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Abstract

The emergence and spread of antibiotic resistance hanffest\we treatment of bacterial
infections. This is particularly the case for infectionsalving a biofilm component, as
the activity of existing antibacterial drugs against thesdace-attached communities is
limited. The work presented in this thesis sought to idgrard characterise compounds
with antibacterial and antibiofilm activity against the ionfant pathogertaphylococcus

aureus

Antistaphylococcal activity was assessed for 16 antioxisiéhat are used in cosmetics,
traditional medicines or as food additives, and which hagenbreported previously
to have some antibacterial activity. Initial experimentghwtert-butylhydroquinone
(TBHQ) showed that activity that had previously been asatilto the antioxidant,
was a consequence of its conversionéd-butyloenzoquinone (TBBQ) under culture
conditions. TBBQ displayed innate bactericidal activityamstS. aureusthat was
effected through perturbation of the bacterial membranke dther antioxidants also
inhibited staphylococcal growth through perturbationhef tytoplasmic membrane, and
compounds that displayed selective action against batt@embranes were identified.
Of the agents with bacterial specificity, TBBQ, celastrotl amordihydroguaiaretic acid
(NDGA) also eradicated staphylococcal biofilms; a rare prgpamongst antibacterial
agents. Although these antioxidants exhibited a similambrane-damaging mode of
action, their mechanisms of antibiofilm activity differedBBQ eradicated preformed
biofilms through sterilisation of slow-growing and persistell populations, whilst
celastrol and NDGA caused physical disruption of the biafilAll three antioxidants
acted synergistically with gentamicin against biofilmsadécating surface attached
populations at concentrations that did not cause irritatiovisible damage to a human

skin equivalent.



The potent and selective antibacterial activity, and losigtance potential upon extended
subculture, suggest that these compounds could be usezhitgpn combination with

gentamicin to treat infected wounds.
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Chapter 1

Introduction

1.1 The burden of bacterial infections

Infectious diseases cause approximately 25% of deathslwl¢ (Tayloret al,, 2001),
and in 2011, accounted for the loss ©6.8 million lives (WHO, 2013). In the USA
alone, communicable diseases cost $120 billion annualll@ 2013). Approximately
1400 species of infectious organisms contribute to motpidnd mortality, including
approximately 500 bacterial species (Tay#iral, 2001). Amongst the bacteria that
contribute to this loss of life afglycobacterium tuberculosisleisseria meningitidisand
Vibrio cholerae Of the bacterial pathogenb]. tuberculosiss the organism that leads
to the greatest loss of life, and caused approximately 1lHomideaths in 2011 alone
(WHO, 2013).M. tuberculosisN. meningitidisandV. choleraeare community-acquired
organisms, primarily contributing to loss of life in devping countries. However, in the
industrialised world these organisms contribute lessedtirden of infection, and instead
hospital-acquired infections, caused by bacteria suchea&tam-positive staphylococci,
are a major problem (WHO, 2013; Lindsay & Holden, 2004). Byépcocci are human
skin commensals, witBtaphylococcus auretleeing recovered from the anterior nares of

about 25% of the population (Kluytmarms al,, 1997; Lindsayet al, 2012). However,
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under certain conditiong,g.following surgical procedures or in the immunosuppressed,
these organisms are also capable of causing infectionsn(i€teal., 2007). In 2005,

S. aureusvas estimated to cause around half a million hospitalisatiothe USA, costing
$9.5 billion to treat and causing11,400 deaths (Kleiet al., 2007; Noskiret al., 2005).

S. aureuss the most common cause of hospital-acquired infectionmsd@ay & Holden,
2004), and conditions caused by this organism include shkéhsoft tissue infections,
impetigo, infective endocarditis, septicaemia, pneurmaand toxic shock syndrome
(David & Daum, 2010; Noble, 1998). The coagulase-negatigamsmStaphylococcus
epidermidiscauses fewer severe infections in healthy hosts $haureusbut frequently
infects individuals with an indwelling medical device, ohavare immunocompromised

(McCannet al,, 2008).

Treatment of bacterial infections is heavily dependentrugtibiotics, one of the most
successful classes of chemotherapeutic agent to have beeloped (Davies & Davies,
2010; Wright, 2007). However, there are problems with théastics currently deployed
clinically, which drives the need to develop new antibdatexgents. As will be discussed
in this chapter and thesis, difficulties in treating baeterfections result from the
presence of antibiotic-resistant bacteria, cells in d#fe growth states, and bacteria
growing as biofilms. A major aspect of this study will be ass&g antioxidants and their
utility as antibacterial and antibiofilm agents. Therefardormation pertaining to the
use of antioxidants as novel antibacterial agents will beeveed. This chapter will focus
on research carried out with. aureussince the aim of this investigation was to identify
agents with useful antistaphylococcal activity. It shaaileb be noted that whilst the strict
historical definition of ‘antibiotic’ refers to natural pdacts with antibacterial properties
(Clardyet al,, 2009), the terms ‘antibiotic’ and ‘antibacterial agent drequently used

interchangeably in scientific literature and also througtltbis thesis.



Chapter 1. Introduction 3

1.2 The causes of antibiotic treatment failure

1.2.1 The problem of antibiotic resistance

Although antibiotics are often successful in treating beat infections, there are
situations in which antibiotics fail (Corey, 2009). Drugsistant bacteria are a significant
contributing factor to treatment failure, elevated carste@nd mortality rates (Gandhi
et al, 2010). The prevalence of bacteria that are able to resstffiects of commonly
prescribed antibiotics has increased over the last de@&&lR$-Net, 2013), necessitating
the development of agents to which bacteria are not yettaesgis However, bacterial
resistance is not a new phenomenon; resistance to pamils identified inS. aureus
within a year of its introduction to clinical use (Barber & Rwadowska-Dowzenko,
1948). Subsequently novel antibiotics were discoveretligieg aminoglycosides and
tetracyclines, but as was the case with penicillin, reststavas identified soon thereafter
(within 2 years of their FDA approval) (Bush, 2004). In recgears, antibiotic resistance
has become more widespread due to multiple factors, inojudicreased antibiotic
consumption, veterinary practice, and improper use obatics (Coatest al., 2011;
Davies, 2006). This has created a situation in which firg-kntibiotics are no longer
effective against some bacteria and too few new compourediseang approved in order
to replace antibiotics that can no longer be used in a clisietting (Coatest al., 2011).
These circumstances have prompted the World Health Orgi@onzto declare antibiotic
resistance ‘one of the three greatest threats to humarhhasadt signals ‘an end to modern
medicine as we know it' (WHO, 2013).

The rise of multidrug resistant meticillin resistait aureus(MRSA) has been well
documented in the media, and recent research estimateBIRBA accounts for up to
54% of clinicalS. aureugsolates and is found in up to 24% of hospital patients (Dulon
et al, 2011). Indeed, MRSA is the most frequently isolated orgianin nosocomial
settings (Wang & Barrett, 2007). However, in the UK, redoict in the number of
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infections caused by MRSA since 2006 has been attributeattoduction of successful
infection control measures, such as improved hand hygiedepatient screening and
decolonisation (Edgeworth, 2011). In addition gdactam resistance, MRSA strains
often also carry genes that confer resistance to otheriatti including macrolides,
aminoglycosides, and tetracyclines (Lindsay & Holden, 00 Concerns regarding
MRSA were initially centered around its presence in thetheale setting (HA-MRSA).
However, more recently community acquired-MRSA (CA-MRS#gs been shown to
cause infections in healthy individuals and may have moverseoutcomes (David &
Daum, 2010). CA-MRSA often contains pore-forming toxing€@sed by the Panton-
Valentine Leukocidin genes, and generally causes skin afidissue infections (Baba
et al, 2002; David & Daum, 2010). There is high genetic diversityhim MRSA,
and different strains predominate in different countrieimdsay, 2010). MRSA is not
necessarily more pathogenic than meticillin sensiSveaureusbut it does cause more
deaths, longer hospitalisation and increased care costdainitial treatment failure
(Cosgrove, 2006). Wherg-lactams can be prescribed, due to infections caused by
susceptibleS. aureus these antibiotics are the frontline treatment. Howevethe
infection is caused by MRSA, vancomycin or daptomycin aeritommended treatment

options for patients with bacteraemia or infective enddit&r(Liu et al., 2011).

1.2.2 Antibiotic resistance mechanisms

Bacteria are genetically plastic and can evolve to becorsistemt to one or a number
of antibacterial agents. Classical inherited resistaocantibiotics may arise through
endogenous (mutational) or exogenous means (by horizgeted transmission) (Silver,
2011). In staphylococci, resistance may result from addpis of mobile genetic
elements through transformation, conjugation, or traosdn (Lindsay, 2010). Indeed,
mobile genetic elements account for 15-20% of the staplogicel genome, with

staphylococcal cassette chromosomec (SCOnegQ and plasmids generally carrying
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resistance genes (Lindsayal., 2012).

Resistance to antibiotics can result through a number oinmégigure 1.1) (Wright,
2010). Bacteria may evade the effects of antibiotics by degulating porin production,
increasing expression of efflux pumps or through acquisitbmutations that increase
pump efficiency (Webber & Piddock, 2003; Piddock, 2006). Effhbumps may transport
a specific substrate or a range of substrates (Webber & Fd@663), and the genome
of S. aureussuggests that the organism may be capable of produeig multidrug-
resistance efflux pumps (Kaatral, 2003). These are subdivided into groups based upon
their structure, and in staphylococci, the majority are rbera of the major facilitator
(MF) superfamily, which traverse the membrane. Their gabs$ include macrolides,
tetracyclines, and fluoroquinolones along with biocided dyes (Kaatzet al., 2003).
Although overexpression of efflux pumps rarely causes legb} resistance to clinically
relevant antibiotics, it may augment development of aatibitarget site mutations
(Webber & Piddock, 2003).

Resistance to tetracycline has been well characterisecbaturs via both efflux and
target protection in staphylococci. Tetracycline persubacterial protein synthesis by
preventing binding of aminoacyl-tRNA in the peptidyltréaase centre of the 30S
ribosomal subunit, and in the process inhibits bacteriamgn (Chopra & Roberts, 2001).
Bacteria may carry plasmid-locatést(K) andtet(L) that code for specific pumps, which
efflux tetracycline from the cell in exchange for a protontefhatively, resistance is due
to ribosomal protection proteins, which are coded for bystaace determinants such as
tet(M) andtet(O). When translated these proteins bind to the ribosomeatosterically
prompt release of tetracycline from the ribosome (Schetital., 2001; Roberts, 2005).

Other resistance mechanisms involve modification of thébadterial target. In the
case of vancomycin, the antibiotic target is the pentageplinker of peptidoglycan
(Courvalin, 2006). S. aureuscontains the bacteria-specific polymer, peptidoglycan,

which is composed of repeated units Nfacetyl glucosamin&-actyl muramic acid
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that are cross-linked by pentapeptides (Silhaatyal, 2010). The precursor of
peptidoglycan crosses the cell membrane and is attachée wwetl wall polysaccharide
via transglycosylation. Cross linking of the pentapeptidth other cell wall peptides
occurs by enzyme-assisted transpeptidation (Courvald@6R The glycopeptide
vancomycin inhibits growth by binding to the D-Ala-D-Alarteini of the pentapeptide,
stericially hindering transglycosylation (Courvalin,G8). The consequent disruption to
the peptidoglycan structure results in weakening of theveall and cell lysis (Tomasz,
1979). InS. aureusv/anA-type resistance is mediated through a dehydrogenaseH(
that reduces pyruvate, forming D-Lac, and a ligase (VanAjctvforms a bond between
D-Ala and D-Lac. This results in conversion of pentapeptatenini from D-ala-D-Ala
to D-Ala-D-Lac in the pentapeptide linkers. Additionally, D,D-dipeptidase (VanX)
hydrolyses existing D-Ala-D-Ala, and a D,D-carboxypepsd (VanY) removes the
terminal D-Ala that will be replaced by D-Lac via VanA. Thisodfifies the vancomycin
binding pocket, and allows pentapeptides to undergo thgosgylation (Courvalin,
2006). The presence of enterococcal derivadAaffords the carrier high level resistance
to vancomycin, but has been identified in only a small numldes.oaureusstrains
(Courvalin, 2006), and infections caused by vancomycsistantS. aureusemain rare to
date (Melo-Cristineet al, 2013). Vancomycin resistaft aureusalso avoid bactericidal
effects of the antibiotic via thickening of the peptidogiydayer, titrating out the effects

of vancomycin (Cuet al., 2003).

Similarly, rifampicin- and quinolone-resistant straivade the inhibitory effects of these
drugs by target modification. Rifampicin is an RNA synthesfsbitor that binds to the
(3 subunit of the transcriptional catalyst RNA polymerasecking elongation of RNA
(Chopra, 2007). Mutations irpoB (coding for the RNA polymerasgé subunit), provide
rifampicin resistant strains with a means to evade antibedfects (O’Neillet al,, 2000).
The binding of quinolones to DNA gyrase and topoisomerasé@dgponsible for DNA
supercoiling and separation of chromosomes) causes coafimnal changes that inhibit

progression of the replication fork and stall DNA replicatj leading to chromosome
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fragmentation and cell death (Blondeau, 2004; Co#inal, 2011). Resistance to
quinolones is conferred by mutations gnlA/gyrA and grIB/gyrB (coding for subunits
of topoisomerase IV/DNA gyrase) (Colliet al, 2011; Blondeau, 2004). These genetic
alterations reduce drug affinity for the primary target, amay act in concert with efflux
mechanisms in quinolone resistant staphylococci (Cdtial, 2011; Blondeau, 2004;
Piddock, 2006).

S. aureusare resistant to antibiotics, such as meticillin, due tgetibypass.;-lactams
inhibit peptidoglycan synthesis by covalently bindinglte aictive site of transpeptidases,
also known as penicillin-binding proteins (PBPs), whichibits cell wall cross linking.
The product ofmecA located within the mobile genetic element SB€Z; is an alternative
penicillin-binding protein (PBP2a) that displays reduedithity for j-lactams (Lindsay,
2010; Alekshun & Levy, 2007).

Finally, antibiotics may be enzymatically inactivated bydrolysis, group transfer
or redox reactions (Wright, 2005). A classic example of gtsice caused by
enzymatic modification is bacterial production®factamase, an enzyme that cleaves the
(G-lactam ring of penicillins, rendering them inactive. Mdnan 10003-lactamases have
been discovered (Bush & Fisher, 2011), and can be groupedont classes. Types
A, C and D are sering-lactamases and B contains zinc metallo enzymes (Rubtsova
et al, 2010). Similarly, aminoglycoside resistance primarilycors in staphylococci
through the presence of aminoglycoside modifying enzyn8zshifitz et al., 1999).
These antibiotics exert their effect upon the 30S subunthefbacterial ribosome by
inhibiting translocation of tRNA from the A-site to the Resi and there is evidence
to suggest that aminoglycosides also cause membrane daanagencorporation of
mistranslated proteins into lipid bilayers (Kotea al., 2000; Davis, 1987). The most
common aminoglycoside modifying enzymes have acetylteaase, adenylyltransferase
and phosphotransferase activity, and alter aminglycesatil@mino or hydroxyl groups,

inducing loss of ribosome-binding and protein syntheddiition (Schmitzet al,, 1999).
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1.2.3 Impact of bacterial growth state on antibiotic suscetibility

Antibiotic resistance contributes to difficulties in trie@t bacterial infections, but bacteria
displaying altered growth states also appear to affect tit@oone of antibiotic treatment.
Hard-to-treat infections include those where small coleagiants (SCVs) are present
(Proctoret al,, 2006). SCVs form small, non-pigmented, non-haemolytiomies and
display unique gene expression patterns. They commonly aléered toxin production,
adhesion and respiratory pathways and are linked to chiafection (Proctoret al,
2006). Staphylococcal SCVs are either defective in thyng@diosynthesis, or have a
malfunctioning electron transport chain and altered mamépotential as a consequence
of defective menadione or haemin biosynthesis (Proetal.,, 2006). SCVs have been
implicated in persistent osteomyelitis, sinusitis, atikirand device-related bloodstream
infections (Seifertet al, 2003; Proctoret al, 2006). It has been suggested that the
generation of SCVs is a normal aspect of the pathogenesidaiition, and contributes
to aminoglycoside treatment failure. Aminglycoside uptdk dependent upon the
cytoplasmic membrane potential, which is reduced in SCM# widefective electron
transport chain, rendering the antibiotic unable to acoesacellular targets (Proctor
et al, 2006).

Tolerant bacteria (exhibiting a bacteriostatic resporsaurttibacterial challenge that
is bactericidal for the majority of the population) can adnite to difficulties in
eradicating bacterial infections, and like SCVs, have aathut/mutations that cause
the phenotype (Proctoet al., 2006; Griffiths & O’Neill, 2012). In tolerant bacteria
these genetic alterations cause a shift from a bacteritodalbacteriostatic response to
antibiotics (Griffiths & O’Neill, 2012). Tolerance is defideas a minimum bactericidal
concentration: minimum inhibitory concentration (MBC:®)Iratio >32 (Bizzini et al,
2007), where MBC is a 99.9% Kkill (3 lgg CFU/mL reduction in viable cells after 24
hours) (Bizziniet al, 2009). This response has been identified in staphylocouti a

streptococci and is associated with exposurgdactams and glycopeptides (Griffiths
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& O'Neill, 2012). The genetic basis of tolerance in seveéalaureusstrains is due to
mutations in GdpP, a putative signaling protein (Griffith©&eill, 2012). Tolerant cells
are clinically relevant, witls-lactam toleran®. aureusnfections requiring long treatment
regimens, frequently causing treatment failure and patedapses (Rajashekaraiatal.,

1980).

Bacteria may also become refractory to antibiotics due to-inberited resistance
mechanisms (Levin & Rozen, 2006). This is achieved by draiffarence, where the
whole bacterial population is resistant to killing due totammlic inactivity, or due to
the presence of persisters; a sub-population of cells tleakiled by antibiotics at a
slower rate. Persistence (also known as phenotypic talejda a pre-existing property
of bacteria in which metabolic inactivity is transitory,dapersisters are not genetically
different from other cells within the population (Levin & Ren, 2006). Persisters
tolerate the presence of antibiotics due to down regulaifacellular processes that are
targeted by the majority of antibacterial agents (Keztal,, 2004). Antibiotics that target
biosynthetic pathways are less effective against celtstteenot actively growing, as there
are fewer active targets that can be corrupted (Keteai, 2004). Therefore, compounds
that are under development as antibacterial agents woedallyddisplay activity against
these resilient populations of cells, in addition to aveglexisting antibiotic resistance

mechanisms.

1.2.4 Bacterial biofilms: a recalcitrant mode of growth

Arguably biofilms and the infections that are associatedh wits mode of growth pose
the greatest challenge to therapy and biofilms include sointbeotypes of antibiotic
insusceptible cells discussed in the previous section. teBat biofiims are found
throughout nature, existing in thermal springs, corrodiqaes, and are even found on
the international space station (Weidletr al., 2007; Juhneet al, 2007; Kim et al,

2013). In a clinical setting, biofilms are implicated in thevdlopment of infections
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such as dental caries, endocarditis, sinusitis, cystiogisrpneumonia and infections
of indwelling medical devices (Fugt al, 2005; Del Pozo & Patel, 2007; Braabt al.,
2008; Bendouatet al., 2006). In staphylococci, environmental stimuli may i#
the conversion from a planktonic mode of growth to biofiimni@tion; for example,
under iron-limited conditions and in the presence of ethgdohnsonet al., 2005;
Lim et al, 2004). Staphylococcal cells adhere to surfaces with thestasce o#~20
different proteins known as MSCRAMMSs (microbial surfacemgmnents recognising
adhesive matrix molecules) (Walsdt al, 2008). These include fibronectin binding
proteins A and B, which are attached to peptidoglycan irhaureusell wall (Greene
et al, 1995). Attached cells generate extracellular matrix t@nttains: proteins;
teichoic acid; extracellular DNA; and polysaccharide iogular adhesin (PIA), which
is primarily made of polyN-acetyl glucosamine (PNAG) (Izaret al., 2008; Macket al.,,
1996). Maturation of staphylococcal biofilms is dependgmiruPIA generated via the
intercellular adhesionda) operon (Heilmanret al, 1996), and is aided by a number of
surface proteins, such as accumulation-associated pri@eepidermidisand biofilm-

associated proteir§( aureuy(Hussairet al., 1997; Cucarellt al., 2001).

Regulation of biofilm-associated genes is primarily thiouganscriptional regulators
including the transcriptional repressor IcaR, staphytoab accessory regulatosdrA),
accessory gene regulatagf), and the alternative sigma factor (SigB) (Beenletral.,
2003; Boles & Horswill, 2008; Beenkeat al, 2004; Rachidet al, 2000; Nicholas
et al, 1999). Thdca operon contains the negative regulator IcaR and biosyintgehes
icaADBC Repression of IcaR transcription enhan@aesADBC expression, leading to
PIA production and generation of biofiims (Jeffersemnal., 2003). However, biofilm
formation is multifactorial and may occur in aca-independent fashion; for example
S. aureusUAMS-1 has mutations in theca operon but is still able to form biofilms
(Beenkeret al,, 2004). ThesigBoperon is also involved in biofilm regulation, enhancing
production of cell surface proteins that aid initial biofiformation (Rachicet al., 2000;

Nicholaset al, 1999). Likewise, the global regulat@arA is necessary for biofilm
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formation (Beenkeret al, 2003), whilstagr plays a crucial role in biofilm dispersal
(Boles & Horswill, 2008). Therefore, the regulation of biofiassociated genes involves

a complex network, the subtleties of which are not yet fuligerstood.

