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ABSTRACT

The Burkholderia cepaciacomplex (Bcc), a group ofsramnegative multidrug resistant
pathogens are notorious for causing persistent lung infections in people with cystic Bimebsis
new antibiotics are needed to treat thesedmbns One way to find new antimicrobials is to
repurpose old drug®r a new useOne such example of this auranofin, which has antimicrobial
activity againsiGrampositive bacteria, withow to noactivity againsiGramnegatives. Thus, to
create novelantimicrobials for Gramnegatives, specificallyBurkholderia cenocepaciawe
synthesized chemical analogs of auranofinhypothesize auranofirmnalogsthat will be
bactericidalagainstB. cenocepaci&56-2 and other CF pathogens and that the mechanism of
action of these antimicrobials can be determined through randomly barcode transposon sequencing
(BarSeq) Two auranofin analogs withactericidalactivity againstB. cenocepacialetermined

their mechaism of action. The two auranofin analogs are bactericidal, do not select for resistance,
kill persisters, and are welblerated byC. elegansandGalleria in toxicity tests They also inhibit

the enzyme thioredoxin reductaskterestingly, they donot inhibit the structurally and
functionally similar protein glutathione reductaséhe compounds alscause an increase in
reactive oxygen speciagpon exposureBarSeqidentified the mechanism of action of these
compounds include the glutathione syst@aietially by protecting from the increase in reactive
oxygen speciegnd purine metabolisnby altering the metabolic state of the bacteritihus, we

have determined the mechanism of action of these novel therap®uidsave alsshown that

BarSeq is ald todetermine the mechanism of action of novel antimicrobials
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CHAPTER 1: LITERATURE REVIEW

1.1Burkholderia cenocepaciand cystic fibrosis

1.1.1The genus Burkholderia

The first identification of te Burkholderiagenus was in 1950 by W. H. Burkholdand

was found to béhe causative agent of soft onion (Burkholder 1950; Mahenthiralingam et al.

2005) The genusBurkholderia has grown ever since to now containing o0 species

(https://lwww.bacterio.net/genus/burkholdégria Burkholderia was initially classified as
Pseudomoas cepacidbutitwa s né6t unt i | B@khd&@deriavwaa named larel segem n u s
species were included in it that were originally nanksgudomonagYabuuchi et al. 1992;
Coenye et al. 2001)which moved these specidseom the phylumo-proteobacteria tdb-
proteobacteriaThese species weigurkholderia cepaciaBurkholderia mallei Burkholderia
pseudomallei, Burkholderia caryophylliBurkholderia gladiolj Burkholderia pickettii and
Burkholderiasolanacearun{Yabuuchi et al. 1992)However, twoof these sevespecies were
transferred to the genudalstonia these werd. solanacearunandB. pickettii(Yabuuchi et al.
1992)

In 1997B. cepaciawhich was considered one species, was splitset@ralgenomovars,
which represent species that are phenotypically similar, but genotypically di$tamtamme et
al. 1997) These species are now termedBluekholderia cepaci@omplex (Bcc). Now, the Becc
contains over 20 species and all are opportunistic pathogens in immunocompromised patients
(Eberl and Vandamme 201 &yith Burkholderia cenocepacandBurkholderia multivoranseing

the most common and causes the most serious lung infections mpatith the genetic disease
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https://www.bacterio.net/genus/burkholderia

cystic fibrosigLiPuma 2010)Advancement in DNA sequencing further divided Bugkholderia
genuswhen he genus was spiito two genera: firsivasBurkholderig which contain clinically
relevant human and plant pathogens, and see@sdParaburkholderia which consist of other
environmental specie€Sawana et al. 2014However, this division is not accepted by all
individuds in the field ofBurkholderiaresearch.

Burkholderiaspecies can survive in many different environmental niches, such ahesoil,
rhizosphere, and watéBazzini et al. 2011; Eberl and Vandamme 2016}he soil Burkholderia
are outcompeted in alkaline soils but are fierce competitors in acidic soils due to the intrinsic acid
toleranceof these specietStopnisek et al. 2014; Eberl and Vandamme 20T6gre is also a
various degree oBurkholderia and plant dependencBurkholderiacan exist as free living
organisms in the rhizosphere, nodulating legumes, and also obligate lead syitttH@ntsand
Vandamme 2016)Burkholderiahave been found in a endophytic lifestyle in the rootsptsho
leaves, and seeds of various plant species such as sugarcane, rice, an(Pahetlal. 2022)
Burkholderiamay even be obligate symbionts of some insect spanigsding stinkbugs, bean
bugs, and some species of beeflékuchi and Yumoto 2013; Kikuchi and Fukatsu 2014; Florez
et al. 2017; Florez and Kaltenpoth 201The most studieis the association durkholderiawith
stinkbugs, in whichBurkholderiaspecies provide nutritional benefif{Kaltenpoth and Florez

2020)

1.1.2 Cysticfibrosisand bacterial pathogens

Cystic fibrosis (CF) is an autosomal recessive disease that affects approximately one in

3,500 children in the United Stat@=lborn 2016; Corriveau et al. 2018)he disease is caused by
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a mutation irthe cystic fibrosis transmembrane conductance reguatw(CFTR) (Elborn 2016;
Rafeeq and Murad 201, Zyhich causes a buddp of mucus in the lungs and airways, leading to a
less active innate immune system and serves as a breeding ground for many patlactsac b
(Elborn 2016; Bhagirath et al. 2018he CFTRprotan is amember of the ATHinding cassette
(ABC) transporter family and is responsible for the transport of chloride ions and bicarbonate ions
outside of the cel{infield et al. 2021)and sits in the membrane of epithelial cells anfdiither
modified by glycoproteingCheng et al. 1990)This protein contains approximately 1480 amino
acids and has 12 membrane heli@shia et al. 2021; Infield et al. 2023dditionally, there are
two nuclear binding domains (NBD) responsible for the binding and hydrolysis of ATP for active
import/export(Infield et al. 2021) There are over 2,000 mutations identified in the CFTR gene,
however, only 127 of these are able to cause dig&asmay et al. 2013Yhe most common of
these mutationgd=-508,which was bund in 70% of alleles in one stufiyosnay et al. 2013and
occussin the NBD1 (Chong et al. 2015pysfunction of this protein is the primary cause of cystic
fibrosis and leads to a builgp of sticky mucus in the lungRatjen et al. 2015)t is also thought
that the increase in acidity of the airway surface liquid, dulketlack of bicarbonate transport by
mutated CFTRcan also lead to disea@dalhotra et al. 2019)T'his mucus blocks the activity of
the mucociliary elevator in the lungs, which normally sweeps out any bacteria that land in this
area, preventing infectiofiRatjen et al. 2015)

Patients withCF are commonly infected by multiple species of bactenm interestingly,
as the patient ages the microbial diversity decr@dathotra et al. 2019)0ne of the most common
bacteria to infect CF patients the highly drug resistant pathogdPseudomonas aeruginosa
(LiPuma 2010; Pang et al. 2019he prevalence of infech varies by age, with adults having

moreP. aeruginosanfections than childrefLiPuma 2010)In one study from 2021, they isolated
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721multi-drug resisant (MDR) P. aeruginosa&linical isolates, 69% of which were resistant to the
three main groups of antibioticaminoglycosidesh-lactams, and fluoroquinolor{®koliegbe et
al. 2021) Whereas22% of the clinical isolates were resistant to two of the mentionagbgro
(Okoliegbe et al. 2021)n another study, they found that 22%Faf aeruginosasolates were
hypermuablewith a 48fold increase in mutation frequencies compared to wild (Rees et al.
2019) These hypermutable strains were shown to be associated with a poorer patient outcome
(Ferroni et al. 2009)and can more quickly adapt to antibiotic expog@ieser et al. 2000; Oliver
2010)

Another common species that infect those with CSteghylococcus aureugliPuma
2010) This bacterium is usually acquired early in If\dalhotra et al. 2019and can be resistant
to many different antibiotics, such as aminoglycosi@dactams, and glycopeptidéBernardy et
al. 2020) Previously manyyoungpatientswith CFdiedfrom S. aureusnfections, but now they
are manageable with antibioti¢ahl 2010) S. aureusis the most common patgen in CF
patientsearly in life, theras the patient ages, the most common pathogen beébraesiginosa
however, 40% o&dults remain colonized [&. aureugKahl 2010) This bacterium can form small
colony variants (SCV)andit has been found tha7 % ofCF patientsnfected withS. aureushave
S. aureugontainingSCV (Besier et al. 2007)nterestingly SCV S. aureuss thought to be better
adapted to the CF lun@oerke and Wolz 2010; Kahl 2010) These SCVb&6s have a
rate and are ore resistant to antibioti¢6soerke and Wolz 2010gallowing them to persist in the
lung of CF patients.

Lastly,although not common, accounting fed3b6 of all CF infectiongs theBurkholderia
cepaciacomplex(Bcc). Similar to P. aeruginosaBcc infections aralsoacquired later in life

(Malhotra et al. 2019)The two most common Bcc species that cause infectioris araltivorans
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andB. cenocepaciavith B. cenocepaciaeing associated withne of the worst clinical outcomes
of all CF pathogeng&Scoffone et al. 2017Burkholderia cenocepacia a MDR bacterium in the
Burkholderia cepacia@omplex (Bcc)Eberl and Vandamme 201&hd a fearsome pathogen for
peoplewith CF (Scoffone et al. 2017B. cenocepaciafects the lungs of these patients, causing
a severe drop in lung function pregsing to a lifehreatening systemic infection calledpacia
syndromewhich consists of a necrotizing pneumoniae and sgi@isffone et al. 2017)B.
cenocepacianfections are difficult tareat and hard to eliminate from respiratory tissues. The
challenge in combatinB. cenocepaciafections as well as otheGramnegative bacteria, is the
outer membrane decreases the permeability dfdleterialcell, reducing the amount of antibiotic
available inside the celScoffone et al. 2017Patientdnfected withB. cenocepaciaften have a
poorer outcome postperatiormaking them ineligible for lung transplariide Soyza et al. 2010)
which is a lifeextending therapy in individuals with GBupont 2017)

In the lungsB. cenocepaciaan survive intracellularly, such as in macrophdéesales
Reyes et al. 2018gffectively hiding from the immune system and establishing a chronic infection.
Macrophages use free radicals to prodeeetiveoxygen speciefROS to fight invading bacteria
and other pathogens entering the b@&ghal et al. 2014)An important trait for a bacterium to
have for surviving intracellularly in macrophages is to have a system able to combaBROS.
cenocepacidas multiple engmes to scavenge ROS: thioredoxin reductaseB)lrglutathione
reductase (GR), the glutathione systenand various superoxide dismutases and catafases

combating host derived RQSalvano and Lefebre 2001; Peeters et al. 2010)

1.13 Antibiotic resistance in Burkholderia species
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There are four main ways bacteria may be inherently resistant to or acquire resistance to
antibiotics: decreased uptake by redupedmeability, an increase in efflux punegpression
mutations in the antibiotic target, and enzymatic alteration/inactivation of the antibiotic itself
(Munita and Arias 2016; Scoffone et al. 201BYirkholderiaspecies are highly resistant to many
of the available antibiotic§Leitao et al. 2008and haveacquiredmany of theaforenentioned
mechanisms of resistand@urrently,there is no set treatment for CF patients infected with these
bacteria, thus new antibiotics with novel mechanisms of action are urgently n€saedroup
found that all their Bcc isolates were resistant to tobramyeost were resistant to ceftazidime,
and all were susceptible to meropen@arayanaswamy et al. 2013nother study tested 50
clinical isolates each oB. cenocepaciaand B. multivoransagainstceftazidime meropenem,
minocycline, levofloxacin, chloramphenicol, ciprofloxacinptethoprimsulfamethoxazole, and
piperacillintazobactaniHuse et al. 2021)'hey found low susceptibility of to all antibiotics tested
with their clinical isolategHuse et al. 2021)

Many of the currently used antibiotics have cellular targets and thus, must pass through
one or two membranes Brampositives orGramnegatives, respectivelyfhe membrane of
Burkholderiaspecies is 1old less permeable thdfscherichiacoli, due to tle levels of general
porins(Parr et al. 1987; Rhodes and Schweizer 20héking it extremely difficult for antibiotics
to enter. Additionally, it was found in 1986, that the membrane of, at theRgeedomonas
cepacia was arranged in a way to protect the catiamding sites, giving resistance ¢ationic
antimicrobials, such agolymyxin and aminoglycosidgd/oore and Hancock 1986)t is now
known that thdipopolysaccharidel(PS) of Burkholderiaspecies ionstitutivelymodified with
a 4aminc4-deoxyL-arabinose moiety, giving the membranpasitivecharge, and thus, repels

cationic antimicrobialgLoutet 2011; Rhodes and Schweizer 2016)
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Not only must antibiotics pass through the membrane(s), theyralststay in the cell
without being effluxedWhen the complete genome sequencB.afenocepaciatrain J2315 wa
made available, it was found that this strain encodes 16 efflux systéhesresistancaodulation
division (RND) family(Holden et al. 2009; Podnecky et al. 20X)ecifically, RND4 was found
to give resistance to aztreonam, chloramphenicol, gentamicin, tobramycin, nalidixic acid,
ciprofloxacin, levofloxacin, and norfloxacin, by testing the MIC of deletion mutants axado
wild type (Buroni et al. 2009)Additionally, the genécrA encodes an efflupumpbelonging to
the major facilitator superfamily (MFS)hich gives resistance to tetracycline and nalidixic acid
(Widfield et al. 2002) It was found that mutations iampD lead to increased resistancefo
lactams, such as ceftazidime and cefotax{idieang and Kim 2015)This phenotype can be
attributed to increasel’NA levels ofampCandpenB two b-lactamasegHwang and Kim 2015)
Additionally, levofloxacin is a fluoroquinolone that ihits the essential process DNA synthesis
by binding to and inactivating DNA gyrase and topoisomef&sdrega et al. 2009)Jpon
sequence analysis l@vofloxacin resistanBcc clinical isolatessingle base mutations in tggrA
gene that encodes for DNA gyrase, causing missense mutations at codon positions 81, 83, and 87,
preventing levofloxacin from binding its targdiseng et al. 2014)

Despite the high level of antibiotic resistanadéewgroups have been ableitentify new
ways to treat Bcc infections. Ceftazidiragibactam is the last resort treatment for Bcc infections,
however, there are a few studies showing Bcc clinical isolates being resistant to this combination
(Van Dalem et al. 2018; Massip et al. 2013hankfully, one group found that switching
ceftazidime with piperacillin, creating the novel damation piperacilliravibactam, makes a
potent combination to treat Bcc infectiof@eiser et al. 2019)Additionally, another antibiotic

combination that has been shown to have efficacy against Bcc clinical isolates is moxifloxacin
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ceftazidime(El-Halfawy et al. 2017)Alone, moxifloxacin and ceftazidime had an MIC of 8 and

128 eg/mL, respectively, foB. cenocepaci&56-2, but in combination, the MIC dropped to 2

eg/mL showing a synergistic interactigil-Halfawy et al. 2017)Another group identifiech

natural polysaccharide, peN-acetytglucosamine (PAAG) that acts in synergy with meropenem

and tobramycir{Narayanaswamy et al. 201 At low concentrations of PAAG, & eg/mL, the

MI Cé6s of meropenem and t ob+aadigfcld imall Ba dtraidse c r e a s
testedNarayanaswamy et al. 201 Mherehavebeen new antibiotic e¢obinations that have been

shown to be effective against the Bcc, as mentioned above, but very few antimicrobials have been

developed for Bcc infections.

1.2 Auranofin analogsas antimicrobials

1.2.1 Repurposing auranofin

One method to find newantibiotics is to look at currerdr outdatedmedications and
repurpose them as antibiotics. This is the case of auranofin, agaldaompound originally used
to treat rheumatoid arthritis and is approved to be used in hufikeas et al. 1997)Auranofin
was administered to individisawith rheumatoid arthritito decrease swollen/tender joints and
stiffness(Kean et al. 1997)but fell out of practice, although the side effects of auranofin were
minor, other less toxic compounds were develd@ate 2001)Auranofin has three key structural
features contributing to the action of the draghioglucose, a gold atom, and triethylphosphine

(PEB) (Figure 3. Thethioglucose reduces the toxicity of the compaguhd gold atom is the active
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component which binds and inactivates the targedt fnally, the triethylphosphine (P&t aids
in transport of the gold across the cellular memb(&utton et al. 1972; Kean et al. 1997)

In Mycobacterium tuberculosesnd Staphylococcus aureuauranofin was shown to have
antibiotic activity by inhibiting thioredoxin reductag@rxR), an enzyme involved in redox
reactions and protection from reactive oxygen species (R@&8put et al. 2015)Auranofin was
also shown to be active agaimttlicobacter pylorj also inhibiting TrR (Epstein et al. 2019)t
is thaught that the gold of auranofin, upon entering the cell, unbinds from the glucose moiety, and
the gold is available to form a covalent bond with T¢kigure 1) Once bound, the enzyme cannot
form a disulfide bond, which is critical for the function of #rezyme Auranofin is thought to be
inactive in bacteria containing a secondary antioxidant mechanism to compensate for the loss of
TrxR and the rise of ROS, such as glutathione reductaSR]@E&u and Holmgren 2014MH. pylori
does not contain the@R enzymgWaryg et al. 2006)maybeallowing auranofin to be effective.

One group suggests TRxis not the sole target of auranofififhangamani et al. 2016Yhey
demonstate that auranofin can lead to other effects in the cell, such as inhibition of DNA, protein,
and cell wall synthesis, however, they had no direct evidence of auranofin binding/inhibiting other
thiol-containing proteingThangamani et al. 20L6Nevertheless, the notion that auranofin can

bind other thiolcontaining proteins is plausible.
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ChemDraw 16.0. Mechanism of action of auranofin image was generated using BioRender.

OAc
PEt;

Figure 1. Structure of auranofin and its mechanism of action
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1.23 Auranofinanalogs

Auranofin does not havantimicrobial activityin many Gramnegative species such as
Klebsiella pneumoniae, Pseudomonas aeruginasdAcinetobacter baumanniiVu et al. 2019;

Liu et al. 2022) This may be due to reduced permeability of Bramnegative membrane, or as
mentioned, because margramnegatives contain the glutathione system in addition to the
thioredoxin systeniSmirnova and Oktyabrsky 2009)hus, to create novel antimicrobials for hard
to treatGramnegatives, auranofirmnalogswere made in a structure activity relationship (SAR)
study(Wu et al. 2019)

The firstgroup of auranofimnalogsin this SAR studymodified the thiol sugarhemical
structurgWu et al. 2019)These changelid not increase the activity of these compounds towards
Gramnegativeshoweveraslightly decreasin cytotoxicity was observe@Wu et al. 2019)The
group twoanalogsinvolved the replacenent ofthe glucose moiety with aromatics or aliphatic
structures(Wu et al. 2019) The aromaticanalogsstill did not show activity againsGram
negatives, however, when they replhtiee glucose moiety with mercaptoethanol, the minimum
inhibitory concentrations (MICs) dropped &, and 18fold for A. baumanniiP. aeruginosaand
K. pneumoniagrespectivel(Wu etal. 2019) Finally, group thre@analogshad modificationgo
the triethylphosphine and they found that replacing it with trimethylphosphine increased the
activity (Wu et al. 2019)By combiningthese two modifications together novelcompound that
had mercaptoethanol and trimethylphosphivees producedwhich beame MS40 (Wu et al.
2019) This compound had thHewest MIC and was less toxic than auranadimd was a better

inhibitor of thioredoxin reductag®Vu et al. 2019)a novel antimicrobial target
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1.3 Thioredoxin and glutathione systm

1.3.1 Thioredoxin system

The hioredoxin system contains the proteins thioredoxin redu¢is®), thioredoxin
(Trx), as well as NADPH as a source of electend represents one of the major antioxidant
systems in the cell, along with the glutathione system and catélasasd Holmgren 2014Most
Gramnegatives contain thioredoxin reductase and two thioredd¢kunsand Holmgren 2014)
Originally described irke. coli, thioredoxin reductase inthe enzyme family pyridiraucleotide
disulfide oxidoreductase, along with glutathione reductase contain sites for NADPH and FAD
binding (Lu and Holmgren 2014)Additionally, TrxR contains an NADR binding domain
harbouring the enzynie active sitdLu and Holmgren 20149nd thekE. coli structure vas solved
in 1994 (Waksman et al. 1994Yhioredoxin and thioredoxin reductasevba single-CXXC-
motif in theiractive site for redox reactiorfSerata et al. 2012; Lu and Holmgren 2014; Liao et al.
2017) The tioredoxin protein is an electron donor for ribonucleotide reductase, which creates
deoxyribonucleotides from ribonucleotidg€armetHarel and Storz 2000; Sengupta and
Holmgren 2014) This then oxidized thioredoxin is reduced by thioredoxin reductase with
electrons from NADPH(CarmetHarel and Storz 2000; Sengupta and Holmgren 20Tk
putative thioredoxin systemLu and Holmgren 2014df B. cenocepacidased onsequence
similarity to Escherichia colcan be foundn Figure?2.

