S11, and S13 suggest a disruption of ribosome ag%eibéyribosome
checkpoint GTPases Obg and RgbA are also significantly increased in abundance, and in the
presence of elevateglanome pentaphosphate or tetraphosphgiopGpp from the stringent
responseare known to inhibit ribosome assenffy However, if ribosome assembly was
directly perturbed by treatment withh we would expect synergy with theopein biosynthesis
inhibitor tetracycline. Instead, our data shows thand tetracycline are indifferent with an FIC
>0.5 Figure 3.3; Table 3.2). We propose this is a general, indirect effect of protease inhibition.
The stringent response, which is initiated by an increase in unchi&iéd®®, presumably due
to the decrease in proteolysis, is walbwn to inhibit protein synthesis until sufficient charged
tRNAs are availabR’. Supporting atsingent response is the increase in abundance of several
aminoacyitRNA synthetases, and the observation that many of the most abuhdsumibtilis
proteins show an increased abundance upon treatment,wibucing the available amino acid
pool. Thus, Vhile several factors suggest a perturbation of translatiod, ks is likely an
indirect effect of inhibition of CIpXP and ClpYQ via the stringent response.

Our quantitative proteomics also show six iron transport proteins significantly increase in
abundance in thel-treatment. The elemental iron transporter EfeO, theitFate transporter
YfmC, and the siderophore transporters YclQ, FhuD, YfiY, FeuA are all increased. While
upregulation of the genes encoding these proteins is typical of iron lim#&tithere is a high
coincidence of gene regulation between iron limitation and the stringent re€fosisggesting
that this m& also be an indirect effect aftreatment via the stringent response.
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3.4.4Revisiting capturedbiochemicaltargets

Our gquantitative proteomics data allows us texamine and thoroughly evaluate the
other captured biochemical targetbtainedfrom ABPP in Chapter Two Figure 2.4) as
antibiotic candidates

Firstly, ArgS and TufA, & the only essentialproteins pulled downn the inhibitor
capturé'® (Table S2. ArgS is an aminoacytRNA synthetase that combines the amino acid
arginine with its corresponding tRNA, whileufA is responsible for promoting the binding of
aminoacyitRNAs to ribosomed?2 Thus, loth proteins areintimately associated with
translation and protein biosyntheditowever, sincel does not display synergy with the protein
biosynthesis inhibitor tetracycline, we hypothesized that theseot key targetsesulting in the
antibiotic activity ofarmeniaspiral

HemH, MtrB, and BslAeachshowed a significantly high abundance at aroundoid
enrichmen{Table S2. However, none of thegoteinsencoded by nomssential genegppear
to possess an obvious mechanism for antibiotic activity. HemH is a ferrockelatzose
mammalian ortholog has been observed as avtagfet binder of small molecule kinase
inhibitors in similar chemical proteomics experimémtsThus, we expect this to ltkee caséere
as well MtrB regulatesB. subtilisexpression of the tryptophan biosynthesis op@fomhibition
of MtrB by the protdn RtpA leads to higher levels of TrpE expression and activitif 1 were
inhibiting MtrB, we would expect to see a similar respoimseur quantitative proteomics, yet
we do not observea statistically significant increase in TrpE. BslA is an extracellular
hydrophobin protein that coatB. subtilis biofilms. The hydrophobic nature of BslA can
potentially interact withour probe resulting in norcovalent captureand thusruling it out as a
truedirect biochemical targef.
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Six protens were enriched at slightly lower abundances: YtjP-{@d), YmaD (5.7
fold), Ptsl (4.7fold), SodA (3.4fold), PatB (3.4fold), and SdhA (2.dold) (Table S2. YtjP is
an uncharacterizedhetalloproteaseé®. A S. aureusortholog with 42% identity containan
exposed cysteine residue that could potentially react with the electrophilic center of tHé’probe
Similarly, YmaD is a pexiredoxin that has a hydrophobic binding cavity containing a
nucleophilic cysteineesidué®®. SdhAis alsoa cysteineich protein that may result in capture
by the probe. AdditionallyRtsl and SodA are two of the most abundant proteins iB.teabtilis
proteome which maylead to nonselective capture with the proB#&. Lastly, PatB is a
cystathionineb-lyase involved in methionine biosynthesis and can be inhibited by cysteine
alkylation with Nethylmaleimidé!®?2% However, this inhibitionis not implicated in any
antibiotic activity??. Thus while these proteins can not be definitively eliminated as potential
direct biochemical tardgs, they are all encoded by nessential genes and do not provide a
reasonable avenue explainantibiotic activity.
3.4.5Summarizingantibiotic potential

The importanceof the divisome in bacterial cell divisiolmas maddt a considerably
attractivetargetfor antibiotic developmentSpecifically,therehasbeenincreased focus on the
discovery ofcompounds targetintpe essentiahnd highly conserved bacter@ivisome protein,
FtsZ, to achieve broaspectrum antibiotic activiff’>. Several natural products and synthetic
compounds have been identified that directly pertimd dynamics ofFtsZ assembly and
disassembly, modulate GTPase activityjmatirectly activate proteolysi§®?23 However, vhile
potentin vitro andin vivo inhibitors have been discowst, even the most pharmacologically
promising compounds suffer frospontaneousmino acidmutationsin FtsZ leading tarapid
antibiotic resistanc&®. Given that laboratory selection efforts have failed to getera
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armeniaspirefesistant strairté®, the inhibition of AAA+ proteases ClpXP and ClpYQ to
dysregulate the divisome and elongasome represenp®tentially novel and promising
mechanisnio target bacterial cell division
3.5 Contributions

LC-MS/MS for dimethyl labeling proteomics was performed by Zoran Minic, Ph.D. of

theJohn L. Holmes Mass Spectrometry Facjlitiniversity of Ottawa.
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CHAPTER FOUR:
Antibiotic Developmentof Armeniaspirol-inspired Synthetic Analogs

4.1 Introduction
4.1.1Evaluating ameniaspirol as a drug developmeoandidate

Natural products remain the greatest source for new and clinicliybleantibiotics.
While synthetic compounds such as fluoroquinolones have sigmreskul in treatinginfectious
disease largescale synthiic screening campaigns have failed to yield fruitful candidates for
antibiotic development??* Synthetic compoundsnd to bgoorrepresentationsf thecomplex
chemical space of natural product antibiciednstead synthetic andemisynthtc approaches
to modify existing natiral product antibiotic scaffoldsemainsa widely usedapproachto
improve antibiotic potencyand pharmacologyas well as temporarily outpace resistance
mechanismsFor example, semisynthetic antibiotissch aghe penicillin-derived ampicillig?®
and erythromycirderived azithromycitf’ are of importantlinical value

The armeniaspirols represenp@misinglead scaffoldfor antibiotic development given
its novel mechanism of actioand lack of detectable resistande fact, preliminary in vivo
efficacy assessmest of armeniaspirol A were previously performed in  MRSA-induced
septicemia mouse modeAn intravenous dose of 15 mg/kg resulted in 4 out wid® surviving
infection''®. However,complete eradication of infection could not be achieaed higher doses
resulted incardiac sideeffectd'®. By comparison, a 20 mg/kg dose of vancomycitheMRSA-
induced septicemia mouse naisl resulted in 100% survivel’. Thus, while armeniaspito
exhibits moderaten vivo efficacy, there isa need to pursuand evaluatederivatives with

improvedpharmacologyefore beig considered clinically viable.
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A semisynthetichemical derivation program was originally initiated by Sanofi following
their discovery othearmeniaspirolsThreederivatives 4.1, 4.2, and4.3 were generated directly
from armeniaspirol Awith various nucleophilic substitutiongisopropyl amineg pyridine-4-yl-
methylamine, and -Biethylamind ethanethigl a t t h e goositionwhftheeuhsatlirated
lactamé?® (Figure 4.1). None of thesecompoundsdisplayed improvedantibacterial activities
compared to the parent compound, though exact data was not repattitionally, a fourth
semisynthetic derivativel.4, was generated throudfalogenation on the phenol ri(Figure
4.1). Familiarly, this compound displayed improved antibacterial activity and served as

inspiration for total synthesis affor our mechanism of action study.

N
o |

Armeniaspirol A

N=

4.2 4.3

Figure 4.1. Armeniaspirol A semisynthetic derivatives.Three armeniaspirol A semisynthetic derivatives were
generated by Sanofi with e mp-ipasison ef the insatratbddactanfefoarth on a't
derivative with a chlorine substitutioortho to the phenoti alcohol, resulting in £hloro-armeniaspirol, was the

only derivative to display antibacterial activity.
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Our supplementargtructureactivity relationship discussed in Section 2.2.2 revealed that
modification to the Nmethyl of armeniaspirol isvell tolerated and retains antibiotic activity in
B. subtilis Importantly, ourstudy also indicated that theromatic alcohol is essentifbr
antibiotic activity Herein, we conduct initial studies of lead compound optimization of
armeniaspirol in the earlyrdg development proceby modifying the alkydcontaining groups of

armeniaspirol, Rand R (Figure 4.2).

Rz cl
HO o Cl Chloro-armeniaspirol:
— R, = CH,4
Ry = CeHys
cl T 0
(0} R,

Figure 4.2. Sites of modification forsynthesis ofarmeniaspirol analogs.Firstgeneration analogs aexclusively
focused to Rposition, while secondeneration analogs are constructed with additional modification.to R

4.1.2First- and seconegenerationarmeniaspirol analogs

First-generation analogepresenbioisostereof armeniaspiroht the Nmethyl po#ion
(Figure 4.3). MD0O1 andMDO02 are extensions of thd-methyl group in armeniaspirol to hexyl
and dodecyl alkyl chag) respectivelyThese two modificationstroducea nonpolarside chain
in additionto the hexylgroup already present othe resorcinolring of armeniaspirolAs seen
with 1.3 (equivalent toMDO1) from our SAR (Chapter Two) there isfour-fold improved
antibiotic activty in B. subtilisupon extension of th alkyl chain( MI C of 0. 53 €g/ mL
ver sus Ml C d) Thus,the grimanlaimfoblD02 is to investigate if extending the
alkyl chain even further leads to a positive correlatiomith antibiotic activity. MDO3 is
functionalized with aterminal alkene a relatively simple functional grougeen insome
biologically activepolyketides such ashrysomycin?® curacin £%°, haliangicirt*°, jamaicamide

C?%1, andtautomycetif®*>233 Notably, he addition of a terminal alkerfanctional groupin an
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exhaustive SAR study to produdbe synthetic epothilone analog sabmpe resulted in

significantanti-cancer activityleading to clinical developméeiif->*> Finally, MD04 and MD05

incorporatebenzyland benzylp-CFs on the nitrogenrespectively in order to include electronic

and steric diversity In summary, the goal of the firgeneration analogs is to identify

modifications at the Nnethyl that mayprovide improvementsto the pharmacophore of

armeniaspirol.

chloro-armeniaspirol

1

Cl
HO 0
cl N
")
/
MDO3

HO 0 Cl
cl N"q
0]
MDO1
Cl cl
HO 0 )~
cl N
(0]
MDO4

MDO5 CF,

Figure 4.3. First-generation analogs of armeniaspirol Analogs were designed exclusively with substitutions of

the methyl group on the nitrogen of armeniaspirol, highlighted in red.