Following the attachment of cells to a surface, formatiocedf-cell bridges, and release
of extracellular matrix (Lindsay & Von Holy, 2006), the bilofi increases in structural
complexity. Mature forms contain mushroom-like structuaad water channels to allow
water and oxygen to penetrate the biofilm, and diffusion adte/@roducts (Massol-Deya
et al, 1995). The extracellular matrix protects bacteria withi& biofilm from the host’s
immune system (Hall-Stoodlest al, 2004), and some bacteria are dispersed from the

mature biofilm as planktonic cells that can colonise newasa$ (Kaplan, 2010).

The cells contained within the biofilm experience a range o¥irenments and
consequently display stratified anabolic activity. Thosamthe surface of the biofilm
have sufficient nutrients and oxygen (Ratial, 2007). However, for those bacteria
deep within the biofilm, low availability of metabolites amctygen, and the buildup
of waste products creates conditions inhibitory to growtdnder these circumstances
bacteria may exhibit a beneficial survival strategy: cessabf active growth. Thus,
biofilms contain bacteria in a range of metabolic stateswgrg aerobically; growing
anaerobically/fermentatively; non-growing and deadscéRaniet al, 2007; Mah &
O'Toole, 2001).

Bacteria contained within biofilms are 10-1000x less susiglerto antibiotic action than
planktonic counterparts (Mah & O’Toole, 2001), and biofiletalcitrance to antibiotic
action is a consequence of multiple mechanisms (Figure Af)ibiotics that are used
clinically were selected for development on the basis off thetivity against planktonic
cells, without consideration for antibiofilm activity. Asich, agents that are capable
of eradicating biofilms may display different charactecstto established antibiotics.
For example, antibiofilm agents may need to retain activggimst tolerant bacteria,

which are present in biofilms and contribute to antibiotsusceptibility (Nguyeret al,,
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2011). Tolerance in biofilms is generated by nutrient stasaathat causes physiological
changes following induction of the stringent response (gt al, 2011). The presence
of dormant or persister cells alongside metabolicallyvacbacteria also contributes to
difficulty in eradicating biofilms. Ciprofloxacin has beerosam to kill growing cells at
the edges oP. aeruginosabiofilms and colistin is active against metabolically ineet
cells at the centre, but the compounds cannot eradicateewsiofiims when applied
individually (Hgibyet al, 2010). Therefore, monotherapy may simply kill a portiomief
cells, leaving persister cells to repopulate the biofilmmupamoval of antibiotic (Lewis,
2006). As such, biofilms may be most successfully treatel syihergistic combinations

of antibacterial agents (Hailst al., 2010).

M Region supporting active growth

[M  Growth-attenmating environment

Cell with increased
Antibiotic mutability

. Tolerant, dormant
degrading enzyme

or persister cell

Antibiotic

N

Bacterial cell

Biofilm matrix

Figure 1.2:Mechanisms by which biofilms can resist antibacterial agerst The matrix
limits access of some antibiotics to the centre of the bigfivhere tolerant, persister
and dormant cells display reduced drug susceptibilityt&#a cells display altered gene
expression and produce antibiotic degrading enzymesbtit resistance arises due to
enhanced mutability of biofilm cells, and can be rapidly eimshated.
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Additionally, biofilms accelerate both the emergence arssatination of antibiotic
resistance.  Staphylococcal biofilms display increasedahility, which enables
development of resistance through spontaneous mutati@m ancreased rate (Ryder
et al, 2012). Furthermore, dramatic increases in conjugatasesfer of plasmids enable
rapid dissemination of plasmid-borne resistance detexmgwithin surface-adhered

populations (Savaget al., 2013).

Bacteria in biofilms alter their gene expression, enhangroguction of efflux pumps and
antibiotic modifying enzymes (Hgibst al,, 2010). Indeed, upregulation of efflux pumps
and transporters accounts fo20% of all the genes upregulated in biofilms (Kwestal.,,
2008). Increased levels pflactamases are found near the surface of the biofilm, where
the concentration of antibiotic is highest. This respossaediated via quorum sensing-
regulated mechanisms, in which organisms sense a critmatentration of bacteria
within in a limited space and respond by altering gene exasHgibyet al., 2010).
For those compounds that are not degraded enzymaticabijistan from the biofilm
may reduce antibiotic activity. For example, oxacillinfatexime and vancomycin have
retarded penetration through the staphylococcal mattidstwciprofloxacin and amikacin
diffusion is unaffected (Singét al., 2010).

The continual emergence of antibiotic resistant bactarid,ability of organisms to avoid
the lethal effects of antibiotics when growing under certeonditions contributes to
the urgent need for discovery of new antibacterial agentaceSa large proportion of
infections involve bacterial biofilms (Davies, 2003), ip@rticularly important to discover
new antibacterial agents that can eradicate biofilms. Eurtbre, to overcome problems
associated with antibiotic resistance, compounds wouddlig have a novel MOA, as
resistance to these agents would be less likely to ariseighralterations to an existing
resistance mechanism (O’Neill & Chopra, 2004). There ameaerous methods that can
be employed to identify novel inhibitors and antibioticabsery strategies are considered

the following section.
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1.3 A brief history of antibiotic discovery

Antibacterial drug discovery programmes aim to identifynpmunds with targets that are
essential to the bacteria, have no human homologues, aeddapotential to generate
resistance (Silver, 2011). There are a number of approdabhésan be taken to achieve
these goals. Historically, the majority of existing antifats have been discovered through
empirical screens of fermentation products, and modibeatf compounds with known
antibacterial activity. Early research into antibiotinslude Duschense’s identification of
bactericidal products from fungi in the 1890s (Duckett, 99%nd Fleming’s detection
of penicillin from mould in 1929 (Fleming, 1929; Conly & Jaston, 2005). During the
1930s, sulphonamides were discovered (Conly & Johnstddg)2@nd in the following
decades numerous classes of antibiotics were identifieds @fla was termed as the
‘golden age’ of antibiotic discovery, during which time araglycosides, tetracyclines,
macrolides, quinolones and cephalosporins were discdwamnd brought into use (see
Figure 1.3) (Silver, 2011; Conly & Johnston, 2005).

Subsequently, the impetus moved to target based screenorder to avoid rediscovery
of the same compounds from natural product libraries. Tipisr@aach had limited
success, but yielded some compounds that reached the pgr&etas trimethoprim and
fosfomycin (Silver, 2011). By the 1970s, antibiotic diseoy had slowed significantly.
In recent times, rational/structure-based drug desigrirf@eased in popularity, though
as yet no compounds have been successfully developed boaosi (O’'Neill & Chopra,
2004; Silver, 2011). Additionally, large-scale chemicategns have been carried out
by pharmaceutical companies, but have been fruitless, ih chge to inadequate or
unsuitable chemical libraries (Silver, 2011). While compds with antibacterial activity
are readily discovered, they are rarely suitable for dguakent due to inhibitory activity
in mammalian cells. Difficulties in delivering chemical iblors of bacterial targets into

cells and avoiding efflux contribute to low discovery ratéuisTis a problem particularly
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Figure 1.3:Timeline of antibiotic discovery. Image reproduced from Silver (2011).

for Gram-negative antibacterials, for which the outer meanb is a significant challenge
(Silver, 2011). In the last 40 years, although analoguesxgtiag antibiotics have
been developed, very few novel antibiotic classes have tseovered and successfully
developed for human use. This ‘discovery void’ directly ttutes to current difficulties
in treating bacterial infections, as there are reducing lmens of effective antibiotics
(Silver, 2011; Coatest al, 2011).
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1.4 Antioxidants and antibacterial activity

Due to the dearth of successful development of novel anidsio investigating
underexploited compounds has become increasingly comn®@imopfa, 2003).
Antibiotics such as daptomycin and retapamulin, that havipusly been discovered
but were not developed for clinical use, have been sucdgsstvisited (Hawkey,
2008; Kirst, 2012). Repurposing of compounds that are dyraa human use, for
example in healthcare products, may be a rewarding apprtmactiscovery of new
antibacterial agents. Therefore, the present study sdoghvestigate the antibacterial
properties of antioxidants that were already known to hamesantibacterial activity.
This project arose from research carried out at Evocutisn@oly Syntopix), the aim
of which had been to identify antioxidants that could resobcne due to activity
againstPropionibacterium acnes Several antioxidants displayed potentially useful
activity against Gram-positive bacteria, and patents HmsidEvocutis cover the use
of tert-butylhydroquinone (TBHQ) and AO 2246 as topical acne tremits (Seville
& Wilkinson, 2008; Jonest al, 2008a). From the screens carried out at Evocutis
(susceptibility testing of propionibacteria and stapleglcci to antioxidants in broth), 16
phenylic antioxidants were identified that had antistapbgtcal activity (see Figure 1.4
for chemical structures). A number of these antioxidargdrause as cosmetics additives
or food preservatives (Seville & Wilkinson, 2008; Merritiet. Yang, 1965; Funget al,
1985), whilst others derive from plants that have been usediecmally (thymoquinone
from Nigella sativa(Chaiebet al, 2011), NDGA from Larrea tridentate (Martins

et al, 2013), celastrol fromTripterygium wilfordii (Chenet al, 2011) and bakuchiol
from Psoralea corylifolia(Katsuraet al, 2001). These antioxidants have been used in
medicinal applications or are approved for human conswonpsuggesting that they do
not have overt eukaryotic toxicity. Table 1.1 contains adiphenylic antioxidants with

known antibacterial activity and information pertainimgtheir mechanism of action.
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MIC for arange

Compound Mechanism of action Reference
of bacteria (ig/mL)
Antioxidant 2246 0.98-31.25 - Seville & Wilkinson (2008)
In Streptococcus mutartkuchiol causes Reday al. (2010)
Bakuchiol 1-32
membrane damage Katswhal. (2001)
Benzoyl peroxide 64-512 - Eadt al. (1994)
In S. aureugarnosic acid increases membrane Morenal. (2006)
Carnosic acid 2-30
permeability and affects efflux Horiucht al. (2007)
Celastrol 0.3-1.3 - Mouijiet al. (1990), Ankliet al. (2000)
In S. aureuslihydroxychalcone may damage Zampénial. (2005)
Dihydroxychalcone 0.1-100
the cell envelope or affect efflux Traat al. (2012)
In B. subtilis8-hydroxyquinoline inhibits Colakt al. (2009)
8-hydroxyquinoline 0.9-15.6
DNA synthesis Marineet al. (2011)

In Helicobacter pyloridebenone inhibits

Idebenone 1.6-100 Inatsuet al. (2006)
respiration and decreases intracellular ATP

Table 1.1:Antibacterial activity and MOA of antioxidants .
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MIC for a range

Compound Mechanism of action Reference
of bacteria (tg/mL)
In P. aeruginosandS. aureudauryl gallate disrupts the
Lauryl gallate 6.25-100 membrane, inhibits the respiratory chain and causes ROS Kuboet al. (2003)
generation. ROS are not the sole cause of death
In S. aureuROS generation contributes to Inaestal. (2006), Chaudhuret al. (2010)
Menadione 2-3.2
antibacterial activity, but is not the sole cause of death hli8eertet al. (2013)
NDGA 125-500 - Martinset al. (2013)
In E. coli TBHQ may induce ROS production Raccach & Henningsen (1982)
TBHQ 0.5-31
that could damage DNA or membranes Joeiesl. (2008a), (Malonest al,, 2008)
Thymohydroquinone 4-125 - Toamaet al. (1974)
In P. aeruginosandS. aureughymoquinone increases Chaiebal. (2011)
Thymoquinone 8-512
membrane permeability or affects efflux Kouidttial. (2011)
In B. subtilisandS. aureugotarol increases membrane Kuéioal. (1992)
Totarol 0.4-3.2 permeability through membrane depolarisation and Nichetial. (1999)
inhibits the respiratory chain Fossal. (2013)
Vitamin K5
64-1024 - Mirandaet al. (2011)
hydrochoride

Table 1.1 (continued)Antibacterial activity and MOA of antioxidants.
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Little or nothing is known about the antibacterial MOA of appimately half of the
antioxidants under investigation here (Table 1.1). Forémeaining compounds, studies
suggest that antioxidants either induce membrane damagsu&et al., 2001; Horiuchi

et al, 2007; Traret al,, 2012; Kuboet al., 2003; Kouidhiet al., 2011; Fos®t al,, 2013),

or kill bacteria through generation of reactive oxygen sge¢ROS) (Kubcet al,, 2003;
Maloneet al, 2008; Schlieveret al, 2013). Aerobic respiration causes the continual
production of ROS through the electron transport chain (€&abet al, 2000). In
bacteria oxidation of respiratory chain components trenssélectrons to §£) generating
superoxide. This reactive species is converted to hydrpgevxide, which undergoes the
Fenton reaction, involving cycling of transition metalekas Fé&", eventually forming

hydroxyl radicals, water and Fe (Cabiscolet al., 2000; Farr & Kogoma, 1991).

Excess production of ROS can exert deleterious effects oteba by interacting with
cell components and may contribute to antioxidant MOA (RakKogoma, 1991; Kubo
et al, 2003; Maloneet al, 2008; Schlieveret al., 2013). DNA can be damaged by
hydroxyl radicals at either the sugar or base by extractiam foydrogen atom from the
deoxyribose ring. This leads to its collapse and creatiosimgle- and double-strand
breakage (Farr & Kogoma, 1991). Protein function can be dos to superoxide or
hydrogen peroxide induced structural modifications, idiclg peptide fragmentation and
side chain alterations (Cabiscet al., 2000). Iron-sulphur cluster-containing enzymes
are particularly susceptible to oxidative damage leadmgerizyme inactivation and
degradation (Farr & Kogoma, 1991). Hydroxyl radicals caspalamage polyunsaturated
fatty acids in membranes and cause lipid peroxidation. dlisisipts membrane function
by reducing fluidity, due to shortening of fatty acid chaiasd disturbance of membrane

bound proteins (Farr & Kogoma, 1991).

A number of the antioxidants are reported to damage the tacteembrane, which
IS a property that is often associated with antibiofilm agti(Hurdle et al, 2011).

Additionally, the antioxidants thymoquinone, benzoylgede and bakuchiol were found
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to inhibit growth of bacterial biofilms, although eradicatiof preformed surface-attached
communities has not been documented to date (Clediab, 2011; Coenyet al., 2007;
Reddyet al, 2010). Therefore, there are indications that these athmits are suitable
for investigation as antibacterial agents, and the pdggilaf antioxidants displaying

antibiofilm activity is of particular interest.

1.5 Obijectives of this study

Due to the increasing prevalence of multidrug-resistantdsa and the critical lack of
novel antibiotics in development, this study aimed to idgntotential candidates for
antistaphylococcal treatments. In order to avoid some@pitfalls of recent attempts to
identify new antibacterial agents (Silver, 2011), studvese carried out with compounds
that were already known to have whole-cell antibacteridivilg. Studies focused on
inhibitors of S. aureusa nosocomial and community-acquired pathogen of majoiceli
significance (Livermore, 2009). A number of antioxidantsrevecreened for activity
against both planktonic and biofilm cultures, and synemisteractions of compounds
with existing antibiotics were assessed. If compounds leeatible inhibitory activity
against biofilms, the basis of this rare property was ingestid by studying effects on

components of the biofilm.

Characterisation of the MOA of antibacterial agents is &oai aspect of novel drug
development (O’Neill & Chopra, 2004). Therefore, the kg kinetics and MOA of
promising antioxidants were determined. MOA experimengsenused to identify the
effects of compounds on common antibacterial targets: yththesis of macromolecules
and the bacterial membrane. The development of resistanagents was investigated
in vitro in order to provide information about the likelihood of appence of high-
level resistance in the clinic. Following identification i&sistant mutants, the genetic

basis of altered susceptibility was studied via genome esacpl determination and the
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contribution of any identified mutations was confirmed tlgimeomplementation studies.
This provided further information regarding the cellularget of the compound. Finally,
compounds with useful antibacterial activity were assg$se bacterial specificity and
effects on eukaryotic cells. It is hoped that this approahitientified a lead/several lead

compounds that could be developed as antibacterial preduct
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Chapter 2

Materials and Methods

2.1 Bacterial strains, plasmids, and growth conditions

Laboratory strains of bacteria used in this study are lisgtedable 2.1. Clinical
S. aureussolates used for susceptibility testing were part of awseltollection belonging
to the Antimicrobial Research Centre, University of LeeBtasmid pEPSAS was used
in complementation studies (Forsyét al, 2002). Staphylococci anBseudomonas
aeruginosawere propagated in Mueller-Hinton broth (MHB) at°8/with aeration and
on Mueller-Hinton agar (MHA) (Oxoid). Strains &. coli andB. subtiliswere grown

in Luria-Bertani broth at 37C with aeration and on Luria-Bertani agar (Oxoid). For
studies with daptomycin and valinomycin, culture mediaengrpplemented with calcium
(50 pg/mL, in the form of CaGl) and potassium chloride (0.1 M), respectively.
For biofilm penetration experiments using cellulose-esteembrane filter discs
(Millipore), biofilms were grown on Brain Heart Infusion agéBHA) (Oxoid),
and staphylococcal biofilms in microtitre plates were grown Tryptic Soy
Broth (TSB) (Oxoid). Small colony variants were generated ttansduction of
hemB:ermB and menD:ermC from S. aureus8325-4 (Bateset al, 2003) into
S. aureusSH1000 using phagell (Section 2.8.1) (Foster, 1998).



Strain

Comments

References/Source

Staphylococcus aureus
SH1000

ATCC 23723
ATCC 29213
UAMS-1
KC043
MHK11AM
SH1000hemB:ermB

SH1000menD:ermC

RN4220

CAJ192 C9
B7
C3

Staphylococcus epidermidis

RP62A

Standard laboratory strain
(S. aureus8325-4 with functionatsbU)
Antibiotic susceptibility testing strain
Antibiotic susceptibility testing strain
Prolific biofilm-forming strain
SH1000 with defectivahpC/katA
SH1000 with defectivesodA/sodM
Small colony variant
Small colony variant
Restriction deficient derivative 8f aureus

8325-4

Part of the University of Leeds Tn library

Prolific biofilm-forming strain (ATCC 35984)

Horsburghal. (2002),
O’Neill (2010)
BSACIO1)
BSACIO1)
Gillaspet al. (1995)
Cosgroveet al. (2007)
Karavoloset al. (2003)
This study
This study
Fairweatheet al. (1983)

This stud
This study
This study

Rydet al. (2012)

Table 2.1:Bacterial strains used in this study.
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Strain

Comments

References/Source

Bacillus subtilis
1S34 (pS77)
1S34 (pS63)
1S34 (pS72)
1S34 (pS107)
1S34 (pNS14)
Escherichia coli
1411
SM1411
AB734
ES100
DH5«
Pseudomonas aeruginosa
PAO1

DNA synthesis biosensor
RNA synthesis biosensor
Protein synthesis biosensor
Cell wall synthesis biosensor
Fatty acid synthesis biosensor

K-12 strain
1411 with defectivacrAB
K-12 strain
AB734 with defectiveolC
Standard cloning strain

Standard laboratory strain

Urlesiral. (2007)
Urledal. (2007)
Urbtaad. (2007)
Urbaal. (2007)
Fisehat. (2004)

O’Neilket al. (2002)
O’Neill et al.(2002)
Shapiro & Baneyx (2002)
Shapiro & Baneyx (2002)
Invitrogen

Stoetral. (2000)

Table 2.1 (continued)Bacterial strains used in this study.
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2.2 Chemicals, reagents and antibacterial compounds

Antibiotics and chemicals were from Sigma-Aldrich unlefiseowise stated. Ampicillin
was purchased from Fisher Scientific, cefotaxime from MPnidicals, ciprofloxacin
from Bayer, carbonyl cyanide m-chlorophenylhydrazone @QBE from Millipore,
daptomycin from Cubist Pharmaceuticals, dicyclohexylodiimide (DCCD) from Alfa
Aesar, flucloxacillin from CP Pharmaceuticals, linezolidrh Pfizer, meropenem from
AstraZeneca, moxifloxacin from Bayer, SEP155342 from SioroWharmaceuticals,
triclosan from LG Life sciences, vancomycin from Duchefa@iemie, D-luciferin from
Melford, ethanol and nuclease-free water from Fisher $i¢ienand the radiolabeled
chemicals nethyt3H]thymidine (70-95 Ci/mmol), [5,6H]uridine (31-56 Ci/mmol),
and L-[G#H]glutamine (20-50 Ci/mmol) from GE Healthcare. XF-73 anB-X0 were
gifts from Destiny Pharma and antioxidants were gifts frono@itis. SYPR® Ruby,
3,3’-dipropylthiadicarbocyanine iodide (DiS()), the Live/DeaoBad_ightTM kit, ATP
Determination Kit and SYBR safe gel stain were from Invieog The PCR nucleotide
mix was from Promega and phospholipids were from Avanti Plolgids. Antimicrobial

agents and their solvents are described in Table 2.2.
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Compound Solvent Compound Solvent
Ampicillin Water Linezolid Water
AO2246 DMSO Menadione DMSO
Bakuchiol DMSO Meropenem Water
Benzoyl peroxide Ethanol Moxifloxacin Water
Carnosic acid Ethanol Mupirocin 50% (v/v) ethanol
CCCP DMSO NDGA Ethanol
Cefotaxime Water Nisin 20 mM HCL
Celastrol DMSO Norfloxacin Water
Chloramphenicol  50% (v/v) ethanol Oxacillin Water
Chlorhexidine DMSO Rifampicin DMSO
Ciprofloxacin 20 mM HCL SDS Water
Clofazamine 50% (v/v) ethanol SEP155342 DMSO
CTAB Water Spectinomycin Water
Daptomycin Water TBBQ Ethanol
DCCD Ethanol TBHQ Ethanol
Dihydroxychalcone DMSO Tetracycline Water
Erythromycin 50% (v/v) ethangl Thymohydroquinone DMSO
Flucloxacillin Water Thymoquinone Ethanol
Fosfomycin Water Totarol DMSO
Fusidic acid 50% (v/v) ethanal Triclosan Ethanol
Gentamicin Water Valinomycin DMSO
8-hydroxyquinoline Ethanol Vancomycin Water
ldebenone Ethanol Vitamin K5 Ethanol
Kanamycin Water XF-70 Water
Lauryl gallate Ethanol XF-73 Water

Table 2.2:Antimicrobial agents and their solvents used in this studyCCCP: carbonyl
cyanide m-chlorophenyl hydrazone; CTAB: cetyltrimetimgtaonium bromide; DCCD:
dicyclohexylcarbodiimide; NDGA: nordihydroguaiareticid; SDS: sodium dodecyl
sulphate; Vitamin K5: Vitamin K5 hydrochloride.
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2.3 Stability studies with TBHQ and TBBQ

Extinction coefficients for TBHQ (2945.1 Mcm!) and TBBQ (16274.3 M!icm™)
were determined at their absorbance maxima (290nm and 252spectively) (Liet al,,
2002) using known concentrations of both compounds in PB&bil8y studies were
performed at 37C with shaking using starting concentrations of TBHQ and TBBr
which absorbance readings could be taken without requidihgion of the solution
(absorbance values ef0.8); for TBHQ, the concentration used was 388 (64 ;.g/mL),

and for TBBQ, 97uM (16 pg/mL). The Beer-Lambert law was used to calculate the
concentrations of TBHQ and TBBQ present in solution oveet{@ammaclet al., 2006).
The stability of TBHQ/TBBQ was measured in PBS (pH 6, 6.5 oui@jler aerobic and

anaerobic conditions, and following addition of ascortmmaip to 512u9/mL.