Thioredoxin reductase is an essential protein in aerobic condii@erata et al. 2012;
Gislason et al. 2017)making it potential target for antimicrobialdowever, he thioredoxin

system is also isukaryotesthus, ompounds that bind thioredoxin or thioredoxin reductase may
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havecytotoxiceffectsif they can also permeate into eukaryotic cédditionally, ebselen, a drug
being repurposed as a potential antimicropi@dlangamani et al. 20153lso inhibits prokaryotic
and eukaryotic thioredoxin reducta@das et al. 2013) Thus, eva though auranofin and ebselen
have antimicrobial properties, their cytotoxicibeeds to be alleviated by further chemical

modifications befordéurther develomentas antibiotics.
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Figure 2. Thioredoxin system inB. cenocepaci&56-2.
Electrons frorNADPH are used to reduce thioredoxin reductase (TrxB) which can then reduce
thioredoxin (TrxA). Thioredoxin can give electrons to ROZDtor OH radical, or to oxidized

ribonucleotide reductase. Ribonucleotide reductase role is to convert nucleosidpdaibo
(NDP) to deoxynucleoside diphosphate (dNC¥@del based on sequence similaritygocoli.

1.3.2 Glutathione system

Biosynthesis of glutathione, a tripeptide, is dependent on the enzyghagmmylcysteine
synthetase (GshAgndglutathione synthetase (GshB) and involves the amino acids glutamate,
cysteine, and glycine, with both steps in flyathesigequiring energyrbom ATP (CarmelHarel
and Storz 2000; Smirnova and Oktyabrsky 2005; Couto et B)20ysteineg in the cell, is in the
lowest abundance compared to glutamate and glycine, and thus, is the rate limiting step in
glutathione biosynthesid.oewen 1979; Smirnova and Oktyabrsky 2005; Couto et al. 2016)

Glutathione can also be a reservoircgéteinein bacteria(Couto et al. 2016)It was found that
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deletinggshAandgshBin E. colihad wild type growth, but the cell had no intracellular glutathione
(Apontoweil and Berends 1978nstead of synthesisabteria can also import glutathione using
an ABC transporter, an@rampositives solely rely on the import of glutathione as they lack the
necessary genes to synthesizédobuto et al. 2016)Typically, the cellular concentration of
reduced glutathione is between 1 and 10 mifh a reduced to oxidized ratio between 30:1 to
100:1(Couto et al. 2016)

In its reduced form, glutathion&SH) can detoxify reactive oxygen species (ROS) and
reactive nitrogen specid®NS) by reducing ROS/RNS and itself becoming oxidig@8SG)
forming a disulfide bond between two molecules of glutathi@ermetHarel and Storz 2000;
Couto et al. 2016)0rganisms that use glutathione to detoxify ROS/Ri¢8da way to recycle
oxidized glutathione to its reduced fornThis is accomplished by the enzyme glutathione
reductasgCarmelHarel and Storz 2000; Couto et al. 2Q1®his enzyme uses electrons from
NADPH to accomplish this reaction and has a domain for NADPH binffmgirnova and
Oktyabrsky 2005; Couto et al. 2016n its active site, it contains two catalytically actoyesteine
amino acids for redox reactiof@outo et al. 2016)Deletinggor in E. colihad wild type growth
levels and still had wild type levels of GSH and GS®Ggesting there is a backup mechanism to
reduce GSSGETuggle and Fuchs 1985)The putative glutathionesystem (Smirnova and
Oktyabrsky 2005df B. cenocepacidased orsequence similaritio Escherichia colcan be found
in Figure3.

In addition, one type of postanslational modification is gluthionylatididalle-Donne et
al. 2009) Gluthionylation of thiols in proteins leads to changes in enzyme activity, thus, these

disulfides may play a role in transmission of cellular alg{Dalle-Donne et al. 2009)and can
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alter the activities of enzymes involved in glycolysis and gluconeogenesis, as well as adenylate
cyclasesand protein kinasg®alle-Donne et al. 2009)

Reduction of disulfides in the cadl catalyzed byglutaredoxins, whiclacquireelectrons
from GSH(Ogata et al. 2021)They also have a role in redox regulation of transongfactors,
such as OxyRZheng et al. 19981 weltknown regulator of the ROS regul@imlay 2015) and
involved in transduction of intracellular regulatory signé@snirnova and Oktyabrsky 2005)
Glutaredoxins can also providelectron equivalents for ribonucleotide reductase, creating
deoxyribonucleotides, similar to thioredoX®engupta and Holmgren 201E) colicontairsthree
glutaredoxins, Grx1, Grx2, and Grxhd the active site of Grx1 containgCXXC- motif (Aslund
et al. 1994; Smirnova and Oktyabrsky 2QG&inilar to the thioredoxin system. Deleting each of
the glutaredoxins or all three together colican still grow(Potamitou et al. 2002)ndicating that
they are not essential.

It is known that auranofin and its analogs inhibit the function of the enzyme thioredoxin
reductase. It is not known if the ropounds can also inhibit other proteins with active cysteine
amino acids, such as glutathione reductase. Also, how the glutathione system affects the

susceptibility of auranofin and auranofin analogs is unknown.
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Figure 3. Glutathione system inB. cenocepacid56-2.

Glutathione is synthesized from the amino acysteine, glutamate, and glycioatalyzedrom

the enzymes GshA and GshB. Reduced glutathione (GSH) can be used to convert ROS to water
and other alcohols frotme action of glutaredoxins (Grx). GSH can also be used as a redox
equivalent for ribonucleotide reductase, through Grx, to conueteoside diphosphate (NDP)

to deoxynucleoside diphosphate (dNDP). Oxidized glutathione (GSSG) is then reduced back to
GSHthrough glutathione reductase, GOR, using electrons from NADRIdel based on

sequence similarity t&. coli.
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1.4 Next generation sequencing andtransposonmutagenesis tdind mechanism ofaction

1.4.1Global effects of antibiotics beyond tta@get

Despite most antibiotics being used since the golden era of antibiotic discovery, researchers
are still learning about themechanism of action (MOAJ-irst, auranofin has been shown inhibit
thioredoxin reductase as its primary tar{féarbut et al. 2015)but another group showed that
auranofin can also inhibit DNA, RNA, proteigell wall and lipid synthesiéThangamani et al.
2016) This suggests that there is more to the MOA of auranofin than only inhibiting thioredoxin
reductase.timay be that auranofin has other targets in the cell or there are various downstream
affects from inhibition of thioredoxin reductase.

Ciprofloxacin, a fluoroquinolone, has been in use to treat bacterial infections since the
19806s and t algydhandgyrB)Mmd togojsonermse I\p&rC andparE) (Ezelarab
et al. 2018; Rehman et al. 2018Both enzymes relieve supeiling by breaking the DNA
backbone and rkgation, which serves an essential function for replication, separating daughter
chromosomes, and transcription initiatiqiiezelarab et al. 2018; Rehman et al. 2019)
Fluoroquinolones, prevent the-ligation of the DNA, causing a double strand break and,
ultimately, cell deatliEzelarab et al. 2018; Rehman et al. 208G¥jisinger et al., studied the MOA
of ciprofloxacin via next generation sequenciiidGS), in which they were able to confirm
elementsnvolved in the mechanism, such@gA andparC (Geisinger et al. 2019Yhe authors
also identified that mutants in translation, lipid metabolism, envelope biosynthesis, and amino acid
synthesis had alteredrstivity, indicating novel responses upon exposure to this antimicrobial

beyond just the antibiotics targ@&ieisinger et al. 2019Yhis highlights thakooking at the global
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effects of antibiotic exposure dead to identifying new cellular processes that affect antibiotic
killing.

Triclosan, a broadpectrum antibiotic that targets Fabl, a protein involved in type 1l fatty
acid synthesis, was exposed to a transposon mutant library, with an outwardda@rgnoter
in E. colito determine its full mechanism of action, as it is not well undergtasir et al. 202Q)
Their experiments confirmed Fabl as an element in the MOA, as multiple transposons upstream
of the Fabl gene were identified only in the inducible conditions with IIP&3ir et al. 202Q)
The authors were also able to identifyatpathways in the cell that triclosan was affecting, such
as the stress respons®XR and marR), purine biosynthesisp@rL and purH), phospholipid
recycling mlaBCDEB, among other§Yasir et al. 202Q0)The power of next generation sequence

allowed the identification of a genomic wide view of th# feechanism of action of triclosa

1.4.2 Next generation sequencing

The beginning of next generation sequencing (NGS) began with the development of Sanger
sequencing in 1977 %y aevhe rc@othbegaddieamon 2008, Sheridee i 1
and Ji 2008; Slatko et al. 201&anger was developed through the idea of dideoxy synthesis that
allows for termination after the dideoxy nucleotide, which is fluorescently tagged and added to the
growing chain(Sanger and Coulson 1975; Sanger et al. 1977, Slatko et al. 2Bl8}echnique
is still used today to sequence 60000 base pairs with high accura@hendure and Ji 2008;
Slatko et al. 2018however, it is not applicable for high stughput methods for two main reasons.
First, it relied on the formation of multiple vectors that contain random short DNA fragments, thus
called shofgun sequencing, that are transformed Ftooli to obtain copies of the DNA fragment

(Rothberg and Leamon 2008jdditionally, this approach requires physical separation of the
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fragments that contain the dideoxy nucleotides that are fluorescently labelled to determine the
order of the nucleotidegRothberg and Leamon 2008; Slatko et al. 20T8gse two limitations

prevent the use of Sangsequencing for various high throughput techniques, and thus, new
sequencing platforms were dev'derperdéSheionefoi t t h
and Ji 208; Metzker 2010; Slatko et al. 2018)

The primary 24 generation method was 454 pyrosequencing, which relied on the chemical
reaction of pyrophosphate, which is released when a nucleotide is added to the growing DNA chain
(Ronaghi et al. 1996; Rothberg and Leamon 2008; Shendure and Ji PB@§)yrophosphate is
converted to light via sulfurylase, yielding ATP from pyrophosphate, and luciferase creates light
from ATP (Rothberg and Leamon 2008Blatko et al. 2018)This eliminated the need to physically
separate the synthesized DNA strands via electrophoresis, allowing the reduction of the reaction
volume down to the limit of light detection, reducing the quantity of reagents used. These new
methods sequence by synthesis and in the preparation of the template uses amplification to
generate clusters of Acloneso of DNA separat ec
various vectors containing short fragments and the transformatio E. coli to amplify these
pieces(Rothberg and Leamon 2008)dditionally, the production of light allowed for separate
samples to be sequenced at once, allowing NGS to be massively parallel, unlikgSatidpsrg
and Leamon 2008; Shendure and Ji 2008 mentioned advancements made this generation of
techniques useable for high throughput methods by vastly decreasing the cost and library
preparation and increasing the technologies for template amplification and sequencing itself
(Rothberg and Leamon 2008)

Library preparation starts by randomly fragmentizitng DNA sample, or creating

amplicons via PCR, in which adapters are added to the DNA that are complementary to the
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sequencing primer€Shendure and Ji 2008; Qin 2019hese pieces are then used to generate
spatial clusters of clones on a solid surface, by emulsion or bridge PCR, for example, containing
1000s of identical fragmen{Shendure and Ji 2008; Metzker 201The groups of DNA are
attached to a flow cell, in which media with fresh reagents are added, bringing new nucleotides as
well as removing byroducts(Rothberg and Leamon 2008yith each flow cell being able to
contain millions of groups within eight separate la(®sendure and Ji 2008; Metzker 2010)
These are detected by the presence of light or fluores@aneach nucleotide is added to the
growing chain, allowing to determine the order of nucleoti(Rsthberg and Leamon 2008;
Shendure and Ji 2008; Slatko et al. 20T8) addition of nucleotide indices/barcodes on the DNA
made it possible to sequence multiple c-ondit.i
mu tiplexo by t heQin20nircredsigg the humbeh af sampibditean be
processed in parallel.

NGS can be used for various purposes, such as identifying human pathogens via whole
genome sequencing, surveillance of antibiotic resistance, and epidemiology and infection control
(Behjati and Tarpey 2013; Cao et al. 2017; Qin 2019; Lepuschitz et al., 2828few examples.
Despite its widespread usage, NGS has its limitations. It can only do short reads of DNA, usually
between 56800 base pairs for lllumina and ion torreygstemgShendure and Ji 2008; Slatko et
al. 2018) It is also more proné error than Sanger, which has greater than 99.9% accuracy,
making it more useful for checking for specific mutations up to 1000 ¢&kesdure and Ji 2008;
Slatko et al. 2018Despite its limitations, NGS is a powerful tool, a huge advancement in research,
and as techniques and ideas develop, it may be possible that equencng systems can create

longer reads with higher accuracies.
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1.4.3 Transposon sequencing to find mechanism of action

Transposon sequencing (TnSeq) involves creating a library in the bacteria of interest, in
which each gene in the genome is disedpria a transposdioodman et al. 2009; Gawronski et
al. 2009; Opijnen et al. 2009; Gallagher et al. 2011; Kwon et al. 20h6)collective mutants are
then pooled and can be grown in the presence of an antibiotic, oftéetisaloconcentrations, as
well as with a norexposure contralVitale et al. 2020; Lazarus et al. 2028equencing of the
transposorgenome junction will identify the relative amount of each irdiral mutant, revealing
the fitness of eacliOpijnen et al. 2009; Kwon et al. 2018)ith positive fithess (icreased
resistance) and negative fitness (increased susceptibility) correlating to more and less abundance,
respectively(Geisinger et al. 2020Yhis will characterize the genetic network associated with the
antibiotic response, as well as indicating putative binding factors, due to a process called
hypersensitivity, in which as the target decreases, less afutgéscheeded to kill the c€lCardona
et al. 2015) Following up from the TnSeq experiment and after analysis, dietedire often made
to validate the results and confirm hypersensitiyRajagopal et al. 2016; Hogan et al. 2018;
Sonnabend et al. 2020or example, the target of a novel antimicrobial, C109, was identified
through TnSeq iBurkholderia cenocepacind determined to be FtsZ, an essentiaiguman cell
division (Hogan et al. 2018)This was then validated via the creation of a genetic knockdown,
which showed hypersensitivity to C109, as well as enzymatic assaysibadoFtsZ to confirm
C109 inhibits the function of the enzyrftdogan et al. 2018)

A further adaption of this approach was made via the addition of 20 nucleotides in the
transson that is unique for each insert{@mith et al. 2009; Wetmore et al. 2015his method,

randomlybarcode transposon sequencing, or BarSeq, has edsmification of individual
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mutants because only the barcode itself will need to be sequenced, decreasing the time for library
preparation as well as the c@btelnyk et al. 2015; Wetmore et. &1015; Kwon et al. 2016 his

relies on additional preliminary experiments, such as creating the transposons with the unique 20
nucleotides, making the mutant library, and one round of NGS to link each unique identifier to a

specific gene disruption, before the use in mechanisaction studie$Wetmore et al. 2015)

41



Construction of Randomly Barcoded Transposon Mutant Library
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Image was generated from BioRender, showing the construction of the randomly barcoded

transposon mutant library and its usage. Image modified fiHogan et al. 2023)
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Two major limitations exist with the TnSeq technique. First, it requires extensive
preparation in building the transposon mutants in the bacteffiwmoice, especially for BarSeq,
and thus, it not as easily adaptable as the others, as briefly explained above. Second, because this
relies on disruptions, it cannot include information about essential genes. These encode functions
for growth and survivaland thus, disrupting this will lead to an unviable @¢Won et al. 2016;
Gislason et al. 2017; Sonnabend et al. 20E8%ential genes and their products are often the target
of antimiciobials (Amini and Tavazoie 2011; Fields et al. 20168hd thus, are of importance.
Despite the limitation of exatling these critical elements, TnSeq leads to agssential genome
wide view, capable of creating immense genetic networks and phenotypic sigi@anesgo et
al. 2018; Geisinger et al. 2020%eisinger et al(Geisinger et al. 202@xposed akcinetobacter
baumanniitransposon mutant library to 19 different compoundk warious cellular mechanisms
to create drug susceptibility signatures, in which they could identify relationships between gene
functions based on the role of each in various M@®sisinger et al. 2020)n this TnSeq, not
only were they able to identify elements involved with susceptibility, they also were able to
characterize a hypothetical protein based on halustered with others with similar functions
and identified AdvA, which is involved in cell division, could be a novel antimicrobial target
(Geisinger et al. 2020)

One possibility of including essential genes in the library is by adding an outward facing
inducible promoter in the transposon that can control expression if inserted upstream and in the
correct eientation(Wang et al. 2011; Yasir et al. 2020; Coward et al. 20B@wever this
increases the complexity of the data analysis.

Despite these limitations, BarSeq is a powerful method that can be used to determine the

mechanism of action, and the overall global response, of an antimicrobial.
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1.5 Rationale andHypothesis

There is naecommendetteatment fopeople with Chnfected withBurkholderiaspecies
because of the high rate of antibiotic resistance. Thus, new antimicrat@ateddto treat these
infections. Auranofin has been shown to have antimicrobial piepevith a novel mechanism of
action by inhibiting the essential enzyme thioredoxin redudgtdaebut et al. 2015; Thangamani
et al. 2016) which is part of the thioredoxin systeone of the dominanéntioxidant system
Auranoin has no bactericidal activityy Gramnegatives and this is thought to be due to one of
two reasons: lack of uptaké auranofiror the presence of the additional glutathione system, which
involves glutathione reductase, a structurally and functionathilas protein to thioredoxin
reductaseln order for the auranofin analogs to be activgjdothesize¢he compoundwould have
a slightly different mechanism of action and need to inhibit both thioredoxin reductase and
glutathione reductase. If it inhtied thioredoxin reductase only, the bacterium would have another
mechanism to combat the rise of reactive oxygen species, preventing cell death. It will therefore
be necessary to determine the full mechanism of action ofpatgnt bactericidahuranofin
analogs.

| hypothesizeauranofin analogswill have greatetbactericidalactivity, compared to
auranofinagainsB. cenocepaci&56-2 and other CF pathogens and that the mechanism of action
of theseantimicrobialscan be determinedsing randomly barcod# transposon sequencing

(BarSeq)

1.6 Objectives

The objectives of this wonkere adollows:
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1. Identify auranofimanalogswith potent bactericidal activitgnd determine the efficacy
of theseauranofinanaloggowards the Bcc and, and more specificdlycenocepacia
K56-2; and

2. Use a barcodktransposon mutant library to identify genetic elements involved with

the mechanism of action of the&ranofinanalogs
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CHAPTER 2: MATERIAL AND METHODS

2.1Primers, plasmids and strains used

Table 1. Primers used in trssudy.