In addition to thespiro[4.4]Jnon8-ene core scaffoldf armeniaspirgl the hexyl side

chain of the resorcinol rings a unique feature ofrmeniaspirolbiosynthesi®¥®. Thus, to
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determine if itplays a role inmodulating antibiotic activitywe generated secofggneration
analogs with the hexyl chain shortened to a methyl. The same array of functional groups on the
N-methyl selected in the firgieneration analogs were included in the seggetkration analogs
(Figure 4.4). Thus,MDOG6 retains the most similarity to armeniaspirol with a methgugrat R,

while MDO7 represents a swap of the &d R alkyl chains found in native armeniaspirol.
cl Cl Cl
HO 0 cl Hoﬁ:}da HO 0 )“
cl N cl N0 cl N0
o | 0 0 0
MDO6 MDO7 MDO8

cl cl cl
HO 0 . C HO 0. k@ HO 0, }C
cl N"Sg cl NS0 cl N"So
OS 0 0
J
MD09 MD10 MD11 CF,

Figure 4.4. Secondgeneration analogs of armeniaspirolAnalogs were designed exclusively wihbstitutions of
the methyl group on the nitrogen of armeniaspémdl a shortened alkyl chain on the resorcinol,rivighlighted in
red.

4.2 Evaluation of armeniaspirol analogs
4.2.1Minimum inhibitory concentrationevaluation of analogs

The evaluation of antibte activity of armeniaspirol analogs was accomplishsihg
MIC screens against panel of clinically relevanGrampositive pathogens including virulent
MRSA strains predominantly responsible for hospitéald communityacquired infectior’s®, as

well asthe highpriority pathogenVRE (Table 4.1). MIC assays weralso performed ora
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Gramnegative pathogerP. aeruginosato determine if any analogs resulted in broad spectrum
antibiotic activity. However none of theelevenanalogs synthesized were active agaipst
aeruginosa(all MICs >32 ¢ g / )mExcept for MD02, all first-generation analogpossess
comparable or improved antibiotic activity towards the clinical isolat®é4RBA. This may bea
result ofthe very hydrophobiadodecyl chain oMDO02 impairing ability for the compoundo
penetratethe bacterid cell wall. Furthermore MDO3 did not appear to play a role aitering
antibiotic activity displaying the same MIC ds Interestingly, MD04 andMDO5 both resulted

in approximately fowfold improved antibiotic activityith MICs of 1¢ g / .rA& observed with

1, dl first-generation analogs displayed bacteriostatic actiwith minimum bactericidal
concentrations greater than 4X the MIable 6 in Appendix I11).

In contrast the secondgeneration analogexhibited mostly poor antibiotic actiigs
MDO06, MD09, and MD10 all displayedMICs B 2 & gMD®7a and MDO8 displayed only
compaable or marginally improvedantibiotic activity compared tdl. Like MD02, MDO08 also
possesses a long hydrophobic dodecyl chainugidte MD02, MDO08 exhibitsdecentantibiotic
activity. Despite this extended hydropholatkyl chain the shortened alkyl chain on the
resorcinol ringlikely reduces overall hydrophobic characterd allows it to penetraténto the
bacteria.Notably, theseare the onlytwo seconegeneratn analogsof the six thatretain any
long alkyl chainfunctional groupat all, suggestingt is a necessary feature farmeniaspirol
antibiotic activity.FurthermoreMDO08 was observed to be bacteridig@able 6 in Appendix
[Il), differentiating it from all other compoundsd thus warranting further assessment along

with MDO1 andMDO04.
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Table 4.1. MIC (¢ g / ymvaluation of first and second armeniaspirol analogs. Analogs were screened for
antibiotic activity against clinically relevant Grapositive and Grarmegative pathogens. MICs were performed in
triplicate (n = 3.

S.aureus S.aureus S. aureus S. aureus E. _ P
Compound IA116- MN8- LAC-Fitz- MW?2- faecalis aeruginosa

USA100 USA200 USA300 USA400 NJ3 PAOL

(MRSA) (MSSA)  (MRSA)  (MRSA)  (VRE)
1 4 4 4 4 8 >32
MDO1 1 1 1 1 2 >32
MDO02 8 16 16 8 8 >32
MDO3 4 4 4 4 8 >32
MDO04 1 2 2 >32
MDO05 2 2 2 2 2 >32
MDO06 >32 >32 >32 >32 >32 >32
MDO7 4 4 4 8 8 >32
MDO08 2 2 1 2 0.5 >32
MDO09 >32 >32 >32 >32 >32 >32
MD10 >32 >32 >32 32 >32 >32
MD11 16 16 16 16 32 >32

4.2.2Preliminary ClpYQ nhibition and kinetic evaluation of analogs

The two most potentanalogsdetermined by MICassays MD01 and MDO04, were
selected foiin vitro evaluation. Inhibition kinetics were performed @Gnampositive B. subtilis
ClpYQ protease activityo determine if improved antibiotic thdty was a direct consequence of
improvedproteasenhibition. A clear dose response was observed with both compdbimgise
4.5). Addition of MDO1 displayedprotease inhibition for ClpYQ with an gof 6.1+ 1.0 >M,
while MD04 displayedprotease inhibition for ClpYQ with an igof 2.1 £ 1.0 >M. Under
equivalent assay condition$ielse ardoth improvanents ininhibition of ClpYQ from 1 which

hasanICsp0f 13.6+ 1.0>M.
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Figure 4.5. ICso curves of ClpYQ proteolysiswith MDO1 and MDOA4. 1 inhibits ClpYQ with an G of 13.6 pM
with 0.1 mM CbzGly-Gly-Leu-AMC, comparable to the Kgdetermined in Section 2.3.R1D01 andMDO04 inhibit
ClpYQ with an IGp of 6.1 uM and 2.1uM, respectivelyEach data point is collected in triplicate (n = 3).

Giventhatthe mode of action of armeniaspirchspreviously determinefChapter Twd
to be competitive inhibior of ClpYQ proteolysis activity we applied the Gimg-Prusoff

alteration to the Dixon pldb determineK; values(Figure S9 in Appendix Il ):

Compound ICs50(EM) Experimental K; (€M)
1 13.6+1.0 6.4
MDO1 6.1+1.0 2.6
MDO04 21+1.0 1.5

The K values for bothMDO1 and MDO04 are lower thanl, indicating a greater affinity for
inhibitor towards theClpYQ protease Thus these twocompounds displagg improved
antibiotic activity also observe greater inhibition of ClpYQ pmligsis in vitro, suggesting a
direct correlationWe also selecteDO08 for in vitro evaluation given itsmproved antibiotic
activity and surprising bactericidal activity(Figure 4.6). MDO08 appears to inhibitClpYQ
protease activityvith an 1Go of 11.0+ 1.0>M, thoughwe observe munexpectedly steep dese

response curve with a Hitbefficientof -4.5.
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Figure 4.6. ICso curve of ClpYQ proteolysiswith MDO8. 1 inhibits ClpYQ with an 1G of 13.6 pM with 0.1 mM
CbzGly-Gly-Leu-AMC, comparable to the Kgdetermined in Section 2.3.RID08 inhibits ClpYQ with an 1Go of
11.0uM and a Hill slope 0f4.5.Each data point is collected in triplicate (n = 3).

Normalized Response (%)

One possible explanation for théeep dosaesponse curvis cooperativebinding®":2% where
initial binding of inhibitor influences subsequent binding of inhilstoractive sites of the ClpQ
multimer. However, this mechanism seems unlikely given that it has not been observed for any
other analog 1, all of which maintainthe same core scaffolthstead, thesteep IGo curve is
more likely a function ofstoichiometric inhibition caused by an enzymaaantration higher
than the Kof a competitiveinhibitor??24% Most enzyme systemincluding MichaelisMenten
kinetics,operate under thassumptiorthat enzyme concentration is very snaald thereforgehe
concentration of enzymighibitor complex isnegligible*®. However in cases where enzyme
concentration is large, oriks very smallasis the case witlpotent inhibitorsthen the enzyme
inhibitor complex is no longer insignificant andhhibition is dependent on enzyme
concentratiofr>?*? A doseresponsecurve thus showsincreasingly steeper slopes with
increasing enzyme concentrattéh Our standardassays were performed with 0.251 of
purified ClpQ and ClpY and thuse shouldexpect the true Kvalue forMDO08 to bebelowthis
concentration. We can test tlegperimentallyby decreasing the amount of enzyme in our assay.

By droing theClpQ and ClpY concentration to 0.£M, we observe @rominentdecrease in
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the steepness of the slope with a HKilefficientof -1.4 and an 16 of 2.8+ 1.1 >M (Figure

4.7). Decreasing the enzyme concentration even further to achieve eokificientof -1 will
likely result in a lower 16 andallow us to obtain &rueK; that issignificantly lower than both

MDO01 andMDO04. Currently, this data iexpectedo be collected in theery near future.

100-¢

0.25 uM ClpY, 0.25 uM ClpQ

Normalized Response (%)

504
—— 0.10 uM ClpY, 0.10 uM ClpQ
0- i
'q—l_l-l-l'rrrq—l_l_l-ﬂ'rfq_l_l-l-l'l'rrq—l_l_l-qu_
No 1 10 100
Inhibitor
[MDO8] (uM)

Figure 4.7. Stoichiometric inhibition: enzyme to K ratio. At 0.25 pM ClpYQ,MDO08 inhibits ClpYQ at an 16
of 11.0 uM and a Hill slope 0f4.5. At At 0.10 uM ClpYQ,MDO08 inhibits ClpYQ at an Igof 2.8 uM and a Hill
slope of-1.4.Each data point was collected in triplicate (n = 3).

4.3 Conclusions

4.3.1Armeniaspirol analogdisplay promising antibiotic activity

In summary, most firsgeneration analogs displayed comparable or improved antibiotic
activity in comparison tdl. Specifically, he first-generation analogMD01 and MD04 both
resulted inimproved antibiotic activity anth vitro inhibition of the B. subtilisClpYQ protease
as compared td. Meanwhile, he secondjeneration analogD08 showed only tweold
improved antibiotic activityn MRSA but appears to be the best inhibitor of the ClpYQ protease.
Uniquely, MDOS8 is alsothe only analog to have bactericidal activigxamination of the first
and secondjeneration analogs revealed that armeniaspirol requires an extended alkytbchain

retainappreciable antibiotic activity either at the & R position. However, this only holds true
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to an extent asxemplifiedwith MD02, which is fitted with a dodecyl chain at Bnd a hexyl
chainatRbuthas poor anti bi ot8icg/ amthusweshave identfiedbrée MI Cs
compounds for furthen vivo characterization and drug development.