2.4 Antibacterial activity testing

2.4.1 Standardised susceptibility testing

MICs were determined in broth by exposing bacteria to selilations of antibacterial
agents in MHB according to Clinical and Laboratory Standatdstitute (CLSI)
broth microdilution guidelines (Cockerilet al, 2012). Minimum Bactericidal
Concentrations (MBCs) were determined by enumeratingebiacsurviving challenge
with concentrations of antibacterial agents above the Mi@gterial colonies were
counted after incubation at 32 for 18-24 hours on MHA, and the MBC defined as the
minimum concentration of antibacterial agent that cau$e€ kill (Barryet al., 1999).
Biofilm MICs (bMICs) and Minimum Biofilm Eradication Conceations (MBECSs) were
determined using. aureusSH1000 biofilms grown using the Calgary Biofilm Device

(CBD), which supports~10" CFU/peg (Nunc, Roskilde, Denmark) (Cet al., 1999;



Chapter 2. Materials and Methods 30

Miller et al, 2005). Biofilms were washed twice in saline before beingosegd to
antibacterial agents in MHB at 3€ for 24 hours. The bMICs were determined as
the lowest concentration of compound that inhibited plankt growth of bacteria shed
from the biofilm. The CBD pegs were washed twice in saline aadsferred to drug-
free MHB. Following incubation at 3T for 24 hours, the MBEC was determined as
the lowest concentration of compound that effectivelyiksed the biofilm, allowing no
further planktonic growth. Susceptibility testing was daoted on a minimum of three

independent occasions to ensure reproducibility.

2.4.2 ldentification of synergism

Synergistic interactions of antioxidants with antibistiwere evaluated for planktonic
cultures and biofilms grown on the CBD using the checkerboaethod (Pillaiet al,
2005). In planktonic synergism experiments, compound eotrations ranged from
2x MIC to 1/32x MIC. In biofilm synergism experiments, antidant concentration
ranged from 2x MBEC to 1/32x MBEC and antibiotic concentati<256 ug/mL. The

fractional inhibitory concentration (FIC) index was cdkted as follows:

FIC index— lowest concentration lowest concentration
N MIC A MIC B

An FIC value <0.5 represents a synergistic interaction, a value of 1 is dxitige

interaction and>2 is an antagonistic interaction.
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2.4.3 Time-dependent killing studies

Time-kill assays were performed using a method adapted @bva et al.(2003). Briefly,
bacteria were cultured to early exponential phaseq@0bf 0.2) in MHB and challenged
with antibacterial agents at 4x MIC. In some instances, dy&ctvere cultured to early
exponential phase, washed and resuspended in PBS or 5 mM $B&fEer (pH 7.2)
supplemented with 5 mM glucose pre-warmed t6@G7before exposure to antibacterial
agents. Bacterial viability was monitored by dilution in Bnd plating cultures onto

MHA, and enumerating colonies after incubation at@Tor 18-24 hours.

Time-kill experiments were also performed with bacteriell<in non-growing states.
Overnight cultures of SH1000 were harvested by centrifogaiand cells were
resuspended in the supernatant media to ag,Qdf 0.2 before exposure to antibacterial
agents. SH1000 biofilm cells were liberated from 48-hodrbabfilms grown on cellulose
discs by incubation in cellulase (1 mg/mlin 0.05 M citratdfeupH 5.0) (Ryderet al,
2012), before being washed and resuspended tg,o& 0.2 in HEPES and glucose
buffer.

2.4.4 Susceptibility of persisters to antimicrobial agerg

Persister cells were generated by growing SH1000 to eanhppreential phase, then
exposing the cells to ampicillin or ciprofloxacin at 10x MI1@rf24 hours at 37C. Cells
were then washed and resuspended to the same volume in MEByariving persisters
were challenged with antioxidants at 10x MIC (Wit al., 2005; Wuet al, 2012).
Bacterial viability was monitored following exposure totiaxidants by plating cultures

onto MHA, and enumerating colonies after incubation for2é8aours at 37C.
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2.4.5 ldentification of bacterial lysis

To detect bacterial lysis following challenge with antitea@l agents at 4x MIC or
256 pug/mL, the culture turbidity of early exponential phase ords at 37C was

monitored by absorbance measurements at 600nm (Etliag 2003).

2.5 Doubling time determinations

Overnight cultures were diluted 1:100 in MHB and incubate8AC with aeration until
reaching an OR), of ~0.1. The absorbance at 600nm was measured every 4 minutes
until the culture reached an Qf of ~0.2. Log, OD values were plotted against
time (minutes) and a line of best fit was calculated. Doubtinges were determined

as follows:

10%10(2)

D | . . .
oubling time (minutes)= gradient of line of best fit

2.6 Antibacterial MOA studies

2.6.1 Quantification of macromolecular biosynthesis

Antibacterial agents commonly exert their activity thrbughibition of macromolecular
biosynthesis pathways (O’Neill & Chopra, 2004). Therefotke effect of TBBQ
on biosynthesis of DNA, RNA and protein was monitored in eakponential phase
cultures ofS. aureusSH1000 (OR,, of 0.2) by following the incorporation of the
radiolabeled precursorsnethyt*H]thymidine, [5,6¢H]uridine and L-[G2H]glutamine

into macromolecules (Wilsoet al., 1995; Ooiet al, 2009). Cultures were grown
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to early exponential phase (@f 0.2) in MHB, then radiolabels were added to
1 nCi/mL. Cultures were incubated with precursors for 10 masudt 37C with aeration
prior to addition of compounds at 4x MIC. Ciprofloxacin wasedsas the positive
control for DNA synthesis inhibition experiments, rifami for RNA, and tetracycline
for protein. Samples were taken before adding compoundsulinres and were
sampled again following a 10 minute incubation. Sample® (&0) were processed
by dilution in 5 mL of ice cold 10% TCA, and maintaining on icerf30 minutes
to precipitate macromolecules. For RNA experiments, MF @l2@s microfiber filters
(Fisher Scientific) were washed with 2.5 mL of 10 mM unlaletlieidine before samples
were filtered using a vacuum pump. Samples on filters were edashice with 5 mL
10% TCA and 5% acetic acid before being transferred to 5 mL |Eifier-Safe”
scintillation cocktail (PerkinElmer) in scintillation cater vials (Greiner Bio-One) for
quantification using a Packard Tri-Carb 2100TR liquid sttatton analyser (Packard

Bioscience).

2.6.2 Bacillussubtilisbiosensors

The action of TBBQ was also investigated using a suite ofvyayhspecific biosensor
strains ofB. subtilisthat have previously been described for use in MOA studierifir
et al, 2011; Urbanet al, 2007). Bacteria were grown to an @ of 0.2, and were
then exposed to a range of concentrations of TBBQ or conttddiatic above and below
the MIC (0.005 - 2Qug/mL TBBQ). Samples (100L) of culture containing compounds
were incubated at 3T with aeration for 1 hour (cell wall biosensor), 1.5 hourdiR
biosensor) and 3 hours (protein, DNA and fatty acid bioses)s&ubsequently, 606L of
0.8 mM luciferin in 0.1M citrate buffer (pH 5) was added totcues and luminescence
measured in white luminescence microtitre plates (GreierOne) using a FLUOstar
Omega plate reader (BMG, LABTECH). Luminescence was coatpaith a drug-free

control, and induction was identified as-2 fold increase in relative luminescence.
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2.6.3 Assays to detect perturbation of membranes
2.6.3.1 TheBacLight™ assay

The effect of antibacterial compounds on the integrity & staphylococcal membrane
was assessed using tlBad.ight” assay (Ooiet al, 2009; Hilliard et al, 1999).
S. aureusSH1000 was grown to Ofgy 0.5-0.6. Volumes of cultures were washed in
sterile deionised water and resuspended to twice the vol@aks were incubated with
5% SDS or test compounds at 4x MIC for 10 minutes at room teatpes with aeration,
and then were washed and resuspended in water. Samplegl(3@@ere diluted in a
further 1.5 mL of water and mixed with 6L of Bad.ight™ reagent. Samples were
incubated in the dark for 15 minutes and fluorescence medatiea excitation of 485 nm
and emission of 530 nm or 645 nm using a PerkinElmer LS 45 lastence spectrometer.
The ratio of green:red fluorescence was determined andrgage membrane integrity
was calculated with respect to the SDS positive control. @mumnds were considered

membrane damaging if they caused80% loss of membrane integrity.

2.6.3.2 Measurement of cytoplasmic membrane potential

Membrane potential and leakage of intracellular ions fratsaesuspended in HEPES
and glucose buffer was determined following exposure tabaoterial agents over a
3-hour period at 4x MIC (Hobbst al., 2008). Cultures 08. aureusSH1000 were grown

to exponential phase (QE) 0.2), washed twice and resuspended in HEPES and glucose
buffer. For membrane potential measurements, cells wergated with 0.1 M KCl and

2 uM DiSC;(5) for 30 minute at 37C to allow uptake of dye. Subsequently, cultures
were exposed to compounds at 4x MIC and samples removed @tp@ge time points.
Cells were pelleted and 1 mL of supernatant was mixed with 1DMSO. The pellet

was lysed in DMSO for 10 minutes, and was then added to an equahe of HEPES

and glucose buffer. Extracellular and intracellular flismence was measured on a LS 45



Chapter 2. Materials and Methods 35

luminescence spectrometer (PerkinElmer) at an excitatfi@22 nm and an emission of
670 nm. Membrane potential was calculated using the Nequstten (Silvermaret al.,,
2001),

A — _RT In < DiSC;(5) inside)

F DiSC;(5) outside/

and was expressed as a percentage of the initial valgeis the membrane potential in
mV, R is the universal gas constafit,is the absolute temperature afAds the Faraday

constant.

2.6.3.3 Measurement of ionic leakage

For ionic leakage experiments, cells resuspended in HERESglicose buffer were
exposed to compounds at 4x MIC at°&7with aeration for 3 hours. Samples (5 mL)
were removed at regular intervals, filtered through a &P um filter and stored at
-20°C until they could be analysed by flame atomic absorptiontspemopy. The positive
controls for potassium leakage experiments were cellddhbeen boiled for 10 minutes
prior to filtration. For magnesium leakage experimentslsogkre incubated at 3T
with 100 pg/mL lysostaphin for 3 hours before filtration. Potassiunstrds (0.05,
0.1, 0.2, 0.5, 1, 1.5, 2, 2.5 and/@/mL) and magnesium standards (0.01, 0.025, 0.05,
0.075, 0.1, 0.2, and 0.,8g/mL) were made in HEPES and glucose buffer, and a Perkin
Elmer AAnalyst 100 spectrometer was used to generate sthodeves from which ionic

contents of samples were calculated (loanebal., 2007).
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2.6.3.4 Haemolysis assay

The ability of compounds to damage mammalian membranesxeasieed by measuring
haemolysis of equine erythrocytes (Oligaal, 2003). Briefly, lithium heparin-treated
whole equine blood (Matrix Biologicals) was centrifugedl@00 x ¢ for 10 minutes at
4°C, and the supernatant and buffy coat discarded. The ecyiter@ellet was washed
and resuspended to 5% v/v in 10 mM Tris-HCI buffer containing@ NaCl (pH 7.4)

at £C. Erythrocytes were diluted 25-fold in buffer, and pretibated at 37C for 15
minutes prior to use. Erythrocytes were exposed to a coratént of antibacterial
agent equivalent to 4x MIC again§& aureusSH1000 for 1 hour at 3T. Mixtures
were centrifuged at 3000 xfor 5 minutes, then the extent of haemoglobin leakage was

measured at Of),, and expressed as a percentage of the positive control (58).SD

2.6.3.5 Liposome disruption

Disruption of staphylococcal liposomes was measured at 4€ Kllowing 3 hour
incubation with compounds as previously described (StGedt al, 2007; Randall

et al, 2013). Briefly, carboxyfluorescein-containing liposomesre generated with a
phospholipid content analogous to theaureusytoplasmic membrane: 40% cardiolipin
(wt/wt) and 60% phosphatidylglycerol (Avanti Polar Lip)ds S. aureusliposomes
(50 uM) were exposed to compounds at 4x MIC for 3 hours and leakalge o
carboxyfluorescein was measured in a fluorescence micrptaée (Greiner Bio-One)

at 485 nm using a FLUOstar Omega plate reader. Liposomerityt@gas calculated as a

percentage of the positive control, treated with 0.5% TrXe100.



Chapter 2. Materials and Methods 37

2.6.4 Quantification of ATP pools

Total concentrations of ATP were monitored in exponentfeg®e cultures 08. aureus
SH1000 using a luciferin-luciferase chemiluminescencgpagO’Neill et al, 2004).
Cultures were grown to Ofg, 0.2 before being washed twice, resuspended in HEPES
and glucose buffer, and exposed to compounds at 4x MIC. Smmwpkre processed at
regular intervals by pelleting cells and transferring snp&ant to an equal volume of
DMSO. Cell pellets were lysed in DMSO for 10 minutes, and ama¢golume of HEPES
and glucose buffer was added. Samples (LPof extracellular or intracellular samples
were transferred to white luminescence microtitre pla@seiper Bio-One) and 9@

of ATP standard solution, made according to the manufacsurestructions, was added
using a repeater pipette immediately before taking lunueese measurements using a
FLUOstar Omega plate reader. Total ATP levels were caledl&bm intracellular and

extracellular samples. ATP remaining was calculated as@ptage of the starting ATP.

2.6.5 Determining the mechanism of antibiofilm activity
2.6.5.1 Penetration of antibacterial agents through biofihs

To assess the penetration of compounds into staphylodoiodéins, biofilms were grown
on cellulose discs for 48 hours (Rydetr al, 2012), and were then transferred to BHA
containing antioxidants or vancomycin at 2a@/mL. A 13 mm cellulose disc was placed
on the biofilm, on top of which was placed a 6 mm antibiotic di®xoid) moistened
with PBS (Figure 2.1). Following incubation at@7 for 24 hours, the antibiotic disc was
transferred to a petri dish containing MHA spread with SHLOBollowing incubation
at 37C for 24 hours, the diameter of zone of inhibition was measued compared
with a calibration curve generated using discs impregnatddknown concentrations of

antibiotics. The concentration of test compound in each digl percentage penetration
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was calculated with respect to a control assembly contginmbiofilm (Anderlet al.,
2000; Singket al., 2010).

Figure 2.1:Experimental setup for biofilm penetration experiments.

2.6.5.2 Quantification of adherent biofilm material

Alterations in biofilm structure following challenge withnibacterial agents were
detected by quantifying matrix material and adhered cefistaining with SYPR®
Ruby and SYT® 9, respectively (Frank & Patel, 2007). Microtitre platesrav@re-
conditioned with 20% normal pooled human plasma (Sera laboes International)
in 0.05 M carbonate buffer overnight at@ Subsequently, SH1000 biofilms were
grown in wells for 24 hours, and exposed to antioxidant at 266nL in MHB, or
proteinase K (10Q:g/mL in 20 mM tris pH7.5 and 100 mM NacCl), for 1 or 24 hours
(Frank & Patel, 2007). Biofilms were washed in water befoiadpstained with SYPR®
Ruby containing 0.16ZM SYTO® 9 for 30 minutes. Following a further wash in water,
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absorbance was measured at an excitation of 480 nm and emid€20 nm (matrix) and
520 nm (cells) (Frank & Patel, 2007). In parallel experinsetmtal biofilm viability was
measured following exposure to compounds for 1 hour. Detdells were collected,
and adherent cells were dispersed by incubation with prasei K (10Q:g/mL) in buffer
for 1 hour. All cells were washed in PBS before being plated &HA, and enumeration

of colonies was carried out after incubation for 18-24 hair37C.

2.6.6 Identification and characterisation of a transposonnsertion

mutant exhibiting hypersusceptibility to TBBQ

A near-saturation transposon library containlRg0500 transposon mutants (Blake &
O’Neill, 2012) was screened for hypersusceptibility to T®8BT he library was generated
at the University of Leeds by random mutagenesisSofaureusSH1000 with the Tn
InsTef+2°M (Blake & O’Neill, 2012). Samples (0.2L) of overnight culture were
transferred to MHA in square petri dishes containing douptilutions of TBBQ. Each
square petri dish contained inocula from 6 microtitre afehe concentration of TBBQ
used to identify hypersusceptibility was determined inlat@tudy. Briefly, 6 transposon
library plates were chosen at random and were used to inecdgar containing doubling
dilutions of TBBQ at or below the MIC. The concentration atigth1-4 strains per
library plate displayed altered susceptibility was sedddor the full screen (14g/mL).
Putative hypersusceptible transposants were re-screemnzzland altered susceptibility
was confirmed by broth MIC according to CLSI methodology (®ec2.4.1). The Tn
insertion site of mutants was identified by direct sequergerchination of genomic
DNA using an outward facing promoter, Trqut2 (Appendix A) (Bertranet al., 2005).
The link between genotype and hypersusceptibility was ooefil by demonstrating that
transduction of the Tn insertion into SH1000 resulted intremsfer of the phenotype
(Section 2.8.1).
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2.6.7 Selection of antioxidant resistant mutants

Spontaneous mutation frequencies were determined fooxatidints and the control
agent, rifampicin, as described previously (O’'Nesli al, 2001). Briefly, S. aureus
overnight cultures were spread on drug-free MHA and MHA aonhg antimicrobial
compounds at 4x MIC, and were incubated at@7or 48 hours. Mutation frequencies
were expressed as the number of drug resistant mutants asparfon of the total

population.

For compounds where mutants were not identified from mutatficequency
determinations, attempts were made to select resistanamsuusing the extended
spectrum MIC method (Friedmaet al, 2006). Cultures ofS. aureusSH1000 were
challenged with antibacterial agents using broth MIC methogy (Section 2.4.1) with
the exception that the dilution series had smaller incréméetween concentrations
(doubling-dilutions from 256, 192 and 16@y/mL). Following 24 hour incubation at
37°C, the MIC was recorded and cells from the well containinghigldaest concentration
of drug that permitted growth were used as the inoculum femiext MIC. The process
was repeated for 40 passages, during which cells were c@diyrexposed to selective

compounds. Putative resistance was confirmed by standaitd litC methodology.

2.7 Effects of antioxidants on human LabSkin"

To test whether antioxidants have potential as topicalstaghylococcal agents, the
effect of compounds on a living skin equivalent was assesdedlly differentiated,
28-day-old LabSkin' and maintenance medium were provided by Evocutis. At the
start of the experiment, spent LabSKirmedium was removed and stored at °80
until analysis. Medium was replaced with fresh LabSkimaintenance medium and

100 pL of test compound at 10 or 4x MIC in sterile deionised wateP% v/v solvent
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load) was spread across the surface of each individual LinBSksing an inoculation
loop. The drug-free control was exposed to deionised watdrsalvent alone, and the
positive control was incubated with 5% SDS. LabSkiwas incubated at 3T, 5% CQ,
>95% relative humidity for 6 hours (Hollanek al, 2008), then medium was removed
and stored at -8, and replaced with fresh maintenance medium. LabSkivas
incubated for a further 18 hours before medium was samplathadissue was fixed in
10% neutral buffered formalin for 24 hours before being eddleel in wax and carrying
out hematoxylin and eosin staining and visual inspectiorissfue sections (Holland
et al, 2008). To identify potential skin irritation following @fication of compounds,
IL-1a ELISA analysis was carried out on sampled medium (Bernhefeal, 1999;
Rasmusseet al, 2010). Interleukin-& ELISAs were performed using a Human IL-1
alpha/IL-1F1 Quantikine ELISA Kit (R&D systems) and wererfpemed according to
the manufacture’s instructions. ILedwas quantified at 450nm using a FLUOstar Optima

plate reader, and compared with the positive control.