Primer Sequencq 53060 ) Notes
Number
848 CCGCCAGGCAAATTCTGTTT Reverse primer for colony
PCR, all gRNAs
1092 ACTAGTATTATACCTAGGACTGAGCTAGC Reverse primer, all gRNAs
1409 GGCTTATGTCAACTGGGTTCG Forward primer for general
colony PCR of sgRNA
plasmids
2163 CAAGCAGAAGACGGCATACGAGAT BarSeq primer with i7 adapte
GCTTACGGACGTCTCGTGG UDP0089
GCTCGGAGATGTGTATAAGAGA
CAGGTCGACCTGCAGCGTACG
2164 CAAGCAGAAGACGGCATAC BarSeq primer with i@adapter;
GAGATCGCTTGAAGTGTCTCGT UDP0089
GGGCTCGGAGATGTGTATAAGAG
ACAGGTCGACCTGCAGCGTACG
2171 AATGATACGGCGACCACCG BarSeq primer with i7 adapte
AGATCTACACCGTGTATCTTT UDP0090
CGTCGGCAGCGTCAGATGTGTATA
AGAGACAGGATGTCCACGAGGTCTCT
2172 AATGATACGGCGACCACCGA BarSeq primer with i5 adapte
GATCTACACGAACCATGAATCGT UDP0090
CGGCAGCGTCAGATGTGTATAA
GAGACAGGATGTCCACGAGGTCTCT
2224 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adapte
GATGTTCCGCAGGGTCTCGTGGGC UDPO0073
TCGGAGATGTGTATAAGAG
ACAGGTCGACCTGCAGCGTACG
2225 AATGATACGGCGACCACCGAGAT BarSeq primer with i5 adapte
CTACACATCATAGGCTTCGTCGGCAG UDPO0073
CGTCAGATGTGTATAAGAG
ACAGGATGTCCACGAGGTCTCT
2226 CAAGCAGAAGACGGCATACGAG BarSeq primer with i7 adapte
ATACCTTATGAAGTCTCGTGGGCTC UDP0074
GGAGATGTGTATAAGAGA
CAGGTCGACCTGCAGCGTACG
2227 AATGATACGGCGACCACCGAGAT BarSeq primer with i5 adapte

CTACACTGTTAGAAGGTCGTCGGCA

UDP0074
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GCGTCAGATGTGTATAAGAG
ACAGGATGTCCACGAGGTCTCT

2228 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adagt;
GATCGCTGCAGAGGTCTCGTGGGC UDPO0075
TCGGAGATGTGTATAAGAGA
CAGGTCGACCTGCAGCGTACG
2229 AATGATACGGCGACCACCGAG BarSeq primer with i5 adapte
ATCTACACGATGGATGTATCGTC UDPO0075
GGCAGCGTCAGATGTGTATAAG
AGACAGGATGTCCACGAGGTCTCT
2230 CAAGCAGAAGACGGCATACG BarSeq primer with i7 adapte
AGATGTAGAGTCAGGTCTCGT UDP0076
GGGCTCGGAGATGTGTATAAGA
GACAGGTCGACCTGCAGCGTACG
2231 AATGATACGGCGACCACCGA BarSeq primer with i5 adapte
GATCTACACACGGCCGTCATC UDPO0076
GTCGGCAGCGTCAGATGTGTATAA
GAGACAGGATGTCCACGAGGTCTCT
2232 CAAGCAGAAGACGGCATAC BarSeq primer with i7 adapte
GAGATGGATACCAGAGTCTCGT UDPO0077
GGGCTCGGAGATGTGTATAAGA
GACAGGTCGACCTGCAGCGTACG
2233 AATGATACGGCGACCACCG BarSeq primer with i5 adapte
AGATCTACACCGTTGCTTACTC UDPO077
GTCGGCAGCGTCAGATGTGTATA
AGAGACAGGATGTCCACGAGGTCTCT
2234 CAAGCAGAAGACGGCAT BarSeq primer with i7 adapte
ACGAGATCGCACTAATGGTC UDPO0078
TCGTGGGCTCGGAGATGTGTATA
AGAGACAGGTCGACCTGCAGCGTACG
2235 AATGATACGGCGACCACC BarSeq primer with i5 adagt,
GAGATCTACACTGACTACATAT UDP0078
CGTCGGCAGCGTCAGATGTGTATA
AGAGACAGGATGTCCACGAGGTCTCT
2236 CAAGCAGAAGACGGCATAC BarSeq primer with i7 adapte
GAGATTCCTGACCGTGTCTC UDP0079
GTGGGCTCGGAGATGTGTATAAG
AGACAGGTCGACCTGCAGCGTACG
2237 AATGATACGGCGACCACCG BarSeq primer with i5 adapte
AGATCTACACCGGCCTCGTTTC UDPO0079
GTCGGCAGCGTCAGATGTGTATAA
GAGACAGGATGTCCACGAGGTCTCT
2238 CAAGCAGAAGACGGCATAC BarSeq primer with i7 adapte
GAGATCTGGCTTGCCGTCTC UDP0080

GTGGGCTCGGAGATGTGTATAAGA
GACAGGTCGACCTGCAGCGTACG
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2239

AATGATACGGCGACCACCGA
GATCTACACCAAGCATCCGTCG
TCGGCAGCGTCAGATGTGTATAAG
AGACAGGATGTCCACGAGGTCTCT

BarSeq primer with i5 adapte
UDP0080

2240 CAAGCAGAAGACGGCATA BarSeq primer with i7 adapte
CGAGATACCAGCGACAGTCTC UDP0081
GTGGGCTCGGAGATGTGTATAAG
AGACAGGTCGACCTGCAGCGTACG
2241 AATGATACGGCGACCACCGAG BarSeq primer with i5 adapte
ATCTACACTCGTCTGACTTCGT UDP0081
CGGCAGCGTCAGATGTGTATAAG
AGACAGGATGTCCACGAGGTCTCT
2242 CAAGCAGAAGACGGCATACG BarSeq primer with iadapter;
AGATTTGTAACGGTGTCTCGTGG UDP0082
GCTCGGAGATGTGTATAAGA
GACAGGTCGACCTGCAGCGTACG
2243 AATGATACGGCGACCACCGAG BarSeq primer with i5 adapte
ATCTACACCTCATAGCGATCGTCGG UDP0082
CAGCGTCAGATGTGTATAAGA
GACAGGATGTCCACGAGGTCTCT
2244 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adapter
GATGTAAGGCATAGTCTCGTGGGC UDP0083
TCGGAGATGTGTATAAGAGA
CAGGTCGACCTGCAGCGTACG
2245 AATGATACGGCGACCACCGAG BarSeq primer with i5 adapte
ATCTACACAGACACATTATCGTCG UDP0083
GCAGCGTCAGATGTGTATAAGA
GACAGGATGTCCACGAGGTCTCT
2246 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adapte
GATGTCCACTTGTGTCTCGTGGGC UDP0084
TCGGAGATGTGTATAAGAGA
CAGGTCGACCTGCAGCGTACG
2247 AATGATACGGCGACCACCGAGA BarSeq primer with i5 adapte
TCTACACGCGCGATGTTTCGTCGG UDP0084
CAGCGTCAGATGTGTATAAGA
GACAGGATGTCCACGAGGTCTCT
2248 CAAGCAGAAGACGGCATACG BarSeq primer with i7 adapte
AGATTTAGGTACCAGTCTCGTGG UDP0085
GCTCGGAGATGTGTATAAGA
GACAGGTCGACCTGCAGCGTACG
2249 AATGATACGGCGACCACCGA BarSeq primer with iadapter;
GATCTACACCATGAGTACTTCGT UDP0085
CGGCAGCGTCAGATGTGTATAA
GAGACAGGATGTCCACGAGGTCTCT
2250 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adapte

GATGGAATTCCAAGTCTCGTGGGC

UDP0086
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TCGGAGATGTGTATAAGAG
ACAGGTCGACCTGCAGCGTACG

2251 AATGATACGGCGACCACCGAGA BarSeq primer with i5 adapte
TCTACACACGTCAATACTCGTCGG UDP0086
CAGCGTCAGATGTGTATAAGA
GACAGGATGTCCACGAGGTCTCT
2252 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adapte
GATCATGTAGAGGGTCTCGTGGG UDP0087
CTCGGAGATGTGTATAAGAG
ACAGGTCGACCTGCAGCGTACG
2253 AATGATACGGCGACCACCGAG BarSeq primer with i5 adapte
ATCTACACGATACCTCCTTCGTCG UDP0087
GCAGCGTCAGATGTGTATAAG
AGACAGGATGTCCACGAGGTCTCT
2254 CAAGCAGAAGACGGCATACGA BarSeq primer with i7 adapte
GATTACACGCTCCGTCTCGTGGG UDP0088
CTCGGAGATGTGTATAAGAG
ACAGGTCGACCTGCAGCGTACG
2255 AATGATACGGCGACCACCGA BarSeq primer with i5 adapte
GATCTACACATCCGTAAGTTCG UDP0088
TCGGCAGCGTCAGATGTGTATAA
GAGACAGGATGTCCACGAGGTCTCT
2303 GCATTGGGATCCCATGTCCACGCCCAAACACG Forward primer fotrxB
amplification into pET24b
2304 TGCGTAAAGCTTCAGGCTTTCGAGGTASCGC Reverse primer foirxB
amplification into pET24b
2315 CCCGCGAAATTAATACGACT Colony PCR primer for p&T
24+ insertions
2316 GTTAGCAGCCGGATCTCA Colony PCR primer for pET
24+ insertions
2827 AGCTTCGAGTTTATCGCCCAGTTTTA IPCR primer sgRNA to create
GAGCTAGAAATAGCAAGTTAAAATAAGGC CRISPRI mutant targeting
ahpC(K562_
RS08590)
2839 TGCCTGCGGTGTGGTTGAACGTTTTA IPCR primer sgRNA to create
GAGCTAGAAATAGCAAGTTAAAATAAGGC CRISPRI mutant targetingatG
(K562_
RS15960)
2874 GCTGGAAAAGATGGCACTGC Colony PCR primer for gor
deletion
2875 ATTATCTAGAGACGCAGCTCATCAATCGCC Forward primer for amplifying
upstream region for grxC
deletion
2876 ATTAAAGCTTCTGCATGCAATACGGACACAC Reverse primer for amplifying

upstream region for grxC
deleton
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2877

ATTAAAGCTTCCTCGTGCCGCTTCTGC

Forward primer for amplifying
downstream region for grxC
deletion

2878

ATTACCCGGGGAAAATGCCGGCCTGCTTC

Reverse primer for amplifying
downstream region for grxC
deletion

2879

CGTCCGGAATGTTGCGAATG

Colony PCR primer fogrxC
deletion

2880

CCAATTACACGAACCTGGCC

Colony PCR primer fogrxC
deletion

2881

ATTATCTAGACGCATCTCGCCCAGGG

Forward primer for amplifying
upstream region fagrxD
deletion

2882

ATTAAAGCTTGCTTGATACGTTGTTGGGTGTC

Reverse primer for amplifying
upstream region fagrxD
deletion

2883

ATTAAAGCTTCTCGGACATCATGATGGAGATGT

Forward primer for amplifying
downstream region fayrxD
deletion

2884

ATTACCCGGGCGATCACCATGCCATCGG

Reverse primer for amplifying
downstream region fagrxD
deletion

2885

GCAACCCGCCGTACATCG

Colony PCR primer fogrxD
deletion

2886

CGAGGTTGAACGGCGTTTC

Colony PCR primer fogrxD
deletion

2887

ATTATCTAGAGCTGATCACGCTGGTCTACA

Forward primer for amplifying
upstream region fagshAl
deletion

2888

ATTAAAGCTTGGAACCATGAATCACTCGCGAG

Reverse primer for amplifying
upstream region fagshAl
deletion

2889

ATTAAAGCTTCGATCGAACTGGAAAAGACCG

Forward primer for amplifying
downstream region fayshAl
deletion

2890

ATTACCCGGGCGTCACGTACTCCATGTCGAAC

Reverse primer for amplifying
downstream region fayshAl
deletion

2891

CGTATTCGCGGTCAAGGAC

Colony PCR primer fogshAl
deletion

2892

CTTGTTGAACACGCGTGC

Colony PCR primer fogshAl
deletion

2893

ATTATCTAGAGTGCAGGAAGGCGTCTACAC

Forward primer for amplifying
upstream region fayshB
deletion
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2894 ATTAAAGCTTGAATGTCCATGCGGGTCCTG Reverse primer for amplifying
upstream region fayshB
deletion
2895 ATTAAAGCTTGAGATCATGGAGCAGACGGG Forward primer for amplifying
downstream region fayshB
deletion
2896 ATTACCCGGGGGATCCCGGCCATGTCAGAT Reverse primer for amplifying
downstream region fayshB
deletion
2897 CGATACAGTCCCGCAGC Colony PCR primer fogshB
deletion
2898 GAGATCGGCCGCATGAC Colony PCR primer fogshB
deletion
2899 ATTATCTAGAGTGCCGGCGTGACGTG Forward primer for amplifying
upstream region fagshA2
deletion
2900 ATTAAAGCTTCATGGTGTTCGACATGGAGAC Reverse primer for amplifying
upstream region fagshA2
deletion
2901 ATTAAAGCTTCCTATACGCTGAACCGCTTCA Forward primer for amplifying
downstream region fayshA2
deletion
2902 ATTACCCGGGGAAGACGATGAAACACGCG Reverse primer for amplifying
downstream region f@yshA2
deletion
2903 GCTCGCCAGCCAGAAG Colony PCR primer fogshA2
deletion
2904 GCATCGTTTCCGCCCG Colony PCR primer fogshA2
deletion
2874 GCTGGAAAAGATGGCACTGC Colony PCR primer fogor
deletion
2926 CGTGTCAAACGGCCGTCAGCGTTTTA iIPCR primer sgRNA to create
GAGCTAGAAATAGCAAGTTAAAATAAGGC CRISPRI mutant targeting
sodC(K562_
RS05960)
2934 ATCGACGTCAGTCCAGCCCAGTTTTAGAGC iIPCRprimer to create CRISPR
TAGAAATAGCAAGTTAAAATAAGGC mutant targetingurL (K562_
RS08740)
2952 GGGAATTCCGGCCAACGGGC IPCR primer sgRNA to create
GTTTTAGAGCTAGAAA CRISPRI mutant targeting
TAGCAAGTTAAAATAAGGC purM (K562 RS15775)
2956 ATTTCCGTTTCCGACAAGA IPCR primer sgRNA to create
CGTTTTAGAGCTAGAAA CRISPRI mutant targeting
TAGCAAGTTAAAATAAGGC purH (K562 RS16140)
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2962 CCACTCCGAAGAGATCGTCT IPCR primer sgRNA to create
GTTTTAGAGCTAGAAA CRISPRI mutant targeting
TAGCAAGTTAAAATAAGGC hypoxanthine
guanine phoshtosyltra
nsferase (K562_
RS16640)

2964 TTCACTTCGAACCATTCCC IPCR primer sgRNA to create

GGTTTTAGAGCTAGAAA CRISPRI mutant targeting dyg
TAGCAAGTTAAAATAAGGC type peroxidase (K562_
RS21385)

2967 AGGTGTTATCTCCCAATCCCG IPCR primer sgRNA to create
TTTTAGAGCTAGAAATA CRISPRI mutant targetingurF
GCAAGTTAAAATAAGGC (K562_

RS22230)
2974 TAGGATTCATCTCAACCCTT IPCR primer sgRNA to create
GTTTTAGAGCTAGAAAT CRISPRI mutant targeting
AGCAAGTTAAAATAAGGC nadR(K562_
RS27675)
3002 ATTACATATGATGGA Forward primer for GOR
TTTCGACTACGACCTGTTC insertion into pET22+

3006 GACACGATCGGCATTCATC Colony PCR for GOR insertiot

into pET-22+

3008 CGCGTAACCACCACAcCCC Colony PCR for GOR insertiot

into pET-22+

3122 GAACGTCGTGGGTGAAATCGC Colony PCR primer fogor

deletion

3123 ATTATCTAGAGGCATGCTCGAGAAGAAGGAC Forward primer for amplifying

upstream region fagor
deletion

3124 ATTAAAGCTTGGTCGTAGTCGAAATCCATCGC Reverse primer for amplifying

upstream region fagor
deletion

3125 ATTAAAGCTTCCGATATCGACGCGGAAGA Forward primer for amplifying

downstream region fayor
deletion

3126 ATTACCCGGGGGGGCACACGCACGC Reverse primer for amplifying

downstream region fayor
deletion

3136 CACCTCGTTACCGCGTTGAAG IPCR primer sgRNA to create

TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC CRISPRI mutant targeting
gshAlandgshB(K562_
RS03750 and K562_
RS03755)
3385 TCGTACAAGCTTCTTCTGCGSCATCGTTACG Reverse primer for GOR

insertion into pET22+
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Table 2. Plasmids used in this study

Plasmids Features Source
pDAI-Scet pDAI-Scel expressingacB (Hamad et
sacB al. 2010;
Aubert et al.
2014)
pGPFScd orirek TMpP mob" carries Scel cut site (Flannagan
et al. 2008)
pSCB2sgRNA Template for pgRNA created by inverse PCR; derived frof (Hogan et
pSCrhaB2sgRNA by inversé°CR to removehaS, rhaRand al. 2019)
PrhaB
pgRNA-non Derived from pSCBZ&gRNA; random 20 nt sequence added (Hogan et
target gRNA binding region by inverse PCR al. 2019)
pGPFScelgor pGPFScd with a fusion ofapproximagly 350bp regions This study
immediately upstream and downstreangof cloned intoXba
andXmd sites. Enables deletion gbr gene.
pGPFScel pGPFScd with a fusion ofapproximately 350 bpegions This study
gshAl immediately upstream and downstreangsiiAlcloned into
Xbd andXmd sites. Enables deletion géhAlgene.
pGPFScel pGPFScd with a fusion ofapproximately 350 bpegions This study
gshA2 immediately upstream and downstreangstiA2cloned irio
Xbd andXmd sites. Enables deletion géhA2gene.
pGPFScel pGPFScd with a fusion ofapproximately 350 bpegions This stug
gshB immediately upstream and downstreangsitiBcloned intoXbal
andXmd sites. Enables deletion géhBgene.
pGPFScel pGPFScd with a fusion ofapproximately 350 bpegions This study
grxC immediately upstream and downstreangiofC cloned intoXba
andXmd sites. Enables deletion gfxC gene.
pGPFScel pGPFScd with a fusion ofapproximately 350 bpegions This study
grxD immediately upstream and downstreangofD cloned into
Xbd andXmd sites. Enables deletion gfxD gene.
PgRNA-trxB pSCB2sgRNA expressing sgRNA targetitryB This study
PgRNA-rodA pSCB2sgRNA expressing sgRNA targetingdA This study
pET-24-TrxB pPET-24 containingrxB gene fromB. cenocepaci&56-2 This study
pET-22-GOR pPET-22 containinggor gene fromB. cenocepaci&56-2 This study
pPgRNA-katG pSCB2sgRNA expressing sgRNA targetikgtG This study
pgRNA-sodC pSCB2sgRNA expressing sgRNA targetisgdC This study
PgRNA- pSCB2sgRNA expressing sgRNA targeting K562_RS213§ This study
K562 RS21385
pPgRNA-purL pSCB2sgRNA expressing SgRNA targetipgrL This study
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PgRNA-purM pSCB2sgRNA expressing sgRNA targetipgrM This study
PgRNA-purH pSCB2sgRNA expressing sgRNA targetipgrH This study

PgRNA- pSCB2sgRNA expressing sgRNA targeting K562_R840 This study

K562 RS1664(

pPgRNA-purF pSCB2sgRNA expressing sgRNA targetipgrF This study
pgRNA-nadR pSCB2sgRNA expressing sgRNA targetingdR This study

PgRNA- pSCB2sgRNA expressing sgRNA targetigghAl gshB®peron| This study

gshAlgshB

Table 3. Strains and mutants used in shigly.