4.3.2Limitations of Gram-positiveClpXP evaluation

The mechanism of action of armeniaspispredicated on the dual inhibition of ClpYQ
and ClpXP pratases in Grarpositive bacteriaThus, t is imperative that we characterize
inhibition of bothproteasesvith our analogs. Wereviouslydeferred tothe GramnegativeE.
coli ClpXP for the purposes o€haracterimg its mechanism of actionHowever, for lead
optimization in the development of a Grapositive antibioti¢ tailoring armeniaspirol
derivatives to thissramnegativesystem is lessensible Unfortunatey, everyattempt to recover
activity from a Grarpositive CIpXP protease kahus far provenunsuccessfulPurified His
taggedB. subtilisClpX and Clg® resulted in only single turnover of fluorogenic substeste
previously mentionedand His-taggedS. aureusCIpX and Clg? was completely inactive in our
proteolyticbiochemicalassaygdata not shown)

However, aother approactbased on urease activitprovidesa possible meanfor
evaluatingClpXP inhibition in Grampositive bacteria Two genomiebased studies analyzing
the transcriptional profiles of ClpX and ClpP deletions $n aureus were previously
reported*?*2 A genomiebased comparison between wiipe S. aureusand S. aureus
expressing @& inactive ClpX mutant (I265E) revealedsignificant upregulatiorof genesin the
urease operonreABCEFGHDB*. The induction of this operon was similailyentified in the
transcriptional profile of &. aureusgpc | @eRetion strain and a high urease activity was
observed using a commercaalytical profile index (API) test strip as$&y Together, this data
stronglysuggest€IpXP inhibition leads to increased ureaseiatt, though he exact reason for
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this consistentincrease in urease activity in ClpXfeficient S. aureuss uncertain.Notably,
induction of theureABC operon was not observed according to 8ursubtilis quantitative
proteomics. Howeverwe proceeded t@ssayurease activityin S. aureususing Christensen
media which issupplemented with phenol red pH indicatérChristensemediawasoriginally
formulated toevaluateurea decompositiofor rapid diagnosis oénteric bacterfd®. Hydrolysis
of urea leads to production of ammomiad anincrease in pHwhichis responsible foa deep
red colour changdo the mediaAlternatively, the absence of urease activity resulta culture
that isyellow in coloura t p H, within the dptimal range fomost bacterial growthThis
colourdifference provides a mechanism to evaluate urease activiityanreusspecifically as it
relates to ClpXP inhibition.Specifically, n the presence of a CIpXP inhibitoinduced
expression of the urease operorSinaureusshould lead to hydrolysis afrea and a red colour
changein the mediaPromisingly, this experimental rationale Hasenjustified recently inS.
aureuswith a noncompetitive small molecule inhibitor of CIF®. Thus, we performed an
identical liquid culture screen WitMRSA USA300 in the presence or absenceadasub
inhibitory concentration oflL (1 € g / im¥s the MIC) (Figure S10 in Appendix 1ll). We
observed alistinct colour change from yelloin the absence ofl) to pink (in the presence of
1), proving urease activity and likelyemonstrating ClpXmhibition. This initial data provides
groundwork for apromising alternative to evaluate ClpXP activitin response to our
armeniaspirol analogm S. aureusldeally, at a steady stibhibitory concentratiorfor each
analog, we hope to observe differemde colour intensity from yellow to orange to pink to red
for our analogs ranging from poor antibiotic activity to potent antibiotic activity, respectively.

Further optimization of this assay may also enable us to obtain a dose response for each analog,
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whereby increasing inhibitor concentration leads to an increase in intensity of colour change.
Currently, this data is expected to be collected in the very near future.
4.4 Contributions

The synthess for chloro-armeniaspirol analogdviD01-MD11 were performed by
Michael Darnowskj Ph.D. candidate University of Ottawa.MIC and MBC assays &re
performed in collaboration with Michael Darnowski, Ph.D. candidate, University of Ottawa and

Claudia Natola, M.Sc. student, University of Ottawa.
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CHAPTER FIVE:
Characterization of the ClpYQ Degradome

5.1 Introduction: unnatural amino acid incorporation

5.1.1Expandingthe geretic coden E. coli

The ability toencodean unnatural amino acithto a protein during translatioenables
incorporation of useful biochemical functional groups that can be used to modulate protein
activity or characterize protein functitfa For example posttranslationally modified amino
acids, photocaged amino aci@syd variouslabel or probederivatizedamino acidshavebeen
successfullyencoded into proteins t@btain new insights into biologicalprocesses and
interaction$*®. This revolutionary developmentin synthetic biology is facilitated by two
componentghat manipulatethe genetic code anmgroteintranslation (1) an evolved orthogonal
tRNA/aminoacyitRNA synthetase (aaRS) pair, and (2) a cognate codon for specific
incorporation duringranslatiod*’. The aaRScharges its orthogonal tRNA with the unnatural
amino acid, which is recognized by the ribosome in resportbe site-directed placement of its
cognate codon in mMRNAFigure 5.1). The amber stop codon, UAG, for unnatural amino acid
incorporationin E. coli has beemmost widelyusedwith great efficiencygiven its rare usage
the genom&’. Two orthogonal tRNAcua/aaRS pairs have beenevolved for amino acid
incorporation inE. coli including the tRNAcua/tyrosyHHRNA synthetase (TyrRS) from the
archaebacteriunMethanococcus jannascHi? and the tRNAcua/pyrrolysyHtRNA synthetase
(PyIRS) from the archaebactern Methanosarcina barkett®2°L Considerableprogress has
since been made t@xpandthe versatility ofthese orthogonagpairs inincorporaing various

unnatural amino acgin E. coli.
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Aminoacyl tRNA synthetase gene

CUA

—

Unnatural amino acid
with bioorthogonal

chemistry () ( k
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z oH |~ FD

Loading of tRNA_,, with amino acid
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TAG Ribosome

Transcription

AUC
CCCGGACCUAGCC....
\\ CAGGAGCAUGG
GAY \’
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Translation ‘

Gene for protein of interest \ /
with inserted amber mutation Host cell

Figure 5.1. Principles of unnatural amino acid incorporation. An aminoacyitRNA synthetase charges an
orthogonal tRNAua with an unnatural amino acid that is incorporated at an amber stop codon during translation.
Repoduced(adapted) with permission frofRedeker, E. S. et aBioconjugate chem2013 24 (11),17611777.
Copyright2013American Chemical Society.

5.1.2Development of a novel ac@nzyme trapping strategy

Recently, a novelkovalent trapping mechanisnior acylenzyme intermediatesvas
developedand implementedy encoding2,3-diaminopropionic acidin place of active site
cysteine and serine amino acid residuaa the Tobacco Etch Virus TEV) protease and
valinomycin thioesterase, respectivi@fy The advantagef replacing the nucleophilic sulfhydryl
or hydroxyl functimal groups of cystein@r serine with an aminelies in the consequent
formation ofanacylenzyme intermediate thatlinked via an amide bondAmide intermediates

aresubstantially more stable in aqueous solutiad resistant to cleavage comparethioester
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or ester intermediateghich aresusceptible to nucleophilic attaddsing theTEV proteasas an
example the acylenzyme intermediate formedrough a labile thioester linkage the Cys-His-

Asp active sitewill normally undergo hydrolysis to redee bound substrate and regenerate the
enzyme active sité® (Figure 5.2A). However, when the sulfhydryl functional group of the
cysteine is instead replaced with an amine functional group, the resultingenagyhe
intermediate formed through a stable amide liddagssentiallytrappedn place(Figure 5.2B).

This prevents subsequent hydrolysis and regeneration of the active sitecfromng

A Asp Asp Asp Asp

His (Q\ 0 His His 0 His 0
=\ H =\ H =\ H =\, H
v P P =
N=~/ N=/ (O N=/ N=/

B — —
‘\H catalytic ®\H )l\ ; 0 ‘) \\H Regenerated
/ active site o, R NHR \>7R' +  R'NH, / enzyme
Cys S Cys -8 \/‘ Cys 5 " O—H Cys S
W
B Asp Asp

His

S
o (0]

’ His ‘ His .
N=/ N~/ 0 Nx

0

catalytic

=/
/H active site o /,H R )J\NHR" va i RHNHZ
N Nu NH™e oy
H

Figure 5.2. TEV protease Cys-His-Asp catalytic mechanism.(A) Catalytic mechanism that proceeds through a
transientacylenzyme intermediate that is subsequently hydrolyzed. (B) Catalytic mechanism where the sulfhydryl

functional group of cysteine is substituted with an amine, resulting in a stableregyhe intermediate that is
unsusceptible to hydrolysis.

Evolving atRNAcua/aaRS pair selective f@&;3-diaminopropionic acighrovided a challengéue
to its closestructural similarity with serine and cysteifre Instead several protected versions of
2,3-diaminopropionic acid weresynthesizedand ultimately an orthogonalMethanosarcina

barkeri tRNAcua/PylRSpair was evolved to enable the incorporation of a photocleavable
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precursorof 2,3-diaminopropionic acitt?, here on referred to @&DAP. Upon exposure to light

(365 nm),pcDAP breaks down to reveal 2d8aminopropionic acidDAP (Figure 5.3).

/0
0
NO,
S
H hv (light) NH;
0 0] > OH
Y pcDAP H,N
NH 0
H;N OH 2,3-diaminopropionic acid
(DAP)

Figure 5.3. Photocleavable precursor of 2,3liaminopropionic acid. A photocleavableamino acidprecursor
pcDAP, is incorporated into a protein of interest, whislleprotected upon exposure to UV light (365 nmyield
2,3-diaminopropionic acidDAP).

Promisingly pcDAP was incorporated to a TEV protease construeis a procf-concept
replacing the activeite cysteine (TEV1sipap. This mutant was able toovalently trap the
model substrate ubiquitin flanked with a TEV protease recognition sedimevit®?°2.

5.2 Characterizing ClpYQ substratesin B. subtilis
5.2.1Evaluating EzrAdegradation by ClpYQ

Themc | gel@tionproteomics data in Chapter Threesipgovided initial insights into
potential rolesand client protein®f the ClpYQ proteaseln E. coli, the ClpYQ proteasdqalso
called HsIVU) is implicated in the degradation ofl/Sua negative regulator of cell divisitfii
The B. subtilisgenomedoes notencode forSulA or anyother protein of similar amino acid
sequence. Instea®. subtilispossesses a protein known as EzrA which functions in a similar
fashion to SUA T that is, anegative regular of cell divisionby facilitating thedepolymerization
of FtsZ anddisassemblinghe Zring®>* Biochemical assays have showheB. subtilisClpYQ
protease is able talegradepurified EzrA in vitro!%, but we have been unsuccessful in

corroborating these resultdotably, aur gpc | gel@tionproteomicsdoes not show a significant
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increase in EzrA abundagcas would be expected fire substrates of ClpYQhough ErA is
also aproposedsubstrate for the FtsH proted¥ewhich may account fothis observation.
However, ve werealsounable to replicaten vitro degradatiorof cell-free translated EzrAy B.
subtilis ClpYQ (Figure S11 in Appendix V). Thus,the direct biochemicakubstratef the
ClpYQ protease an@ven more importantlyn vivo confirmation of these substrates remain
elusive Resolving the biological roles of the ClpYQ protease through characterizatitne of
degradome will provide valuable informatianto its antibiotic implicationsobserved with
armeniaspirol.