2.8 DNA manipulation

2.8.1 Bacteriophage transduction

Overnight cultures of donor strains, containing the genatefrest, were grown in phage
broth (20 g/L Oxoid nutrient broth No. 2). Cultures were tiid 1:100 in phage broth
supplemented with 10 mM calcium chloride. Approximately Jhage¢11 particles
were added to 30Q:L of cells and incubated at room temperature for 30 minutes.
Volumes (10 mL) of molten phage top agar (phage broth and &.%xpid agar No.1)
supplemented with 10 mM calcium chloride was mixed withsaihd poured over two
plates containing phage base agar (phage broth and 7 g/d agar No.1) supplemented

with 10 mM calcium chloride. Plates were incubated at@37n a sealed bag for
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24-48 hours. The phage top agar of plates with the highestiail that gave confluent
lysis was centrifuged, and the phage-containing supemhatas filtered twice through
0.45um filters and was stored at@ (Foster, 1998).

Recipient bacteria were grown overnight in 20mL TSB, therreweentrifuged and
resuspended in 1 mL TSB. Samples (500 of recipient cells and 50QL phage were
incubated in 1 mL LB supplemented with 10 mM calcium chlorsd&7 C statically for
25 minutes, then with agitation (200 rpm) for a further 15 més. Cells were washed and
resuspended in 1 mL ice-cold 20 mM sodium citrate beforebation on ice for 2 hours.
Phage-containing recipient cells were spread on TSA supgiéed with 0.05% sodium
citrate and selection antibiotic, and were incubated aC3vernight. To ensure loss of
phage, single colonies containing the gene of interest wieeaked on TSA containing

sodium citrate and selection antibiotic (Foster, 1998).

2.8.2 DNA extraction, PCR and DNA sequence determination

Genomic DNA was extracted fro. aureususing the PurEluté bacterial genomic kit
(EdgeBio). Briefly, 2 mL ofS. aureusculture was pelleted and washed in 1 mL TE
buffer. Cells were resuspended in 40D of spheroplast buffer supplemented with 100
ng/mL lysostaphin, and were incubated at@7or 1 hour. DNA was purified from
samples according to the manufacturer’s instructions thi¢ addition of incubation with

proteinase K (10@.g/mL) at 37C for 15 minutes prior to addition of Advamax 2 beads.

Plasmid DNA was purified from bacteria using the QIAprep Sginiprep Kit (Qiagen)

according to the manufacturer’s instructions. Purified Dh#s stored at -2@.

Polymerase chain reactions were performed with Ph&iddigh-Fidelity DNA

Polymerase (New England Biolabs) according to standardhadeiogy (Sambrook &
Russell, 2001). Oligonucleotide primers were designetgu€)LIGO 6.0 software
(Molecular Biology Insights Inc.), and manufactured by &urs MWG Operon. PCR
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conditions were based upon the manufacturer’'s recommiendgAppendix A).

PCR products were visualised by gel electrophoresis (Sawkb& Russell, 2001).
Agarose gels contained SYBR safe gel stain (1:10000) in Ga§%ose (w/v) in Tris-
acetate-EDTA (TAE) buffer (40 mM Tris acetate, 1 mM EDTA). péyladder | and Il
(Bioline Reagents) were used alongside DNA samples tométerthe molecular weight
of PCR products. A potential difference of 90 V was appliedoas gels for 30-40
minutes. PCR products were purified using the QIAquick PCRfiPation Kit (Qiagen)

according to the manufacturer’s instructions, and wereesdtat -20C.

The sequence of PCR products was determined by Beckmare€@adhomics, and direct
genomic sequence determination for locating transpossertion sites was carried out
by Microsynth AG. DNA sequence determination data wereyaeal using Sequencher
software, version 4.9 (Gene Codes Corporation). Whole mersequencing and analysis
of resistant mutants was carried out by Leeds Institute dekldar Medicine, University

of Leeds.

2.8.3 Molecular cloning

The vector pEPSA5 (Forsytlet al, 2002) and DNA fragments for ligation were
modified using restriction enzymes purchased from New HmagRiolabs. Ligations

were performed using the Quick LigatiT(“)An Kit (New England Biolabs), and both
restriction digests and ligation reactions were carrietthggording to the manufacturer’s

instructions.

Chemically competeriE. coli DH5« cells were prepared according to the Inoue method
(Sambrook & Russell, 2001).E. coli were transformed by incubating 10@. of
competent cells and 10L of ligation reaction on ice for 1 hour. Cells were mixed with
1 mL of SOC media (New England Biolabs) and incubated &C3W&ith aeration for

1 hour before spreading onto LBA containing selection anitiit.
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Electrocompeters. aureuzells were generated using a method modified from Schenk &
Laddaga (1992). A 25 mL culture was grown to §§0.6 in TSB with 2.5% yeast extract.
Cells were harvested by centrifugation and were washed &timdHO, before a final
wash in 10% glycerol. Cells were incubated in 10% glycerollfe minutes, pelleted, and
resuspended to 8Qa in 10% glycerol and stored at -80 (Schenk & Laddaga, 1992).
Cells (604L) were transformed with 2L of vector in a GenePulser 0.1 cm electrode
gap cuvette at 2.3 kV, 10Q, 25 iF in a GenePulser XCell Electroporation System (Bio-
Rad). Transformed cells were resuspended in/ 390 SB+YE immediately. Cells were
incubated at 37C with aeration for 1 hour before spreading onto TSA contejisielection
antibiotic (Schenk & Laddaga, 1992).
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Chapter 3

Antibacterial activity of
tert-butylhydroquinone (TBHQ) and its
oxidation product,

tert-butylbenzoquinone (TBBQ)

The work contained within this chapter has been publishgrrin Ooiet al. (2013).

N. Ooi, I. Chopra, A. Eady, J. Cove, R. Bojar and A. J. O'NeflD{3) Antibacterial
activity and mode of action déert-butylhydroquinone (TBHQ) and its oxidation product,
tert-butylbenzoquinone (TBBQ). Journal of Antimicrobial Chetfmerapy, 68 (6): 1297-
1304.
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3.1 Abstract

The antioxidant TBHQ is a food additive reported to haveladierial activity, and may
therefore have application in the healthcare setting. Weported in this chapter was
undertaken to characterise the antimicrobial activity BHD and its oxidation product,
TBBQ. TBHQ underwent oxidation in buffer to form TBBQ in a plnd oxygen-
dependent manner. When oxidation was prevented, TBHQ diaukeful antibacterial
activity. In time-kill experiments TBHQ (4x MIC) induced dactions in bacterial
viability only after 2 hours, which coincided with the comnoement of TBBQ formation.
These experiments indicate that TBBQ is responsible for dbsvity previously
attributed to TBHQ. Susceptibility testing was performgaiast a number of medically
relevant organisms. TBBQ was most effective against Grasitpge bacteria, and
displayed activity against both planktonic (MIC;&/mL) and biofilm cultures (MBEC
64 g/mL) of S. aureussH1000. TBBQ was rapidly and extensively bactericidal soag
>4-log,, reduction in cell viability within 6 hours at 4x MIC, but wasn-lytic. TBBQ
retained cidal activity against slow-growing cells, dieimg stationary phase and persister
cultures following 24 hour incubation with the compound. eTantioxidant did not
induce dispersal of staphylococcal biofilms. Therefore,ahility of TBBQ to eradicate
preformed biofilms is due to activity against slow- and noovgng cells contained within

the biofilm.

3.2 Introduction

3.2.1 The phenolic antioxidant TBHQ

Within the last 25 years, the rate of discovery of antib®tiom novel classes has

declined dramatically (Silver, 2011). Therefore, rewgjtexisting chemicals with known
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antibacterial activities may be a rewarding approach t@dtiscovery. The lipophilic
antioxidanttert-butylhydroquinone (TBHQ) is a sterically-hindered hygusnone with a
phenol ring at its core (Figure 3.1a). TBHQ was approved 8& im the USA as a food
preservative in 1972 (Funet al,, 1985; Przybylsket al,, 1998; Raccach & Henningsen,
1982), and has been shown to possess antibacterial agfwuitget al, 1985). TBHQ
has predominantly been employed for the stabilisation aeslgpvation of fats/foods with
high fat content owing to its radical-scavenging activitpiget al, 1985; Kashanian &
Dolatabadi, 2009).

An important consideration when seeking to characterigebiblogical properties of
antioxidants is their stability in solution, as they can ergb oxidation to form other
chemical species. Since the biological properties of afoxdant and its breakdown
products may differ, care must therefore be taken to relateiwed properties to the
chemical species present. As TBHQ has most often been usecdkalslitive for vegetable
oils (Kashanian & Dolatabadi, 2009), previous studies haxamined its stability at
temperatures reached in the frying process. At such temyesa(178C-185C) TBHQ
is oxidised primarily taert-butylbenzoquinone (TBBQ) (Figure 3.1a), although snmalle
guantities of a number of other compounds have been detecteldding dimerised
TBHQ (Kim & Pratt, 1990; Hamama & Nawar, 1991) and free rabispecies that
decompose to alternate oxidation products (Hamama & N&al@®]). The degradation
of TBHQ to TBBQ at high temperatures is summarised in Figuld3TBBQ that has
formed as a consequence of TBHQ degradation may then bee@dack to TBHQ,
generating a redox cycling system in the presence of a sairceducing equivalents
(Kim & Pratt, 1990).
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(a)

OH TBHQ o TEBBQ

(b)

TBHQ / \I >

Oxidised Reduced

Semiquinone anion radical

metal metal
R 02 )
OH H,0, o,
A\
TBBQ

Figure 3.1:Chemical structures of TBHQ and TBBQ, and oxidative converson of
the former to the latter. Panel (a): The chemical structure teft-butylhydroquinone
(TBHQ) andtert-butylbenzoquinone (TBBQ). Panel (b): A schematic for ttasition
metal assisted oxidation of TBHQ to TBBQ with the associag@diuction of superoxide,
hydrogen peroxide and hydroxyl radicals @tial., 2002).
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TBHQ has a relatively broad spectrum of antimicrobial attithat encompasses
bacterial species responsible for human disease, inguglircoli, S. aureusKlebsiella
pneumoniag P. aeruginosa Streptococcus mutansStreptococcus agalactiaand
Pediococcus pentosace(Raccach & Henningsen, 1982; Fuagal., 1985; Kuppet al,
1985; Ogunrinoleet al, 1996; Davidsoret al,, 1981; Rico-Munoz & Davidson, 1984;
Chewet al,, 1985). Funget al. exposed 8 Gram-positive and 16 Gram-negative species to
TBHQ (Funget al,, 1985), and found that Gram-positive organisms were gépenare
susceptible to the antibacterial effects of TBHQ, but dentsi varied by species. In agar
susceptibility testing TBHQ inhibited approximately 90%ilte species at a concentration

of 500 ppm 500 ug/mL) (Funget al,, 1985; Davidsoret al, 1981).

Studies withS. aureushighlight the necessity for standardised methodology BHDQ
susceptibility testing; different studies have reportad/ing inhibitory concentrations, in
part due to different starting inocula. Until the methodpldas been standardised using
a specified inoculum the efficacy of TBHQ cannot be assessgibdy. However, it is

clear that TBHQ is active against strainsSfaureugTable 3.1).

In view of its history of safe use in foods and its antibaetieaictivity, TBHQ has been
under consideration for use in healthcare products by His@titzgeraldet al., 2008).
Therefore, work reported in this chapter was undertakeméoacterise the antibacterial
activity of TBHQ.
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S. aureus Response TBHQ Cells/mL Reference
strain concentration
z-88 No inhibition 50ug/mL 1.2x1¢0 Raccach & Henningsen
(1982)
A100  >2log, reduction 100 ppm 10 Rico-Munoz & Davidson
in viability (1984)
100 Bacteriostatic 3Pg/mL 3x1¢ Raccach & Henningsen
(1982)
- Bacteriostatic 25 ppm 2.4x10 Davidsonet al.(1981)
Newbould Bactericidal 250 ppm Y0 Chewet al.(1985)
305
100 Bactericidal 10Qug/mL 3x1¢ Raccach & Henningsen
(1982)

Table 3.1:Reported inhibitory effects of TBHQ against S. aureus strains.

3.2.2 Aims and Objectives

Work described in this chapter aims to determine the stghali TBHQ and TBBQ
in solution at temperatures relevant to the study of thetmaorobial activity. The
relationship between compound stability and antibadtectvity will be investigated,
and killing kinetics determined. The spectrum of activitiytbe compounds will be
assessed, with a particular emphasis on their antistapbgtal and antibiofilm activity.
Compound effects on the structure $f aureusbiofilms, and activity against slow-

growing or persister cells that are located within biofilm# lae investigated.
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3.3 Results and discussion

3.3.1 Stability studies with TBHQ and TBBQ

Although degradation of TBHQ has been observed at high testyes (¢180°C),
stability has not been examined at temperatures relevahetsetudy of its antibacterial
activity. TBHQ maintained in PBS at 3€ was found to be unstable, degrading
in a pH- and oxygen-dependent manner (Figure 3.2a, 3.2b). neitral pH, this
degradation proceeded rapidly, with onhp0% of the starting concentration remaining
after 6 hours (Figure 3.2a). Concentrations of TBHQ de@@amd TBBQ increased
concurrently, indicating that TBHQ was primarily being disied to form TBBQ. The rate
of degradation of TBHQ was slower at more acidic pH (FiguZza}. and degradation
did not occur under anaerobic conditions (Figure 3.2b). i#ald of the antioxidant
ascorbic acid, which has previously been shown to inhibttodgposition of TBHQ at
100 ug/mL (Tsujiet al, 2005), was able to inhibit the degradation of TBHQ at pH 7 in a

concentration-dependent manner (Figure 3.2c).

Since TBHQ undergoes rapid oxidation to TBBQ in aqueoustswis, experiments were
performed to assess whether this oxidation product isestabsolution. Under aerobic
conditions at 37C, TBBQ was found to degrade only slowly and in a pH-indepehde
manner, with 90% of TBBQ remaining after 6 hours (Figure B.3dowever, and in
contrast with TBHQ, TBBQ was unstable under anaerobic ¢onrd and its degradation
could not be prevented by concentrations<&12 ;,g/mL of ascorbic acid (Figure 3.3b
and 3.3c). The reduction in TBBQ concentration was not agaoned by an increase in
TBHQ, indicating that TBBQ must be undergoing conversiomuaoalternative product.
Since addition of ascorbic acid to this product promptecnegation of TBHQ (Figure
3.3c), the TBBQ breakdown product is likely to be the intedimey semiquinone anion
radical (Figure 3.1b).
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Figure 3.2: Stability of TBHQ at 385 M (64 pg/mL) in PBS. Panel (a): aerobic
stability; Panel (b): anaerobic stability; Panel (c): digbfollowing a 24 hour incubation
in the presence of ascorbic acid. Concentration of compouR8S is plotted against the
y-axis (mean of at least three independent replicates; lears show standard deviations).
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(mean of at least three independent replicates; error bag standard deviations).



Chapter 3. Antibacterial activity of TBHQ and its oxidatiproduct, TBBQ 54

3.3.2 Antibacterial activity of TBHQ and TBBQ

TBHQ and TBBQ MICs and MBCs were determined against $he@ureudaboratory
strain SH1000, and two commonly us8d aureussusceptibility testing strains (ATCC
23723 and ATCC 29213). TBHQ exhibited an MIC and MBC ofu8/mL and
8-16 .g/mL against all three strains. TBBQ had comparable agtiexhibiting an MIC
and MBC of 4-8ug/mL and 8-16ug/mL. The MIG,, of TBHQ and TBBQ against 70
clinical S. aureussolates (which included meticillin-resistant [MRSA] amancomycin-
intermediate [VISA] strains) was 1gg/mL, with MICs of TBHQ and TBBQ ranging
from 8-32g/mL and 4-16.g/mL respectively (Appendix B).

Studies on the stability of TBHQ implied that this agent wbulndergo extensive
conversion during the course of a 24 hour MIC determinattogure 3.2a), with potential
impact on its antibacterial activity. Therefore, the pbs8gy of stabilising TBHQ in
solution was investigated. Since both the absence of oxggenaddition of ascorbic
acid inhibited degradation of TBHQ (Figure 3.2b and 3.2c)CM were determined
anaerobically and following the addition of ascorbic a@dthe culture media. Under
anaerobic conditions there was an 8-fold increase in TBH@ MgainstS. aureus
SH1000, from 8ug/mL to 64 ug/mL. TBHQ MICs also increased dramatically in the
presence of ascorbic acid, reaching 51¢/mL (64-fold increase) upon addition of
ascorbic acid at 1024g/mL. Therefore, TBHQ lost useful antibacterial activithen
spontaneous oxidation of TBHQ to TBBQ was prevented. Inrestt TBBQ retained
activity in the absence of oxygen, with only a 2-fold increas TBBQ MIC observed,
and the addition of 1024g/mL of ascorbic acid caused an 8-fold increase in MIC. This
suggests that the antibacterial effect associated with@ B¢$ults either from the process
of conversion of TBHQ to TBBQd.g.through the production of reactive intermediates),
or is intrinsic to TBBQ. Since TBHQ and TBBQ are equally effee at inhibiting
bacterial growth (MIC of §:g/mL against SH1000 in both cases), the antibacterialigctiv

of TBHQ cannot be attributed to an intermediate speciesngrisom conversion of
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TBHQ to TBBQ, and must be a property of TBBQ.

The antibacterial activity of a solution containing thedkdown product of TBBQ was
also assessed agaisstaureussSH1000, and displayed an MIC of 128/mL. However,
this activity was attributed to the TBBQ remaining in thewgadn; approximately 10% of
the starting TBBQ remained, a concentration of TBBQ that lkkquovide this level of
antibacterial activity. Thus, the final breakdown producTBBQ appears to have little

or no antibacterial activity.

Previous studies have suggested that TBHQ has activitynsigai number of Gram-
positive and Gram-negative species (Fuaial, 1985; Raccach & Henningsen, 1982;
Kupp et al, 1985; Ogunrinoleet al, 1996). To investigate the spectrum of activity
of TBBQ, MICs were carried out against a number of bactenecees. TBHQ and
TBBQ displayed limited activity against Gram-negative @ps as reported previously
(Funget al, 1985) €. coli 1411 MIC of 512ug/mL andP. aeruginosaPAO1 MIC of
>512 ug/mL).