Strain

Features

Source

B. cenocepaci&56-2

ET12 lineage CF clinical
isolate from Toronto

(Darling et al. 1998)

B. lataBCC6 Isolated from mirror defogge| C. Deschénes

B. contaminan$/F16 Clinical Isolate (Nunvar et al. 2016)
Hospital de NifioRicardo

B. contaminangFH-2050MA | Clinical Isolate Gutierrez, Buenos Aires,
Argentina

B. dolosaCEP021 Clinical isolate D. Speert

B. multivoransATCC 17616 | Environmental Isolate Dr. Tiedge

B. cenocepacid40485 Clinical Isolate National Microbiology
Laboratory

(Yabuuchi et al. 2000; Schmig

B. ubonensis MG 20358 Surface el isolate
et al. 2009)

B. contaminan§FH-4004 Clinical isolate CF Isolate from Argentina
B. mallei China 5 (NBL 4) Animal Isolate BEI Resources

B. mallei lvan (NCTC 10230) | Animal Isolate BEI Resources

B. mallei China 7 (NBL 7) Clinical Isolate BEI Resources

B. pseudomallei 1710b Clinical Isolate BEI Resources

B. pseudomallei MSHR465a | Clinical Isolate BEI Resources
ﬁépl)assgcigrlrgl;l Clinical Isolate BEI Resources

B. pseudomallei MSHR305

Clinical Isolate

BEI Resources

Stenotrophomonas maltophilig

S Clinical isolate ATCC
Stenotrophomonas maltophilis ~. ..\ o1ote ATCC
K279a

Pseudomonas. aeruginosa | o e onca strain A. Kumar

PAO1

Pseudomonas aeruginoBa\7

Multi-drug resistantnon
respiratory isolate

A. Kumar,(Roy et al. 2010)
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Extended spectrum beta

Escherichia colil20955 lactamaseproducing clinical | G. Zhanel
isolate

Escherchia vulnerisCEP511 | Clinical isolate D. Speert
Extended spectrum beta

Klebsiella pneumonia&20310 | lactamaseproducing clinical | G. Zhanel
isolate

Acinetobacter baumannii :

ATCC 17978 Reference strain A. Kumar

Staphylococcus aureusTCC Reference &ain K. Lovetri

27700

Staphylococcus aured97094

MRSA, clinical isolate

Paediatric Hospital of Buenos
Aires, Argentina

B. cenocepaci&56-2::dCas9

Derived from K562; pAH-
CTX1rhadCas9 integrated a|
attB site; clean deletion of
plasmid accessory genes

(Hogan et al. 2019)

B. cenocepaci&56-2 qgshAl | Unmarked gene deletion of | This study
gshAl, K562 RS03750

B. cenocepaci&56-2 qgshA2 | Unmarked gene deletion of | This study
gshA2, K562 RS02270

B. cenocepaci&56-2 qgshB | Unmarked gene deletion of | This study
gshB, K562 RS03755

B. cenocepaci&56-2 qgrxC | Unmarked gene deletion of | This study
grxC, K562 _ RS03795

B. cenocepaci&56-2 qgrxD | Unmarked gene deletion of | This study
grxD, K562 RS01940

B. cenocepaci&56-2 qgor Unmarked gene deletion of | This study
gor, K562 RS03010

B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study

pgRNA-trxB trxB; K562 RS14600

B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study

pgRNA-rodA

rodA; K562_ RS02475

B. cenocepaci&56-2::dCas9
pgRNA-nontarget

Non-targeting CRISPRI
mutant

(Hogan et al. 2019)

B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
pgRNA-katG katG; K562 RS15960

B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
pgRNA-sodC sodC;K562 RS05960

B. cenocepaci&56-2::dCas9 | CRISPRI mutant tgeting This study
PgRNA-K562_ RS21385 dyp-type peroxidaseK562_

RS21385

B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
pgRNA-purL purL; K562_ RS08740

B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study

pgRNA-purM

purM; K562_ RS15775
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B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
pgRNA-purH purH; K562 RS16140
B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
PgRNA-K562_RS16640 hypoxanthineguanine
phosphoribosyltransferase
K562 RS16640
B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
pgRNA-purF purF; K562 RS22230
B. cenocepaci&56-2::dCas9 | CRISPRi mutant targeting | This study
pgRNA-nadR nadR;K562 RS27675
B. cenocepaci&56-2::dCas9 | CRISPRI mutant targeting | This study
pgRNA-gshAlgshB gshAl gshB®peron K562-
RS03750 and
K562 RS03755

2.2 Synthesis of Auranofin and Auranofin Analogs
Auranofin, WB19-HL4118 MS-40), WB-18-FI3683, WB16-EO9899, WB19-HG5899 and

WB-19-HB2664 were synthesizddllowing our previously published protoc(u et al. 2019)

WB-19-HL4170 MS-409. To a solution of MgPAuClI (150 mg, 0.486 mmol) andriercapte

2propanol (43 ¢ LeOH (10 MLy, 6laO@kivas gdded (25 wido in methanol,

125 pL). The solution was stirred at room temperature for 2 h. The reaction mixture was then
concentrated on a rotary evaporator, diluted with dichloromethane, and poured into water followed
by 3 times extaction by dichloromethane. The combined organic phase was dried a&DNa

concentrated, passed PTFE

through a syringe f|

product as light beige crystals (172 mg, 97%)NMR (500 MHz, CDCJ) 4 §d,J=0.4,( d
6.1, 3.4 Hz, 1H), 3.47 (s, 1H), 3.09 (dd; 12.7, 3.3 Hz, 1H), 2.82 (dd= 12.7, 9.0 Hz, 1H), 1.60
(d,J=10.4 Hz, 5H), 1.24 (d}= 6.1 Hz, 2H), AppendixFigureA1). 3C NMR (126 MHz, CDG))

a 70. 41,

3 8 . 4J=35.72Hk), NppendixFigareAR)3%P (NMIR (162 MHz, CDGJ)

0-0.31 AppendixFigureA3).
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WB-19-HL4171, WB19-HL4172 and WB19-HL4181 were synthesized following the same
procedure as M&0 above.

WB-19-HL4171. Light ydlow crystals (183 mg, 99%) from MeAuCl (150 mg, 0.486 mmol)

andt hi ogl ycer ol ( 3HGNMR (500 Mbiz, @08  ma rndd0 yBn34H), 3.10

(dd,J = 12.8, 4.4 Hz, 1H), 3.00 (dd,= 12.8, 7.7 Hz, 1H), 2.93 (s, 1H, @H2.32 (s, 1H, Ob),

1.60(d, J = 10.4 Hz, 9H), AppendixFigureA4). 3C NMR (126 MHz, CDGJ) U 74. 49, 65
32.65, 16.13 (dJ = 35.8 Hz), Appendix Figure A5). 3P NMR (162 MHz, CDG) -@i36,
(AppendixFigureAb).

WB-19-HL4172. Light grey semsolids (175 mg, 99%) from MBAuUCI (150 mg, 0.486 mmol)

and 3mercaptel-pr opanol (42 WHINVR@BOOMBALCD@NO ) 31=88 (t,
Hz, 2H), 3.19 (s, 1H), 3.04 (,= 6.8 Hz, 2H), 1.92 (p] = 6.6 Hz, 2H), 1.60 (d] = 10.4 Hz, 9H),
(AppendixFigureA7).13C NMR (126 MH, CDCE) U 62 . 30, 39.J23%b5HA,5. 82,

(AppendixFigureA8). 3P NMR (162 MHz, CDG) -Qi41, AppendixFigureA9).

WB-19-HL4181. Colorless viscous solids (113 mg, quantitative) frorsPMAeCl (100 mg, 0.324

mmol) and cysteamine hydrochide (37 mg, 0.324 mmoljH NMR (500 MHz, CDC§) 4 3. 01
(t, J = 6.3 Hz, 2H), 2.88 () = 6.3 Hz, 2H), 1.99 (s, 2H), 1.59 (@= 10.4 Hz, 9H), Appendix

Figure A10).13C NMR (126 MHz, CDG)) U 47 . 89, 3235%#z), Adpéndiv 2 ( d,

FigureA11).3'P NMR (162 MHz, CDG)) -Qi15, AppendixFigureA12).

WB-19-HL4121a. To a solution of-thercaptoethanolatotrimethylphosphine gold(l) €& 200

mg, 0.570 mmol) in 100 mL of dichloromethane, ferrocenium hexafluorophosphate (95 mg, 0.286
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mmol) was added. The solution was stirred at 0 °C for 23 h. After ifiltrathe filtrate was
concentrated and was then transferred to-mmRGcintillation vial with a total volume of ~ 5 mL.

The solution was placed in an ether vapor environment at 4 °C overnight. The yellow crystals
formed were washed by diethyl ether andenerrther purified by preparative silica gel TLC (10:1

vlv dichloromethane/methanol) to give the product as a white solid (22 mg, #B¥MMR (400

MHz, CD:Clz) U 1J=8.DHz(1H), AppendixFigureA13).3'P NMR (162 MHz, CRCl2)

ua 8. 2, ptétdr3= 780 HE)sAppendixFigureAl4).

2.3 Auranofin Analogsand Antibiotic Stock Solutions

Stock solutionsof auranofin and auranofin analoggere prepared by dissolving the
compounds in dimethyl sulfoxide (DMSQO) at a concentration of 20 mg/mL. Antibiotics were
suspended at the following concentrations: tobramycin (Alfa Aesar), 10 mg/mLy H
chloramphenicol (Sigma), 20 mg/mL in ethanol; caftane (Sigma), 10 mg/mL in 0.1 M NaOH;
meropenem (Sigma), 10 mg/mL in DMSO; doxycycline (Sigma), 25 mg/mbL@ Elprofloxacin
(Sigma), 10 mg/mL in 0.1 M HCI; and avibactam (MedKoo Biosciences), 10 mg/mL in DMSO.
The following selective antibiotics weresed for mutant construction: trimethoprim (Sigma; 50
pg/mL for E. coliand 100 pg/mL foB. cenocepacia gentamicin (Fisher Scientific; 50 pg/mL
for B. cenocepacig kanamycin (Fisher Scientific; 40 ug/mL f&r coli), and tetracycline (Sigma;

20 pg/mL or E. coliand 100 pug/mL foB. cenocepacia

2.4 Antimicrobial Susceptibility Testing and Multistep Resistance to ActiveAnalogs

The compounds were diluted from their stock solutions toe2@@L in CationAdjusted

Mueller Hinton Broth (CAMHB) for use irthe experiment. Determination of the MIC was
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followed by standards set by the Clinical Laboratory Standards Institute (QC/Bijcal and
Laboratory Standards Institute CLSI 200Bhe 96well plates were filled with 56L of CAMHB,
combined with a concentration gradient of compound to be tested. Bacterial culture was diluted to
a turbidity equal to MacFarland Standard 0.5, then diluteefdddin CAMHB. A total of 50eL
of culture was transferred into each well. After incubation & 3with no shaking for 18 h, MIC
was read visually as the lowest concentration of antibiotic that prevented growtGRISPRI
mutantsthey were grown overnight in LB with 1@@/mL trimethoprim. Fo t h e th&dai@ed s |,
method was dongust with the addition of 108g/mL of trimethoprim an®0.5 mMrhamnosedo
the CAMHB.

To determine the rate of multistep resistance mutations from serial passaging, the assay
was performed as described previouMprlagadda et al. 2014; AbdelKhalek et al. 20F8pm
the MIC plate, 30 pL from the well that had bacterial growth at the highest concentration of the
antimicrobial (0.5 x MIC) for each of the compounds tested, was inoculated into 2 mL of LB
without compound and incubated overnight agCG3With shaking. These overnight cultures were
then used as the culture for a second MIC test, and this was repeated 12 times for a total of 24 days

of continuous growth.

2.5 Time Kill Assays

Bacterial cultures were grown overnight and either subcultured to ag Qf[0.025 or left
in stationary phase. If subcultured, the bacteria were grown to early exponential phag®f{OD
0.13'0.18). The bacteria were exposed to the antibiotics at 1x, 2x, and 4x the MIC, as well as no

antibiotic for a negative control. Eabbur from time zero to six hours, a sample of each condition
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was serially diluted to a dilution factor of #0and 5¢L of each dilution was spotted onto LB

agar. Plates were incubated for 2Zulsat 37#C to determine CFU/mL.

2.6 Time Kill of Persister Cells

The generation and collection of persister cells was adapted (Baimar et al. 2015)
Briefly, persister cells were generated by subculturing an overnight cultBreehocepaci&56-
2 in LB and grown until iteached early exponential phase ¢aof 0.13 0.18). The culture was
then exposed to 5x MIC of ciprofloxacin (CIP; MIC £@/mL) with Ox MIC as a control for three
hours. For the initial time zero count, a sample was taken and diluted to a facttt afid 8eL
was spotted onto LB. After the initial count, ciprofloxacin was added to the corresponding culture.
A sample was taken every hour for three hours for CFU/mL counts, as mentioned above. After the
third hour, the remaining population, enriched iergister cells, was collected, washed, and
resuspended in phosphate buffered saline (PBS), divided into five tubes, and again exposed to 5x
MIC ciprofloxacin or different concentrations of &S or MS40 (2x and 4x the MIC), along
with a no antibiotic codition as a control. Samples were taken every hour for an additional three

hours. Plates were incubated ag37or 24 loursand counted for CFU/mL.

2.7 Persister Frequency Assay

The persister frequency assay was performed as des(Rbss et al. 2018An overnight
culture ofB. cenocepaci#&56-2 was subcultured to a concentration of 1 $@BU/mL in 2 mL
LB. Antimicrobials tested, meropenengftazidimé avibactam MS-40S, and M$10 were added

to a final concentration of 5x and 10x MIC. The cultures were exposed to the antibiotics for 24
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hours at 3&C with shaking. After 24 dursthe culture was plated on LB to determine CFU/mL.

Plates were incubated ate€7for 24 lours

2.8 C. elegansSurvival

Caenorhabditiseleganswas used as a model organism to test the toxicity of the
compounds. Theusvival was performed as described$elin et al. 2015)C. eleganH26 eggs
were incubated at 26 until they reached the L4 stage, at approximately 48 h. L4 stage worms
were collected and washed with M9 media. Worms were suspended iaL160 M9 and
transferred to the NGMII plates containifig coli OP50. Approximately ten neimfected C.
elegangOP50-fed worms, in triplicate, were exposed to a serial dilution of antibiotics to be tested
in liquid killing media (LKM; 80% M9 buffer 20% liquid NGMII) in a 9&ell plate. The range
of concentrations used was128 eg/mL for the following antimicrobialsMS-40, MS40S,
meropenem, doxycycline, aneftazidimé avibactam along with a no antibiotic control. Worms
were counted at day 0 and incubated gC2%fter 24 h, worms were counted for percent survival
and the SurvivabdMIC ratio was calculated. Worntkat appeared straight were considered dead,
and those were moving ands8aped were counted as alive. Three experimental replicates were

performed.

2.9 Galleria Toxicity

Galleria mellonellawas also used as a model organism to studtotheity of MS-40 and
MS-40S. The experiments were performed as donéCruz et al. 2018; Naguib and Valvano
2018). Galleria larvae were stored at &6 in wood shavings and used within 2 weeks of receiving

them. Larvae, with an approximate weight of 250 mg, were injected wigh 10 the last, left

61



proleg using a Hamilton mic¥syringe (Hamilton, Nevada, USAjor each compound, M&0S,
MS-40, and doxycycline were diluted in PBS, and 10, 5, 2, and 1 mg/kg were injected in 10 worms
for each condition. A total of 10 worms were also injected wittelLGbf PBS for a negative
control, and 10 worms were not inject&lrvival was measured every 2dunsfor 72 hours

Larvae were considered dead if amotile and unresponsive to touch. Three experimental

replicates were performed. Survival curves were made on GraphPad Prism 6.

2.10CRISPRi Mutant Construction

CRISPRI mutants were made as previously describedan et al2019) Inverse PCR
was used to introduce new sgRNA targeting regions Ip8CB2sgRNA. The 571
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC 1 3 pri mer was used
extension of the 2@ucleotide targeting sequence. This primer was used with 1092 fer PC
amplification. The PCR product was used for blunt end ligation using T4 DNA ligase (NEB), T4
PNK (NEB) andDpnl (NEB) in a custom ligase buffer (132 mM TCI pH 7.5, 20 mM MgCJ,
2 mM ATP, 15% PEG6000 in denized water). The reaction was then indelaat 3€C for 30
minutes. The ligation mix was then transformed iBtocoli DH5U and triparental mating was

done to transfer the plasmid irBo cenocepaci&56-2::dCas9.

2.11Thioredoxin Reductase Purification and Inhibition Assay

The thioredoxin redctase gene (locus tag; K562_RS14600) was amplified fBom
cenocepaci&56-2 genome using primers 2303 and 2304 (Table S3). The primers contained the
cut sitesBamH andHindlIl to be cloned into pER24b+, which contains a-@rminal 6x Histag,

creatingpET-24b-TrxB. The plasmid was then transformed iftocoli BL21(DE3)-Gold. For
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purification, E. coli containing pET24b-TrxB was grown to an Odonm O f 0.6 at 37¢l
approximately three hours with shaking. After, 1 mM IPTG was added to induce exprafssion

trxB and the cells were allowed to grow for an
were pelleted and resuspended in lysis buffer: 50 mM TRIS, 500 mM NaCl, 25 mM imidazole,

pH 7.5, and lyzed using an Emulsifi&3 High Pressure Homogeniz(Avestin). Protein was then

purified using a nickel affinity column (BiRad). Size exclusion was performed using an AKTA

- FPLC (Cytiva). The gel filtration buffer (20 mM Tris pH 7.5, 150 mM sodium chloride, and 1

mM -ME) was used to equilibrate the column.

In vitro inhibition assay was done as described in the protocol from the Sigma kit (catalog
number CS0170). Manufacture instruasowere followed except for the thioredoxin reductase
protein, which we substituted with our purified protein. The undiluted enzyme was diluted in 20
fold in assay buffer, then&él. was added to each well, thus the resulting concentration was 0.0091
unitsimL Inhibition of TrxB was measured by the reaction of DTNB to TNB, catalyzed by TrxB,
which is detectable at 412 nm. Mi® and M$&40S were serially diluted in concentrations ranging

from 250 nM to 3.906 nM. A2nmwas measured using a Synergy?2 plate reader

2.12NPN Permeability Assay

NPN outer membrane permeability assay was domesaribed previouslfHogan et al.
2023) Overnidnt cultures of CRISPRi mutants were grown in LB, Tp100 &fitb mMrhamnose.
Cultures were diluted to an OD of 0.026LB, Tp100 with30.5 mMrhamnoseand grown until
an approximate OD of 1.@entrifugation was used to wash the cells and resuspendenhivi
HEPES pH 7.2 with 10 mM Na\Sigma) this was then incubated at room temperature for 30

minutes. 5&L of cells were mixed with 56L of HEPES buffer containing 80 uM NPN (Sigma).
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A BioTek Synergy 2 plate reader with filter sets, Ex 360/40 nm and Em 420/40 nm, was used to
measure fluorescence intensity. Fluorescence values were blank corrected and divided by the
OD600 of each well to normalize. Fluorescent ratios were calculated btisihsé dCas9 non

targeting control.

2.13 Glutathione Reductase Purification and Inhibition Assay

Glutathione reductase (locus tag K562 _RS03010) was amplified Bronenocepacia
K56-2 genome using the primers 3002 and 3385. Primers addédand Hindlll cut sites for
cloning into pET22, containing a @erminal 6x Histag, creating pER2-GOR This was also
transformed and purified as stated with TrxB.vitro inhibition assay was done as described in
the protocol from the Sigma kit (catalog number GRSAanhfacture instructions were followed
except for the glutathione reductase protein, which we substituted with our purified protein. The
undiluted enzyme was diluted 20ld in assay buffer, then€. was added to each well, thus the
resulting concentratiowas 0.0052 units/mL. Activity of GOR was measured by tracking the
presence of NADPH in the following reaction: NADPH + HGSSGA 2GSH + NADP which
is catalyzed by glutathione reductase (GOR).-MSand M$40S were serially diluted in

concentrations raging from 25C0eM to 3.906¢ M.

2.14ROS Detection

This protocol was adapted frof8lachmuylders et al. 2018nd(Van Acker et al. 2016)
An overnight culture oB. cenocepaci&56-2 was subcultured in 5 mL LB and grown for 3 hours,
then adjuted to an Olgwo of 0.3 in 8 mL 1x phosphate buffered saline (PBS) (pH 7.4). The dye

HDCFDA (Sigma) at 10 OM was added to the cul't
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min, protected from light. After incubation, cultures were washed at 5000 r& fain and
resuspended in PBS. Cultures were combined with 4x MIC solutions eAV$S40S, and
tetracycline and 1x MIC of M&0 and MS40S. Each condition was added to av@dl plate,

along with exponential phase cells with and without dye, and a D&t®®ol, all of which were

added in triplicate. Empty wells were filled with LB to prevent evaporation. Fluorescence with
excitation at 485 nm and emission at 535 nm were measured every 30 min for 14 hours using a
BioTek Synergy 2 plate reader. OGway ANOVA and Dunnett Test were performed using R
studio.

CRI SPRi mutants were grown overni3®mM i n LB
rhamnose. The cells were subcultured in the same conditions for three hours to reach exponential
phase.Once in exponerdi phase, EDCFDA dye was added and allowed to incubate for 45
minutes at 37 CThe cells were then washed twice and resuspended imitBFp100 and30.5
mM rhamnoseNont ar geti ng dCas9 CRI SPRIi mut ant was u
excitaton=4 85 nm, @& empand Gloemreadmhds 8vere taken every 5 minutes for 2
hoursin aBioTek Synergy 2 multimode plate read€&he ratio of ROS production was calculated
by calculating relativéluorescence units (RFU)OD, this was themormalizedo the rate of ROS
production of the control. Autofluorescence o CFDA dye with no cells in PBS was considered

in calculations. Ongvay ANOVA and Dunnett Test were performed using R studio.

2.15Microscopy
B. cenocepaci&56-2 was grown in LBuntil stationary phase then back diluted to an
approximate OD of 0.025 in LB and allowed to grow to @ighonential phase, about 3 hours.