The most prominent and successful stratieggharacterize the batrates of ClpXP ifkt.
coli andS. aureusas beenhrough theexpressiorof an inactive variant of ClpRalledCIpT™RA?,
outlined in Chapter Ondheactive site serine substituted foanalanineand sibstrateproteins
are tranferredinto the ClpPRAP proteplytic chamberfollowing ClpX-mediated unfoldingand
translocatiof”%17% Rather thanbeing degraded the substi@s are retained in the inactive
CIpP™”*" enabling recovery andsubsequentdentification by mass spectrometmyroteomics
However, this has yet to be accomplished for the ClpQ serine prateasy bacteriaAlthough
this strategyhas beennstrumental in identifying keyproteasesubstratesit is dependent on a
noncovalent interaction between ClpP and its client proteins, which may reduce recovery
efficiency duringthe experimentalvorkup. Herein, we proposadaptingthe established acyl
erzyme trappingstrategy tadentify ClpQ substrate by substituting the active site serine amino
acid residue witlthe unnatural amino aciBAP.
5.2.2Constructionof a B. subtilis ClpQap protease system

As discussed aboveéje catalytic mechanism of serine peasesuch as ClpP and ClpQ
involve the formation of an acyénzyme intermediate with its protein substf&teThis transient
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intermediaterepresents theroteasecovalently boundo its native substrate prior weavage

Thus, trapping taintermediateat this pointusing DAPwould enablehe stable recovergf the
intermediate compleand identificationof boundsubstrate. The active site serine of the ClpQ
protease has beenarcterized at thefé&rminal, at the second amino acid residue of the protein
sequenc®. Thus,we constructe an IPTG-inducibleplasmid(pPL64)encodingB. subtilisClpQ

with serine2 substitutedor the amber suppressor cod@ipQoap (Figure 5.4). Using pET21c

as the parental vector, our construct includestar@inal Histag. Thus, following expression of
ClpQpar and covalent modification to protein substrate, the complex can be recovered by affinity
purification. The DNA sequence @lpQpap was confirmed by Sanger Sequencii@eiome
Québeg (Table S7 in Appendix 1V). Additionally, we synthesizegpcDAP for expression

following Scheme 3 in Appendix IV.

Ser-2 site replaced with an
amber suppressor stop codon

for DAP incorporation
——

M(DAP)SFHATTIFAVQHKGRSAMSGDGQVTFGQAVVMKH

pPL64 TARKVRKLFNGKVLAGFAGSVADAFTLFEKFEAKLEEYNGN
(PET21c-bsClpQppp) LKRAAVELAKEWRSDKVLRKLEAMLIVMNQDTLLLVSGTG
5943 bp EVIEPDDGILAIGSGGNYALAAGRALKKHAGESMSASEIARA
ALETAGEICVYTNDQIILEELENSSSVDKLAAALEHHHHHH-
.

C-terminal 6X-histidine tag
for affinity purification

Figure 5.4. Plasmid construction for expression of Clp@ar. ClpQpar encodes foB. subtilisClpQ with theSer2
position substituted for an amber suppressor codon leading to DAP incorporation. A-6¢ isadded to the-C
terminal for affinity purification.

Given the challenges associated with plasmid transformation and expressi®n in

subtilis our strategyto identify ClpQ substratemvolves two steps. Firsis the heterologous
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expres®on and purifcation of recombinant Clp@ar (and separately, ClpY)n chemically
competent. coli BL21(DE3) (Figure 5.5). E. coli BL21(DE3)is doubly transformed witbhur
tailored plasmid encodinGlpQoar (PPL64) as well asa second plasmi(pDAPRS that encodes
for the tRNAcua/aminoacyitRNA synthetaseequiredfor pcDAP incorporationat the amber
suppressor codomin the presence @cDAP in culture mediaexpressiorof His-taggedClpQoar

is inducedusingIPTG. Following affinity purification the second step involves addipgrified
ClpYQpar to B. subtiliscell lysateto covalently tramativeclient proteingFigure 5.5). Finally,
aftera second round dffinity purification of theClpYQpar-substrate complex from the lysate,
proteins can be identified by tryptic digestion and-MS/MS. Based on our mechanism of
action study of armeniaspirol, we expect to identify key regulators & .thebtilisdivisome and

elongasomas substrates of ClpYQ.

1. Heterologous expression of ClpQp,e in E. coli 2. Substrate trapping in B. subtilis cell lysate
(/—D
\
. NO2 o
S
R‘)LNHR"
Lgﬂ” o hv (365 nm)
—
H;N
’ 5 rm NH,
Expression of ﬁEL"m Met-NHCHCO-Ser-Phe-His------ Met-NHCHCO-Ser-Phe-His-------
ClpQpse i
OTK
H
[o—— r
Met-NHCHCO-Ser-Phe-His---=---

Figure 5.5. Heterologous epression of ClpQar. General schematic for heterologous expression of p@ E.
coli BL21(DES3). pcDAP is added to culture media containing double transformani. abli with pPL64 and a
pDAPRS encoding thdRNAcuas/aaRSfor pcDAP incorporation. The culture is induced with IPTG at aneéDf
0.6 for overnight expressioisubsequently, ClpY@\r is incubated irB. subtiliscell lysate to facilitate protease
substrate trapping, which can be recovdrgaffinity purificationfor LC-MS/MS substratedentification.
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Unfortunately, initial expression experiments performed as previously desérikds yet to
yield any observable production of Clp& (Figure 5.6). Thus,a critical reevaluationof our

strategy igequired taovercomethe lack of production of Clpée.

pcDAP + + - bsClpQ
positive
IPTG - + + control

kDa 250
150
100
75
50
37

25

20 <4 bsClpQ

15
10

Western Blot
(anti-His)

Figure 5.6. Western blot of ClpQoapr following expressionin E. coli. In the presence ogbcDAP and IPTG,
induced expression oClpQpar is expectedin the E. coli cell lysate Anti-His antibody was used for
chemiluminescencdetection of the @erminal Histagof ClpQoar. No production of Clp@up was observed

5.3 Conclusions future work)

5.3.1Reconsidering placement of the amber suppressor codon

The first considerationn our troubleshootingtrategyis the placement of the amber
suppressor codon in the sequer@ae of the limitations of using the amber suppressor codon,
despite its low prevalence in the coli genomé*’, is that it can still be recognized by the
translation terrimation machineryspecificallyrelease factor proteifr®. The result is translation

termination and production @& truncated protein, which is a significagitawback responsible
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for the typically low yields of unnaturamino acid incorporatigi’. Compounded to this ,ist
position two of the amino acid sequence, it isonceivablethat translation efficiency is
significantly reducedas opposed to incorporation into a growing polypeptide chadeed, he
examples reported by Hugueridezot, N. et alusing tre DAP systemall involve successful
incorporations well intotranslation,including at residue150 of green fluorescence protein,
residuel5l of TEV protease, armeésidue2463 of the thioesterase domain from the valinomycin
nonribosomal peptidsynthetas®? Thus, we may consider appending a cleavabterihinal

tag such as a maltosending protein tag tcevaluate ifit leads toimproved expression of
ClpQparp.

5.3.2E. coli ClpP as a proaebf-concept control

Building uponthe hypothesighat placement of thembersuppressor codois important
as it relatedo translationefficiency, we propose using. coli ClpP as acontrol. The active site
serine of ClpPin E. coli is at position 111 of the polypeptide sequéhcelacing the
incorporation site well into translation. Thusyr current priority isto construct a plasmid
encodingE. coli dpP with the active site serine substituted for the amber gsgpr codon to
obtain ClpRBap. There is significant additional value in having access to ada#pfutant; it
would enable the optimization of the covalent trapping assay in cell lysate, dneienm Given
that severasubstrategor the CIpXP protease iB. coli have been identifi€éd, weare afforded a
valuablefoundationwhich would allow us to corroborate substrates obtained @iRbap.

5.4 Contributions
The plasmid(pDAPRS)for expression othe tRNAcua/aminoacyitRNA synthetase for

pcDAP incorporatiorwas provided by Prof. Martin Schmeing, McGill University.
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CHAPTER SIX:Conclusions and Perspectives
6.1 General oonclusions

Armeniaspirol mechanism of action study

Antimicrobial resistant pathogens present an urgenttttmeaodern medicingreatinga
desperate need for antibiotics. The unique and diverse sgsofubioactive natural products
shaped by evolutigrrepresenideal candidates for antibiotics with new mechanisms of action.
The primary research objectiv& this thesis was to elucidate the mechanism of action of
armeniaspirol, aovel polyketide Granpositive antibioticfor which resistace does not readily
emerge Using a combination of chemical synthesis, cloamnproteomics,and biochemical
assayswe discovered armeniaspir@ a direct competitive inhibitor of the AAA proteases
ClpXP and CIpYQ in the Grafpositive modelorganismBacillus subtilis Through aartitative
proteomics and microscopye showed that inhibition of ClpXP and ClpYQ dysregudtey
proteins of the divisome and elongasoimecluding FtsZ, DivIVA, and MreB leading to cell

division arres(Figure 6.1).

Mormalized Response (%)
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Figure 6.1. Armeniaspirol inhibit s CIpXP and ClpYQ leading to cell division arrest.
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Armeniaspirol medicinal chemistry study

The ClpXP proteasas a highly coveted target in infectious disease due to its key role in
virulence in Granpositive pathogengirmeniaspirol is the first known natural product inhibitor
of the ClpXP proteaseand thecombined CIpXPCIpYQ inhibitionto achieve antibiotic activity
represents a unique pharmacoloijoreover,armeniaspirol is active against MRSA in en
vivo sepsis model, antesistantS aureusstrainscould not be generated even af8ér serial
passagesinder sublethal doses$!. Thus, armeniaspirol represents an ideal candidatéefat
optimization andclinical developmentOur prdiminary medicinal chemistry studydentified
three analogs MDO1, MD04, andMDO08 i with improved antibiotic activity towards a panel of
clinically relevant Granpositive pathogensincluding MRSA and VRE FKigure 6.2).

Correspondingly, thesiaree analogs displayachprovedin vitro inhibition towards the ClpYQ

protease.
cl cl cl cl
HO 0 Cl HO o Cl HO o < Cl HO 0 - Cl
e =~
cl N cl N"q cl N"=q cl N"q

o/ o) 0 0
1 MDO1 MDO04 MDO8

Figure 6.2. Structures of promising armeniaspirol analogs for drug development.
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ClpQ degradomeharacterization study

Finally, our mechanism of action study identified ClpYQ as ianportant target
responsiblgfor the observed antibiotic activity of armeniaspirolpfoteomicprofile of theB.
subt i | iddetiogstrainp@videl insights intoits degradome andllowed us to propose
substrates of the uncharacterized ClpYQ protéAs=adentified several potential targets for this
protease including DivIVA and Mbl proteins, integral components of the divisome and
elongasomerespectively. To fully baracterize the role of the ClpYQ protease and clarify its
role in armeniaspirol mechanism of action, we hawdated a sudy for ClpQ substrate
identification through an unnatural amino acid incorporation strafégyre 6.3). By replacing
the N-terminal active site serine residue of ClpQ with-@i@minopropionic acid, we hope to
covalently trap acyenzyme intermediates through a highly stable amide kbt will

ultimately be identified by C-MS/MS.