To explore the reason for the poor activity of this compougdiast Gram-negative
bacteria, susceptibility testing was performed with TBH@ aBBQ againsE. coliin the
presence of an outer membrane permeabilising agent (paiprBynonapeptide [PMBN],

at a concentration of 4g/mL), and against efflux pump-deficient strains (Shapiro &
Baneyx, 2002; O’Neillet al, 2002). AcrAB is the major transporter . coli, and
presence of a functional pump reduces susceptibility totipial antibacterial agents
(Okusuet al, 1996). The antibacterial activity of TBHQ and TBBQ incredsagainst

E. coli strains lacking AcrAB or TolC (256 and 128g/mL against strains SM1411
and ES100, respectively), and reached a level of activilgparable with that observed
againssS. aureug16 ;g/mL) in the presence of PMBN (MICs of 3&/mL and 16:9/mL
against SM1411 and ES100, respectively). The results stdgat the limited activity

of the compounds againg&. coli is the result both of limited ingress across the outer

membrane, and as a consequence of active efflux from theycAkbtAB-TolC.
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3.3.3 Evaluation of bacterial killing and lysis by TBHQ and TBBQ

In order to characterise the antibacterial activity of TBH@Qd TBBQ further, the
killing kinetics of these compounds were assessed aloagssfablished antibiotics.
Daptomycin caused a reduction in cell viability of approaiely 3 log, cfu/mL after
6 hours in PBS, while tetracycline caused only bactericst@sgure 3.4). TBHQ had
no effect on bacterial viability for the first 2 hours of thepeximent, but killing was
observed thereafter (Figure 3.4). The initiation of baatekilling coincided with the
commencement of conversion of TBHQ to TBBQ (Figure 3.5ay] #re extent of kill
increased with rising TBBQ concentration, ultimately leado a 4 log, reduction in cell
number after 6 hours (Figure 3.5a). Thus, time-kill stugiesided further support for the
concept that TBBQ is responsible for the antibacteriavégtof TBHQ. TBBQ showed
no initial lag in killing activity and was rapidly and extawely bactericidal, causing a5
log; reduction in cell numbers within 3 hours, and effectivebriised the culture within
6 hours. Over this period TBBQ degradation was minimal (FegaL5b), indicating that
the process of conversion of TBBQ, or a breakdown producB8Q@, are not responsible

for the lethal effect.
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Figure 3.4: The effect of antibacterial agents at 4x MIC onS. aureus SH1000
suspended in PBSndc: no drug control (mean of at least three independenicedpk;
error bars show standard deviations).
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Figure 3.5: TBHQ/TBBQ stability and killing kinetics against S. aureus SH1000
suspended in PBSPanel (a): TBHQ; Panel (b): TBBQ. Percentage of the starting
concentration of compound that remains or percentagesltaiiverted is plotted against
the left y-axis (mean of at least three independent re@gatrror bars show standard
errors). Viable count is plotted against the right y-axigém of at least three independent
replicates; error bars show standard deviations).
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In nutrient-rich culture medium (MHB), TBHQ and TBBQ dispkd reduced activity
againstS. aureusSH1000 compared with that seen in PBS. Nonetheless, TBBhest
bactericidal activity in MHB, causing-4 log,, reduction in viable cell numbers within 6
hours (Figure 3.6a). At TBHQ or TBBQ concentrations of up 5 2g/mL, there was
little or no reduction in culture turbidity over a 24 hour jpet (Figure 3.6b), indicating
that bacterial killing by TBBQ occurred without concomitazell lysis. The absence
of cell lysis is a beneficial property, as there is reducekl oisreleasing immunogenic
bacterial molecules into the host’s bloodstream (Nau &€Eiff2002).
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Figure 3.6:Evaluation of killing and lytic action of TBHQ, TBBQ and comp arator

agents againstS. aureus SH1000 in MHB. Panel (a): killing kinetics of compounds at

4x MIC; Panel (b): absorbance at 600 nm of cultures exposé8kQ and TBBQ at 256

ng/mL, or the positive control agent SEP155342 at 4x MIG¢BmL) (Olivaet al., 2003)
(mean of at least three independent replicates; error bakg standard deviations).
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3.3.4 Antibiofilm activity of TBBQ

Upon demonstrating that TBBQ is responsible for the agtioit TBHQ, which itself
has little antibacterial activity, experiments were parfed to examine whether TBBQ
had antibiofilm activity. Pre-formed staphylococcal biof#l were exposed to TBBQ,
which inhibited both the shedding of cells from the biofilmMI€ of 64 nug/mL) and
achieved complete eradication of biofilms (MBEC of @sg/mL). This property was not
shared with the other tested antibacterial agents (TaBle 3BBQ also had the ability
to eradicate biofilms generated by other staphylococdudicg prolific biofilm-forming

strains (Rydeet al,, 2012) (Table 3.3).
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Antibacterial agent MICyg/mL) bMIC (ug/mL) MBEC (ug/mL)

Cefotaxime 0.5 4 >256
Chlorhexidine 1 1 >256
Ciprofloxacin 2 4 >256

CTAB 2 2 >256

Daptomycin 1 2 >256
Erythromycin 0.5 0.5 >256

Fosfomycin 16 8 >256
Flucloxacillin 0.125 4 >256

Fusidic acid 0.25 0.5 >256

Gentamicin 0.5 1 >256

Meropenem 0.5 0.5 >256

Mupirocin 0.125 0.25 >256
Nisin 2 >16 >16
Oxacillin 1 1 >256
Rifampicin 0.008 0.02 >256
SDS 256 256 >256
TBBQ 8 64 64

Tetracycline 1 0.5 >256

Vancomycin 1 2 >256

Table 3.2: Antibiofilm activity of antibacterial agents against S. aureus SH1000
biofilms grown on the Calgary Biofilm Device.

Strain MIC (ug/mL) bMIC (ug/mL) MBEC (ug/mL)
S. aureussH1000 8 64 64
S. aureusJAMS-1 8 16 16
S. epidermidiRP62A 4 32 64

Table 3.3:Antibiofilm activity of TBBQ against prolific biofilm-formin g strains.
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3.3.5 Effect of TBBQ on biofilm structure

Given that the ability to eradicate biofilms is rare propemyongst antibacterial agents,
experiments were carried out to determine how TBBQ exegtsaittibiofiim effect.
The effect of TBBQ on biofilm structural components (adheneatrix and cells) was
investigated in staphylococcal biofilms maintained in MHiBatrix material and biofilm-
encapsulated cells were stained with the fluorescent dy&RE¥ Ruby and SYT® 9
and quantified. Proteinase K-disrupted biofilms, causisgatiiation of all cells and the
majority of the extracellular matrix. At concentrationsoab the MBEC, TBBQ did not
cause a significant reduction in the quantity of adheredirmataterial or cells (Figure
3.7a and 3.7b), indicating that TBBQ does not induce disgimei of biofilms that are

actively growing.
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Figure 3.7:Effect of antibacterial agents on biofilm structure. Biofilms were exposed
to proteinase K at 100g/mL, or test compounds at 25&)/mL for 24 hours. Panel (a):
attached matrix; Panel (b): attached cells. The data ldbBJeshows the quantity of
matrix and cells before the addition of compounds. Datalaeenteans of at least three
independent replicates, with error bars showing standevaton.
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3.3.6 Effect of TBBQ on slow- and non-growing cells

Biofilm-encapsulated cells display physiological hetemgjty, including slow- or no
growth and persistence (Shapieb al, 2011; Singhet al, 2009). Since TBBQ does
not exert antibiofilm activity through disruption and redeaof biofilms from surfaces,
the effects of TBBQ on the mixed population of cells contdivgthin biofilms was

investigated (Figure 3.8). Unlike the comparator agentatagcin, TBBQ retained a
small amount of activity against non-dividing cells at 4x@/causing-1 log;, reduction

in viable cells after 6 hours. Thus, TBBQ has some activitgiast non-growing cells

even at concentrations that are below those capable ofcatadj biofilms.
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Figure 3.8: Activity of compounds at 4x MIC against exponential and staionary
phase S. aureus SH1000 suspended in MHB.Mean of at least three independent
replicates; error bars show standard deviations.

Initial experiments carried out at 4x MIC (32g/mL) were not sufficient to display
bactericidal activity against stationary phase cells odenhours. However, TBBQ
eradicatesS. aureusSH1000 biofilms at 64.g/mL. Therefore, sterilisation of biofilms

may be a consequence of cidal activity against slow-growtig at higher concentrations



Chapter 3. Antibacterial activity of TBHQ and its oxidatiproduct, TBBQ 64

and over longer exposure times than were tested. Furtheriexgntation measured
compound activity against exponentially growing and staiy phase cultures incubated
with antibacterial agent at 256g/mL for 24 hours. At the tested concentration (4x
MBEC), TBBQ sterilised cultures of both growing and nonwgiag cells; a property
that was not shared with the comparator agent daptomyagu(€i3.9).
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Figure 3.9: Sterilisation of exponential and stationary phase culturs of S. aureus
SH1000 at 256ug/mL. Mean of at least three independent replicates; error banw sh
standard deviations.

Biofilms are a reservoir not only for slow-growing cells, lalgo persisters (Singét al,,
2009). Therefore, compound activity was tested againgtigiers that were generated
by pre-exposure o8. aureuso ciprofloxacin or ampicillin at 10x MIC for 24 hours.
TBBQ was the only agent that could completely sterilise aupatjpon of persister cells
(Figure 3.10). Hence, TBBQ may inhibit and eradicate pristang biofilms by remaining
active against metabolically inactive and persister dblig could otherwise repopulate

the biofilm following removal of antibacterial agent.
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Figure 3.10: Activity of antibacterial agents against ciprofloxacin- or ampicillin-
induced persisters ofS. aureus SH1000.Mean of at least three independent replicates;
error bars show standard deviations.

3.4 Conclusions

The antioxidant TBHQ was unstable under bacterial cultureddions, and degraded
forming TBBQ. Halting the conversion of TBHQ to TBBQ (via thddition of ascorbic
acid or incubation under anaerobic conditions) dramdyicatiuced antibacterial activity,
i.e. TBHQ had little intrinsic antibacterial activity whegorevented from undergoing
oxidation. The oxidative product, TBBQ, possessed inhesattibacterial activity

that was then lost upon degradation. TBBQ displayed argipiat activity against
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a number of bacterial species, but was most active agair@ih€positive organisms.
Potent bactericidal activity again§. aureuswas not associated with cell lysis up
to the maximum tested concentration (2b6/mL). The compound also eradicated
staphylococcal biofilms; a rare property in antibacterg@ras. It is proposed that TBBQ
sterilises biofilms by retaining activity against slow- amon-growing cells contained

within the biofilm.
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Chapter 4

Investigations into the antibacterial

mechanism of action of TBBQ

The work contained within this chapter has been publishgrhin Ooiet al. (2013).

N. Ooi, I. Chopra, A. Eady, J. Cove, R. Bojar and A. J. O’'Ne#lDL3) Antibacterial
activity and mode of action dért-butylhydroquinone (TBHQ) and its oxidation product,
tert-butylbenzoquinone (TBBQ). Journal of Antimicrobial Chetitmerapy, 68 (6): 1297-
1304.

4.1 Abstract

MOA studies are an important aspect of preclinical evatuabf antibacterial agents.
Therefore, initial studies attempted to identify whether bactericidal compound TBBQ
acts through inhibition of pathways commonly targeted byibémtics. TBBQ did

not display preferential inhibition of any single macrommilar synthetic pathway, but

disrupted the staphylococcal membrane. The antioxidatided loss of membrane
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potential and leakage of intracellular ions, without cagsdamage to staphylococcal
liposomes or inducing haemolysis. Additionally, intrdaklr ATP was hydrolysed and
ROS were generated within cells exposed to TBBQ. Only lovell&NBBQ resistance
could be selected using the extended spectrum MIC methatl aamypersusceptible
mutant was identified by screening a near-saturation TajpMutations were identified
in the resistant (B7) and hypersusceptible (CAJ192 C9)nstiay PCR and the role of
the genes in TBBQ susceptibility was confirmed by complera@mn. The potential
roles of these alterations are discussed in this chaptereluire further investigation.
B7/CAJ192 C9 did not display cross-resistance/hypergigxity to other agents,
suggesting that TBBQ has a novel MOA. Eukaryotic toxicitytbé compound was
investigated using a human skin equivalent. Exposure toQB& 24 hours did not
irritate or damage skin. Therefore, TBBQ appears to intespecifically with bacterial
membranes and could potentially be used as a topical treatnre view of the potent
bactericidal and antibiofilm activity of TBBQ, and absenéelevelopment of high-level
resistance or damage to skin, this compound warrants furthestigation as a candidate

antistaphylococcal agent.

4.2 Introduction

4.2.1 MOA studies

Characterisation of the MOA of antibacterial agents is apartant phase of preclinical
evaluation, as it can guide further development of poténtisseful agents (O’'Neill &

Chopra, 2004). There are a large number of tools availablevastigate MOA, and the
experiments descried in the following section have beewresstully used in previous
studies (O’Neill & Chopra, 2004). Initial MOA studies maycinde measurements of

effects of compounds on macromolecular synthesis (MMS)utin incorporation of
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radiolabeled precursors into DNA, RNA and protein (Wilsgiral, 1995). Compounds
may also be screened against whole-&llsubtilisbiosensors (Marineet al., 2011).
Expression profiling was used to identify promoters thatiadeiced following exposure
to inhibitors of known biosynthetic pathways (DNA, RNA, pem, cell-envelope or
fatty acid synthesis). Promoter-luciferase reporter tonts were then used to generate
bacterial biosensors (Urbaet al, 2007), which can be employed in high-throughput
screening of inhibitors to identify agents that affect spepathways.

Compounds that damage the bacterial membrane simultdgeousbit all MMS
pathways and may not induce any of the biosensors @ail., 2009). Membrane
perturbation can be confirmed by measuring ingress/egre$lsiarescent dyes and
leakage of intracellular components (Oet al, 2009). Until relatively recently,
membrane-damaging activity had been considered an uab&siproperty of a novel
inhibitor, as some compounds may have promiscuous interactvith both prokaryotic
and eukaryotic membranes (Hurddeal, 2011). Daptomycin is a membrane-damaging
antibiotic that disrupts bacterial cytoplasmic membraspcifically by inserting into the
phospholipid bilayer in the presence of calcium and oligoses to form a pore through
which intracellular components are lost (Randsllal., 2013; Hobbst al, 2008). The
successful introduction of daptomycin into clinical piaetsuggests that selective toxicity
of membrane-damaging agents may be achieved by optimmisatithe dosing regimen
(Dvorchik et al, 2003). Therefore, compounds that disrupt the bacteriahlbnane are
receiving increasing interest, particularly due to the mymg concept that membrane-
active agents may be usefully employed against non-growamd) persistent bacterial
populations (Hwet al,, 2010; Hurdleet al,, 2011).

Agents with novel targets or those that affect essentiakiat components are desirable
as resistance to these agents is less likely to arise by raltevations to either existing
resistance mechanisms or conserved structures. The gawvett of resistance should

be assessed during preclinical evaluation, as resistatgntsucan provide insight into
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the cellular target of the compound (O’Neill & Chopra, 200Ay)tificial under- or over-
expression of the inhibitor’s target should cause hypeejishility or resistance to the
compound respectively, and can be used to confirm that the gfanterest is indeed the
target of the inhibitor (O’Neill & Chopra, 2004).

4.2.2 Toxicity studies

Upon characterisation of an antibacterial agent’s MOActhrapound should be tested for
selective toxicity. Since the primary concern with memlerglamaging agent agents is
human toxicity, any promising inhibitor that displays tiMKA must undergo rigorous
toxicity testing. There is an array of experiments that canused to investigate
detrimental effects of compounds on eukaryotic cells, udiclg those that measure
leakage of haemoglobin from erythrocytes (Olataal,, 2003); metabolic activity as an
indicator of cell viability via reduction of dyes (Fotakis &mbrell, 2006); release of
inflammatory cytokines indicating irritation (Bernhofet al, 1999); physical damage
to the structure of human skin equivalents (Rasmusdeal. 2010); orin vivo LD
determinations with test animals (Lorke, 1983). Compouhds$ are active through a
non-specific MOA are likely to display host toxicilly vivo, and may not be taken further

in antibacterial drug discovery programmes (Silver, 2011)

4.2.3 Putative MOA of TBBQ

The rapid bactericidal and antibiofilm activity of TBBQ agsi staphylococci suggest
that the compound has potential to be used clinically as ambanterial agent. The
MOA of TBBQ has not been determined, however attempts haea bsade to assess
the impact that the precursor TBHQ has on bacteria (Ma&irad, 2008). In Chapter 3
it was shown that TBHQ is rapidly converted to TBBQ and thatdintibacterial activity
attributed to TBHQ is due to TBBQ. Therefore, previous MOAdes of TBHQ may in
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fact have described the MOA of TBBQ. TBHQ was reported to cedsingle- and double-
strand breakage of supercoiled double stranded plasmid &MAncentratior 0.1 mM
(~16 pug/mL) (Okuboet al, 1997). DNA damage was enhanced in the presence of
transition metals, and the addition of ROS scavengers calmkéelators inhibited DNA
cleavage. This suggests that TBHQ may undergo metal-adsistiox reactions causing
lesions in DNA (Okubcet al,, 1997; Liet al,, 2002).

The contribution of ROS generation to antibiotic MOA wasastigated by Kohanski
et al. (2007), who suggested that bactericidal but not bactetigsantibiotics induce
lethal generation of ROS. It was proposed that fluoroquimedo 5-lactams and
aminoglycosides lead to hyperactivation of the electrangport chain, increasing NADH
consumption and inducing superoxide generation. Thistikeaspecies destabilises
iron-sulphur cluster-containing enzymes, causing leaglof iron. Subsequently, iron-
assisted Fenton reactions generate hydroxyl radicalschwbontribute to cell death
through damage to bacterial macromolecules (Kohagtskii, 2007). Numerous research
papers investigating this hypothesis have appeared intérature, some in support of
Kohanski’'s theory (Wang & Zhao, 2009) and some in oppositRitci et al, 2012).
Although the subject has divided the research communityigh¥ret al,, 2013), two
recent papers provide compelling evidence that refute gpothesis (Liu & Imlay,
2013; Kerenet al,, 2013). The following observations were of particular gigance:
bactericidal antibiotics caused an equivalent loss of wability anaerobically as
aerobically; antibiotics did not induce significant incsea in hydrogen peroxide levels;
strains lacking hydrogen peroxide detoxification enzymesewnot more sensitive to
all bactericidal antibiotics; and DNA repair mutant staidid not display increased
susceptibility to kanamycin or ampicillin, (Liu & Imlay, 23; Kerenet al, 2013).
Therefore, under certain conditions some bacteria mayrgenROS following exposure
to some bactericidal antibiotics, but the extent to whiak ttontributes to cell death is

debatable.
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Investigations into the contribution of ROS in antibioti€M highlight the importance of
identifying the primary lethal interaction as opposed ® tbsponse of stressed or dying
cells. Whilst TBHQ may be capable of inducing ROS productioat damages DNA,
these studies serve as a reminder that attempts should e tmalstinguish between
primary and secondary effects following antibacterialligmge. Furthermore, TBHQ-
induced ROS damage to DNA has not been measured in wholassalys with bacteria.
Experiments carried out on cellular componeantsgitro must be confirmed under culture

conditions, as identified effects may not contribute to M@Aiving organisms.

No further research has been carried out into the MOA of TBHH@wever the
antibacterial activity of another antioxidant that is tethto TBBQ has been studied. The
food preservative 3ert-butyl-4-hydroxyanisole (BHA) interacts witl. coli membrane
phospholipids, and solubilises membrane proteins, affg¢he molecular organisation
of membranes (Okubet al., 1997; Simonettiet al, 2002). TBBQ, like structurally
related BHA, could affect bacterial membranes. Furtheapoompounds that are rapidly
bactericidal displaying activity against bacterial biofd may be expected to be active
through disruption of the cytoplasmic membrane (@bal,, 2009, 2010; Hurdlet al,
2011).

4.2.4 Aims and Objectives

Work described in this chapter was intended to determinenghanism by which TBBQ
exerts it antibacterial activity, and to identify any detental effects of the compound
on eukaryotic cells. To assess the potential for the comgdanbe used clinically,
synergistic interactions with existing antibiotics ane tiate of resistance development
will be assessed. A staphylococcal transposon librarybeilscreened with the intention
of isolating mutants that are hypersusceptible to TBBQ, trede strains, along with
TBBQ-resistant mutants, will be characterised in order ravigle further information

about the cellular target of TBBQ.
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4.3 Results and discussion

4.3.1 Effects of TBBQ on biosynthetic pathways

As part of the preclinical evaluation of TBBQ, the MOA of th@nspound was
investigated at the cellular level. Antibacterial agentsnmonly exert their activity
through inhibition of macromolecular biosynthesis patisvéO’Neill & Chopra, 2004).
Therefore, preliminary experiments examined the effeEt§BBQ on bacteria using a
suite of B. subtilisbiosensors responsive to inhibition of specific biosynthgathways
(Marineret al, 2011; Urbaret al, 2007). The DNA, RNA, protein, cell wall and fatty
acid biosynthesis biosensors were induced in responseet@dbitive control agents
ciprofloxacin, rifampicin, tetracycline, vancomycin, atnetlosan respectively. Positive
controls caused a maximum increase in luminescence of , 82%-, 5.2-, 2.6- and 8.6-
fold respectively in comparison with the drug-free contrblo induction was observed
with any of the biosensors for TBBQ in the concentration @05 - 2Q.g/mL (Figure
4.1). Therefore, exposure to TBBQ does not induce promitatsare responsive to these

pathways irB. subtilis
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Figure 4.1: Effects of TBBQ and pathway specific inducers orB. subtilis pathway
specific biosensorsPanel (a): DNA biosensoyrB promoter-luciferase reporter fusion
strain); Panel (b): RNA biosensongSpromoter-luciferase reporter fusion strain); Panel
(c): protein biosensorybel promoter-luciferase reporter fusion strain); Panel (&t ¢
wall biosensor YpuA promoter-luciferase reporter fusion strain); Panel (&Xtyfacid
biosensor fabHB promoter-luciferase reporter fusion strain). Horizontaé indicates
2-fold increase in relative luminescence. Mean of at |dastet independent replicates;
error bars show standard errors.
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To investigate whether TBBQ inhibits synthesis of specifacnomolecular biosynthetic
pathways in staphylococci, incorporation of radiolabgegtursors into macromolecules
was compared with known inhibitors of DNA, RNA and proteim#yesis (ciprofloxacin,
rifampicin and tetracycline respectively). At 4x MIC TBBhibited all three
macromolecular synthetic pathways within 10 minutes, witrevidence for preferential

inhibition of a single biosynthetic process (Figure 4.2).
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Figure 4.2: Effects of TBBQ and comparator agents on major macromolecuar
biosynthesis pathways irS. aureus. Percentage incorporation ¢l thymidine, uridine
and glutamine into SH1000 DNA, RNA and protein respectieigan of at least three
independent replicates; error bars show standard errors).