Then the cells were exposed to théddEFDA dye for 45 minutes, washed with PBS then exposed
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to the antibiotics for tlee hours at the respective concentrations. Next, 1 mL of cells was
centrifuged and washed with PBS. Cells in PBS were spotted on 1.5% agarose pads and imaged
by DIC microscopy on an Axio Imager upright microscope (Carl Zeiss Microscopy GmbH).
Fluorescent meroscopy was also done with the Axio Imager upright microscopeawithe x ci t at i o

=450490n m, o 00558M. 0 n

2.16 Barcoded Transposon Mutant Pool Exposure, Library Preparation, and Sequencing

The BarSeqexposure, library preparation, and sewpieg was done as previously
describedqHogan et al. 2023)The library was thawed and mixed to have equal abundance of each
of theunique mutants. This pool was then inoculated at asoéof 0.025 in 50 mL LB with
122 mMr hamnos e, which was then grown at 37eC wi
grown to early exponential phase, an & of approximately 0.15. This cultunas then
aliquoted into 2 mL test tubes. A 2 mL tube was used as time zero and not exposed to any
antibiotics. The other remaining cultures were exposed to thef@ach compound tested and
grown for 8 hours, along with @128 MDMSO solvent control. fiese cultures were grown at
37eC with shaking at 230 r pm.

Genomic DNA was extracted using the PureLink Genomic DNA Mini Kit (Invitrogen)
after compound exposure. To amplify the barcodes, we added 200 ng genomic D&\NWA,020
primer and eacproduct from each condition was amplified with a unique i7 and i5 index, and Q5
high-fidelity DNA polymerase with the higleC buffer, and standard Q5 reaction buffer (NEB).
To purify the 196 bp desired product, two rounds of dual size selection witiVidgrselect
(Cytiva) magnetic beads were used with 20®mf BarSeq PCR products. A NextSeq 500 in high

output mode (Donnelly Centre, Toronto, Canada) was performed with reagent kit v2.5 and 20%
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PhiX spike. This generated 4800 million 30 bp single end rds. Primers used can be found in

Table 1.

2.17 Fitness Calculation for BarSeq
The scripts from{Wetmore et al. 2015)ere used to associate each BarSeq reads with the
correct barcode. These reads, in fastq format, were trimmed using the FASTX toolkit

(http://hannonlab.cshl.edu/fastx_toolkitb contain only the 2@ucleotide barcode, with reads

containing a quality score less than 20 being filtered out. NNNGTCGACCTGCAGCGTACG and
AGAGACC, are artificial pe- and posisequences, respectively, that were added to all barcodes
to make them valid according to the RunBarSeq.pl script.

Next, the scripts fronfMorin et al. 2018)were used to process the barcodes to compare

the abundance of each mutant between conditibties(/qgithub.com/DuttonLab/RB nSeg

Microbial-interaction. With log transformations, O values create errors, thus, a pseudocount of

0.1 was added to all barcode counts. Barcodes were removed if they 1) had fewer thanm3 read
the Time 0 condition and 2) represented intergenic insertions, or insertions in the first or last 10%
of a gene. Normalization of rameanreadcounts were done against 10 ressential genes that
showed no fitness effect in any condition. These W€E62_ RS24650 (ABQype amino acid
transporter), K562 RS22855 (putative glycosyltransferase), K562 _RS05000 (hydrolase family
protein), K562_RS12100 (ac@loA dehydrogenase), K562 _RS01045 (Raf kinase inhibker
protein), K562_RS06455 (putative PHA depukrase protein), K562_RS134¢u¢ID, glucarate
dehydratase), K562 RS16220 (DUF3025 dontaintaining protein), K562 RS18550
(hypothetical protein), K562 _RS28510 (hypothetical protein). Fitness values for each strain was

calculated as the legreads in experimental condition / reads in Time 0). Fitness value for each
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gene was calculated as the arithmetic mean from the individual strain fitness values for each gene.
Smoothing of fitness values was done using a genomic position using a movdwywio deal

with increased read count due to proximity to the replication f\kstmore et al. 2015)Gene

fitness for the three replicates was calculated as the invarsmce weighted mean. Spearman,
Pearson, and Lin correlation coefficients across replicates for each condition were febraemh

0.8. An independent twe i d e d S ttestdvas gerdosmedt on each gene fitness values

compared to the DMSO control for each condition.

2.18 BioCyc Pathway Perturbation Scoreand Pathway Enrichment

For BioCyc analysis, a text file containingcls tags for genes that had significant change
in gene fitness, along with the said gene fithess value, was uploaded for each comfmand
SmartTableThis was done separately for genes that had negative fithess scores and positive fithess
scores To @lculate the pathway perturbation sgdhe cellular overview toalas useénd under
Overlay Experimental Dathedata from SmartTabMas importedand the pathway perturbation
score was calculatagsing the default settingsor pathway enrichmeniy the SmartTable, use

enrichment tool for pathways and use the default settings.

2.19 Unmarked Gene Deletions

A double homologous recombination method described previ@isignagan et al. 2008;
Hamad et al. 2010jvas used to make unmarked gene deletion8.ircenocepaciak56-2.
Approximately 350 bp of upstream and downstream regions were amplified and ligated using a
HindlII restriction cut site. This ligated product was used to amplify the upstream and downstream

regions fused together, which was then ligated into the {88l plasmid usingba andXma
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cut sites. These plasmids were then transformed Entooli SY327 and conjugated intB.
cenocepaci&56-2. Colony PCR was used to confirm insertion of the first recombination event
of trimethoprim resistant clones. Taeurage the second recombination event, pBédtsacB

was conjugated into these clones. Trimethoprim sensitive colonies were identified and colony PCR
was used to confirm deletion. The pD&tetlsacB plasmid was cured by patching onto LB
(without NaCl) +0.438 Msucrose. Coloniethat grew on sucrose were screen for tetracycline

sensitivity for successful curing of the plasmid.

2.20 Growth Detection of Glutathione Mutants

To measure the growth of the glutathione mutants, cultures were made in LBdtypwi
and deletion mutants or in LB plus 16@/mL trimethoprim for the notargeting strain or the
gshAlgshBnutant. Once they reached stationary phase, each strain was back diluted tocan OD
of 0.01 in LB or LB Tp100 +/30.5 mMrhamnose in a 9&ell plate. The plate was incubated at
37eC with shaki sognwdsdhen nied@surdd coudetermine @® growth of each

mutant. Onevay ANOVA and Dunnett Test were performed using R studio.

2.21 ATP Detection of Exponential Phase Cell&xposed to MS40 and MS40S
An overnight culture oB. cenocepaci&56-2 was subcultured in 5 mL LB and incubated
with shaking at 37eC for 3 hours. AofntoO6. i ncub
To a 384well plate,B. cenocepaci&56-2 exponential phase cells were exposed teAMSMS
40S at 2x and 0.5MIC, and tetracycline at 2x MIC, in duplicate. Cells were also exposed to 15
mM AsQs and a DMSO control and added to the plate in duplié&teenocepaci&56-2 cells

alone in LB were also added in duplicate, and LB only was added in duplicate as.&Pldaed
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were 1 ncubated at 37eC with s heerWwasgneasuced, 3 hc

followed by addition of BacTiteGloE Reagent to all wells. Plates were incubated in a BioTek

Synergy 2 plate reader at gRégdé Onavay ANOVAand, t her

Dunnett test were performed using R studio.
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CHAPTER 3: RESULTS

3.1 Analogs of Auranofin have lower MICs than Auranofin

We testedthe MIC auranofin and ten auranofin analogs (Fig&je using the broth
microdilution methodagainst a panel of Bcc bacteria, comprising of clinical isolates from CF
patients and strains from environmental sou(@&@=e Table 3)Auranofin Figure5A) and the
analogsbelonging to group one~{gure 5B) were largely inactive agast members of the Bcc
(Table 4), with most of the MICs being 128g/mL or higher. Group one analogs have
modifications of the thioglucose ligands, witbme having th&iethylphosphine-PEs) replaced
with trimethylphosphine-PMes). Auranofin, howevershowed high activity againBt malleiwith
MICs ranging from 0.261 eg/mL. In B. pseudomalleiauranofin had an MIC of 6d4g/mL.
Auranofin and the group orenalogsin this study were shown to have diverse activity in other
Gramnegative andGrampositive bacteria, but they were inactive or had low activityPin

aeruginosa, Enterobacter cloacamdK. pneumoniaéWu et al. 2019)
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Figure 5. Chemical structure of auranofin and auranofin analogs.

(A) Auranofin. 8) Group one auranofin analogs containing modifications of the thioglucose and
replacement of triethylphosphine (P(€2Hzs)s; PES) with trimethylphosphine (P(Chk; PMes).

(C) Group two auranofin analogsontains mercaptoethanol (OH&EFH2SH) replacing the
thioglucose, then with further modifications of the mercaptoethanol.
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Table4. Broth microdilution nnimum inhibitory concentratins (MICs) of group one auranofin

analogs against a panelBdrkholderia cepaci@omplex (Bcc) species .

MIC (eg/mL)

Organism , WB-18- WB-16- WB-19 WB-19

Auranofin - piages EO9899  HG5899  HB2664
B. cenocepaci&56-2 >128 >128 >128 >128 >128
B. lataBCC6 128 128 128 128 128
B. contaminan$1F16 128 128 128 128 128
B. contaminan&FH-2050MA 128 128 128 64 64
B. dolosaCEP021 >128 >128 >128 >128 >128
B. multivoransATCC17616 128 128 128 128 128
B. cenocepacid40485 128 64 32 128 128
B. ubonensit MG 20358 >128 >128 >128 128 128
B. contaminan§&FH-4004 >128 >128 >128 128 128
B. mallei China 5 (NBL 4) 0.25 ND ND ND ND
B. mallei lIvan (NCTC 10230) 0.5 ND ND ND ND
B. mallei China 7 (NBL 7) 1 ND ND ND ND
B. pseudomallei 1710b 64 ND ND ND ND
B. pseudomallei MSHR465a 64 ND ND ND ND
B. pseudomallei HBPUB10134a ND ND ND ND ND

The reported MIC values are from three biological replicates. In the cak#dadifference occurred, the higher value is

reported.
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Group two Figure5C) includes the analog WB9-HL4118 (MS40) which had shown a
low MIC in Gramnegative andsrampositive bacteria, such as A baumannii, E. cloacad,.
coli, andS. aureusvith MICs ranging from 23 &M (Wu et al. 2019) Therefore, we synthetized
additional analogs with sinat structures to M&0. Group two analogs showed lower MICs
against members of the Bcc (TabB)ethan group one (Tabl. Remarkably, M&10 and WB19-
HL4170 (MS40S) showed the strongest activity (TableThese two compounds also have high
activity in B. malleiandB. pseudomallestrains as well. The remainiramalogsfrom this group
have moderate MICs, ranging from 8 tosgfmL, withonly WB-19-HL4171 againsB. ubonensis
LMG 20358 and WBL9-HL4121a againgB. dolosaCEP021 andB. ubonensid¢ MG 20358being
128 eg/mL or higher. The structures of the group tamalogshavesubstitution of thioglucose
ligands with mercaptoethanol (HO@EH2SH) or mercaptoethanol modification

Next, we compared the MICs of M&S and M$40 to common antibiotics used to treat
CF patients infected witBurkholderiaspp Those include ceftazidim@alwan et al. 2016; Kitt
et al. 2016) meropenenfEl-Laboudi et al. 2009; Gilchrist et al. 2012; Balwan et al. 2016; Kitt et
al. 2016) doxycycline(Salizzoni et al. 2014)and tobramycir{El-Laboudi et al. 2009; Gilchrist
et al. 2012; Kitt et al. 2016)'he combination therapy ceftazidimaibactam is considered the
last resort treatment for those infected wihrkholderia species(Los-Arcos et al. 2019)
therefore, we determined the MIC of ceftazidimeibactam and these four antibiotics against the
Bcc panel (Table 6). The MICs of M@ and M&40S are much lower than the antiio
tobramycin and are similar to the other antibiotics, including the last resort combination treatment
ceftazidimé avibactam. Additionally, doxycycline, against some isolates from the Bcc, had MIC

values as low as 1 ande®/mL. Taken together, the irali MIC testing shows M&0S and MS
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40 are comparable to antibiotics used currently in the clinic, having MICs lower than most and

even have similar values to the combination therapy ceftaziditeactam.
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Table5. Broth microdilution nmimum inhibitory concentrations (MICs) of group two auranofin

analogs against a panelBdrkholderia cepaci@omplex (Bcc)B. malleiandB. pseudomallei

MIC (eg/mL)
Organism Auranofin WB-19 WB-19 WB-19 WB-19 WB-19 WB-19%
HL4118 HL4170 HL4171 HL4172 HL4181 HL412la

B. cenocepaci&56-2 >128 4 8 32 32 32 128
B. lataBCC6 128 8 8 32 16 16 32
B. contaminan$/F16 128 8 8 64 32 64 32
B. contaminan$FH-2050MA 128 4 16 32 16 32 32
B. dolosaCEP021 >128 16 32 64 32 64 128
B. multivoransATCC17616 128 8 16 32 32 32 64
B. cenocepacid40485 128 8 16 16 32 32 32
B. ubonensiEMG 20358 >128 16 16 >128 32 32 128
B. contaminan$FH-4004 >128 8 16 32 32 32 64
B. mallei China 5 (NBL 4) 0.25 0.12 0.12 ND ND ND ND
B. mallei lvan (NCTC 10230) 0.5 0.12 0.12 ND ND ND ND
B. mallei China 7 (NBL 7) 1 0.25 0.25 ND ND ND ND
B. pseudomallei 1710b 64 4 4 ND ND ND ND
B. pseudomallei MSHR465a 64 4 4 ND ND ND ND
B. pseudomallei HBPUB1013 64 4 2 ND ND ND ND
B. pseudomallei MSHR305 ND 2 ND ND ND ND ND

The reported MIC values are from three biological replicates. In the cak#dadifference occurred, the higher value is

reported. ND; not determined.

Table6. Broth microdilution nmimum inhibitory concentrations (MICs) of M80 and MS40S

compared to clinical antibiotics used to treat CF patients.
Organism MIC (eg/mL)

Auranofin  MS-40 MS-40S MEM TOB CAZ DOX CZzZA?2

B. cenocepaci&56-2 >128 4 8 16 512 32 4 4
B. lataBCC6 128 8 8 4 128 64 4 16
B. contaminan$1F16 128 8 8 8 32 32 16 8
B. contaminan&FH-2050MA 128 4 16 4 128 8 2 4
B. dolosaCEP021 >128 16 32 8 128 16 16 8
B. multivoransATCC17616 128 8 16 4 64 16 2 8
B. cenocepacid40485 128 8 16 16 128 8 1 8
B. ubonensiE MG 20358 >128 16 16 16 128 16 4 4
B. contaminan$FH-4004 >128 8 16 8 64 8 8 4

a8 eg/mL avibactam. The reported MIC values are from three biological replicates. In the efade difference occurred, the
higher value is reported. MEM, meropenem; TOB, tobramycin; CAZ, ceftazidime; DOX, doxycyclinec€fazidime
avibactam
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3.2MS-40 and MS40S have Broad Bactericidal Activity from

Individuals with CF are commonly infected by multiple bacteria, causing polymicrobial
infections (Huang and LiPuma 2016; CribbsicaBeck 2017)For MS-40S and M$40 to be
effective antimicrobials, it is imperative for these compounds to kill additional CF pathogens.
Common bacteria that cause CF lung infections, bedidekholderiaspp., arePseudomonas
aeruginosa Staphylococcsl aureus, Stenotrophomonas maltophiliand Achromobacter
xylosoxidangHuang and LiPma 2016; Vandeplassche et al. 201®}her pathogenic&Gram
negative bacteria that were shown to, although rarely, cause CF pulmonary infections include
Escherichia coli(Edwards et al. 2020)Escherichia vulnerigBurns etal. 1998) Klebsiella
pneumoniag¢Vandeplassche et al. 201@ndAcinetolacterspecieqBurns et al. 1998)

We thus tested M80 and M$40S against CF pathogens to determine their MIC and MBC
(minimum bactericidal concentratiorfyable 7). MS-40 and M$40S have low MICs for the
Grampositive bacteriun®. aureusone of which is an MRSA strain. M& and M&40S is also
bactericidal against the oth@ramnegative bacteria tested with MICs in the rangel 6Eg/mL
and most of the MBCs werbetween land 4fold of their respective MICS. aeruginosas a
common multidrug resistant bacteriu(Pang et al. 2019yvith some strains/clinical isola®eing
extensivelydrug resistan(Horcajada et al. 201¥nd tas moderate MIC values between 16 and
64 eg/mL and its MBCs between 2nd 16fold higher than its MICs. Overall, the MICs/MBCs
against CF pathogens show M8 and M&40S have broadpectrum bactericidal activity,

indicating their potential as a therapeudption for CF patients.
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Table7. MS-40 and M$40S are bactericidal against other bacteria that infect CF paftients

broth microdilution assay

Organism MIC (eg/mL) MBC (gg/mL)
MS-40 MS-40S MS-40 MS-40S
Burkholderia cenocepacig56-2 4 8 8 16
Stenotrophomonas maltophili2H57 1 2 4 8
Stenotrophomonas maltophili279a 2 2 2 8
Pseudomonas aeruginoBa01 16 32 128 256
Pseudomonas aeruginoBa\7 32 64 64 128
Escherichia colil20955 4 4 32 64
Escherichia vulneri€EP511 2 4 2 4
Klebsiella pneumonia&20310 2 4 4 8
Acinetobacter baumanmATCC 1797¢ 2 2 4 8
Staphylococcus auredsTCC 27700 0.25 0.5 2 2
Staphylococcus aured®97094 0.25 0.25 1 1
Achromobacter xylosoxidadsCHO03 8 16 8 32
The reported MIC values are from three biological replicates. In the case whéglgl alifference occurred, the higher value was

taken.
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3.3MS-40 and MS40S do not Select for Multistep Resistant Mutants

We characterized the occurrenceresistance to M&0 and MS40S due to repeated
exposure and continuous growthbdelKhalek et al. 2018)Bacteria grown in the presence of
subinhibitory concentrations of each compound (0.5 x MIC) were subcultured and grown
overnight inlysogeny brothLB). These cultures were then used for the next MIC test, and this
process was repe=t for a total of 24 days (Figué&). We performed this procedure for Mi®,
MS-40S and the antibiotics meropenem and doxycycline. These antibiotics were chosen because
they are commonly used to treat cystic fibrosis patients infectedBumitkholderiaspecies(El-
Laboudi et al. 2009; Gilchrist et al. 2012; Salizzoni et al4&2®Balwan et al. 2016; Kitt et al.
2016) and they have different mechanisms of action and resistidnbanski et al. 2010; Munita
and Arias 2016)Meropenem is &-lactam and inhibits cell wall synthegi8hanel et al. 2007)
Doxycycline inhibits protein synthesis by binding to the 30S ribog@nessman Q16).

Figure6B shows that resistance against meropenem and doxycgetise quickly. While
their starting MICs values were 16 andgfmL, respectively, both MICs reached 25§fmL after
12/ 16 days. Remarkably, no apparent increase in their MICoobserved for MSI0 and MS

40S, demonstrating a desired property as a potential therapeutic agent.
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Figure 6. Mutational resistanceis not generated to MS40 and MS40S from spontaneous

resistance assay

Repeated exposure of B. cenocepaciaK56-2 continuously grown culture to stéthal
concentrations of the antimicrobials were achieved by determining the MIC of the compound.
Then, for each compound, 3L of bacteria from the well with growth with the highest
concentration ofompound was grown overnight and used in the next MIC test. This was repeated
over 24 days, with the MIC tested every second day. MEM, meropenem; DOX, doxycycline.
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3.4MS-40 and MS40S are Bactericidal against Both Replicating and NoRReplicating Cells
by Time Kills

Antibiotics are classified either as bactericidal, if they kill cells and reduce the population
by 99.99%, or bacteriostatic, if they prevent cell growth/division, but do not kill more than 99.99%
of the populatior{fKoharski et al. 2007, 2010}t is common for antibiotics to only targadttively
dividing cells because their targets are involved in replication or other edepgydent processes
(Kohanski et al. 201Q¥yendering them less effective when cells are not replicating or respiring
(Corona and Martinez 2013)n time Kill experiments, weolund MS40 and MS40S to be
bactericidal to both exponential (replicating) and stationary-(epficating) phase cells (Figure
7). Interestingly, M&A0S is more effective at killing stationary ph#san exponential phase cells
reducing the culture by ppoximately three log units and nine log units at 4x MIC in the
exponential and stationary phase, respectively. For comparison purposes, we show that
doxycycline andeftazidimé avibactamare both unable to Kill cells in stationary phase (Figiire
and ceftazidiméavibactamis slow at killing exponential phase cells, regardless of the

concentration (Figuré).
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Figure 7. Exponential and stationary time kills of Burkholderia cenocepacid&56-2.