OH NH,

HZNLN’OH S HZNLn’OH
0] 0
Serine-2 2,3-diaminopropionic acid
(DAP)

Figure 6.3. Acyl-enzyme trapping strategy to characterize the ClpYQ degradome.
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6.2 Outlook

Deciphering the mechanism of action of armeniaspir@ just a first step in its
developmentas a antibiotic We believe armeniaspiropossessessignificant upside for
antibiotic development, with a promising new scaffold and a new strategy to target the divisome
for antibiotic activity without detectable resistanc&Vhile we have identified anovel
pharmacology rad synthesizednalogs with improved antibiotic activjtthe future steps require
collection of integrapre-clinical dataincluding in vivo efficacy and safetyCurrent efforts are
focused on théherapeutievaluation ofMRSA-infected wax mottGalleria mellonellalarvaei
an increasingly populaand rapidinfection model for reporting ohuman pathogef%?*° G.
mellonellapossesssan immune system with professional phagocytes (hemocytes) that perform
similar functions to human macrophages and neutrghilShus, there ist good correlation
between pathogenicityobservedin G. mellonella versus mammalian modelddowever,
evaluation of toxicity in mammalian cellsability to clear intracellular MRSA in macrophage
infection assays.and treatment of bacteremia animal modedsnain necessary to fully
characterize andnveil thefull potential of armeniaspirol.

Additionally, aur proteomics demonstrated key new links between the regulation of the
divisome and elongasome in rod shaped bacteria. This is particularly relevant for the ClpYQ
protease, where few targets were known prior to our study and remains largely uncharacterized
Altering protein homeostasishas provided therapeutic strateges for anttcancer and
antimicrobial agents, as has been noted for the extensively characterized ClpP ¥fttease
Similarly, characterizing ClpQ provides an opportunity to falycidateits biological roles and
gain insighs into its potential as an antimicrobial targ&hile our characterization of the
ClpYQ degradome isurrentlyin the initial stagesit provides an improved stratedyy trap and
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identify direct proteasesubstraterelationships that have not been determined previoudhe
success of this strategy will also enable transfer to other proteases of interest that are otherwise

poorly understood.
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CHAPTER SEVENEXxperimental Procedures
LC-MS/MS proteomics

The LGMS/MS system consisted of artichate 3000 nanoRLSC system (Dionex) coupled with

an Orbitrap Fusion mass spectrometer (ThermoFisher Scientific) operated in positive ion mode.
A 70 em I 150 mm Luna C18( 2)-AporesizerPsemompriexd s e C ¢
was packed #house. Thenobile phases consisted of 0.1% (v/v) formic acid in water as buffer A
and 0.1% (v/v) formic acid in acetonitrile as buffer B. The sample was loaded onto the column
using 2% buffer B at a flow rate of 0.30 puL/min for 105 minutes. The method was designed as
follows: a gradient from 2% to 38% buffer B was performed for 70 minutes, a gradient from
38% to 98% buffer B for 9 minutes, 98% buffer B for 10 minutes, gradient from 98% to 2%
buffer B for 3 minutes, concluded by a 2% buffer B wash for 10 minutes. Thigap Fusion

was run in top speed mode and the MS method consisted of a full MS scan frer20B®0N/z

with R = 60, 000. Precursor ions were filtered according to monoisotopic precursor selection, +2
to +7 charge state, and 30 seconds + 10 ppm dynamic exclusion. Fragmentation was performed
with collisionrinduced dissociation (CID) in the linear ion traped&ursors were isolated using a

2 m/zisolation window, and fragmented with a normalized collision energy of 35%.

Mass spectrometry processing (inhibitor capturByoteome Discoverer 2.1 (ThermoFisher

Scientific) was used for protein identification. Thegqursor mass tolerance was set at 10 ppm,
and 0.6 Da mass tolerance for fragment ions. Search engine SECHJES&iiplemented in
Proteome Discovery was applied for all MS raw files. Search parameters were set to allow for
dynamic modification of methionineoxidation and static modification of cysteine

carbamidomethylation. The search database consisted of nonredBndsubtilisprotein
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sequences in FASTA fillormat from the UniProt/SwissProt database. The FDR was set to 0.05

for both peptide and proteidentifications.

Mass spectrometry processing (dimethyl labelifgjoteome Discoverer 2.1 (ThermoFisher

Scientific) was used for protein identification and quantification. The precursor mass tolerance
was set at 10 ppm, and 0.6 Da mass tolerance for fragomes. Search engine SEQUESIT
implemented in Proteome Discovery was applied for all MS raw files. Search parameters were
set to allow for dynamic modification of methionine oxidation, static modification of cysteine
carbamidomethylation, and dimethybdifications on lysine and f#&rminus (light and medium

| abel s) . The raw files were searched separat
workflow. The search database consisted of nonredurBardubtilis protein sequences in

FASTA file format fom the UniProt/SwissProt database. The FDR was set to 0.01, 0.05, and
0.10 for high, medium, and low protein identifications, respectively. Quantification of peptides

and proteins was performed using standard settings provided by Proteome Discoverer.

Proteomics data analysisProteins that were sparsely quantified were removed by a

comprehensive data filteringdnly proteins with an FDR confidence of high and 2 or more
peptides detected were used in the data anal@dishese only protein hits thatere detected in

two of three or three of four replicates in either the treatment or control group were used for the
analysis. The values were Log(2) transformed aadh replicate dataset was normalized by
subtracting the median of the Log(2) transfornakstribution form all valuesMissing values

were I mputed from a Gaussian distribution do

deviation of 0.3 0.
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Minimum inhibitory /bactericidal concentration (MIC/MBC) assays

MICs wereperformedin 96-well clear polystyrenemicroplates (Millipore Sigma). 10QuL of
Mueller Hinton Broth(Fisher Scientific)was added to all wellsTwo-fold serial dilutions of
compoundbeginning at 32 g / wele pipettechicrosseachrow of the plate 5 uL of bacterial
culture (ORoo 0.07-0.1) was inoculated into each well and incubated at 37°C fe816.
Growth was observed by Q8 readings using a Synergy HdicroplateReader (BioTek). The
MIC was determined bybservingthe lowest concentration of compourebsulting ingrowth
inhibition. MIC assays were performed in triplicgper compoundor eachbacterium MBCs
were performed bgtreakingl 0 0 ofeedchMIC bacterialsubcultureon individual petri distes
of nonantibiotic containing MuelleHinton Agar (Fisher Scientific)flhe MBC was determined

by a colony countesulting ina 3log reduction (99.9%) of bacterial growth.

In vitro labeling and inhibitor capture

In vitro labeling and click reactior-reshB. subtilis168 cell lysate (2 mg/mL) was incubated in

1 mL (2 x 0.5 mL) PBS containing 0.05% Triton200 with 1 mM of compound for 2 h,

followed by incubation with 20 uM of compourzif or an addi ti onal 2 h.
prepared click chemistry mi ( 1 0 0 eadte, 2 i mMtTCEP, 200 uM TBTA, and 2 mM

CuSQ) in PBS was added to each prdabeled lysate and incubated for 2 h at room
temperature with gentle shaking. Respective 0.5 mL reactions were combined and quenched by
addition of 5 mL acetonand stored at8 O C overnight. The sol ut
maxi mum speed for 15 min at 4 C. The resul tin
resuspended with 750 €L c odsetondrpalsel @0camplitade)dd s on

Thesdb uti on was centrifuged for 5 min at 6, 500 ¢
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process was repeated an additional 2X. 650 €L
sonicated for 15 onsecond pulses (30% amplitude). Samples werehéated 5 mi n at 60
centrifuged for 4 min at 6,500 g. The supernatant was transferred to a 15 mL falcon tube and the

volume was brought to 8 mL with PBS.

Streptavidin enrichmentt 00 ¢ L o f "™5sOeftavidimagaroseebeads (ThermoFisher

Scientific ) wer e washed 3X t i meginchwontatography folumn(Bidk® BS i n
Rad) at 1,000g. The beads were transferred to geddsted cell lysates using 500 uL PBS and
incubated for 90 min at room temperature. Beads were pelleted for 2 min atgladQ@om
temperature. 500 pL of supernatant was used to transfer beads$piBioolumns. Beads were

washed 3X with 1% SDS and 3X with fresh 6 M urea by sspirt centrifugation (1,000 g

maximum speed).

On-bead digestionBeads were washed 1X with PB®X with 50 mM ammonium bicarbonate

(ABC), and transferred to a 1.5 mL microcentr
for 2 min at 1,400 g and the supernatant was
DTT was added to samples and heatedf& mi n at 65 C. 25 €L of 500
added and lysates were incubated at room temperature in the dark for 30 min. Samples were
centrifuged for 2 min at 1,400 rpm and the supernatant was discarded. Beads were washed 3X
with 500 €L daEABr ¢ptis@edded with 100 €L TEAB.
was added to samples and were rotated at 37
supernatant was centrifuged for 1 min at 1,000 g in newSBia columns. The flowthrough

was collectd, desalted using Pierce C18 Tips (ThermoFisher Scientific), and dried by vacuum

centrifugation prior to LEMS/MS analysis.
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Expression and purification of ClpYQ and ClpXP

B. subtilis clpgenes were PCR amplified froB1 subtilis168 genomic DNA (Promega Wizard

Genomic DNA Purification KitJand was cloned intahe pET21c vector (Gterminal His tag,

AmpR). The resulting plasmid (pPL29) was transformed into chemically compEtenbli

BL21(DE3) for protein expression. 400 mL LB nmedvas inoculated with 0.5%v/) of an
overni-ghltt prree. The culture was grown at 37 C
with 1 mM isopropyi1-thio-b-D-galactopyranosiddPTG) at an optical density (Gdg9) of 0. 5.
The cul tur e waQ@0 rpgn)forv h. Tleetcell3were @ellete@ at 4,000 rpm for 20

min and resuspended in lysis buffer (50 mM Tris, 100 mM NaCl, 1 pg/mL leupeptin, 1 pg/mL
pepstatin A, 1 mg/mL lysozyme, 10% glycerol, pH 8.0). Mechanical cell lysis was achieved by

30 s sonicat n . The cell debris was pelleted at 10, C
incubated witIWNTRAOBgAGL o5@%r i n (Ql AGEN) for
shaking. The lysate was loaded onto a column and thetfimugh was collected. The nesvas

washed sequentially with 5 mL elution buffer (100 mM Tris, 300 mM NacCl, pH 8.0) containing

0 mM, 20 mM, 100 mM and 250 mM imidazole. Fractions were analyzed byPNEE (4

20% MinirPROTEAN TGX Precast Gels; BiRad). Fractions containing purifiedgpt ei n  wer e
pooled and buffer exchanged (50 mM Tri s, 250
Ul tlrba centri fugal filter unit (Milliper0e CSi gm:
with 30% (w/w) glycerol. Thé. subtilis clpYgene was cloned o pET28b C-terminal His tag,

Kan®), and the resulting plasmid (pPL31) was purified as above. All protein concentrations were

determined by Bradford assay.
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The E. coli clpXplasmid (pProExHtb-ClpX) was expressed as above in 0.8 L LB media. The

cells werepelleted at 4,000 rpm for 20 min andsespended in 20 mL lysis buffer (25 mM Tris,

500 mM NacCl, 10 mM imidazole, 1 pg/mL leupeptin, 1 pg/mL pepstatin A, 1 mg/mL lysozyme,