4.3.2 Membrane damaging assays

Rapid bactericidal activity, failure to induce pathwayespic biosensors, and non-specific
inhibition of macromolecular synthesis are features commaoantibacterial agents that

act on bacteria by compromising the integrity of the cyteplec membrane and/or
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inhibiting energy metabolism (Oat al, 2009; Shapiro & Baneyx, 2002; O’'Neill &
Chopra, 2004). Therefore, the BacLighassay was used to examine whether TBBQ acts
on staphylococcal membranes. This method involves exgdmnteria to antimicrobial
agents before staining with two fluorescent nucleic acicsd@TG® 9 and propidium
iodide. The bacterial cell membrane is permeable to SYT®) which can stain all
cells, but propidium iodide only stains cells with a compreed membrane. Membrane
damage allows increased propidium iodide staining andoesiSYT®® 9. Therefore,
the ratio of the dyes is a direct measure of compound-indunecthbrane damage
(Hilliard et al,, 1999). A number of antibiotics and known membrane-dantagments
(nisin, CTAB and valinomycin) were used as comparator agyeNlisin is a lantibiotic
that generates pores in the membrane, which dissipatesrttenpmotive force and
promotes leakage of cellular components (McAulgteal., 2001). Similarly, the biocide
CTAB forms micelles that interact with the lipid componeritraembranes causing
depolarisation and lysis (Simoes al, 2005; Vieira & Carmona-Ribeiro, 2006). The
MOA of valinomycin is distinct from the other agents, acting an ionophore that
stimulates passive permeabilisation of the membrane taspatm ions (Bhattacharyya
etal, 1971).

S. aureuscells exposed to ampicillin, rifampicin, vancomycin, &&ycline, and
daptomycin for 10 minutes retained between 90 and 100% neemebintegrity, while
TBBQ and the known membrane disruptors nisin, CTAB and wafiyicin reduced

membrane integrity over the same time period (Table 4.1).
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Antimicrobial compound % membrane integrit¢ SE)

None 100+ 0
Ampicillin 99.9+ 0.1
CTAB 05+0.3
Daptomycin 94,4+ 5.3
Nisin 46+ 1.5
Rifampicin 94.7+ 5.3
5% SDS 0+0
TBBQ 66.1+ 4.3
Tetracycline 90.9-9.1
Valinomycin 27.4+ 3.8
Vancomycin 10G: O

Table 4.1:Effect of TBBQ and comparator agents at 4x MIC on S. aureus SH1000
membranes. Results are the means of at least three independent de&tionis, SE -

standard error.

Experiments with the fluorescent dye Dit&) are a more sensitive measure of membrane
perturbation. DiSE(5) accumulates in polarised cells and is released follguass of
membrane potential (Wu & Hancock, 1999). TBBQ, like othemmbeane disrupting
agents, caused rapid dissipation of membrane potentitgdinglococcal cells suspended
in HEPES and glucose buffer (Figure 4.3). Within 5 minuté®% membrane potential

was lost, an effect comparable with that of the known memd@amaging agent, nisin.
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Figure 4.3: Effect of TBBQ and comparator agents at 4x MIC on staphylococal
membrane potential. Mean of at least three independent replicates; error baw sh
standard errors.

In order to determine whether membrane perturbation fofignexposure to TBBQ
was extensive enough to allow leakage of intracellular joakase of potassium and
magnesium was measured. TBBQ induced leakage of potassamrmdells exposed
to compound at 4x MIC in HEPES and glucose buffer, but did reatse release of
magnesium (Figure 4.4). Therefore, the interaction of TBBI) the membrane could
either specifically promote active potassium export, oraeick passive diffusion of K
through potassium specific transporters. Since loss of memebpotential precedes
gradual efflux of potassium ions, it is likely that membrampalarisation triggers K
exportin an attempt to recover membrane potential (Shap@@0). Therefore, in contrast
with other membrane-damaging agents, such as daptomyoirb@ét al., 2008), TBBQ
may have relatively subtle effects on the membrane and ngilgiform pores allowing

non-specific diffusion of intracellular components.



Chapter 4. Investigations into the antibacterial mechmmaction of TBBQ 79

(@)
100+
90'M
80!
g 704
5 601
§ 504 | - ndc
L 40 CTAB
® 304 Daptomycin
20 —o— Nisin
104 | - TBBQ
0 +—t—s—o——o—g——— - — + ’ Vancomycin
0 20 40 60 80 100 120 140 160 180
Time (minutes)
(b)
1104
100+
e
£ 701
g 0]
£ 501 —o— ndc
o0 40 CTAB
§ 30 - D.al.)tomycin
20- —e— Nisin
109 1 -~ TBBQ
01+——¢—— T Vancomycin

0 20 40 60 80 100 120 140 160 180

Time (minutes)

Figure 4.4: Release of intracellular ions following exposure ofS. aureus SH1000

to TBBQ and comparator agents at 4x MIC. Panel (a): potassium leakage; Panel
(b): magnesium leakage (mean of at least three indepenelgintates; error bars show
standard errors).
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To establish whether TBBQ interacts with the phospholipiayler or other components
of the membrane, staphylococcal liposomes were exposednpaunds at 4x MIC

for 3 hours (Table 4.2). TBBQ did not cause leakage of dye ainad within

liposomes, suggesting that the compound does not diredtymt the staphylococcal
lipid bilayer. Since TBBQ does not cause bacterial lysisnegalised leakage of
intracellular components or destructure liposomes, tterastion with the membrane is
not surfactant-like. Instead, damage may be through dismupf components embedded

within the lipid bilayer, such as the proteins of the elesth@nsport chain.

Compound Liposome integrity SE

ndc 100+ 0
CTAB 98.0+ 0.0
Daptomycin 23.5+1.2
Nisin 111.5+ 4.3
TBBQ 92.0+ 0.5
Tetracycline 87.%+ 1.6
Vancomycin 100.6: 0.4

Table 4.2:Effect of TBBQ on staphylococcal liposomesExperiments were carried out
by C. Randall, University of Leeds (mean of at least threepahdent replicates; SE -
standard errors).

Since antibacterial compounds that compromise the batterembrane may show
comparable effects on mammalian membranes, it is impottaestablish the bacterial
selectivity of agents with this MOA (Payret al., 2007). Therefore, TBBQ was tested for
its ability to cause haemolysis of mammalian erythrocyt&ggents that do not damage
membranes caused5% loss in erythrocyte integrity, whilst the known membrane
disruptors nisin, valinomycin and CTAB induced haemoly@iable 4.3). TBBQ had
little effect on erythrocyte integrity (Table 4.3), whichdicates that the interaction with

cell membranes is bacteria-specific.
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Antimicrobial compound % Erythrocyte Integrity-(SE)

ndc 100+ 0
Ampicillin 97.7+ 1.1
CTAB 0+0
Daptomycin 97.9+ 0.7

Nisin 54.9+ 4.6
5% SDS 0+0
TBBQ 93.5+ 2.0
Tetracycline 99.2+ 0.4
Valinomycin 49.1+ 3.4
Vancomycin 96.3+ 3.7

Table 4.3:Effect of TBBQ and comparator agents at 4x MIC on erythrocytes. Results
are the means of at least three independent determina8&nsstandard error.

4.3.3 Effect of TBBQ on staphylococcal metabolism

Rapid bactericidal activity and cessation of macromolacsinthesis may be induced
by altered energy metabolism in addition to membrane disynp Since TBBQ does
not appear to disrupt the phospholipid bilayer of staphytot, the interaction with
the membrane may be through disruption of other componenish) as membrane-
embedded proteins that comprise the electron transpom.chdeasurement of ATP
leakage from cells is a standard gauge of membrane disru@tobbset al,, 2008; Ooi
et al, 2009). However, experimentation revealed that TBBQ ditlcause leakage of
ATP, measured by decreases in intracellular and concunergases in extracellular ATP
levels. Instead, total ATP levels were depleted in cellsosep to TBBQ, indicating that
the compound induced hydrolysis of intracellular ATP ssqféigure 4.5). The ability of
TBBQ to diminish ATP levels was unusual, as this property matsobserved with other

antibacterial agents.
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Figure 4.5:Cellular ATP levels following exposure to TBBQ and comparabr agents
at 4x MIC. Values were calculated as a percentage of an untreatedtcoltean of at
least three independent replicates; error bars show sthedars.

The effect of supplementation with the ATP synthase/ATPasgbitor DCCD and
uncoupling agent CCCP on TBBQ activity was tested (Figuf.4This experiment
aimed to identify whether active ATP generation and/or AMrblysis is required for
TBBQ to effect antibacterial activity. Neither of the agemeduced TBBQ activity,
suggesting that the primary MOA is not a consequence of giinuto ATP/ADP cycling.
Since the addition of respiratory inhibitors does not afolfBBQ activity, it can be
assumed that an active electron transport chain couplédaniactive ATP synthase is not
required for bactericidal activity. Thus, ATP depletiotikely to be a secondary effect of
TBBQ's interaction with its target, and may be due to upragah of ATPase activity
in an attempt to recover membrane potential (Figure 4.6)ceikenergy production
genes are involved in persister formation (Mah & O'TooleQ2)) ATP depletion may
contribute to TBBQ's ability to sterilise cultures. Feweerpisters are formed from
populations of mutants with reduced energy productiongssting that maintenance of
ATP pools is implicated in persister formation (Mah & O'Tepl2001). Hydrolysis of

ATP following exposure to TBBQ may impede the generationassters and contribute
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to the compound’s ability to sterilise bacterial cultures.
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Figure 4.6:Effects of respiratory uncouplers on activity of TBBQ agairst S. aureus
SH1000. Cells were exposed to TBBQ in HEPES and glucose buffer at 4€ M
supplemented with 0.25x MIC DCCD or CCCP (mean of at leastehindependent
replicates; error bars show standard deviations).

Although TBBQ does not inhibit phospholipid-bound ATP dyase/ATPase, it may
affect other components of metabolic pathways. Small golegriants (SCVs) are
slow-growing cells that arise spontaneously in staphydoabpopulations (Singht al,
2009). SCVs have reduced membrane potential, restrictedygmetabolism, and are
less susceptible to antibiotics (Von E#t al, 2006). To investigate whether TBBQ is
active against bacteria with a defective electron trartsploain, time-kill experiments
were carried out in MHB with SH100BemB:ermB and SH1000menD:ermC SCVs
were resistant to the activity of the aminoglycoside gemtanf{Figure 4.7b), as has been
described previously (Von Ei#ft al., 2006). TBBQ retained some activity against SH1000
hemB:ermB but was not active against tineenDknockout, which has a more restricted

energy metabolism (Figure 4.7¢c) (Von Edf al., 2006).
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Figure 4.7: Antibacterial activity of compounds at 4x MIC against small colony

variants. Panel (a): drug-free control; Panel (b): gentamicin; Pé&elTBBQ. Mean of
at least three independent replicates; error bars showastaeviations.
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The limited activity of TBBQ against SCVs, may be due to thalkered membrane
potential A). SH1000 had aAvy of -72.9 + 2.0 mV, and exhibited a 4.5 lgg
reduction in CFU/mL following exposure to TBBQ for 6 hoursdére 4.7c). TheAy
of SH1000menD:ermC was ~15% of that of SH1000 (-12.4 4.7 mV), and TBBQ
induced little cell death in time-kill experiments with ts&gain (Figure 4.7¢). SH1000
hemB:ermBhad an intermediate effect on membrane potent\al € -26.3+ 5.7) and
TBBQ antibacterial activity, displaying-1.5 log, reduction in CFU/mL over 6 hours.
Since TBBQ retained activity against stationary phase amsigter cells (Figure 3.9 and
Figure 3.10), reduced activity against SCVs cannot bebattd to inability to kill slow-
growing cells. Therefore, TBBQ activity may be dependertrughe ability to depolarise
the membrane and/or disrupt components of normal metabatihovays that are bypassed

in SCVs.

Menadione is a precursor of menaquinone, an element of #phbcoccal electron
transport chain that is required for normal growth of stdpbgcci (Goldenbaunet al,
1975; Von Eiffet al,, 2006). Since TBBQ has reduced activity against the menadio
deficient SH100UnenD:ermC the compound may inhibit the normal function of this
precursor or a downstream product. In order to test this tiygsis, SH100@nenD:ermC
cultures were exposed to TBBQ supplemented with menadioh&la MIC (4 g/mL).
TBBQ has little activity against SH100henD:ermC at 4x MIC (see Figure 4.7c).
Therefore, to identify alterations in killing activity, THZ) concentration was increased

to 8x MIC.

The addition of menadione to cultures of SH10®@nD:ermC caused resumption of
active growth, with cultures showing increases in viableraembers over 6 hours (Figure
4.8a). This suggests that menadione can penetrate cellseanded as a precursor for
menaquinone. Since active growth was resumed in SHhEED:ermC supplemented
with menadione, susceptibility to TBBQ was expected to bstored. However,
menadione abrogated the bactericidal activity of TBBQ agfaBH1000menD:ermC
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(Figure 4.8a). This suggests that TBBQ does not target memacr a downstream
product. As menadione could not suppress TBBQ activityreg&@@H1000 (Figure 4.8b),
the supplement cannot simply degrade TBBQ leading to retlacevity against SH1000
menD:ermC Therefore, exogenous menadione may interfere with bqndinTBBQ to

a target that has altered expression in SH1@@MD:ermC due to its restricted energy
metabolism.
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Figure 4.8:Time-kill studies with staphylococci exposed to 8x MIC TBBQin MHB
supplemented with menadione.Menadione (men) was added ajp.d/mL (1/4x MIC).
Panel (a): menadione deficient SH10®@nD:ermC Panel (b): SH1000 (mean of at
least three independent replicates; error bars show sthddsiations).
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4.3.4 Effect of TBBQ on ROS generation

It has been suggested that antibiotics stimulate the foomat hydroxyl radicals, which
contribute to cell death through damage to bacterial maglecnles and membranes
(Kohanskiet al, 2007). TBBQ is capable of participating in redox reactiamxl
is therefore likely to produce ROS (Okulm al, 1997) Therefore, the effect of the
antioxidant on ROS protection defective mutants was inyattd to examine whether
ROS generation could contribute to its MOA. $ aureussodAcodes for the major
Mn-SOD that dismutates endogenous superoxide,sanddi] is produced in response to
extracellular superoxide (Karavoles al., 2003). Hydrogen peroxide induces expression
of catalase encoded WatA and alkyl hydroperoxide reductase codedatypC which
are responsible for degrading this ROS (Clements & Fost@99)l The MICs of
TBBQ, antibiotics and membrane-damaging agents wererdeted against SH1000, the
superoxide dismutase double knockout (MHK11AM), and thialaae and peroxidase
knockout (KC043) (Table 4.4). A number of compounds appeéwanhibit growth of
MHK11AM and KC034 at lower concentrations than SH1000. 8itids was not the
case for all compounds the strains are not simply unfit, aedlitierences in MICs may

be due to differences in ROS generation by different agents.
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S. aureusMIC (ug/mL)
Antibacterial agent SH1000 MHK11AM KCO043

Ampicillin 0.5 0.125 0.25
Chloramphenicol 4 4 4
Ciprofloxacin 4 1 1
Clofazamine 4 0.5 0.5
Daptomycin 2 2 1
Fosfomycin 16 8 8
Fusidic acid 0.125 0.0625 0.0625
Gentamicin 0.125 0.125 0.125
Kanamycin 2 1 1
Linezolid 4 2 2
Norfloxacin 8 4 4
Rifampicin 0.016 0.016 0.016
Spectinomycin 64 32 32
Vancomycin 2 2 2
CCCP 2
Chlorhexidine 1 1 1
CTAB 2 2 2
Nisin 8 8 8
SDS 256 256 256
TBBQ 8 2 4
Triclosan 0.25 0.25 0.125
Valinomycin 2 1 1

Table 4.4:MIC determinations of TBBQ and comparator agents againstS. aureus
SH1000 and ROS protection defective mutantsMHK11AM is superoxide dismutase
deficient and KC043 is catalase and peroxidase deficient.ue¥ain green denote
hypersusceptibilty to compounds relative to SH1000.
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MHK11AM and KC043 were exposed to TBBQ and comparator aotiité to identify
whether ROS generation is a significant contributing fadtorcell death. Bacteria
were exposed to compounds at 4x MIC of SH1000 in order to ifyedifferences in
susceptibility of the strains. TBBQ exhibited enhancedvégtagainst the strain lacking
superoxide dismutase (MHK11AM) (Figure 4.9b), suggesthg the MOA of TBBQ
could involve generation of electron transport chaingetisuperoxide. In MHK11AM
TBBQ is likely to induce production of superoxide and sulsag formation of hydroxyl
radicals that damage DNA, lipid and protein, leading to detth Wang & Zhao (2009);
Kohanskiet al.(2010). This is not necessarily the case in SH1000 which fasctioning
ROS defense mechanism; however, this experiment servesitora that TBBQ has the
ability to induce oxidative stress. Similarly, Schlievettal. (2013) concluded that ROS
generation may contribute to the MOA of the antioxidant nukoiae, but that production
of ROS was not the sole mechanism by which bacteria weredkille is perhaps not
surprising that antioxidants disrupt the bacterial meliabosince the compounds are

capable of redox cycling (Kim & Pratt, 1990).

In contrast with TBBQ, bacteria lacking the ability to ereate superoxide and hydrogen
peroxide were less susceptible to ciprofloxacin (Figurey.@n antibiotic that inhibits
DNA synthesis in actively growing cells (Net al, 1996). Since these strains are more
susceptible to ROS damage of DNA and are likely to be undeggDNA repair (Gaupp
et al, 2012), the potency of ciprofloxacin may be reduced as DNAI®gis rates are
diminished. The difference in susceptibility of strainaldnged with ampicillin was
minor, and by 24 hours there was no difference between tlaest(Figure 4.9d). In
support of a number of studies (Riaial., 2012; Liu & Imlay, 2013; Kerert al., 2013)
that dispute the claims initially proposed by Kohanskial. (2007), this study found
that strains unable to detoxify ROS were no more susceptbbactericidal antibiotics.
Whilst ROS may have been generated upon exposure to amdghioheir production
is most likely a secondary effect following antibiotic sts¢ and ROS are unlikely to

contribute to cell death i6. aureus
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Figure 4.9: Time-kill experiments with S. aureus SH1000 and ROS protection
deficient mutants exposed to TBBQ and comparator agents at 4MIC in MHB.
MHK11AM is superoxide dismutase deficient and KC043 is esaland peroxidase
deficient. Panel (a): drug-free control; Panel (b): TBBQnéqc): ciprofloxacin; Panel
(d): ampicillin (mean of at least three independent repdisaerror bars show standard
deviations).

To investigate the contribution of ROS generation to the M&@A BBQ further, time-

kill experiments were carried out with SH1000 exposed to TB&ipplemented with
superoxide and hydroxyl radical scavengers. The scavetigen and thiourea displayed
MICs of >32.8 and 32.8 mg/mL, respectively. Therefore, culturesewetposed to

TBBQ at 4x MIC in MHB supplemented with sub-inhibitory comteations of scavengers
(8 mg/mL) (Figure 4.10). Neither tiron nor thiourea sigrafitly reduced the bactericidal
activity of TBBQ, suggesting that although TBBQ may enhaRES production, innate



Chapter 4. Investigations into the antibacterial mechmmaction of TBBQ 91

protection mechanisms ®. aureusre sufficient to overcome oxidative stress.
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Figure 4.10:Time-kill studies with S. aureus SH1000 exposed to TBBQ at 4x MIC
in MHB supplemented with ROS scavengers at 8 mg/mLMean of at least three
independent replicates; error bars show standard dewgtio

4.3.5 ldentification of TBBQ-resistant and hypersusceptile mutants
4.3.5.1 Isolation of a TBBQ-resistant strain

Bacteria exposed to topical antibacterial agents may besedto a steep concentration
gradient and experience a strong selection pressure ttogeesistance to the compound
(Hermsenet al,, 2012). As such, the ideal topical antibacterial would b#hlstrongly
bactericidal and would not readily select resistance. Thebrane-perturbing MOA of
TBBQ may be advantageous in this regard, as there is eviderstggest that bacteria do
not readily acquire resistance to membrane-active ag@uaiset al., 2009; Hurdleet al.,
2011). Attempts were made to isolate mutants resistant 8Q Bsing standard mutation
frequency determination methodology (Ry@¢al., 2012). However, no TBBQ-resistant

mutants were identified (mutation frequenc.0 x 10°°), suggesting that TBBQ may
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not have a single target site and that resistance to TBBQ robgrise readily (O'Neill
& Chopra, 2004). Therefore attempts were made to selectntautesing an extended
concentration range over prolonged periods. The extengectrssm MIC method was
employed with daptomycin as a positive control (Friedneamal., 2006). Following 40
passages the most resistant strain selected with daptorhgd an MIC of 32ug/mL:

a 16-fold increase in daptomycin MIC. Following 40 passatesmost resistant strain
selected with TBBQ had an MIC of 32g/mL: a 4-fold increase in TBBQ MIC (strain
B7). This level of resistance was identified following 20 seges, but no further increase
in resistance was observed. Reduced susceptibility to T&BNot lost over 4 drug-free
passages, suggesting that stable resistance can arisenlpubw level resistance was
observed. TBBQ may disrupt the staphylococcal membrangdn a way that the effects
of the compound may only be overcome by gross alterationed@ratchitecture of the
membrane, which is likely to perturb a number of essentidlilee processes. Therefore,
only mutants with relatively minor modifications may be Jglexplaining why only low

level TBBQ resistance develops.

Experiments were carried out to assess whether resistaantsuhat arise under TBBQ
selection would be more or less likely to survive in a clihisatting. Resistant mutant
fithness was assessed by comparing the doubling time of thentadrstrain, SH1000
(doubling time of 31.3t 2.4 minutes) to that of B7 (doubling time of 64£12.4). B7 was
growth attenuated, suggesting that TBBQ-resistant msitaaly have reduced survival or

ability to cause disease.