Exponential and stationatyme kills of Burkholderiacenocepaci&56-2. The compounds used
were MS40, MS40S, anctceftazidimé avibactam (CZApt 1 x, 2 x, and 4 x MIC, as well as
doxycycline (DOX) at 4 x MIC. The cultures were grown overnight for stationary phase cells or
grown overnight, subcultured, agdown to early exponential phase. Samples were taken every
hour for six hours to determine CFU/mbly spot platingNo ATB; no antibiotic.
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3.5MS-40 and MS40S Kill and Inhibit the Formation of Persister Cellsfrom Time Kills and
Persister Frequency Assay

Persister cells, a subpopulation that is not killed by an antimicrobidhyamhesizedo
be a common cause of relapses in infections and persistent infdtiond et al. 2013; Brauner
et al. 2016) Persisters are thought to form via randomly overexpressing a resistance factor,
decreased growth rate, decreased cellular energy, and/or a slower la¢Bpraaser et al. 2016;
Wilmaerts et al2019) Once the antibiotic is removed, they will begin to grow normally, without
inherited resistance, (Wnmertsmetdl 20]9)A stationary ghase a wa k e
population has increased amounts of persisters because it is slower growing and is metabolically
dormant(Wood et al. 2013)

MS-40 and M$40S can kill stationary phase cells effectively, so we reasoned that the
compounds might kill persister cellgle exposed an exponentially growiBgcenocepaci&56-
2 population to 5x MIC of ciprofloxacin (MIZ € g / mLours.The surviging population of
cells are now enriched in persisteidter the treatment, surviving cells were washed and collected
in PBS to prevent persister awakeniigahar et al. 2015then exposed thvé MS40 and MS
40S. Figure8A show persister cells, in the presence of-MBand M$40S, are killed to a
concentration below/close to the limit of detection, whereas the persister eekpased to
ciprofloxacin or those without antibiotics are notddl This demonstrates that M® and MS
40S can indeed Kkill persister cells created by other antibiotics.

To determine the amount of persisters remaining aftep@ésbf exposure, we performed
apersister frequency ass@yoss et al. 2018)We exposed a culture with a CFU/mL of 1 # 10
one of the antimicrobials for 24obrs Compounds tested included M®S, meropenem,

ceftazidimé avibactam, and M&0. The remaining cells, enriched in persisters, were plated on
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LB to determine CFU/mL and percent survival was calculated by the log10 CFU/mL values. After
24 hours no persister were formed after exposure to 10x MIC M@S, and a very low persister
frequency with 5x MIC M$A0S (FigureBB). No persisters were formed exposed to 5x and 10x
MIC of MS-40 and meropenem also produced a low amount of persisters at both concentrations
tested. The last resort combination therapy ceftazitliandactam (CZA) produced the most
persisters in this assay, with approximately 30%26.2) of the culture enriched in persisters
surviving after treatmentCZA treatment produced large error bars lseaone replicate, there
were no surviving cells.

Taken together, these results show-MX5, as well as M80, can kill persister cells
created by other antibiotics and can inhibit persister cell formation. This suggests tAa8\&&
well as MS40, have the potential to effectively eradicate an infection, reducing the risk of a relapse

in infection after the treatment regime.
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Figure 8. MS-40 and MS40S kills and inhibits the formation of persister cell§rom persister
time kills and persister frequency assays

(A and B) An exponential phase culture with approximately 1 ¥@BU/mL was exposed to 5x
MIC ciprofloxacin (CIP) to generate persister cells. At three hoursegqeisure, persister cells
were washed, resuspended in PBS and exposed to 0x, 2x, or 4x MIG48 A and MS40S
(B) for an additional three hours. No ATBg antibiotic.Dots represent mean from three
biological replicates, error bars show standard deviati©nAn overnight culture oB.
cenocepacid&56-2 was incubated with the corresponding antimicrobial;40SMS40S,
meropenem (MEM), or ceftazidirhavibactam (CZA). Percent survival was calculated by the
logio CFU/mL of the surviving population/lagCFU/mL of the initial population. N.C., no
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colonies.Bars represent mean from three biological replicates and error bars represent standard
deviation.
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3.6 MS-40 and MS40S are nontoxic in C. elegansand G. mellonellaMo d el Toxi ci ty A
In preliminary cytotoxicity tests, M&0 was shown to havever toxicity in human A549
cells than auranofin  wi t h a uss eingo dpproxitately I1ZM and MS406s being
approximately 5&M (Wu et al. 2019)however, the novetompoundMS-40S has not been
tested. To show that these compounds are safe for eukaryotia teigange of their MIC valugs
we first usedCaenorhabditiselegansas a model organisriVe performed a survival assay with
C. elegansexposed to M8I0 and M$40S, and three clinical antibiotics: the combination
ceftazidimé&avibactam, meropenem, and doxycycline (TalB We calculated the
Survival100/MIC value, which is a ratio of the highest concentration with 100% survival to the
comp undo SeliMet&.2015) This is a preliminary view to
MS-40S has similar Survivall00/MIC values as clinical antibiotics, with40S, doxycycline,
and eftazidimé avibactam having values of 8, 16, and 32, respectively, aneédM&nd
meropenem having a value of 4.
Similar to C. elegansGalleria larvae were also well tolerated to M® and M$40S
(Table9). This was compared to M&) and a clinical antibtic, doxycycline, which has similar
MIC values to M&A0S and M$40. Concentrations used ranged from 10 to 1 mg/kg4®and
MS-40S were safe for the larvae at concentrations of 10 mg/kg with a percent survival of
approximately 80% and higher. This wamsar as the clinical antibiotic, doxycycline. Taken
togetherC. elegangandGalleria toxicity models show that M80 and MS40Shave low toxicity

in these eukaryotic organisntdowever, its bioaccumulation is not known.
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Table8. Percent survival o€. elegangexposed to M810, MS40S, and clinical antibioticky a

C. elegangoxicity assay

Concentrations €g/mL)

o Survivaliod
Antibiotic DMSO .
256 128 64 32 16 8 4 control MIC ratio
MS-40 74.4 81.8 94.7 92.9 100 100 100 100 4
MS-40S  85.7 97.6 100 100 100 100 100 100 8
MEM 93.2 97.4 100 100 100 100 100 100 4
DOX 79.5 91.5 100 98.2 100 97.4 100 100 16
CZA? 88.2 100 100 100 100 100 100 100 32

The values in bold indicate percent survival of the compound at its MIC vdlbe.Survivalod MIC ratio is calculated as the
hi ghest concentration in which there i s 2Cefla@idime evithcBegimlL sur vi v a
avibactam. Values reported are representative of three experimental replicates.

Table9. Percent survival o&alleria mellonellalarvaeexposed to doxycycline (DOX) M&0,

and MS40Sby aGalleria toxicity assay

Galleria Survival

Dose
Compound Concentration 24 h 48 h 72 h
(mg/kg)
DOX 10.0 93.3 93.3 93.3
5.0 93.3 90.0 90.0
2.0 93.3 93.3 93.3
1.0 96.7 96.7 96.7
MS-40 10.0 90 83.3 80.0
5.0 96.7 93.3 90.0
2.0 90.0 80.0 80.0
1.0 100 96.7 96.7
MS-40S 10.0 90.0 76.7 76.7
5.0 93.3 86.7 86.7
2.0 83.3 83.3 83.3
1.0 96.7 86.7 86.7
DMSO 10.0 93.3 86.7 86.7

Datareported are representative of three survival curves (n=30) for each concentration. The survival differences between the DMSO
control and treatments were not statistically different-(engk test).
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3.7 Auranofin may belnactive in Burkholderia cenocepacidDue to High Efflux and not the
Presence of Glutathione Reductase

Auranofin and other auranofin analogs were shown to inhibit mammalian thioredoxin
reductase(Epstein et al. 2019and thioredoxin reductase fro®taphylococcus aureuand
Mycobacterium tuberculosi@larbut et al. 2015)Auranofinis thought to be inactive iGram
negatives forone of two reasus: 1) the presence of the secondary antioxidant systhm,
glutathione system, &) due to the low permeabilitgf thecell envelope. We hypothesized that
MS-40 and M$S40Sarebactericidalin B. cenocepaci®ecause thetarget thioredoxin reductase
and the structurally and functionally similar protein, glutathione reductase (GOR) of the
glutathione system, while auranofin mot bactericidalbecause it only inhibits thioredoxin
reductase.

To confirm that auranofin, M80 and M$40S share the same targibie trxB genewas
expressed antthe protein wapurified fromB. cenocepaci&56-2 and the enzymatic activity of
TrxB was testedThetrxB gene K562_RS1460pwas amplified via PCR and ligated into the pET
24b+ expression vector via restriction digestion, this plasmid was then transformé&d auio
BL21 (DE3)Gold cells. To check to see if the TrxB protein was being expressed, we gréw the
coli until an @ of 0.6, then induced expression by adding IPTG at 1 mM for 3 hours. After
induction, cells were lyzed by sonication and the pellet and supernatant were separated by
centrifugation and ran on an acrylamide gel (Figure 9). We can see TrxB being exprgdsSed |
24b-TrxB, and thus we moved to the purification using a nickel columnETlgeliwas grown in
the same conditions as the expression trial; however, a larger volume was used. After induction,
the culture was pelleted and resuspended in lysis b(déer Material and Methods) and lyzed

using an mulsiflex and the soluble and insoluble fractions were separated by centrifugation and
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the soluble fraction was ran through the nickel column. After washes, the protein was eluted with
elution buffer (see Mat&al and Methods) and all washes/elutions were ran on an acrylamide gel
(Figure 10). From the gel, we saw that TrxB was in high concentration. After elution, the protein
was concentrated using a protein concentrator (BioRad) and the elution buffer \masdepith

a gel filtration buffer (see Material and Methods). Size exclusion chromatography (SEC) was then
done to further purify the TrxB protein (Figure 1The SEC showed that TrxB was in single
species, and we collected the samples that eluted iratige of 5670 mL. Resulting samples
from the SEC were also run on an acryl amide

(Figure 12). From all this, we saw that we successfully purified TrxB in single species.
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Figure 9. Expression Trial of pET-24b-TrxB .

E. colicontaining pET24b+ (empty vector) and pEZ4b-TrxB were grown until an OD of 0.6

then induction was started by the addition of 1 mM IPTG for half the samples. Induction was
done for three hours. Resulting culturesre pelleted and resuspended in lysis bu§érmM

TRIS, 500 mM NacCl, 25 mM imidazole, pH 7 5ysis was done using sonication and after
sonication, soluble fraction was collected by centrifugation and ran on a 10% acrylamide gel. (A)
pET-24b+ empty vetor without induction. (B) pER24b+ empty vector with induction. (C) pET
24b-TrxB without induction. (D) pET24b-TrxB with induction.
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Figure 10. Purification of TrxB.

E. colicontaining pET24b-TrxB were grown until an OD of 0.6 then induction was started by
the addition of 1 mM IPTG for half the samples. Induction was done for three hours. Resulting
cultures were pelleted and resuspended in lysis b&temM TRIS, 500 mM N&l, 25 mM
imidazole, pH 7.5Lysis was done using an emulsiflex and aftersoluble fraction was

collected by centrifugation ran through a nickel affinity column. (A) {28B-TrxB flow

through (B) pET-24b-TrxB wash (C) pET24b-TrxB elution (D) pET-24b-TrxB second wash
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Figure 11 Size exclusion chromatography of TrxB.
After elution, the TrxB protein was concentrated and the elution buffer was replaced with a gel

filtration buffer@ 0 mM Tri s pH 7.5, 150 mME)sToedi um chl or i
concentrated protein was then run through an AKTA for SEC.
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Figure 12. Size exclusion chromatography of TrxB on an acrylamide gel.

After elution, SEC and the resulting fractions were run on a 10% acrylamide gel.
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The TrxB enzymaticreaction used , -Bithiobis(2-nitrobenzoic) acid (DTNB) which is
converted to 8hio-2-nitrobenzoic acid (TNB) by thioredoxin reductase, with electrons supplied
by NADPH. TNB is detectable at an optical density of 412 nm and if TrxB is functional, we should
see an in@ase in TNBAuranofin, MS40, and M&0S were shown to inhibit the function of
TrxB in vitro in the nanomolar rangd-igure 13A), indicating that these three compounds are
potent inhibitors of the essential protein thioredoxin reduct@genext investigied the effect of
atrxB knockdown mutant on the growth inhibition activity of auranofin,-#M% and MS40S.A
trxB CRISPRi mutant was creatadth aCRISPRI systemadapted foBurkholderia(Hogan et al.
2019) where ahamnosénducible dCas®$ expressed angroduces &xB gene knockdwn. The
trxB CRISPRI mutanshowed slight enhanced susceptibility to M& and M340S under gene
silencing conditionswith the MIC decreasing-fld (Figure13B), which confirnedits role in the
mechanism of action (MOA). However, theB CRISPRi mutant did not shoany MIC changes
to auanofin compared to M80 and M$40S, suggesting auranofimynot reactthecytoplasmic

targetdue to the cell envelope barrier
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Figure 13. Auranofin inhibits TrxB in vitro but not in vivo from TrxB inhibition assays and

enhanced susceptibility assays

(A) TrxB in vitro assay. Purified TrxB fror8. cenocepaci&56-2 in the presence of substrate,
DTNB, is reduced to TNB, with NADPH as a source of electrons, producing a fluorescent
product. This reaction was performed in the presence of a concentration gradient of auranofin,
MS-40, and M&40S ranging from 250 nMt3.906 nM(B) CRISPRIi mutant ofrxB gene as

well as the dCas9 neaargeting control andbdA gene, as functionally unrelatedssential gene

control, was exposed to a concentration gradient of auranofin ranging froeg/286 to O

eg/mL, and M$40 andMS-40S ranging from 8g/mL to Ogg/mL in the presence of 30.5 mM
rhamnosel00 percent growth is represented as blue and 0% growth is represented as pink.
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Alternatively, airanofincouldbe inactivan B. cenocepaci@ecause glutathione reductase
(GOR) cam compensate for the lack of TrxB, while auranofin analogs are active because the
analogscouldalso inhibit GOR. To determine if GOR is a target of-¥Band M$S40S thegor
genewas overexpressed atite protein wagurified fromB. cenocepaci&56-2. The gor gene
from B. cenocepaci&56-2 was amplified via PCR, digested, and ligated into-@& lcontaining
a Gterminal 6x Histag, creating pER2-GOR. This plasmid was then transformed iEtocoli
BL21 (DE3)Gold cells. To ensurg¢hat the GOR protein was being expressed, we ran an
expression trial. We grew the coliuntil an OD of 0.6, then induced expression by adding IPTG
at 1 mM for 3 hours. The cultures were pelleted and resuspended in lysis buffer (see Material and
Methods)after induction. Lysis was accomplished by sonication and the pellet and supernatant
were separated by centrifugation and ran on an acrylamide gel (Figure 14). From this gel, we saw
that GOR was being expressed from pEXGOR, thus, we moved to the puciition using a
nickel affinity column. TheE. coli was grown in the same conditions as the expression trial;
however, a larger volume was used. The resulting induced cultures were pelleted and resuspended
in lysis buffer (see Material and Methods) and tyasing an mulsiflex. The soluble and insoluble
fractions were separated by centrifugation and the soluble fraction was ran through the nickel
column. The protein was eluted with elution buffer (see Material and Methods) after washes. Al
flow throughs wee run on an acrylamide gel (Figure 15). From the gel, we saw that GOR was
purified, but not as high concentration as TrxB. After elution, the protein was concentrated using
a protein concentrator (BioRad) and the elution buffer was replaced with drgébfi buffer (see
Material and Methods). Size exclusion chromatography (SEC) was then done to further purify the
GOR protein (Figure 16 SEC showed that GOR was present in multiple species. We collected

volume that eluted in the range of approximat€h69 mL.Resulting samples from the SEC were
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al so run on an acrylamide gel to ensure there

all this, we saw that we successfully purif@®Rin single species.
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Figure 14. Expression Trial of pET-22-GOR.

E. colicontaining pET22 (empty vector) and pEZ2-GOR were grown until an OD of 0.6 then
induction was started by the addition of 1 mM IPTG for half the samples. Induction was done for
three hours. Resulting cultures were pelleted and resuspenlyséibuffer50 mM TRIS, 500

mM NacCl, 25 mM imidazole, pH 7.3.ysis was done using sonication and after sonication,
soluble fraction was collected by centrifugation and ran on a 10% acrylamide gel. (RPpET
empty vector without induction. (B) pEZ2 empty vector with induction. (C) pe22-GOR

without induction. (D) pET22-GOR with induction.
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Figure 14. Purification of GOR.

E. colicontaining pET22-GOR was grown until an OD of 0.6 then induction was started by the
addition of 1 mM IPTG for half the samples. Induction was done for three hours. Resulting
cultures were pelleted and resuspended in lysis b&emM TRIS, 500 mM NaCR5 mM
imidazole, pH 7.5Lysis was done using an emulsiflex and after , soluble fraction was collected
by centrifugation ran through a nickel affinity column. (A) pEFGOR flow through. (B) pET
22-GOR wash. (C) pER2-GOR wash. (D) pER22-GOR elution. E) pET-22-GOR wash, after
elution.

10C



301

N
o

Absorbance mAU

-
o

0 30 60 90
Volume (mL)
Figure 15. Size exclusion chromatography of GOR.
After elution, the GOR protein was concentrated and the elution buffer was replaced with a gel

filtration buffer@ 0 mM Tri s pH 7.5, 150 mME)sToedi um chl or i
concentrated protein was then run through an AKTA for SEC.
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55 kDa

Figure 16. Size exclusion chromatography of GOR on an acrylamide gel.

After elution, SEC and the resulting fractions were run on a 10% acrylamide gel.
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Theinhibition assaywith GOR used oxidized glutathione which is converted to reduced
glutathione in the presence of GOR, with electrons supplied by NA@RkHnetHarel and Storz
2000; Smirnova and Oktyabrsky 2005; Couto et al. 20E6yme activity was determined by
tracking the amount of NADPH at an optical density of 340(Kedrowski et al. 2014)We
reasoned that the enzymavasfunctioning, we should see a decrease in NADPH, as it is oxidized
to NADP*. However, wth the addition of auranofin, M80, and M$40S, up to a concentration
of 250eM, we did not see inhibition of GOR, indicating thhis is not a target of auranofin nor
auranofin analog@-igure 17) Thus, auranofin may be inactiveBncenocepaciaand otheGram
negativesbecause of lack of uptake

B. cenocepaciaas many genes that may influence the permeability of its cedloNaiope,
such as thenla system(Bernier et al. 2018)which plays a role in movement of phospholipids
between the inner and outaembrand€Abellon-Ruiz 2023) Other kamples aréolA, a chaperone
that moves lipopteins from the inner to the outer membrgihajima et al. 1998; Kaplan et al.
2018) hpnN encodinga hopanoid transpter that shuttleshopanoids to the outer membrane
(Kumar et al. 2017)andshc,which isinvolved in hopanoid biosynthegiSchmerk and Valvano
2013) providing membrane stabilifschmerk et al. 2011)he LPS also provides resistance to
antibiotics by affeting permeabilitSimpson and Trent 201,%9ndhldD is involvedin synthesis
of the LPS(Loutet et al. 2006)Lastly, B. cenocepaciaas many RND efflux pumps$dtlead to
resistance, two of which are BpeABprB (RND-4) and BpeEFOprC (RND-10) (Somprasong et
al. 2021)

Previously through BarSegpur labfound some transporters and membrane integrity
elements that lead to altered susceptibility to antibiatitis molecular mass above 50dogan

etal. 2023) whi ch is above the c(@Bd¢netetalf2016mich athe pi ns ki
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antibiotic erythromycin This suggest that mutants of these genes will have higher cell envelope
permeability(Hogan et al. 2023Aur anof i nés mol awwbldg/moheédlg ht i s
g/mol to be exactwhile MS-40 and M$40S are 350.0and 364.03 g/mol, respectively, thus,
genes that lead to increased susceptibility to erythromycin for example, may lead to increased
susceptibility to auranofinf auranofin is inactive because it cannot gain entry to the cell, we
should see higheurandin growth inhibitionactivity in mutants with increased permeabilltye
thuscreated CRISPRI mutants of thegenesand tested the MIC of auranofin, M® and MS
40S (Figurel7B).