10% (w/w) glycerol, pH 8.0). Mechanical cell lysis was achieved by 30 s sonicatiohh e cel |
debris was pelleted at 10,000 rpm for 60 min
50%-NNliA agarose resin (Ql AGEN) for 30 min at
loaded onto a column and the flalwrough was collected. The resims washed 2X with 6 mL

lysis buffer (25 mM Tris, 500 mM NacCl, 10 mM imidazole, 10% (w/w) glycerol, pH 8.0), 3X

with 10 mL wash buffer (25 mM Tris, 500 mM NaCl, 50 mM imidazole, pH 8.0), and 2X with 5

mL elution buffer (25 mM Tris, 500 mM NaCl, 250 mM idaizole, pH 8.0). Fractions were
analyzed by SD®AGE (420% Mini-PROTEAN TGX Precast Gels; BRad). Fractions
containing purified protein were pooled and buffer exchanged (50 mM Tris, 200 mM KCI, 25

mM MgCl, 1 mM DTT, 0.1 mM EDTA, 10% (w/w) glycerol pH.80 ) overnight at

concentrated protein W8sCstored in small aligqg

The E. coli clpPplasmid (pET9eCIpP) was expressed as above in 0.8 L LB media. The cells

were pelleted at 4,000 rpm for 20 min anesuspended in lysis buffer (50 mMigyr 150 mM

KCI, 1 pg/mL leupeptin, 1 pg/mL pepstatin A, 1 mg/mL lysozyme, 10% (w/w) glycerol, pH

8.0). Mechanical cell lysis was achieved by 60 s sonication. The cell debris was pelleted at
10,000 rpm for 60 min and saturated ammonium sulfate was addedhte s uper nat ant
with stirring unti/l 40% saturation. Stirring
centrifuged at 10,000 rpm for 30 min and the pellet was discarded. Saturated ammonium sulfate

was added further until 60% saturation. Stirg was conti nued for 60 min
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centrifuged at 10,000 rpm for 30 min and the pellet was discarded. The lysate was buffer
exchanged into Buffer A (50 mM Tris, 150 mM KCI, 1 mM DTT, 10% (w/w) glycerol, pH 8.0)
and filtered through a 0.2 usyringe filter. The solution was injected onto a 1 mL Q sepharose
column (GE Healthcare) and eluted with a step gradient of 0%, 10%, 15%, 20%, 25%, 30% and
50% Buffer B (50 mM Tris, 1 M KCI, 1 mM DTT, 10% (w/w) glycerol, pH 8.0) each over 1.5
column volunes. 0.5 mL fractions were collected and analyzed by-BBSE. ClpP containing
fractions were pooled and buffer exchanged into 50 mM MES pH 6.0 using a 10 kDa Amicon
Ultra-15 centrifugal filter unit (Millipore Sigma). The solution was injected onto a 1 AL S
sepharose column (GE Healthcare) and eluted with a step gradient of 0%, 5%, 10%, 15%, 20%,
25% and 30% Buffer C (50 mM MES, 1 M KCI, 10% (w/w) glycerol, pH 6.0) each over 2
column volumes. 0.5 mL fractions were collected and analyzed by-PHOHE. Fractio s
containing ClpP were concent-tateeénusi hggal 1f0

(Millipore Sigma). The c®hc@nwirtah ed0%r ow/ewhn gl

Peptide hydrolysis assay

Peptide hydrolysis was assayed using the-GlyzGly-Leu-AMC (Millipore Sigma) substrate.

0.1 mL reaction assays were done in Nunen@l microplates for fluorescendmsed assays
(ThermoFisher Scientific). Assays were composed of purified bsClpQ and bsClpY protein, 0.1

M Tris (pH 8.0), 0.1 mM Cb&ly-Gly-LeurAMC, 10 mM MgCb, 1 mM ATP, 1 mM
and 1 mM EDTA. Peptide hydrolysis for ecCl pX
SulcelUy-AMC (Mil Il i pore Sigma) under the same <co
rel ease was mo n iaSymergyd4 raidropl@erreader (BisTiek). dexcitation and

emission for CbLly-Gly-LeAMC were measured at 355 nm and 460 nm, respectively.
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Excitation and emission for SueuTry-AMC were measured at 360 nm and 440 nm,

respectively. Inhibition was obsev&ith varying concentrations af

ATP hydrolysis assay

ATP hydrolysis was monitored by a discontinuous assay with a malachite green colour reagent. 3
volumes 0.045% (w/v) malachite green in@Hand 1 volume 4.2% (w/v) ammonium
molybdate in 4 M HCivere mixed to make the colour reagent. After 20 min of shaking at room
temperature in the dark, 100 pL of 2% (w/v) Tritorl®O per 5 mL colour reagent was added,

and the resulting solution was filtered through a 0.2 um syringe filter. Reaction assaseambnt
purified bsClpY and bsCIpQ, 1 mM ATP, 10 mM MgCL mM TCEP, 1 mM EDTA, 0.1 M

Tris (pH 8.0). At specified time intervals, 25 yL of the assay was added to 100 pL of the colour
reagent in a 9@vell plate. The mixture was incubated at room temperdtur® min and the
absorbance (&0 was read using a Synergy H4 microplate reader (BioTek). Inhibition was

observed with varying concentrationslof

Non-denaturing polyacrylamide gel electrophoresis

Purified B. subtilisClpY and ClpQ proteis (2 € M wereincubated at room temperature with
various concentrations df (1006 M 10 M 1e M 0& M underproteolyticassay conditions
(0.1 M Tris (pH 8.0), 0.1 mM Ch@&ly-Gly-LerAMC, 10 mM MgCh, 1 mM ATP, 1 mM
TCEP, and 1 mM EDTA Following a 60 min incubation, 2X loading buffer (T#l4Cl pH
6. 8/ G| ynereaptaethand@romophenol blue) was added 1:1 @ach sample.Samples
were analyzed byolyacrylamide gel electrophores4-20% Mini-PROTEAN TGX Precast

Gels; BicRad) under nordenaturig conditions (Tris/Glycine)at 150 V for 120 min
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Polyacrylamide gels were stained with Coomassie Blue (50% (v/v) ethanol and 0.25% (w/v)

Coomassie R250).

Whole proteome extraction and dimethyl labeling

B. subtilis168 was grown in 5 mL Muellddinton bot h overni ght at 37 C.
diluted 1/50 in fresh 50 mL Muellddinton broth with (1 pg/mL) or without compourida n d
incubated for 6 hours at 37 C (200 rpm)-. The
suspended in 1.25 mL lysis beff(50 mM Tris, 100 mM NacCl, 1 pg/mL leupeptin, 1 pg/mL
pepstatin A, 1 mg/mL lysozyme, pH 8.0). Mechanical cell lysis was achieved by 30 s sonication.
The cell debris was pelleted at 10,000 rpm for 10 @l lysatewas quantified by Bradford
assay.50g were transferred to a 1.5 mL microcent
100 OL with 100 mM TEAB buffer. 5 OL of 200
incubated at 55 C for 1 h. 5 OL of 375 mM io
room temperature for 30 min in the dark. A methanol/chloroform precipitation was performed to
obtain protein pellet. The pellet wassespended in 100 pL of 50 mM TEAB buffer containing

0.015% Triton X100. Protein was digested with trypsin overnightat&. A pel |l et was
by vacuum centrifugation and-seispended with 100 pL of 100 mM TEAB buffer. 4 uL of 4%

(v/v) formaldehyde was added to the control reaction, while deuterated formaldehyde was added

to 1-containing reactions. 4 pL of 0.6 M NaBEN was added to all samples and incubated in a
fumehood for 1 h with rotation. 16 pL of 1% (v/v) ammonia solution was added to quench the
reaction. 8 uL of 5% formic acid (FA) was added and differentially labeled samples were mixed

1:1. All samples were desad with Pierce C18 Tips (ThermoFisher Scientific) prior to- LC

MS/MS analysis.
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Microscopy and image analysis

10 mL MuellerHinton broth with (1 pg/ml) and without was inoculated with 1%wv(v) of
overnightB. subtilis168 preculture. Cultures wergcubated for 5 hours at 32Z. Cultures with

1 reached an O§o of 0.2-0.25, while cultures without were diluted to an O3 of 0.2-0.25. 1

mL bacterial culture was prepared on #1.5 coverslips (ThermoFisher Scientific) washed with
poly-lysine(K) in phosphatéuffered saline (PBS). The bacterial dilution was fixed with 4%
paraformaldehyd®BS for 10 min at room temperature, aubsequently washed with filter
sterilized 100 mM glycind’BS for 5 min. The membrane was stained with 5 pg/ml F64BX
(Invitrogen) fluorescent dye while the nucleoid was stained with 2 pg/mL DAPI (Millipore
Sigma) fluorescent dye. Coverslips were modntn Superfrost Plus microscope slides
(ThermoFisher Scientific) with Mowiol mounting medium. The slides were left to dry overnight
in the dark. Images were obtained with an LSM 880 confocal microscope (Zeiss) using a
100X/1.4 oil immersion objective. Imagnalysis and cell length measurements were conducted

using ZEN Blue (Zeiss) software.

Staphylococcus aureusreaseactivity assay

Christensen urease broth (pH 6v#s prepared a@sllows: 1 g/L peptone, 1 g/L glucose, 5 g/L
NaCl, 1.2 g/L NaHPQy, 0.8 gL KH2PQ4, 0.004 g/L phenol red. 5 mL of 40% (w/v) urea was
added to 95 mL of Christensen urease brbtimL of Christensen urease broth with |{(g/ml)
and without1 was inoculated with 1%v(v) of an overnight MRSA USA300 pmulture.

Cultures were grownwernight at 37°C and resulting colour change was observed.
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Cell-free EzrA expression and degradation assay

The B. subtilisezrA gene vas PCR amplified fromB. subtilis 168 genomic DNA (Promega
Wizard Genomic DNA Purification Kitandcloned intothe pET21c vector (Gterminal His tag,
AmpR). Cell-free expression was carried out using F¢éRExpress® In Vitro Protein Synthesis
Kit (New England BioLabs) supplemented wBIODIPY-Lysine for imaging. Expression was
validatedby SDSPAGE (4-20% Mini-PROTEAN TGX Precast Gels; Bigad) Purified B.
subtilis ClpY and CIpQ proteins (8 M were incubated at room temperature with -telé
expressed EzrA under proteolytic assay cooas 0.1 M Tris (pH 8.0), 10 mM MgG] 1 mM
ATP, 1 mM TCEP, and 1 mM EDTA Following overnight incubation, 2Xammli sample
buffer (Bio-Rad) was added 1:1 to each sample amdlyzed bySDSPAGE (4-20% Mini-

PROTEAN TGX Precast Gels; BiRad)

Expressionof ClpQoap

B. subtilis clfidoar was PCR amplified fromB. subtilis168 genomic DNA (Promega Wizard
Genomic DNA Purification KitJand was cloned intadhe pET21c vector (Gterminal His tag,
AmpR). The resulting plasmid (pP4) and pDAPRSwere transformed into chemically
competentE. coli BL21(DE3) for protein expressiora0 mL LB media was inoculated with
0.5% {/v) of an overnight preulture. The culture was grown at°87 (200 rpm) and expression
was induced wittD.1 mM isopropydl-thio-b-D-galactopyranosidéPTG) at an optical density
(ODeoo) of 06. The culture was grown 46°C (200 rpm)overnight The cells were pelleted at
4,000 rpm for 20 min and 1guspended iB-PER Bacterial Protein Extraction Reagent (Thermo

Scientific). The resugpension was centrifuged at 10,000 rpm for 10 min. 2X Lammli sample
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buffer (Bio-Rad) was added 1:1 to the supernatant amalyzed on SDAGE (4-20% Mini-

PROTEAN TGX Precast Gels; Biead)

Western Blot immunoassay

Transfer from SDSPAGE on to an ImmuiBlot PVDF membrane (BiRad) was performed in
transfer buffer (3.03 g/L Tribase, 14.41 g glycine, 20% methanol) and run at 40 V for 90 min.
The membrane was incubated in 15 mL blocking buffer (5 g powdered milk, 100 mL Tris
buffered saline, 10@ LTween20) at £C overnight with gentle shakindNote: Tris-buffered
salinecomposition is 7.88 g/L TrsICl, 8.77 g/L NaCl, pH adjusted to 7.5. The blocking buffer
was decanted, and 5 mL blocking buffer was added to the membrane with HRig Higibody.