4.3.5.2 ldentification of a TBBQ hypersusceptible strain

A near-saturation SH1000 transposon library generatedraidtained at the University
of Leeds was screened for TBBQ hypersusceptibility. Thealip comprises~20500
mutants containing the transposon In§Te&“ (Blake & O’Neill, 2012; Bertranet al,

2005). The transposon carries a strong outward facing pennthus Tn mutants
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can display either overexpression or knock-down of genegesgon depending upon
the location and orientation of transposon insertion. Mtgan which the transposon
is inserted with the promoter in the sense direction upsired the gene display
overexpression. Downstream antisense insertion of thex@ier leads to the formation
of antisense mRNA or collision of transcription forks, cagsknock-down of gene
expression. Transcription of antisense mMRNA that disptaysrse complementarity is
hypothesised to form of antisense-gene mMRNA duplexes thatally hinder translation
or are targeted for degradation by the cell. This may redbeequantity of mRNA

available for translation and concentration of target giro{O’Neill & Chopra, 2004).

Approximately 12500 mutants were screened and one stradd1@2 C9, displayed
hypersusceptibility to TBBQ, with an MIC of 2g/mL: a 4-fold reduction in MIC.

4.3.6 Characterisation of TBBQ mutants

Extensive ATP consumption was identified in SH1000 exposd@®BQ (Figure 4.5). To

confirm that this effect is linked to susceptibility to TBB@e rate and extent of ATP
hydrolysis was compared for mutant strains following expeso TBBQ. Both mutants
displayed a similar doubling time, suggesting that theyehsimilar metabolic activity;

as such their ATP consumption would be expected to be sinmtawever, the TBBQ-

resistant strain consumed less ATP following exposure tBQBhan the parental strain,
and the hypersusceptible strain displayed enhanced ATRlygis (Figure 4.11). This
confirms that the interaction of TBBQ with staphylococcidsdo ATP depletion.
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Figure 4.11:ATP hydrolysis following exposure to TBBQ at 4x MIC in HEPES and
glucose buffer. Values were calculated as a percentage of an untreatedtdvian of
at least three independent replicates; error bars showataerrors.

Cross-susceptibility/resistance studies were alsoedhrout with the hypersusceptible

and resistant mutants challenged with a number of antds@nd membrane-damaging

agents (Table 4.5). Decreased/increased MIC for all othemécrobial agents against
CAJ192 C9/B7 would suggest that the strains have altereteptibility to TBBQ due

a general decrease/increase in fitness. Alternativelyggsin susceptibility to specific

antibacterial agents could identify a shared drug targetc&ptibility of CAJ192 C9 was

not altered for any of the antibacterial agents tested. B@ladyed enhanced susceptibility

to ciprofloxacin (for discussion see Section 4.3.7), butrsitishow enhanced resistance

to any other agent, suggesting that TBBQ may target a novepoaent of the bacterial

membrane.
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MIC (ug/mL)
Compound  SH1000 B7 192C9
Ampicillin 0.5 0.5 0.5

Chlorhexidine 2 2 1
Ciprofloxacin 2 0.5 2

Clofazamine 4 4 2
CTAB 2 2 2

Daptomycin 1 1 1

Erythromycin 0.5 0.5 0.5
Gentamicin 0.5 0.5 0.25

H,O, 16 8 8
Nisin 2 2 2
TBBQ 8 32 2
Tetracycline 1 1 1
Valinomycin 2 2 2
Vancomycin 1 1 2
XF-73 1 1 1
XF-70 1 1 1

Table 4.5:MICs of established antibiotics against TBBQ mutants B7 andCAJ192

C9. Values in green and red denote hypersusceptibilty andtaesis to compounds
relative to SH1000.

4.3.7 Genotypic characterisation of TBBQ mutants

To investigate the genetic basis of altered susceptilidityBBQ in mutants, the site at
which the transposon inserted in the genome of CAJ192 C9 etsrdined, and whole
genome sequence determination (WGS) of B7 was carried adetdify mutations. The
location of transposon insertion was identified by direciusmce determination using
genomic DNA from CAJ192 C9 and the primer but2. The DNA sequence generated
was checked for homology with tt& aureu8325 genome using the BLAST algorithm
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available on the National Centre for Biotechnology Infotimia website. Homology with
a particular region indicated the approximate insertiae@ sf the transposon, and PCR
amplification and sequence determination of that regiontifled the precise location
and confirmed the orientation of transposon insertion. Td@sposon in CAJ192 C9 was
located in the intergenic region directly downstream of SALSC 01723 (coding for a
homologue of a recD/traA type DNA helicase or exodeoxyrilmlease) in the antisense
orientation (Figure 4.12). This might cause knock-downxgiression of genes contained
within the operon (containing SAOUHSQ1723 and SAOUHS®1724). To confirm that
alterations in susceptibility to TBBQ are directly attribble to insertion of the transposon
at this location, the region was transduced into a clean {®idtL000) using phage
¢11. Transduction of the transposon insertion site resultexb-transfer of the TBBQ-
hypersusceptible phenotype. Thus, this suggests thafpdisn of this operon specifically
induces hypersusceptibility to TBBQ. The role of the SAOWHSL723-containing
operon in TBBQ hypersusceptibilty was confirmed by completaigson. The operon
of interest was amplified from SH1000 by PCR using primers2@bp Xmal_Fwd and
01723opXbal_Rev (Appendix A) and introduced to CAJ192 C@, trans using the
xylose-inducible vector pEPSAS. In the presence of xylbH€E determinations revealed
that complemented CAJ192 C9 displayed wild-type susciiptito TBBQ (TBBQ MIC

of 8 ug/mL).
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Figure 4.12: Schematic of the insertion site of the transposon in CAJ192 @
Straight black arrows show the direction of gene expressiod the curved arrow
shows the direction of expression from the outward-facingnmter of the transposon.
SAOUHSCO01722 is an alanyl-tRNA synthetase, SAOUHS8C723 is a putative DNA
helicase/exonuclease, and ME represents mosaic endstotisposon.

Both transduction and complementation suggest that kdoeka of expression of the
DNA helicase/exonuclease encoded by SAOUHBC 23 enhances TBBQ susceptibility.
It is hypothesised that CAJ192 C9 produces fewer molecul&N& helicase and may
have reduced unwinding and repair of double-stranded DNws Tould enable TBBQ-
induced ROS damage to DNA to accumulate and cause oxidatessswhich could act
in concert with lethal membrane-damaging activity of TBBQ.SH1000 ROS damage
may play only a minor role in the MOA due to a functional ROSattesie mechanism and

DNA repair response.

WGS of B7 identified putative mutations in SAOUHSID341, SAOUHS)1866,

SAOUHSC02663 and SAOUHS®2990. PCR amplification and sequence
determination of these genes confirmed that the resistam stontained a single amino
acid substitution (W;X) in SAOUHSCO01866. This gene codes for a hypothetical
protein with homology to staphylococcal aminoglycosideogphotransferases, and

choline/ethanolamine kinases. Sequence determinati@AGUHSC01866 in TBBQ
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mutants recovered in parallel selections that showed niodeeases in TBBQ MIC
(2-fold increase) did not share this mutation. To confirmt tthee single nucleotide
polymorphism confers TBBQ resistance, B7 was complementddSAOUHSC01866
from SH1000. This resulted in a 2-fold reduction in TBBQ MUI&{:g/mL), and suggests
that the product of SAOUHS01866 does indeed contribute to TBBQ resistance.

The function of SAOUHS@1866 is not yet known, but it shares homology with a
number of other genes, including a staphylococcal amirtogigle phosphotransferase.
S. aureusare resistant to aminoglycosides through expressidd-phosphotransferases
and N-acetyltransferases, which modify the drug, resulting ioomp binding to
the ribosome and reduced aminoglycoside activity (Mindssatlercq et al, 1999).
However, aminoglycoside susceptibility is not altered i@ Brable 4.5), therefore
SAOUHSCO01866 is unlikely to act as an aminoglycoside modifying eney
SAOUHSCO01866 may instead function as a choline or ethanolamineskinaith which
the gene has homology. Since mutation in SAOUHEB66 enhances resistance to
TBBQ, this suggests that a product of one of these enzymesomggrgeted by TBBQ.
In S. aureuscholine is an osmoprotectant that is oxidised to glycinaipet allowing
the bacterium to resist osmotic pressure (Graham & Wilkind®92). Phosphorylation
of choline by functional SAOUHSM1866 could reduce intracellular choline pools
rendering bacteria susceptible to stressful environnheatalitions. Therefore, mutations
in choline kinase may ensure maintenance of intracellthatice levels, enabling B7
to survive in increased concentrations of TBBQ. This typeregponse is seen in
daptomycin-resistant strains which upregulate gylcingibe production to overcome
antibiotic-induced stress (Soegal., 2013). However, many of the comparator agents are
expected to induce stress responses, and since there isswresistance it is unlikely
that B7 is resistant to TBBQ due to enhanced ability to s@rvinder stressful conditions.
Alternatively, resistance to TBBQ could be a consequencaltefed membrane lipid
composition. Ethanolamine is a precursor for the phosphibihosphatidylethanolamine

which is present in small quantities in the staphylococgédmlasmic membrane (Short
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& White, 1970, 1971). TBBQ may interact with this phosphaipn the membrane
of SH1000, but mutation of the ethanolamine altering enzgiB7 could generate a
membrane devoid of phosphatidylethanolamine. Since Bdhlysa 4-fold reduction in

TBBQ susceptibility, it is unlikely that phosphatidyleti@damine is the primary target
causing membrane disruption. However, the absence of didnat lipid may either

reduce TBBQ membrane binding efficacy, or cause alteraiiomsembrane structure
rendering bacteria less susceptible to stresses gendmat€®BQ. Indeed, alterations
in membrane structure have been identified in daptomyaistant strains, leading
to increased membrane fluidity, altered surface charge,raddced susceptibility to
antibiotic induced membrane depolarisation (Joeesl, 2008b). Therefore, further
experimentation could be carried out to confirm this hypsitheand is discussed in

Section 6.2.

Hypersusceptibilty of B7 to ciprofloxacin was identified imoss-resistance studies
(Table 4.5). Altered susceptibility could be due to enhdnaecess of ciprofloxacin
to the bacterial chromosome through alterations in phdgptdbilayer composition
and membrane structure/fluidity. However, hypersuscipyibmay not be directly
attributable to the mutation in SAOUHS@L866, but could be a consequence of
phenotypic alterations due to transcriptional modifigagio Since the topoisomerase-
ciprofloxacin-DNA complex behaves as a poison creatingotesin DNA, resistance
to the antibiotic is conferred by reduced expression of DNAage (Ince & Hooper,
2003). Therefore, the reverse may be true if DNA gyrase isexy@essed. In CAJ192
C9, reduced DNA helicase activity and DNA repair may rendexiiss more susceptible
to TBBQ. Conversely, B7 could alter gene expression, intycipregulation of DNA
synthesis and repair enzymes to counteract the effects BT B\s a consequence, more
DNA gyrase may be available for inhibition by ciprofloxacmB7, causing increased

susceptibility to the antibiotic.

The putative DNA-repair attenuated CAJ192 C9 displayed @né-fold reduction in
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TBBQ MIC. This indicates that the increase in susceptiptlit TBBQ due to unrepaired
DNA damage is relatively minor, and damage to DNA is unliketyitribute significantly
to the antioxidant's MOA. Bacteria may evade the effects 8BTQ through subtle
alterations in the structure of the cytoplasmic membrarsehas been suggested in
B7. This indicates that TBBQ is active through interactiavith the staphylococcal
membrane. Thus, sequence determination of hypersuskeepiitnl resistant strains
provides further support for the conclusions drawn fromegipents with ROS protection

knockouts and membrane damaging assays regarding TBBQ MOA.

4.3.8 Synergistic interaction of TBBQ with antibiotics

It has been suggested that compounds which compromise tégrity of the bacterial
membrane could be used in combination with existing antiidBo particularly when
treating infections cause by biofilms (Hurddeal, 2011). Application of permeabilising
agents, such as colistin administered with imipenem agaisaeruginosaepsis model,
has had some success and the use of colistin combinati@pthkas been re-introduced
in the clinic (Cirioniet al., 2007; Bassettet al., 2008). Since TBBQ reduces bacterial
membrane integrity, attempts were made to identify sységyinteractions with other
antibacterial agents. Synergism of TBBQ with antibioticgofloxacin, erythromycin,
gentamicin, oxacillin and tetracycline) was not observeth wlanktonic cultures (FIC
> 0.69). However, TBBQ acted synergistically in combinatiwith gentamicin, an
antibiotic that cannot eradicate biofilm®56 .g/mL, against biofilms of SH1000 grown
using the Calgary Biofilm Device (FIE 0.28) (Table 4.6). The combination ofiy/mL
gentamicin with 16ug/mL TBBQ could eradicate staphylococcal biofilms. Therefo
TBBQ could potentially be used with gentamicin to eradicstiphylococcal biofilms
without application of high concentrations of either compd. Combination therapy
may be employed most usefully against biofilms at the skifasar such as those formed

in burn wounds and in the nares, which are currently treatddthe use of topical agents
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like mupirocin (Coatesgt al.,, 2009).

Compounds Planktonic FIC index Biofilm eradication FIC ixde
TBBQ + ciprofloxacin 0.69 >0.5
TBBQ + erythromycin 0.75 >0.5
TBBQ + gentamicin 1.02 <0.28
TBBQ + oxacillin 1.00 >0.5
TBBQ + tetracycline 0.88 >0.5

Table 4.6: Synergism of TBBQ with established antibiotics against plaktonic and
biofilm cultures of S. aureus SH1000.FIC index< 0.5 is a synergistic interaction, equal
to 1 is an additive interaction ar 2 is an antagonistic interaction.

4.3.9 Effects of TBBQ on a human skin equivalent

For a compound to be developed as a topical antibiofilm agesihould be able to be
applied to the skin without causing damage or irritation raf@ocytes release primary
cytokines, such as IL<l, in response to the presence of irritants. This induces an
inflammation response and the extent of lk-flelease is relative to the degree of skin
irritation (Bernhoferet al,, 1999). To determine whether TBBQ has detrimental effects
on the skin at concentrations above those required to kilidve, a living skin equivalent
(LabSkin") was exposed to TBBQ for 24 hours. At 10x MIC TBBQ did not ti
LabSkin ", causing no detectable increase in lik+elease. The topical agent mupirocin,

which is used clinically for nasal decolonisation, was aisa-irritant (Liuet al., 2011).

Hematoxylin and eosin staining of tissue sections confirthati24 hour exposure to the
irritant SDS (5%) was severely damaging to skin, causingldimg of the top layers of
skin (stratum corneum and epidermis) and causing injunhédermis below (Figure
4.13c). Conversely mupirocin and TBBQ (10x MIC) had no Misidetrimental effects
on skin (Figure 4.13d and 4.13e). Therefore, TBBQ does ngdiphlly damage or irritate
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fully differentiated skin at higher concentrations tharregjuired to sterilise bacterial

cultures. These suggest that TBBQ does not have toxic sffattskin cells and has

the potential to be used as a topical agent.
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Figure 4.13: Hematoxylin and eosin stained sections of LabSkifi exposed to
compounds for 24 hours. Panel (a): drug-free control; Panel (b): ethanol (0.2%;v/v)
Panel (c): 5% SDS; Panel (d): mupirocin 10x MIC; Panel (e)x MC TBBQ. H&E
staining and imaging carried out by J Bradley, Evocultis.
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4.4 Conclusions

TBBQ exerts its antibacterial MOA by causing selective uligion of the staphylococcal
cytoplasmic membrane. Since the antioxidant did not disstaphylococcal liposomes,
dissipation of membrane potential and associated memlaliangption are unlikely to
be dependent upon binding to specific lipids in the bilayerowDstream effects of
membrane perturbation include loss of intracellular pgitas ions, extensive hydrolysis
of cellular ATP and probable generation of ROS that are dfaxby innate ROS
protection mechanisms. That TBBQ acts to compromise thegiity of the bacterial
membrane may explain why this compound has the ability tdieate staphylococcal
biofilms; potent antibiofilm activity is a property that igeh associated with membrane-
perturbing agents (Hurdlet al, 2011; O’Neill, 2011).S. aureusloes not readily develop
resistance to TBBQ, and strains displaying reduced subdédgtsuffer fithess costs as
measured by reduced growth rate. Since TBBQ potentiateadtndty of gentamicin
against staphylococcal biofilms, combination therapy @¢da¢ employed to reduce the
dose and thus toxic effects of gentamicin treatment. Furtbee, TBBQ appears to be
non-toxic to erythrocytes or a human living skin equivalértierefore, at concentrations
that could be used to eradicate biofilms on the skin surfaeejlonane effects are bacteria-
specific, and the inability d6. aureuso develop high level resistance would allow topical

treatment of infections for prolonged periods.
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Chapter 5

Antioxidants that target the cell
membrane can eradicate staphylococcal

biofiims

5.1 Abstract

Biofilms are involved in~80% of bacterial infections in humans, and are refractory to
the action of most antibacterial agents in clinical use hmgearch for novel antibiofilm
agents, a selection of antioxidants was assessed for biefdwhicating activity. The 15
antioxidants tested all displayed antibacterial actigigyainst planktonic staphylococcal
cultures, and seven also eradicated staphylococcal bgfilmBiofilm-eradicating
antioxidants were all bactericidal and caused membranrpetion. Eradication of
preformed biofilms following exposure to antioxidants ilweml dissociation of both cells
and matrix, which occurred before reductions in bacterniabiity were detected. This
suggests that antioxidants degrade the matrix and inddeasee of biofilm cells; the
latter are then subject to the membrane damaging effectseo€dmpounds. The two

most promising agents in respect of antibacterial potendyselective toxicity towards
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bacterial over mammalian membranes (celastrol and NDGéAhdt damage LabSkiM
following topical application. These compounds acted gyisécally with gentamicin
against both planktonic and biofilm cultures. Whilst NDGdsistant mutants could
not be recovered, a strain was isolated that displayed eeldsiesceptibility to celastrol.
The strain displayed increased mutability and had alteusdeptibility to a number of
antibacterial agents. Continuous selection over sevexg @vas required to generate
the strain, which displays a celastrol MIC ofi@/mL; 4-fold lower than the minimum
biofilm eradication concentration. Therefore, both NDGA @elastrol could potentially

be useful in antibiofilm strategies.

5.2 Introduction

5.2.1 The clinical significance of biofilm infections

Biofilms are found in approximately 80% of bacterial infects in humans (Davies,
2003). S. aureusand S. epidermidisare biofilm-forming organisms implicated in
numerous nosocomial infections, with staphylococcal bifibeing prevalent in chronic
wounds and the most common cause of infections involvingvellihg medical devices
(Hall-Stoodleyet al, 2004; Jamegt al, 2008; Otto, 2008). Chronic wounds include
pressure ulcers and ulcers on the feet of people with diapstech frequently necessitate
limb amputation following treatment failure (Jametsal,, 2008). The presence of biofilms
in burn wounds and ulcers can contribute to persistent imflation (Wolcottet al., 2010),
and the rate of wound healing is believed to be reduced & sii®nised witls. aureus
(Jameset al, 2008). Currently, the most effective wound care routineives regular
debridement and treatment with systemic antibiotics, iditazh to topically-applied
antibacterial agents (Wolcott al, 2010). Therefore, to address the current difficulties

in treating chronic wounds, it is important to discover nicamstistaphylococcal agents
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that possess antibiofilm activity in addition to activitya@gst planktonic cells. Previous
research has indicated that phenylic antioxidants maylaisihe ability to eradicate

biofilms, which is rare amongst antibacterial agents (8acti4).

5.2.2 Aims and Objectives

Work described in this chapter aims to characterise théactrial activity of a number
of phenylic antioxidants, with an emphasis on assessing &lcéivity against biofilms,
and elucidating their antibacterial MOA/the mechanism Iyol they eradicate biofilms.
Synergistic interactions with existing antibiotics wile hdentified, and a living skin
equivalent will be exposed to agents that display seletbixeity and antibiofilm activity
in order to assess tolerability. Finally, resistant mutgaheration and subsequent
sequence determination will be used to investigate theuleelltarget of promising

compounds.

5.3 Results and discussion

5.3.1 Antibacterial properties of phenylic antioxidants

Although it has been reported previously that all of the @ntdants examined in this
study display some antibacterial activity (Toaetaal., 1974; Moujiret al, 1990; Eady
et al, 1994; Nicholast al,, 1999; Kuboet al, 2002; Zampiniet al,, 2005; Inatstet al,

2006; Morenoet al, 2006; Seville & Wilkinson, 2008; Colakt al., 2009; Chaudhuri
et al, 2010; Reddyet al, 2010; Chaiebet al., 2011; Mirandaet al., 2011; Martins
et al, 2013), most of them have not been evaluated using staseéargirocedures
for susceptibility testing. Using CLSI methodology for saptibility testing, the 15

antioxidants exhibited MICs ranging from 0.25-12&mL against planktonic cultures of



Chapter 5. Antioxidants target the cell membrane and eag&gligiofiims 108

S. aureusaandS. epidermidigTable 5.1). Approximately half of these compounds (seven
of 15) also demonstrated complete eradication of estadisitaphylococcal biofilms at
concentrations<256 pg/mL. By contrast, none of the established antibacteriahtg)
tested were able to eradicate SH1000 biofilms 256 g/mL (or, in the case of nisin, at

the maximum achievable concentration of/ig mL) (Table 3.2).