Silencing transporters did not lead to susceptible changes-#0\M8d M$40S indicating
that MS40 and M$40S are not affected by the permeability of the membrane and efflux and can
thus passively diffuse into the cell. However, silenchygnN and bpeABprB led to minor
susceptibility changes to auranofind knockdowrof these genes lead to the largest change in
susceptibility to auranofin These CRISPRi mutants were assessed for outer membrane
permeability using an NPNptakeassay (Figurd 7C). Interestingly silencing themlaFEDvacJ
operon anchldD, IolA, andshclead to high permeabilization of the membrane,dnly lead to
small suscejibility changes to auranofimAlso, silencinghpnNdid not lead to permeabilization,
and thus, the effect we are seeing withltpaNknock-down in terms of auranofin susceptibility
is not due to general permeability. Thus, this provides evidence thattiigh may be why

auranofin is inactive iB. cenocepaci&56-2.
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Figure 17. Auranofin , MS-40, nor MS-40S inhibit GOR and auranofin may beinactive due
to high efflux from CRISPRI susceptibility assays

(A) Purified GOR fronB. cenocepaci&56-2 in the presence of substrate, oxidized glutathione,

is reduced to reduced glutathione, with NADPH as a source of electrons. This reaction tracks the
usage of NADPH, which is detectable at 340 nm. This reaction was performed in #recprek

a concentration gradient of auranofin, M8, and M&0S ranging from 256M to 3.906g M.

(B) MIC of transporters in the presence of auranofin;A0Sand M&40S.(C) CRISPRI

mutants were subcultured in LB Tp180d30.5 mMrhamnose until a®D of approximately

1.0. Cells were then washed and resuspended in 5mM HEPES pH 7.2 with 10 maNbiNaN

minutes. The cells were then added to a plate and were incubated with NP&vat 40

Fluorescence was measured on a Synergy?2 plate r&adedicates P <0.0001 from a one

way ANOVA and Dunnett posgtoc.
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3.8MS-40 and MS40S Cause an Increase in Reactive Oxygen Species (ROS)

We showed that M0 and MS40S inhibit TrxBin vitro, and the thioredoxin system is
involved in detoxifying RO$Lu and Holmgren 2014}jhus we hypothesized that M® and MS
40S may cause an increase in reactivgger species (ROSYWe examined ifB. cenocepacia
K56-2 had an increase in ROS after exposure to-MBand MS40S using the cefpermeant
indicator dye 2',#dichlorodihydrofluorescein diacetate ABICFDA). H:DCFDA diffuses into
cells in a norfluorescent drm, where it is oxidized by ROS (mainly:®k, ROOA, 3dnd
to the fluorescent 2';dichlorofluorescein (DCF). We found that tetracycline, our antibiotic
control that has been shown to not be related to R@@Eksema et al. 201,8)lid not cause an

increase in ROSHgure18A). However, M3$40 and M$40S at a concgration fourfold higher

ONC

than MIC, caused a significant increase in ROS compared to the DMSO solvent control, validating

that ROS plag a role in the MOA of these compound$ie increase in RO%as also showed
using microscopy, in which cells fluorescaayowhen exposed to M80 and M$40Sat 5 times

the MIC (Figure 18B).
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Figure 18. ROS Detection ofB. cenocepaci&56-2 exposed to M&AO0 and MS40S.

(A) ROS detection of M&0 and M$40S. An ORoonmof 0.3 wild type K562 were incubated

with H2DCFDA for 45 mins at 3&C, then exposed to the corresponding antimicrobial.

Fluorescence was measured on a synergy two plate reader. * indicates P < 0.05 and *** indicates
P < 0.0001 from a oreray ANOVA and pat-hoc Dunnett TestB) Microscopy of wild type

K56-2 cells stained with HEDCFDA dye then exposed to M& and MS40S.



3.9 BarSegAnalysis of Cells Exposed to M810, MS-40S, andother ROS Inducers

To investigatethe full global response due to expostio MS40 and MS40Swe used
randomly barcoded transposon sequencing (Bar®dq)d what other processes in the cell have
a role in the mechanism of actioh barcoded transposon mutant libraryBincenocepaci&56-
2 containing more than 330,000 unggonutants in over 6,400 protein coding gefiésgan et al.
2023)was exposed to the 1€of MS-40, MS40S and ROS inducers (A3s, diamide, HO2, and
paraquat) (Table@ for 8 hours. These additional ROS inducers were included as benchmarks for
comparison to find the MOA of M80 and M&40S. The BarSeq was done to find which gene
disruptionsled to altered susceptibility to these compounds, implicating those genes in a
compoundbés MOA or resistance. Barcode abunda
(Wetmore et al. 2015Fitness for each gene was then calculated as th#oldghange of number
of reads in experimental conditi to time zerqWetmore et al. 2015; Pierce et 2021) When
compared to the DMSO solvent control, the change in gene fitness for each individualoamitant
be calculatedA positive gene fitness score indicates the mutant was more abundant following
treatment, while a negative fithess score indictttese mutants were more depleted following

treatment.
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Table 10.Inhibitory Concentrationsf ROS inducers, with known mechanism of actiosed in

BarSeq.

Compound IC2s Mechanism of Action

MS-40 5.0eM Inhibits TrxB, increase iROSproduction

MS-40S 8.0eM Inhibits TrxB, increase iROS production

As203 40.0eM Heavy metal, may cause R@Sarney 2008)

Diamide 1.30 MM  ROS and thiol streg€umming et al. 2004; Pother et al.

2009)
H202 0.12mM ROS(Imlay 2008)
Paragquat 0.38 MM ROS(Ezraty et al. 2017)




We analyzed data for knownteractions with AsOs, diamide, HO2, and paraquat (Figure
19). One of the most depleted mutants failOklwas one in whictdyptype peroxidasevas
disrupted, which plays a role in ROS scavenging (Fig®e Additionally, mutants in known
arsenic efflux and arsenic tolerance proteins were identified as being more suscepti@sto As
(Figure 19). These arsenic resistance genes inclrdél, which encodes for a flavoprotein that
uses NADP+ to oxidize As(lll) to As(V), conferring resistaiBen Fekih et al. 2018andacr3
family arsenite efflux transportewhich is involved in the efflux of arsenite from the d&en
Fekih et al. 2018)In summary, our resultsonfirm that the BeSeq can reliably detect genetic
elements that are part of R@&lucers mechanism of action.

We generated genetic network map to visualize how similar each of the compounds were,
in terms of which genes had a significant change in gene fithess conpanedDMSO control
(Figure 20A). Transposon disruption of 825 genes resulted in significant chaifiges an
independent tws i d e d S ttestdre getedfigesst in the presence of MG with 216
exclusive interactions. These genes were related tglylotylate shunt, octane oxidation, and
general degradation/utilization/assimilation. For M@, we observed significant changes in
fitness for 788 genes, with 178 exclusive to-MIE. These genes were related igllitamate, £
aspartate, and sugar dedgéion. There were 17 genes with differential fitness for all six
compounds used in the BarSeq. Interestingly, one of these genes was glutathione reductase, an
element in the glutathione system, and this gene had positive fithess scores for all compounds,
except diamide. Another gene found in all six is a LysR type transcriptional regulator, which had
a negative fitness for all ROS inducefhis regulator hasso far an unknown function inB.
cenocepaci&56-2. Additionally, an Upset plot shows how manyeractions are shared between

multiple conditions (Figure0B). Unsurprisingly, M$40 and M$40S had the most similar
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interaction profiles compared to any other compound, with 162 genes shared between these two.
Genes in this subset are relategphosphonate/phosphorous metabolism and aerobic respiration.
There were 37 interactions shared between justABISVIS40S, and AfOs, with these
genes being related to the NAD salvage pathway, purine nucleotide biosynthesis, and glycerol
degradation. Therevere also 37 interactions shared between just4dSVIS40S, and diamide,
with these genes being related to glutathione biosynthesis-aat&hocysteine biosynthesis. For
MS-40, MS40S, and HO2, there were 26 shared interactions with the genes beinty@uvin
pyrroloquinoline quinone biosynthesis and glutathione biosynthesis. Lastly, there were 31
interactions shared between M8, MS40S, and paraquat, with the genes being involved in flavin
biosynthesis and glycerophosphodiester degradation. Compatigo the benchmarking
compounds shows that M8 and M$40S shared the most interactions with diamide and the
fewest with HO2 (Figure 20C). MS40 and M$40S shared 110 genes with28s, 133 with
diamide, 102 with KOz, and 113 with paraquat (Figu2€D). However, these are all very small
number of differences in the number of mutants that had altered susceptioifitpared to the
DMSO solvent contrglthus, we can conclude that all ROS inducers tested have similar BarSeq

fitness profiles.
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Figure 19. Mutants with significant altered fithess scores for each compound used in BarSeq

Each dot represents a gene that, when disrupted, had altered sensitivity to the corresponding
compound compared to the DMSO control (P < 0.05). Grey dots represent thdsedtha

positive change in gene fitness, red indicates those with negative change in gene fitness. Select
genes are indicated with their gene name or locus tag.
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Figure 20. Comparison of BarSeq data of MS-40 and MS40S with the benchmarking

compounds.

(A) Genetic network map showing gene connectedness between compounds used in the BarSeq
figure made using Cytoscape. This figure shows how many genes were identified as significant
for each compound and how many genes were only identified indhdition. Large burgundy

dots represent each compound and grey lines connect each compound to a smaller node that
represents a gene, which is coloured based on how many compounds that gene when disrupted
had altered sensitivityB) Upset ploishowing how many mutants had altered sensitivities in

each condition.§) How many genes that had significant changes in gene fitness between two
compounds used in BarS€@.) Venn digrans of genes that had significant changes in gene
fitness between M80, MS-40S and a ROS inducing compound that was used in the BarSeq.
Venn digrans were generated from Venny 2.1.
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3.10 BioCyc Analysis Identifies Glutathione and Purine Biosynthesigan the MOA of MS-40
and MS-40S

After validating BarSeq as a powerful methto capture the global response to ROS
inducers, we set to identify pathways that were important fod®OI8ndMS4 0 S6s mechani s |
action. To help narrow down which cellular processes highly affect each compound used in
BarSeq, aalysis from BioCyc wasised(Karp et al. 2019)Pathway enrichment (Figur2l and
22) was usedo find if the BarSeq data was enriched in mutants in any specific pathways. This
analysis finds which pathways were enriched or depleted in the set of genes that had a significant
change in gene fithegpositive gene fitness represents that mutant was @oundant than time
zero, and a negative gene fithess represents that mutant was less abundant than time zero)
compared to the entire genomeBofcenocepaci&56-2, without taking themplitude of thegene
fitness value into consideratiofor geneshat had a positive fitnegBigure 21) the gene set was
especially enriched in genes related to nucleoside and nucleotide metabolism, specifically purine
metabolism include 5aminoimidazole ribonucleotidbiosynthesisFor diamide and paraquat,
they also had pyrimidine biosynthesis as an enriched pattitaynatively, for genes that had a
negative fitness for M80 and M&40S (Figure 22)the gene set was enriched in genes in amine
and polyamine degradant, glutathione biosynthesis, and phosphorus compound metabolism.

Another analysis from BioCyc,gthway perturbationswmre (PPS) was calculated as the
weighted average of each ¢ge(Karpstalf20l@)Roegeses bel on
that had a positive gene fitness, the top perturbed pathways fefOM®Bd MS40S was two
component alkanesulfonate monooxygenase (FigRB, which is involved in using
alkanesulfonates as a source of su(teichhorn et al. 1999)Other perturbed pathways this

analysiswere related to purine metabolism, such as biosynthesis and saiadee ther ROS
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inducersused in the BarSeqlso had purine or ypimidine synthesis/salvage as their most
perturbed pathways. Additionally, pyruvate decarboxylation to a€x was a pathway that
was in the top perturbed pathways for M@S and diamide, suggesting a role of central
metabolism on the MOA of these cooynds. On the other hand, for genes that had a negative
gene fitness, the top 15 perturbed pathways are shown in RiguButathione biosynthesis was
one of the most perturbed pathways for& MS40S, A30s, and diamide, suggesting that this
pathwayis highly responsible for scavenging ROS in the cell exposed to oxidative stress.

BioCyc analysis helped identify which cellular processes are putatively involved in the
mechanism of action of M80 and M3$40Sand these are marked with an asterisk in feg@t
24. Glutathione biosynthesis was the most perturbed pathway in mutants that had negative fitness
for MS-40 and MS40S and was present in analyses with some of the other ROS inducers as well,
so we wanted to explore this avenue further. Additiongllyine metabolismvas a process that
was found to cause decreased susceptibility to all ROS inducers, a novel mechanism in ROS

susceptibility, so we wanted to investigate this as.well
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Figure 21. BioCyc pathway enrichment with BarSeq datawith positive fitness
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Genes that had significapositivechanges in fitnessere uploaded to BioCyc Smart Tables for
analysis. Pathway enrichment was done using the Fisher Exact test udngé¢hecepacia
K56-2 databaséo create thelogio p-value Top 15 perturbed pathways are shotwimdicates

cellular processes we explored.
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Figure 22. BioCyc pathway enrichment with BarSeq data with negative fithess
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analysis. Pathway enrichment was done using the Fisher Exact test udngé¢hecepacia
K56-2 database to create thegio p-value. Top 15 perturbed pathways are shown. * indicates
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Figure 23. BioCyc pathway perturb ation score with BarSeq datawith positive fithess

Genes that had significapositivechanges in fitnessere uploaded to BioCyc Smart Tables for
analysis. Pathway perturbation score was performed from cellular overview on BioCyc under the
Burkholderia cenocepacid56-2 databaselrop 15 perturbed pathways are shotwimdicates

cellular processes we explored.
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Figure 24. BioCyc pathway perturbation score with BarSeq data with negative fitness.

Genes that had significant negative changes in fithess were uploaded to BioCyc Smart Tables for
analysis. Pathway perturbation score was performed from cellulariewesn BioCyc under the
Burkholderia cenocepacid56-2 database. Top 15 perturbed pathways are shown. * indicates

cellular processes we explored.



3.11 Reactive Oxygen Species Related Genes and their Fitness Values in BarSeq

There are many genes in bac@dhat help detoxify reactive oxygen species (ROS) in the
cell. First aresuperoxide dismutase gengsgdBandsodC both responsible for clearing superoxide
anions in the cellmlay 2008) Another set of ROS detoxifying genes are catalcmed
peroxidaseswhich clear hydrogen peroxide inside the ¢etilay 2003, 2008)A transcriptional
regulator that is involved in the ROS response is encoded lyxjiegene, whichactivates the
expression obtherROS scavenging genes, such as catal@sgsy 2015) this gene is present in
B. cenocepaci@van Acker et al. 20165imilarly to oxyR,soxRis also a transcriptional regulator
which senses superoxide anions and ultimately activates superoxide desgiotiay 2015) The
alkyl hydrgperoxide reductase system, encodedabpCF converts lipid hydroperoxides to
alcohols, using NADPH or NADHKCarmelHarel and Storz 2000l astly, protein product of the
organic hydroperoxide réstance (ohrjgene inPseudomonas aeruginoaats as a hydroperoxide
reductasé€lLesniak 202), also contributing to ROScavengingAll of these help clear ROS inside
thebacterium, and thus, when deletad,increasé cellular ROSshould occuand the bacterium
may becomemore susceptible to ROS producing compouittsvever,of theseonly sodChas
beendeleted/interrupted iB. cenocepacideforeto confirm its function(Keith and Valvano
2007) thus,the function of other ROSscavengers are based on protein homology to other species
whose function has been validatéichas only been showhpweveryia anoxyR::luxfusion, that
the expregsn of oxyRincreases in the presence of (Van Acker et al. 2016)

MS-40 and MS40Swere showrto cause an increase in reactive oxygen species (ROS)
(Figure 18) so we first looked at mutants in ROS related gemssntioned aboveand their
corresponding fitness values measure of how the mutant grévigure 25 shows which ROS

scavenging genes were identified by BarSeq. Some genes, when disrupted lead to increased
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susceptibilityto MS-40 and M$40S includingkatG andkatE,organic hydroperoxide resistance
(ohr) family peroxidas€k562 RS31135)0dG ahpC and various peroxidases. Interestingly, the
ROS regulatoroxyR as well asahpD and ahpF, when disrupted lead to the opposite effect,
decreased susceptibiljtgven though . coli these systems are known to help clear ROS inside
of the cell(Imlay 2008, 2015)

Based orierarchicalclustering, MS40 and MS40S are most similar to 2. (Figure
25), suggesting thahydrogen peroxidesithe ROS produced by M& and M$40S.The next
similar compound isliamide, which causes thistress, suggesting that M® and M$40S also
cause thiol stress, which might lead to an accumulation of hydrogen peroxide in the frether
explore these finding€ RISPRI mutants were made of some ROS genes and teeayzibility

was measured against Mi® and M$40S, however, no major change was seen (Figure A15).
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Figure 25. Mutant fitness profile for ROS related mutants in BarSeq.
Heatmap of ROSelated genes and their corresponding gene fitness values faraapbund

used in BarSeq. Heatmap was generated on RStudio using the pheatmap Gzelage.
represents positive fithess and orange represents negative fitness.
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3.12 Glutathione biosynthetic pathway is involved in protection against M&10 and MS40S

The putativeglutathione biosynthesis pathwdyased on sequence similarityEocoli, is
shown in Figur@6A. The role of this system is to create glutathione, which can be used to detoxify
ROS inside the ce{Smirnova and Oktyabrsky 2005; Cowdt al. 2016)The genegshAandgshB
encode for the glutathione synthetic enzyn@sC and grxD encode glutaredoxins, argpo
encode for a glutathione peroxidgSenirnova and Oktyabrsky 2005)

In our BarSeq,ransposomlisruptions ofgshAL, gshA2 andgshB resulted in gene fithess
between4 to-6 in the presence of M& and M$40S, indicatinghese mutants become depleted
compared to time zer@Figure 26B). Transposon mutantsf gshAlL, gshA2 and gshB also
decreased in abundantethe other RO$hducingcompounds used in the BarSeq experiment;
however, the interactions were not as strong as witkd®and MS40S. Thus, we deleted these
three genes iB. cenocepaci&56-2, as well as two glutaredoxingrxC andgrxD, and exposed
the mutants to M€l0 and M5-40S. The mutaniggshAlandggshBwere more susceptible to MS
40 and M&40S with the Mlat@&®mld dspectivaly(Figuge 26Z). This both
validates the BarSeq method and indicates the involvement of the glutathione system in the
mechanism of action of M80 and M$40S.

The genesggshAland gshBare in an operonn B. cenocepacieK56-2, and thus, d
investigate the effect of sihcing both irB. cenocepaci&56-2, we used CRISPR interference to
simultan@usly knockdowrithesegenes The growth of this knockdown mutant was then measured
in tandem withggshAlandggshB(Figure26D). NeitherqgshAlnor gqgshBhad a growth defect
compaed to wildtype K562, but thegshA1BCRISPRi mutant had a major growth defect in the
presence of rhamnaoseith the percent growth being 30% that of the-temgeting contro{Figure

15D).
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Figure 26. Glutathione systemmay beinvolved in the MOA of MS-40 and MS40S.

(A) Schematic of the glutathione systshowing the roles of each protein, their respective
reactions (B) Fitness profile of glutathione related genes from BarBegtmap of ROSelated
genes and their corresponding gene fitnedges for each compound used in BarSeq. Heatmap
was generated on RStudio using the pheatmap packags represents positive fitness and
orange represents negative fitne€. Percent growth (100% growth blue, 0% growth pink) of
glutathione related deien mutants and wildtype against M® and MS40S OD values were
taken from MIC testing using broth microdilution assay and converted to percent giyth
Growth of each strain was measured after 18 hours after grown in LB (fe2 Maiéitype,

qgshA and ggshB or LB Tpl100 +30.5 mMrhamnosdfor dCas9 nottargeting control and
gshA1gshECRISPRI mutant). ** indicates P < 0@1from oneway ANOVA and poshoc
Dunnett Test.
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To see if silencinghegshAlgshBperon could potentiate the activity of ethantibiotics,
the minimum inhibitory concentration and minimum bactericidal concentrations were measured
in the dCas9 notargeting strain and thgshAl1Bknock-down strainin cationadjusted Mueller
Hinton broth, with 10Gg/mL trimethoprim and30.5 mMrhamnosgTable 11). Interestingly,
silencing bothgshAlandgshBdid not change the MIC to M&0 and M$40S butthe MIC of
ceftazidimedecreasedrom 32 eg/mL to 4 eg/mL and decreased the MBC for ciprofloxacin,
ceftazidime, and meropenem betweemrd4- fold, compared to wild typ8. cenocepaci&56-

2.
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Table 1. Minimum inhibitory concentration and minimum bactericidal concentratiagsbA1B

CRISPRIi mutant against bactericidal antibiotising broth microdilution assays.