The membrane was incubated at’@7&or 1 h (50 rpm). The blocking buffer was decanted, and

10 mL wash buffer (100 mL trbuffered saline, 106 LTween20) was added to the membrane.

The membrane was incubated at room temperature for 5 min (50 rpm) and Vif@shnias
decanted. This washing step was repeated three additional times. Imaging was performed with
Immobilon Western Chemiluminescent HRP substrate (Millipore Sigma). 2 mL of the luminol
reagent was mixed with 2 mL peroxide solution and added to the raeealdhe membrane was
equilibrated for 30 seconds and imaged for chemiluminescence using a ChemiDoc imaging

system (BieRad).
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Synthesis of fmotocleavable DAP precursor (pcDAP)

&L, -2
0 NO

2

1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethan-1-one
10 g (0.07 mol) ob.1 (SigmaAldrich) was dissolved in 40 mL glacial acetic acid and added
dropwise to a threaecked roundottom flask containing 70% HNCat 0°C over 1 h with
stirring under nitrogen. Folleing addition of starting material, the solution was stirred further
for an additional 45 min at room temperature. The solution was poured slowly over crushed ice
in a beaker, resulting in a yellow precipitate collected by filtration and triturated iranoéth
The final compound was collected by vacuum filtration (6.43 g, 51Bb)NMR (400 MHz,

Acetoneds) U 7.57 (s, 1H), 7.07 (s, 1H), 6.31 (s,

L o
) NO

2

1-(6-nitrobenzol[d][1,3]dioxol-5-yl)ethan-1-ol
6.43 g (0.030mol, 1.0 eq.) o6.2 was dissolved in THF (70 mL) and methanol (130 mL) and
cooled to 0°C. NaBK(1.59 g, 0.042 mol, 1.4 eq.) was added portiase. The solution was
stirred for 30 min at 0°C and monitored by TLC. The solvent was evaporated, dilutedateth
and extracted with ethyl acetate. The organic phase was collected, dried withs Mg&O
evaporated producing a yellow oil. The final product was crystallized with ether/hexanes
resulting in light yellow solid (5.69 g, 87%) NMR (400 MHz, Chlorofom-d) & 7. 46 ( s,

7.27 (s, 1H), 6.17 6.08 (m, 2H), 5.46 (q] = 6.3 Hz, 1H), 2.17 (s, 1H), 1.54 (@z= 6.3 Hz, 3H).
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Br

<O:C\/K
5.4
0 NO

2
5-(1-bromoethyl)-6-nitrobenzo[d][1,3]dioxole
5.69 g (0.027 mol, 1.0 eq.) &.3 was dissolved in dry Cil> (135 mL) and kept under
nitrogen. The solution was cooled to 0°C for 20 min. 3P@011 mol, 0.4 eq.) was added
dropwise over 10 min, followed by 0.18 mL pyridine. The reaction was stirreibforin at 0°C,
then brought to room temperature and stirred further for 1.5 h. The reaction was monitored by
TLC. The reaction was cooled to 0°C and quenched by addition of 10 mL dry methanol. The
reaction was warmed to room temperature and stirred foniB0 The solvent was evaporated
producing a dark brown, thick liquid. The product was dissolved ipQGHind extracted with
saturated NaHC®followed by saturated NaCl. The organic phase was collected, dried with
MgSQy and evaporated. The crude producswpurified by flash chromatography on SiO
[eluent: ethyl acetate/nexane (1:10)] to obtais.4 (4.35 g, 59%).'H NMR (400 MHz,
Chloroformd) 0 7. 34 ( s, 1 1H6.08 (m72HY %89 (gls=,6.8 HzHIH), 2.08 (d,1 5

J=6.8 Hz, 3H).

2-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)thio)ethan-1-ol
0.63 g NaOHdissolved in 31.5 mL water (0.5 M, 1.0 eq) was added to a-tleeleed round
bottom flask. The solution was degassed through a stream of nitrogen. 1.2 nalptoetttanol
(0.017 mol, 1.05 eq.) was added to the solution and further degassed. Separately, 436 g of
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was dissolved in 16 mL ldioxane and degassed through a stream of nitrogen. The
NaOH/mercaptoethanol mixture was adde8.tbusing a cannula. Theolution was stirred for 1

h resulting in a precipitate. 50 mL of icdbxane was added to the reaction and stirred for 12 h at

room temperature. The reaction was monitored by TLC [ethyl acetad®ane (3:7)]. The

solvent was evaporated and extractethvathyl acetate. The organic phase was washed with
saturated NECI and extracted with saturated NaCl. The organic phase was evaporated. The
crude product was purified by flash chromatography on, $&ient: ethyl acetate/hexane

(3:7)] to obtain5.5 (2.40 g, 55%).H NMR (400 MHz, Chloroforrd) G 7. 27 (s, 1H)
1H), 6.11i 6.06 (m, 2H), 4.77 (¢J = 6.9 Hz, 1H), 3.71 3.55 (m, 2H), 2.6 2.45 (m, 2H),

1.86 (s, 1H), 1.54 (d} = 7.0 Hz, 3H).

2,5-dioxopyrrolidin -1-yl (2-((1-(6-nitrobenzol[d][1,3]dioxol-5-yl)ethyl)thio)ethyl) carbonate

2.4 g (0.009 mol, 1.0 eq) &.6 was dissolved in dry C4N (45 mL) under nitrogen. Dry
DIPEA (4.62 mL, 0.027 mol, 3.0 eq.) was added to the reaction, followed by DSC (3.17 g, 0.012
mol, 1.4 eq.). The reaction was stirred o/n at room temperature. The reaction was monitored by

TLC [ethyl acetate:rhexane (3:7)] and immediately carried forward to the next step.
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(0]
NO,
J
0.0
Y 5.7
NH
>LJOL
0” N OH

(2S)-2-((tert-butoxycarbonyl)amino)-3-(((2-((1-(6-nitrobenzo[d][1,3]dioxol-5-
yl)ethyl)thio)ethoxy)carbonyl)amino)propanoic acid

2 g of BoecL-DAP-OH (0.010 mol, 1.1 eq.) was added to the reaction above under nitrogen. The
reaction was stirred o/n at room temperature. The reaction was monitored by TLC (4% methanol
in CHCIlz). The solvent was evaporated. The crude product was purified by flash
chromabgraphy on Si@(eluent: 3% methanol in GiEl,) to obtain5.7 (4.96 g).!H NMR (400

MHz, Chloroformd) & 7 7.262(r#, 1H), 7.25 (dJ = 0.8 Hz, 1H), 6.11 6.07 (m, 2H), 5.74

(d, J= 6.5 Hz, 1H), 5.49 (d) = 9.2 Hz, 1H), 4.81 (p) = 7.1 Hz, 1H), 4.31t, J = 7.1 Hz, 1H),

4.11 (tt,J = 11.2, 6.1 Hz, 2H), 3.59 (s, 2H), 2.6®.42 (m, 2H), 1.52 (dd] = 6.9, 0.8 Hz, 3H),

1.42 (s, 9H).
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NO,

OYO pcDAP
NH

HzN/g(OH
0]

(2S)2-amino-3-(((2-((1-(6-nitrobenzo[d][1,3]dioxol-5-
yl)ethyl)thio)ethoxy)carbonyl)amino)propanoic acid

4.96 g of5.7 (0.010 mol, 1.0 eq.) is dissolved in dry &Hb (55 mL). 16 mL of triethylsilane

(0.100 mol, 10 eq.) was added to the solution and stirred for 5 min. Next, 15 mL of TFA was
added to the solution and the reaction was stirred for 5 h at room temperature. The reaction was
monitored by TLC (10% methanol i@H.Cly). The solvent was evaporated. The product was
washed with 15 mL methanol and evaporated ad#ia.product was dried imghv acuum ("~ 0. 1
mbar) dn. The compound was dissolved in 15 mL methanol and cooled to 0°C. Cold dry ether

(75 mL) was added tthe reaction under nitrogen. The solution was stirred first for 15 min at

0°C and then for 2 h at room temperature. The resulting precipitate was filtered, washed with
ether (three times) and-hexane.The product was dried ihighvacuum (° On.H mbar)
NMR (400 MHz, Methanetl) U 7. 33 (s, 1H) J=605, 130Hz, QH),,4811 H) , ¢
(qd,J = 7.0, 1.4 Hz, 1H), 4.24 3.99 (m, 3H), 3.79 (ddd} = 15.1, 4.0, 2.2 Hz, 1H), 3.713.59

(m, 1H), 2.61 (ddt) = 36.7, 13.9, 6.6 Hz, 2H), 1.57 @@= 6.9 Hz, 3H).
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Appendices

Appendix |: Supplementary Figures and Tablesor Chapter Two
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Figure S1. Minimum inhibitory concentration (MIC) assays. Assaysof various Granpositive bacteria and the
GramnegativeE. coli. 1 is active against Graipositive bacteria,including clinically relevantMRSA and VRE
strains Data points in red indicate the MIC valdgach MIC was performed in triplicate (n = 3).

MRSA USA300 | 5-chloro-armeniaspirol

s

32 pg/ml (8xMIC) 16 pg/ml (4xMIC) 8 pg/ml (2xMIC) 4 pg/ml (MIC) + control

Figure S2. MRSA USA300 minimum bactericidal concentration assayReconstitution of MIC subcultures @f
on nonantibioticcontainingp | at es resulted in growth >32 ¢g/ ml
of action
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Figure S3. Purification of ecClpX/P and bsClpY/Q. SDSPAGEfollowing purification of(A) ecClpX and ecClpP
and B) bsClpY and bsClp@roteins.Proteins were heterologously expresseé.ircoli BL21(DE3) cells.Bio-Rad
4-20% Mini-PROTEANTGX™ precast gels weresedfor SDSPAGE and subsequentlymagedwith Coomassie
dye Molecular weight reference standards were obtained usingR&io Precision Plus Protéih All Blue
Prestained Protein Standards.
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Figure $A. Standard curve used to determine AMC concentration from relative fluorescent units (RFU)This
standard curve was used to obttia extinction coefficient]] to calculatek.a:of Clp(X)P and ClpYQ proteolysis of
an AMC peptidic substrate. Both variables were calculatethdisated by the equations abovke pathlengthof
0.246 cmwasobtained fronthe Synergy H4 microplate reader (BioTel)l data points were collected in triplicate
(n=3).
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Figure S5. ATP- and ClpY-dependence of bsClpYQ proteolysis activityAssay conditions for the positive
control were set up with 0.25 &M CChpGly:GlydeuABC (grden)CIl p Y Q,
The bsClpYQ complex requires ATP to degrade the fluorogenic peptide substraten (grey) Additionally,

bsClpQ does not possess peptidase activity in the absence oftigk).
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Figure S6. Competitive inhibition of bsClpYQ proteolysis of Cbz-Gly-Gly-Leu-AMC. Normalized plotof
MichaelisMenten parametershowing an increase dﬁM and stable/max with increasing inhibitor concentratigns

the hallmark of competitive inhibition.
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Figure S8. Non-denaturing polyacrylamide gelelectrophoresis.B. subtilisClpYQ was incubated with various
concentrations of inhibitot under proteolytic assay conditions. Samples were run undedematuring conditions
(tris/glycine buffer) to visualize multimeric complexd&io-Rad4-20% Mini-PROTEAN TGX™ precast gels were
used for PAGE and subsequently imagédth Coomassie dyeNo differences in band profiles were observed in

absence or presence inhibitor.
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Table Sl. IC80 values of armeniaspirol A againsiGram-positive and Gram-negative bacteria.Armeniaspirol
A is active against Grafpositive bacteria at low micromolar concentratiofhgneniaspirol A is not active against
Gramnegative bacteria. Data obtained fr@uouturier, Cet al Bioorg. Med. Chem. lte 2012 22 (19), 6292 6296.

Methicillin- Penicillin- Vancomycin
Growth : . :
L resistants. resistant resistant . .
inhibition . : E. coli P. aeruginosa
IC 80 (UM) aureus S. pneumoniae  E. faecium
(MRSA) (PRSP) (VRE)
Armeniaspirol A 0.125 2.3 8.2 >30 >30

Table . LC-MS/MS results of inhibitor capture in B. subtilis cell lysate.Experiments were performed in the
absence or pr2eAscempetigon asday idvOlving pacubation ofl followed by2 was performed to
establish the most optimal candidateS-MS/MS proteomics data was analyzed as describ&hapter Seven

Accession Protein Function Essential Fold-change p-value
P46906  ArgS Arginine--tRNA ligase Yes 2.19937 0.02012
P71014 BslA Biofilm-surface layer protein A No 9.99254 0.01058

ATP-dependent Clp protease

P80244  ClpP . : No 3.32824 0.04084
proteolytic subunit

P32396 HemH Ferrochelatase No 10.8583 0.02093

P19466 MtrB  Transcription attenuation protei No 10.7687 0.0814

Q08432 PatB Cystathionine betéyase No 3.37298 0.00443

P0o883s  ptsi | nosphoenolpyruvaigrotein No 478435  0.0088
phosphotransferase

P0O8065  Sdha  Succinate dehydrogenase No 2.02044  0.01502
flavoprotein

P54375 SodA Superoxide dismutase No 3.38786 0.0%560

P33166 TufA Elongation factor Tu Yes 2.19048 0.00001

031790 YmaD Uncharacterized protein No 5.66526 0.01748

034944  YtjP  Putative dipeptidase No 6.42074 0.00185
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Appendix II: Supplementary Figures and Tablesfor Chapter Three

Table S3. Comparison of 1-treatment in relation to protein biomarkers of known antibiotic mechanisms.

Protein foldchange and-walues are identified for specificqteins associated with certain antibiotic treatments and

are shown in tabular format. Each protein marker has been shown to have significant upregulation with its
corresponding antibiotic treatmehtC-MS/MS proteomics dta wasanalyzedas described i€hgter Seven

Accession  Description Fold-change  p-value

Protein Biosynthesis Biomarkers
[ref antibiotics: tetracycline, chelocardin]

P21464 30S ribosomal protein S2, RpsB 4.101 0.007
P21468 30S ribosomal protein S6, RpsF 7.062 0.002
P42923 50Sribosomal protein L10, RplJ 0.646 0.555
P80868 Elongation factor G, FusA 1.426 0.098
P33166 Elongation factor Tu, TufA 0.906 0.767

Fatty Acid Biosynthesis Biomarkers
[ref antibiotics: platencin, platensimycin, cerulenin, triclosan]
3-oxoacyHacyl-carrierprotein] synthase 3

034746 protein 1, FabHA 0.614 0.412

034340 3-oxoacyHacyl-carrierprotein] synthase 2, Fab 0.742 0.587

P5A616 EnoylHacyl-carrierprotein] reductase [NADH], 0.254 0.025
Fabl

Cell Envelope StresBiomarkers

[ref antibiotics: merscadin, bacitracin, vancomycin]

P81100 Stress response protein SCP2, YceC 1.320 0.163

034833 Uncharacterized protein YceH 0.572 0.436

DNA Damage Response Biomarkers

[ref antibiotics: mitomycin, daunomyciAdriamycin]

P16971 Protein RecA 0.832 0.526
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Table $A4. Enrichment of divisome- and elongasomerelated proteins in 1-treated, qxlpP, and gxlpQ B. subtilis
Protein foldchange and palues are providedh(d, not detected) LC-MS/MS proteomics data was analyzed as
described irChapter Seven

Divisome Proteins 1-treatment qgelpP deletion  qzlpQ deletion
. L Fold- Fold- Fold- p-
Accession Description p-value p-value
change change change value

P17865 Cell divisionprotein, FtsZ 9.351 0.0312 8.324 0.0002 1.796 0.015(
P28598 60 kDa chaperonin, GroE 2.860 0.0303 2.906 0.0005 1.085 0.511:
P17820 Chaperone protein, Dnak 4.795 0.0014 2.744 0.0994 1.067 0.857¢

P80698 Trigger factor, Tig 11.539 0.0020 3.802 0.0002 0.797 0.349¢
Septum sitedetermining

P71021 im SI 7.360 0.0029 4584 0.1126 4.792 0.039;
protein, DivIVA
POCI74 Cell cycle protein, GpsB  3.903 0.1247 n.d. n.d.
Q01464  OEPWMSitEetermining 5 gog 1711 8070 4.9E05 n.d.
protein, MinD
Elongasome Proteins 1-treatment qgelpP deletion  qzlpQ deletion
. L Fold- Fold- Fold- p-
Accession Description p-value p-value
change change change value
Q01465  Rodshapaletermining 5,55 0098 6052 00002 1.282 0.168(
protein, MreB
P39751  MreB-like protein, Mbl nd. 16.574 0.0052 14.242 2'015E
032023 $2§2arade”zed Protein, 14245 0.0016 8.023 0.0014 n.d.
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Table . Enrichment of several known CIpXP substrates inl-treated and gxlpP B. subtilis supporting a
mechanism involving inhibition of ClpXP. Protein foldchange and {alues are identified for proteins known to
be ClpP substrates.d, not detected). Significance is defined as fahdnge > 2 and-palue < 0.05LC-MS/MS
proteomics data as analyzed as describeddhapter Seven

ClpP Substrates 1-treatment gxlpP deletion
Accession Description Fold-change p-value Fold-change p-value
P80698 Trigger factor, Tig 11.539 0.002 3.802 0.0001
P17865 Cell division protein, FtsZ 9.351 0.031 8.324 0.0002
P02394 50S ribosomal protein L7/L12, Rg  4.732 0.002 3.601 0.0005
P28598 60 kDa chaperonin, GroEL 2.860 0.030 2.906 0.0005
P37945 Lon protease, LonA 2.408 0.011 13.409 0.0014
P17820 Chaperone protein, DnaK 4.795 0.001 n.d.

Dihydrolipoyllysineresidue
acetyltransferase component of

P21883 3.468 0.035 n.d.
pyruvate dehydrogenase comple»
PdhC
P09124 Glyceraldehydes-phosphate 3.441 0.007 nd.
dehydrogenase, GapA
Probable fructosbisphosphate
P13243 aldolase, FbaA 2.212 0.003 n.d.
P05653 DNA gyrase subunit A, GyrA n.d. 54.839 0.0085
P42923 50S ribosomal protein L10, RplJ n.d. 12.007 0.0008
031602 Regulatory protein Spx, SpxA n.d 10.222  0.0001
P12875 50S ribosomal protein L14, RpIN n.d. 6.521 1.07EO05
P39610 Pyridoxine kinase. ThiD n.d. 4.691 0.0380
P12877 50S ribosomal protein L5, RplE n.d. 4.219 0.0001
P37570 Proteirarginine kinase, McsB n.d 4.068 0.0005
P37958 Adapter protein, MecA n.d. 3.224 0.0024
P21469 30S ribosomal protein S7, RpsG n.d. 2.705 0.0026
P42921 50S ribosomal protein L4, RpID n.d. 2.590 0.0479
P37571 Negative regulator of genetic nd. 2 254 0.0017
competence, ClpC
Glutamine-fructose6-phosphate
POCI73 aminotransferase [isomerizing], n.d. 2.181 0.0011
GImS
P39912 Protein, AroA n.d. 2.116 0.0046
p14193  Ribosephosphate n.d. 2019  0.0018

pyrophosphokinase, Prs
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Appendix lll: Supplementary Figures andTablesfor Chapter Four
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Figure S9. Cheng-Prusoff alteration of a Dixon plot. The xintercepts correspond to inhibitor constants, e
inhibitor constant$or MD01 andMDO04 were obtained for inhibition of ClpYQ proteolysis activity. Each data point

was collected in triplicate (n = 3).
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Figure S10. ClpXP inhibition assay in Christensen mediaMRSA USA300 was grown in Christensen media in
the presence or absencelofUrease activitywasdetected wittphenol red pH indicatof-rom left to right: MRSA
USA300 + 1ug/mL 1, MRSA USA300+ 0 pg/mL 1, Christensen medialank control.
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Table 5. MBC (eg/ mL) evaluation of f i r Andlogsawerd sceeenedoford ar me
antibiotic activity against clinically releva@rampositive and Granmegative pathogens.

S.aureus S.aureus S. aureus S. aureus E. ' P
Compound IA116- MNS8- LAC-Fitz- MW2- faecalis aeruginosa

USA100 USA200 USA300 USA400 NJ3 PAOL

(MRSA) (MSSA) (MRSA) (MRSA) (VRE)
1 32 32 >32 >32 >32 >32
MDO1 8 16 8 8 32 >32
MDO02 16 16 32 16 >32 >32
MDO03 32 32 >32 >32 >32 >32
MDO04 8 >32 >32 >32 >32 >32
MDO05 >32 32 16 16 >32 >32
MDO06 >32 >32 >32 >32 >32 >32
MDO7 32 >32 >32 >32 >32 >32
MDO08 4 8 2 8 8 >32
MDO09 >32 >32 >32 >32 >32 >32
MD10 >32 >32 >32 >32 >32 >32
MD11 >32 >32 >32 >32 >32 >32
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Appendix IV: Supplementary Figures andTablesfor Chapter Five

Figure S11. In vitro degradation assay of EzrA by ClpYQ. (A) EzrA was expressed by cétee translation using
the PURExpress® In Vitro Protein Synthesis Kit (New England BioLamg) supplemented with BODIPIys for
easier visualization of expressiomhe molecular weight of EzrA is65 kDa.(B) 5 ¢ d¥l bsClpYQ under
proteolytic assay conditions was added to the métlo degradation of EzrA was observed following overnight
incubation.
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