MIC (eg/mL) MBC (eg/mL)
Strain dCas9* gshA1B dCas9* gshA1B
Ciprofloxacin 2 2 16 4
Doxycycline 4 4 >16 >16
Meropenem 32 32 64 32
Ceftazidime 32 4 64 32
MS-40 8 8 16 16
MS-40S 8 8 16 16

*non-targeting controlThe reported MIC values are from three biologiegllicatesAssays done in the

presence of 7.61 mM rhamnose.



3.13 Disrupting Purine Metabolism Leads to Decreased Susceptibility to M80 and MS40S

Purine metabolism is present in all domains of life because it synthesizes purines that are
used to make up DNA, as well as for energy metabolism, in the form of ATP, and cell signaling
(Chua and Fraser 2020)The purine biosynthesis pathways start with phosphoribosyl
pyrophosphate and esdith inosine monophosphate (IMR), pr ecur sor f or both
monophosphat and g u anoroghbsphate(PBdéey and Benkovic 2017)Purine
metabolism hagpreviously ben implicated in antibiotic Killing inE. coli. It was found that
deletions in purine biosynthesis reduced killing by ampicillin and ciprofloxacin, but increased
killing by gentamycin(Yang et al. 2019)

Purine/nucleotide metabsm was a pathway that was enriched in our BarSeq data and was
a highly perturbed pathwayfrom the Pathway perturbation analysis (Fig@®, leading to
decreased susceptibility ROS inducerso we wanted to explore this further. Fig@# shows
various genes that were identified from the BarSeq and their gene fitnesses. Most of the genes had
statistically significant positive gene fithess scores forA0Sand M&40S, as well as the other
compounds usenh the BarSeq experimefEigure 27A). This swggested that disrupting purine
metabolism may reduce susceptibility to oxidative stress. The pathway for purine metéfoolism
E. coliis shown in Figur€7B. CRISPRi mutants were also made to kndokvn a few genes
involved inpurine metabolismiut there were no changes in their MIC val(legureA15).

Of the control compounds, M& and M340S clustered most closely to &g for purine
related genes (Figuiz7A). It is known that heavy metals, such as gold and arsenicicdrtd
ATP (Hainfeld et al. 1999; Shen et al. 20183using them to be degraded, suggesting the effect
MS-40 and M$40S is having on purine metabolism may be dugdl binding ATP. We

performed an ATP detection assay, which is based on a luciferase assay to see the effect MS
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and MS40S have on ATP levels upon treatment. Surprisingly, our control antibiotic tetracycline
caused an increase in cellular ATP (FigRv€). We also included Asfas another heavy metal
control as this has been shown previously to deplete (§hBn et al. 2017however, we did not

see any depletion in our assay. Both-Mband M$S40S caused a slight decrease in ATP levels
compared to the DMSO solvent control (Fig@&&C), however,it is not a significant change,
possibly indicating that ATP bound by heavy metalB.icenocepaciaan be salvaged.

Because MSI0and M$4 0S di dndét have any effect on tF
tested the purine metabolism CRISPRiI mutants on their ROS production, to see if they have
decreased ROS productias an explanatiowhy the mutants are more toleranROS inducers.

However, none of the CRISPRi mutants in purine metabolism gene had significant changes in

ROS production, compared to the Alangeting dCas9 control (FigugdD).
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Figure 27. Disrupting purine biosynthesis leads talecreased susceptibiy to MS-40 and MS
40S.

(A) Fitness profile of purine/pyrimidine related mutants in Bar&egtmap of ROSelated
genes and their corresponding gene fitness values for each compound used irGBeeSeq.
represents positive fithess and orarggresents negative fitnesB) (Simple schematic of the
purine biosynthesis pathwayCY ATP detection oB. cenocepaci&56-2 exposed to antibiotics.
An ODesoonm0f 0.6 wild type K562 were incubated with corresponding antibiotics, 15 mM AsO
and a DMSGsolvent control for three hours. BacTiter Glo was then added to all wells and
luminescence was recordétf* indicates P < 0.0001 from a ongay ANOVA and postoc
Dunnett Test(D) Exponential phase cells were subcultured fooGrs in30.5 mMrhamnose
washedihenresuspended in PBS before being exposed to 10 mM@READA dye.

Fl uor e x4 8 Bnb28) aida®buo readings were taken every 5 minutes for 2 htars
calculate relative ROS production compared to thetagyeting control (dCas9)
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CHAPTER 4: DISCUSSION

4.1 Identification of MS-40 and MS40S and their activity

Here, we staded by exploring thentibiotic properties of two auranofin analogs, ¥
and the novel compound M&S, against the cystic fibrosis pathodertenocepaci&56-2. The
antibiotic properties were explored in parallel wettmmonantibioticsprescribed to CF patients
infected with Burkholderia species specifically, doxycycline, meropenem, andeftazidimé
avibactam One difference between M& and M$40S and theclinical antibiotics used in this
study is the ability of MS10 and M&40S to eliminate norreplicating cells. It is common for
antibiotics to act on essentipfocessessuch as those involved in cell wall synthesis, DNA
replication, and translatigiiKkohanski et al. 2010)n stationay phase, most of these processes are
decreased, preventing tlamtibiotics from acting upon the cell. We confirmed this with two
antibiotics with different mechanisms of action (MOA): doxycycline, a tetracycline that binds to
the 30s subunit of the ribosem preventing translation elongatiq@rossman 2016)and
ceftazidimé avibactam a cephalosporirb-lactamase inhibitor combination that inhibits cell wall
synthesigShirley 2018) These two antibiotics did not kill cells in stationary ph&sg. data show
that MS40 and M&40S are bactericidal against both replicating and -neplicating cells.
Interestingly, MS40S was shown to kill a greater amount of stationary phase cells than
exponential phase, unlike M&. This suggests that the MOA thiese two compounds may be
slightly different.

B. cenocepaciatrains are inherently resistant to many available antibif@istermann et
al. 2016; Rhodes and Schweizer 2016; Scoffone et al. 2@&BXng only a few available for

treatment. As shown in the resistance studies, resistance is not easy to achievd@carMIMS
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40S. Mutational resistance can be achieved by altering the antibiotic gene targets, decreasing the
binding affinity of the atimicrobial to the gene product, decreasing the uptake/increase in efflux,
or, lastly, by changing global responses such as changing a metabolic p@thwgg and Arias

2016) Meropenem and doxycycline quickly generated multistep resistance, possibly by one of the
mechanisms listed above; however, resistance did not emeng&{40 and MS40S. This might

be due to MSA0 and M&40S not being affected by the change of porins/efflux pumps that can
cause resistance to other antimicrobi@dunita and Arias 2016)especially inBurkholderia
specieqGuglierame et al. 2006; Rhodes and Schweizer 2016; Scoffone et al. Rbdriately,
mutations in the gene targets of M8 and MS40S could have resulted in a reduced fitness of the
resistant mutant cell, preventing the mutant from outcompeting the sensitivéHadlses and
Andersson 2017; Duréo et al. 2018)

Additionally, MS-40 ard MS-40S can clear difficulito-eradicate persister cells which
commonly cause relapses in infectigBsauner et al. 2016Yhis suggests these compounds could
eradicate the difficulto-treat persistent infections in the CF lung, help@ig patierts infected
with Burkholderiaspecies become eligible for lung transplaispont 2017) MS-40 and MS
40S wereshown to eliminate persister cells in two ways. The first way was by killing an enriched
population of ciprofloxacirgenerated persisters, reducing the population by a furitiefotno
CFU/mL. The second way was from a stationphase population of bacte exposed solely to
MS-40 and M$40S, with MS-40S only having a small amount of persisters at 5x MIC and MS
40 producing no persisters. Alternatively, the persister frequency was low for meropéiiés, (5
and approximately 30% foceftazidiméavibactam similar to the amount produced by

Burkholderia pseudomalleixposed to ceftazidim@oss et B 2018) Therefore, MSA0 and MS

132



40S could be used on their own to eliminate infections, or in tandem with current antibiotics to
help eradicate infection@heng et al. 2020)

We have also showed M& and M$40S have low toxicity inC. elegansand G.
mellonella One limitation of these compounds is that we did not obsemigoantibiotic activity
in C. elegansand G. mellonellainfected withB. cenocepaci&56-2 (data not shown). To help
explain why we were not seeing a protective effect, we tested the MIC -gfOMBd MSA0S in
50% human serum. In the presence of 50% human serum, the MICs of both compounds increased
to 128sg/mL, suggesting these compounds bind-apacifically to proteins, which could decrease
their antimicrobial activity. To increase the efficacy of these potent antimicrobials, a drug delivery
system must be developed. One possible route is theotreat an MS40/MS-40S-loaded
liposome, as has been shown with rifampicin in the treatment of pulmdmggbacterium
abscessumfections(Rinaldi et al. 2021)Creating an aeswmlized antimicrobial therapy would
also allow us to achieve higher concentrations of the drug, and increase lung penetration, which is

especially important for CF pulmonary infectiqi@halmers etla2021)

4.2 Mechanism of Action of MS40 and MS40S

Auranofin, and previously published auranddimalogs inhibit thioredoxin reductase, an
enzyme that plays a role in thibbmeostasis in the c€lHarbut et al. 2015; Epstein et al. 2019)
However, it isunknownwhether MS40 and M&40S share theame target with auranofor if
they have any other additional targdtds assumed that the active component of auranofin is the
gold atom, which binds the sulfur in the active site of thioredoxin reductase, inhibiting the
formation of the critical diulfide bond, disrupting the function of the enzyfdean et al. 1997;

Epstein et al. 2019Auranofin was shown to have other effects on the bacterial cell, such as
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inhibiting DNA, protein, and cell wall synthesis. Thus, thioredoxin reductase may not be the sole
antimicrobial targe{Thangamani et al. 2016l is assumed that M&0 and M$40S will have

similar effects inside the cell as auranofin, possibly having a#tauget mechanism of action.

The lack of multistep resistance may support this mtdtiget mechanism of action because
multiple mutations would be needed to generate resistance. The other potential targets of auranofin
and auranofinanalogsare not known. Other factors in the mechanismaofion of the
antimicrobials, which can explain differences in activity among compounds with slightly different
structures, can be associated efflux pumps and transporters.

We have shown that M& and M$40S inhibit thioredoxin reductase, which is as
expected as auranofin and other analogs were shown to inhibit this efiZaneit et al. 2015;
Epstein et al. 2019)We hypothesized that M& and M$40S would also inhibithe structurally
and functionally similar protein glutathione reductase, as both contain two key cysteine amino
acids in their active sit@CarmelHarel and Storz 2000; Lu and Holmgren 201#owever, this
was not the case, as M® and M340S were shown to have no affect on the activity of GOR.
Although, deleting thgor gene inB. cenocepaci&56-2 caused a-fold increase in the MIC of
MS-40 and M&A0S. If MS40 and M&40S, due in fact increase reactive oxygen species, as
hypothesized, the decreased susceptibility ofgger mutantmight be related to the fact that
deletinggor lead to a decrease in R@Hgure A16) This raises the question, why daksdeting
GOR lead to an decrease in ROS while this protein plays a role in detoxifying ROS?
hypothesis is that another protein, in the absence of GOR, can maintain reduced/oxidized
glutathione homeostasis, such as glutaredg¥inggle and Fuchs 1985)

We have alsdoundthat auranofirmay beinactive inBurkholderia cenocepacibecause

of efflux. Interesingly, silencing thenlaFEDvacJoperon,IlolA, and hldD lead to increased
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permeability of theB. cenocepacid&56-2 membrane, but this only lead to slightly increased
sensitivity to auranofin, suggesting that auranofialisadyade to permeate into the/T cell.
However, silencing the major efflux systamB. cenocepacid&56-2, bpeABoprB lead to the
largest change in susceptibility to auranofin, suggesting that efflux playsia vy auranofin

is inactive inB. cenocepaciaSilencing this efflux system had redfecton the activity of M&40
and MS40S, suggesting these compounds are not effluxed by the bact&lsaysilencinghpnN
andshg in hopanoid biosynthesikad to increaseslisceptibility It has been shown thatldeng
hopanoid biosynthesis decreases efflux actif@genz et al. 2015pand this is why we think
silencinghpnNandshclead to increased sensitivity to auranofin.

To determine the factors involved in susceptibility and tolerance to two novel
antimicrobialsMS-40 and M$40S,as well aother ROS prducing compoundas benchmarking
controls we used a randomly barcoded transposon mutant library. This library was created
previously in our lab iB. cenocepacid&56-2 (Hogan et al. 2023)This allowed us to have a
genomewide look at which mutants, when the gene is disrupted by a transposon, had altered
susceptibilities after exposure to M®, MS40S, and other ROBiducers. Looking at which
compounds have the most mutants in common for having altered susceptibikgQ BI® MS
40S are most similar to diamide and:@s This suggests that the mechanism of action (MOA) of
these novel therapeutics involve thiol strasd heavy metal toxicity.

There are a lot of specific mutants that are shared betweedOMEId MSA0S that
disrupting alters sensitivity, such ashA and gshB which are involved in glutathione
biosynthesis,oxyR a regulatory for oxidative stress, apdrH, purl, and purM in purine
biosynthesis. This is expected because-40Sand MS40S are structurally very similar. This

suggests that the MOA of M& and MS40S include the glutathione system, which can detoxify
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reactive oxygen species (ROS) and mamthiol homeostasis in the cglCouto et al. 2016)
oxidative stress, and purine metabolism/biosynthesis. This is also shown in the pathway
perturbation score and pathway enrichment analysis, which agategas towards glutathione
biosynthesis and purine metabolism/biosynthesis.

We validated some of the BarSeq findings by making gene deletions in the glutathione
biosynthesis pathwagshAl gshA2 andgshB as well as in two glutaredoxingtxC andgrxD.
The BarSeq found that disrupting glutathione biosynthesis genes lead to increased sensitivity to
the compounds. Deleting the geneBincenocepaci&56-2 also lead to increased sensitivity to
MS-40 and M&40S. This allows us to trust the BarSeq methadamc ur at el y repr esen
sensitivities to M&40 and M$40S. CRISPRI mutants were made in several genes in various
pathways and processes, such as purine metabolism, electron transport chain, ROS scavenging
genes, and some in the thioredoxin systeimwever, we did not see any changes in sensitivity of
these mutants to M80 and M$40S. This may be because when grown clonally, compared to in
a pool, the mutantodés fitness is not as affect

The genegishAlandgshBare in an operon iB. cenocepaaiK56-2 and we attempted to
delete this operon but were unsuccessful, suggesting a new synthetic lethal combination. We thus
created a CRISPR interference mutant of this operon in which we could tune the level of
suppression, silencing baggshAlandgshB CRISPRI is a method for gene silencing and is polar,
such that if we silence the first gene in an operon, the subsequent genes are also silenced. Through
this, we identified a new synthetic lethal combination, which could be used to develop a
combinationatherapy targeting both these proteinsBncenocepacid&56-2. This is the first
instance of identifying this combination as a synthetic lethal pair. Only silencing both genes

resulted in any growth defect, i.e., deleting either of the genes alone goodaote a growth
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defect. This causes us to suggest that individually, each protein can play the role of both in
synthesizing glutathione and thus deleting both is needed to completely abolish glutathione
biosynthesis.

We wanted to see if knocking down sigetwo genes would enhance the antibacterial
activity of other antibiotics and saw that the MIC of ceftazidime decreased and the MBC of
ceftazidime, ciprofloxacin, and meropenem also decreased. We believed that the change in MIC
and MBC we see with tlgsPA1BCRISPRI mutant for ceftazidime, meropenem and ciprofloxacin
may be due to the increase in ROS this mutan{frigsire A16) However, a checkerboard assay
with these antibiotics and hydrogen peroxide showed no interaction. Thus, the effect must be due
to depletion of cellular glutathione and another role it plays in the cell, besides scavenging ROS.

For ROS related genes, in hierarchical clustering;4d%nd MS40S were more similar
to H202 and diamide, which might suggest that the ROS produced b¢0&d MS40S is HO2
and may also cause thistress Additionally, disruptingoxyRlead to increased tolerance to MS
40 and M&40S in the BarSeq data and deleting this gene validated this interaction, in which the
deletion mutant was more tolerant to M8, MS40S, and EO2. This is the opposite of what we
were expecting becausayRis an activator of ROS scavenging genes in many bactérikay
2008, 2015)however, less commonlyt, can act as a negative repressor in some badgteriay
2015) It has been showthatoxyRtranscription increases upon exposure to ROBurkholdeia
cenocepaia (El-Halfawy and Valvano 2014)ut whetheliit is a positive or negative regulator is
not known.

MS-40 and M$40S clustered with A©s for purine biosynthesis and related genes,
suggesting the the effect M® and MS40S has on purine metabolism/ATP is related to the

presence of the gold heavy mefarsenic, in our assay, did not deplete ATP as previously reported



(Shen et al. 2013}his may be due tB. cenocepacideingable to salvage ATP that is bound to

a heavy metal that other bacteria cannot. Additionally, tetracycline caused an increase in ATP. We
believe that tetracycline causes an increase in ATP because tetracycline inhibits protein synthesis
which is a highly AP consuming process. As M® and M$40S inhibits the protein thioredoxin
reductase, thioredoxins in the cell become unuseable. This may also explain why there is a slight
decrease in cellular ATP, because thioredoxin is used as a reducing equivakenbiortucleotide
reductase enzyme, whictreates deoxyribonucleotides from ribonucleotid€sngupta and

Holmgren 2014; Lu and Holmgren 2014)

13¢€



CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS

The ams of this workwereto identify auranofin analogs that are active against the cystic
fibrosis pathogerBurkholderia cenocepaci&56-2 and determine the active antimicroisal
mechanism of action. We testadranofn andtenauranofin analogs and identified two with low
MICs and found that these compounds,-¥MBand M$40S, are bactericidal tB. cenocepacia
K56-2 and other CF pathogens, do not select for resistance, and can kill metabolically dormant
cells, such agpersister cellsHowever, these compounds could not s@velegansaandGalleria
worms infected wittB. cenocepaci&56-2. We found that MS10 and M&40S inhibit the protein
thioredoxin reductaseand not the structurally and functionally similar proteghytathione
reductaseand cause an increase in reactive oxygen species. Also, deleting glutathione biosynthesis
ledto increased susceptibility and disrupting purine metabdésito decreased susceptibility to
MS-40 and M$40S.

Future work would béo create a drug delivery system for M® and M$40S,so thatit
gets to the site of infection and able to clir bacterian infection modelsMS-40 and MS40S
were well toleratedsimilar to the DMSO controhy the models tested in this wor®, elegas
andGalleria, but they could not save the worim$ected withBurkholderia cenocepacid56-2,
possibly becaus®S-40 and MS40Swere binding other cellular proteins, and thus, lesse
available to kill the bacteri@nother avenue that could be followed is gls@ALB synthetic lethal
combination. Deleting both lead to an unviable cell, and thus, if a compound (or two compounds)
inhibits these two proteins, that could lead to a new class of antibiotics with a novehmsetbf

action with no known resistance.



CHAPTER 6: APPENDIX
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Figure Al. 'H NMR spectrum of compoundWB-19-HL4170 (MS-40S) in CDCE.
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Figure A2. 13C NMR spectrum of compoundWB-19-HL4170 (MS-40S) in CDCE.
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Figure A3. 3P NMR spectrum of compoundWB-19-HL4170 (MS-40S) in CDCE.
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Figure A4. 'H NMR spectrum of compoundWB-19-HL4171 in CDCla.
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Figure A5. 13C NMR spectrum of compoundWB-19-HL4171 in CDCls.
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Figure A6. 1P NMR spectrum of compoundWB-19-HL4171in CDCls.
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Figure A7. 'H NMR spectrum of compoundWB-19-HL4172in CDCla.
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Figure A8. 13C NMR spectrum of compoundWB-19-HL4172in CDCls.






