The ability of compounds to eradicate biofilms is suggestivbactericidal activity. To
assess this, antioxidant-mediated killing of SH1000 imktanic culture was examined
by viable counting. Since the antioxidants TBHQ and TBBQ eviyund to degrade
(Section 3.3.1), it was reasoned that other antioxidantsalso degrade over 24 hours.
Therefore, bacterial viability was assessed 6 and 24 hastgntioxidant exposure to
identify compounds that may initially be bactericidal, blat subsequently allow grow-
back. Some antioxidants, such as idebenone, were battdicosvhilst others, such as
NDGA, were bactericidal at 4x MIC (Figure 5.1a). At the MBEK:nzoyl peroxide,
carnosic acid, celastrol and NDGA essentially steriliskghktonic cultures (viable cells
<0.8 logy CFU/mL) (Figure 5.1b), whilst AO 2246, bakuchiol and totddatied bacteria
initially, but allowed grow-back over a 24 hour period (Figlb.1c). Therefore, none of
the agents with antibiofilm activity (compounds with an SEQMBEC of <256 ug/mL)

displayed bacteriostatic properties.



Antioxidant MIC (ug/mL) bMIC (ug/mL) MBEC (ug/mL)
SH1000 UAMS-1 RP62A SH1000 UAMS-1 RP62A SH1000 UAMS-1 RPG62A
AO 2246 4 4 4 16 4 4 16 16 128
Bakuchiol 4 4 4 8 4 4 16 8 8
Benzoyl peroxide 64 32 32 256 32 64 256 32 64
Carnosic acid 32 32 8 64 32 32 128 64 64
Celastrol 1 0.5 0.25 1 0.25 0.25 32 4 4
Dihydroxychalcone 128 128 128 64 64 64 >256 >256 >256
8-hydroxyquinoline 4 2 1 4 1 1 >256 32 >256
Idebenone 64 64 32 64 16 >256  >256 256 >256
Lauryl gallate 64 64 16 32 8 16  >256 256 >256
Menadione 16 8 8 32 8 32 >256 128 256
Nordihydroguaiaretic acid 64 64 64 64 16 32 128 16 256
Thymohydroquinone 16 8 16 32 4 64 >256 16 64
Thymoquinone 16 8 8 32 2 8 >256 4 32
Totarol 4 2 2 4 2 4 16 8 16
Vitamin K5 hydrochloride 32 16 16 32 8 16 >256 64 128

Table 5.1: MICs, biofilm MICs (bMICs) and minimum biofilm eradication co ncentrations (MBECSs) of antioxidants
against staphylococci.
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Figure 5.1: Bactericidal activity of antioxidants against S. aureus SH1000. Panel
(a): bacterial viability following exposure to antioxidarat 4x MIC for 6 or 24 hours;
Panel (b): bacterial viability following exposure to biofileradicating antioxidants at the
MBEC for 6 or 24 hours; Panel (c): killing kinetics of biofileradicating antioxidants
that display grow-back at the MBEC. Mean of at least threepashdent replicates; error
bars show standard deviations.
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5.3.2 Antibacterial MOA of antioxidants

This study identified membrane damage and disruption of beren transport chain
following exposure of bacteria to the phenylic antioxidaBBQ. Similarly, a number
of the antioxidants under investigation here have preWohsen reported to disrupt
membranes or inhibit the respiratory chain (Redely al, 2010; Valacchiet al,

2001; Zhouet al, 2011; Sabzevaret al, 2004; Kuboet al, 2002; Dumontet al,

1999; Bhuvaneswaran & Dakshinamurti, 1972; Fessl, 2013). Therefore, it was
hypothesised that all phenylic antioxidants may have ihetnital effects on the bacterial

membrane, and that this effect may contribute to the MOA efdbimpounds.

At 4x MIC, 10 of 15 antioxidants compromised the integritytbé SH1000 membrane
within 10 minutes, as measured by tBad_ight™ assay (Table 5.2). Since this assay
does not reliably detect subtle membrane disrupteag.(loss of membrane potential),
or perturbation occurring over longer than a 10 minute wimdadditional assays
were carried out to assess whether the other five antioxdd#ladb mediate membrane
perturbation. All five compounds caused loss of membranenpiad within 3 hours at
4x MIC, and some compounds caused reductions in intraeelpdtassium levels over
this duration and at this concentration (Figure 5.2b and)5.Zherefore, the remaining
antioxidants exerted more subtle effects on the membran@apst instances prompting

depolarisation without leakage of intracellular compdsen
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Antimicrobial compound % Membrane Integrity- (SE)

No drug 100+ 0
Vancomycin 10G: O
Thymohydroquinone 108 0
Thymoquinone 1060
Celastrol 106t 0
Daptomycin 944 5.3
Tetracycline 90.9£ 9.1
8-Hydroxyquinoline 86.3t 3.0
Menadione 80.@- 10.7
Idebenone 59.8 4.7
Vitamin K5 hydrochloride 23.6:7.0
Dihdroxychalcone 16.# 5.7
AO 2246 10.8t 5.2
Totarol 8.8+ 1.4
Bakuchiol 7.3+1.1
NDGA 5.2+ 0.7
Lauryl gallate 4.H4 3.7
Nisin 46+ 1.5
Carnosic acid 3611
Benzoyl peroxide 2.4 1.4
CTAB 0.5+0.3
5% SDS 0+ 0

Table 5.2:The BacLight ™ assay to determine effects of compounds at 4x MIC o8.
aureus SH1000 membrane integrity. Mean of at least three independent replicates, SE
- standard error.
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Figure 5.2: Effect of antibacterial agents on S. aureus potassium leakage and
membrane potential (4x MIC for 3 hours). Panel (a): release of intracellular potassium
ions; Panel (b): bacterial membrane potential measureediyabe of DiSg)5. Filled
bars show comparator agents (mean of at least three indepereplicates; error bars
show standard errors).
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To establish whether the antioxidants displayed spegiffoit the bacterial membrane,
erythrocytes were challenged with all compounds at 4x MIei haemoglobin leakage
monitored. Of the 15 antioxidants tested, only six (cetdstB-hydroxyquinoline,

menadione, NDGA, thymohydroquinone, and thymoquinongndit induce haemolysis
(Figure 5.3), suggesting that antioxidant-membrane agtesns were bacteria specific.
Of the antioxidants capable of eradicating staphylocobaafilms, only celastrol and

NDGA were non-haemolytic. Subsequent studies focused esetltwo antioxidants,
since selectivity for bacterial membranes and the abilityetadicate staphylococcal

biofilms suggested the greatest potential for clinicaltytil
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Figure 5.3:Effect of antioxidants and comparator agents at 4x MIC on manmalian
membrane integrity as measured by leakage of haemoglobin dm erythrocytes.
Filled bars show comparator agents (mean of at least thospendent replicates; error
bars show standard errors).
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5.3.3 Investigating the mechanistic basis for antibiofilm ativity of

phenylic antioxidants

Considering that all antioxidants appear to share a simlkchanism of action against
planktonic cells, this study sought to determine why sont@aidants have antibiofilm
activity whilst others do not. Therefore, a representatimgoxidant was studied from
each group: 8-hydroxyquinoline, a non-haemolytic antiaxit devoid of antibiofilm
activity, and celastrol, a non-haemolytic antioxidantwte ability to eradicate biofilms.
Initially, experiments were carried out to identify whethack of activity was due to
a failure of compounds to traverse mature biofilm, as redwmedpound penetration
has been implicated in the inability of some antibiotics tadécate biofilms (Del Pozo
& Patel, 2007). Both antioxidants and the control agent gamcin proved able to
traverse the biofilm. 8-hydroxyquinoline showed more esien biofilm penetration
(104.6+ 2.3%) than vancomycin (564 3.8%) or celastrol (44.@ 3.8%). Therefore,
failure of compounds to penetrate the biofilm is unlikely smse the lack of activity of

8-hydroxyquinoline against biofilms.

Instead, differences in antibiofilm activity may be a resildifferent effects on slow-
growing cells. Biofilms contain bacteria in a variety of nmihc states, including
slow-growing, non-growing and persister cells (DaviesD20Kubo et al, 2003).
Biofilm-eradicating antioxidants could exert their andiilim effect by retaining activity
against metabolically inactive cells. To examine this,angntial phase and slow-growing
cells were challenged with the biofilm eradicator celasatahe MBEC (32x MIC). Since
the comparator agent, 8-hydroxyquinoline, had no measufdiBEC, the compound
was used at an equivalent concentration (32x MIC) (Figu#d and 5.4c). Celastrol
did not display enhanced activity against stationary ploaigeofilm resuspended cells in

comparison with 8-hydroxyquinoline over a 6 hour period.
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Figure 5.4: Susceptibility of exponential phase, stationary phase or ibfilm-
resuspendedS. aureus SH1000 cells to celastrol or 8-hydroxyquinoline.Panel (a):
cell viability of untreated cells; Panel (b): viability oklis exposed to celastrol at the
MBEC,; Panel (c): viability of cells exposed to 8-hydroxyqaiine at 32x MIC. Mean of
at least three independent replicates; error bars showastaeviations.
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Over extended time-periods (24 hours), antioxidants dapab biofilm eradication

(celastrol and NDGA) were no more active against statiopaase or persister cells than
compounds that are not active against biofilms (Figure SniaRigure 5.5b). Therefore,
biofilm eradication by these antioxidants cannot be atteithuo activity against the
slow- or non-growing cells that have previously been imgikad in biofilm resistance

to antibiotics (Davies, 2003; Shapieb al., 2011).
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Based on the observation that TBBQ triggered extensivedhysis of ATP stores, total
bacterial ATP levels were measured following exposure tmaigants; firstly to test the
hypothesis that ATP depletion is associated with stetibsaof metabolically inactive
cells (Section 4.3.3), and secondly to attempt to distisigantioxidants with and without
antibiofilm activity. Intracellular and extracellular ATIBvels were measured following
exposure of bacterial populations to celastrol and 8-hyghjainolone at 4x MIC in
HEPES and glucose buffer (Figure 5.6). Neither compoundexinydrolysis of ATP
pools, suggesting that ATP depletion is not a prerequisitamtioxidant-induced biofilm
eradication. Furthermore, quantification of ATP levelssaed that the MOA of celastrol
and TBBQ are at least partially distinct, despite sharingtdréal membrane-perturbing

activity.

% ATP

- TBBQ
Celastrol

0 T T T T . r = 8-hydroxyquinoline
0 30 60 90 120 150 180
Time (minutes)

Figure 5.6:Effects of antioxidants at 4x MIC on total ATP levels in S. aureus. Values
were calculated as a percentage of an untreated controh Med least three independent
replicates; error bars show standard errors.

Since celastrol and NDGA did not have enhanced activity resjaheterogeneous
populations of cells found within biofilms, they may act byisag physical perturbation

of the biofilm. Alterations in biofilm structural componentsre quantified in an attempt



Chapter 5. Antioxidants target the cell membrane and eag&gligiofiims 120

to distinguish biofilm eradicators from non-eradicatorslléwing 24 hour incubation
with compounds at 25@g/mL, biofilm eradicators significantly reduced the amount
of adherent material (matrix and cells) in comparison witind@radicating antioxidants
(Figure 5.7a and 5.7b).
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Figure 5.7:Quantification of matrix material and adherent cells following exposure

of biofilms to compounds at 256.g/mL for 24 hours. Panel (a): attached matrix; Panel
(b): attached cells. The data labelegshows the quantity of matrix and cells before the
addition of compounds. Data are the means of at least thdep@ndent replicates, with
error bars showing standard deviation.
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To investigate whether biofilm dispersion occurs prior teslof bacterial viability, or is
in fact a consequence of cell death, viable cells and adhemnaterial were quantified
following exposure to NDGA and celastrol for 1 hour. The ariilants had little
or no effect on total (released and attached cell) viabiityer this period (Figure
5.8a), while adherent material was significantly reduceithiwil hour (Figure 5.8b and
5.8c). Therefore, short duration experiments revealetidbstructuring of the biofilm
occurs before initiation of cell killing, implying that biiim detachment is not simply a
consequence of cell death. Thus, eradication of staphgtatdiofilms by celastrol and
NDGA involves biofilm disruption, causing release of plamkt cells that are susceptible

to the membrane damaging effects of the compounds.



Chapter 5. Antioxidants target the cell membrane and eageltgiofiims 123

(a)
121

104

log; o CFU/biofilm
[e)}

B b s <
] 9 =] @)
2 s & a
= ‘3 ° Z
=) 3 Q
&
(b) Treatment
150000+
125000
100000+
E 75000+
50000+
25000+
0- = v -
g : g g
g = 2
5 g 8 -
&
(C) Treatment
175000+
150000+
125000+
E 100000+
75000
50000
25000+
0- - v —
2 o £ 5
g = 2
5 g S “
&
Treatment

Figure 5.8:Cell viability and quantification of adherent material foll owing exposure
of biofilms to compounds at 256.g/mL for 1 hour. Panel (a): total biofilm cell viability;
Panel (b): attached matrix; Panel (c): attached cells. Biaahe means of at least three
independent replicates, with error bars showing standevaton.
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5.3.4 Synergistic interactions of antioxidants with antilotics

Previous studies with a subset of the compounds under igatisin here identified
antioxidant-mediated potentiation of antibacterial \agti Carnosic acid enhanced
aminoglycoside activity against vancomycin-resistam¢rcocci (Horiuchet al,, 2007),
dihydroxychalcone acted synergistically with doxycyeligentamicin and ciprofloxacin
againstS. aureug(Tran et al, 2012), and totarol increased carbapenem @ddctam
activity againstS. aureus(Nicholas et al, 1999). To identify potentially useful
synergistic interactions, planktonic cells were exposeadn-haemolytic antioxidants
in combination with licensed antibiotics (Table 5.3). G#tal and NDGA acted
synergistically with gentamicin (inhibition of bacterigtowth at 0.25 and 1@g/mL
of celastrol and NDGA in combination with 0.03125 or 0.12§/mL gentamicin,
respectively), whilst all other combinations had additeféects. Therefore, like some
other antioxidants and membrane-damaging agents, a#lasti NDGA could be used
usefully in combination with existing antibiotics (Horilicet al., 2007; Traret al,, 2012;
Nicholaset al,, 1999; Hu & Coates, 2013).

Tetracycline Ciprofloxacin Erythromycin Gentamicin  Oxhii
Celastrol 1.00 0.77 0.88 0.33 0.64
NDGA 0.75 0.63 0.75 0.42 0.59
Thymoquinone 0.59 0.75 1.06 0.79 0.75
Thymohydroquinone 0.75 0.88 0.69 1.04 0.88
Menadione 0.69 0.53 0.75 1.01 0.69
8-hydroxyquinoline 0.75 0.75 0.75 0.83 0.77

Table 5.3:Synergism of antioxidants with established antibiotics aginst planktonic
cultures of S. aureus SH1000.FIC index<0.5 is a synergistic interaction, equal to 1 is
an additive interaction ang2 is an antagonistic interaction.
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S. aureusiofilms grown using the CBD were also exposed to combinatmfrbiofilm-
eradicating antioxidants and antibiotics, and assessedyfeergistic interactions. As
was identified in experiments with planktonic culturesasgiol and NDGA only acted
synergistically with gentamicin (Table 5.4). Staphylocalcbiofilms were eradicated by
the combination of Jug/mL gentamicin with 8.g/mL celastrol or 0.5:g/mL gentamicin
and 16ug/mL NDGA. Therefore, addition of low concentrations of gg@nicin to culture
media significantly reduced celastrol and NDGA MBECs (a 44 8¢fold reduction in
MBEC from 32 and 128:.g/mL respectively).

Tetracycline Ciprofloxacin Erythromycin  Gentamicin  Oxhici
Celastrol >0.5 >0.5 >0.5 <0.25 >0.5
NDGA >1 >0.5 >1 <0.15 >0.5

Table 5.4: Synergism of antioxidants with established antibiotics aginst S. aureus
SH1000 biofilms. FIC index<0.5 is a synergistic interaction, equal to 1 is an additive
interaction and>2 is an antagonistic interaction.

5.3.5 Effects of celastrol and NDGA on human LabSkii¥

For a compound to be developed as a topical antibiofilm agesihould be able to be
applied to the skin without causing damage or irritation. ®Bfand celastrol had no
visible adverse effects on human or mouse skin when invastigas high-concentration
topical preparations at 3% (for the treatment of psoriaarg) 5% (for reduction of
inflammation) respectively (Newtoet al, 1988; Kim et al, 2009). Furthermore,
cytotoxicity was not identified in rat basophil leukemialseireated with<10 M
celastrol 4.5 ug/mL) (Kim et al,, 2009). Exposure t6c100 4M NDGA (~30 p.g/mL)
was not toxic to bovine fibroblasts, though 1 mM NDGA300 pg/mL) induced

cytotoxicity (Koobet al, 2001). Therefore some toxicity testing has been carrigd ou
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with celastrol and NDGA, but irritation and physical damagé&uman skin structure has

not been assessed at concentrations that are relevanirtogbeas antibiofilm agents.

Although antioxidants were not haemolytic (Figure 5.3)tHer studies were carried out
to determine whether celastrol and NGDA exhibit sufficieglestive toxicity to allow
their topical use on human skin. Following a 24 hour exposira skin equivalence
system (LabSkif) to 10x MIC mupirocin and celastrol, no irritation of skin sva
detected by IL-%& release. The limited solubility of NDGA meant that, in ordetkeep
the solvent load below the level (0.5%) causing damage t&kab", experiments were
carried out with compound at a concentration equivalenkt®4C (S. aureusSH1000).
IL-1« release was below the lowest detectable level for mupira@atastrol and NDGA
(0 £ 0% IL-1« release relative to 5% SDS). Hematoxylin and eosin stainingssue
sections confirmed that 24 hour exposure to the irritant 3I9%) (vas severely damaging
to skin, causing shedding of the top layers (stratum cornanadnepidermis) and causing
injury to the dermis below (Figure 5.9¢). Conversely mugimngcelastrol and NDGA had
no visible detrimental effects on skin (Figure 5.9d, 5.9d &r9f). Therefore, celastrol
and NDGA did not cause irritation, as measured by t_rélease, nor did they damage
fully differentiated skin at concentrations above thosa tire able to sterilise bacterial

cultures.
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Figure 5.9: Hematoxylin and eosin stained sections of LabSki#Y exposed to
compounds for 24 hours. Panel (a): untreated control; Panel (b): ethanol (0.2%; v/v)
Panel (c) SDS (5% w/v); Panel (d): mupirocin 10x MIC; Panglgelastrol 10x MIC;
Panel (f): NDGA 4x MIC. H&E staining and imaging carried oyt bBradley, Evocutis.
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5.3.6 Selection of antioxidant resistant strains

A desirable feature of any potential antibacterial drug iBwa propensity to select
resistance. The resistance potential of NDGA and celastasl evaluated initially by
plating saturated cultures of SH1000 onto agar contairliegeé compounds at 4x MIC.
In neither case were resistant mutants identified (mutditeaquency<5.0 x 10°%). This
suggests that the antioxidants have low resistance palgrand that multiple mutations
may be required to develop resistance to the agents (O'&l€thopra, 2004). Therefore,
the extended spectrum MIC method was used to determine ahethistance to these
antioxidants would arise in any of the eight separate liesdbat were under continuous
selection over several days (Friedmanhal, 2006). Resistance (defined here as a
4-fold increase in MIC) to the control antibiotic daptomyevas identified in all eight
test lineages. The most resistant strain displayed a tbuiakease in MIC following
40 passages (Figure 5.10). Celastrol resistance was e@iecill lineages, and the most
resistant strain, C3, had an MIC of/8/mL (Figure 5.10). It is of note that strains
displaying reduced susceptibility to celastrol had an Mi@ttwas at least 4-fold lower
than the concentration that eradicates staphylococcéilmg Resistance to NDGA
could not be selected, and strains exposed to the compowerddOvpassages retained
the same MIC throughout the experiment (@#mL). Therefore, NDGA resistance may
not arise readily if the compound were to be used in the cli@rlastrol resistant strains
are more likely to arise, but reduced susceptibility to st may only be selected by
continuous exposure of bacteria to the compound over egtepdriods. Furthermore,
this experiment suggests that resistance is unlikely tohra@devel that would impact on

antibiofilm therapy.
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Figure 5.10:Selection of daptomycin and celastrol resistant mutants.Experiments
were carried out using eight lineages, and results areseptative of replicates.

To investigate how alterations in the celastrol resistaratirs (C3) affect susceptibility
to a range of compounds, cross-resistance/susceptilstitgies were carried out
with antibiotics, membrane-damaging agents and antioxgda The MICs of several
antioxidants and ciprofloxacin were reduced 4-fold in congoa with the parental strain
(Table 5.5). This suggests that a number of antioxidants migract with similar
pathways or components of staphylococci that have beeredlia C3 as a response
to celastrol exposure. Alternatively, changes in susbéjyi could be due to alterations
in a generalised resistance mechanism, such as an efflux @himpvill be addressed in

the following section).
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MIC (ug/mL)
Compound SH1000 C3
Ampicillin 0.5 0.5
AO2246 4 4
Bakuchiol 4 4
Benzoyl peroxide 64 32
Carnosic acid 32 32
Celastrol 1 8
Dihydroxychalcone 128 128
Chlorhexidine 2 1
Ciprofloxacin 2 0.5
CTAB 2 1
Daptomycin 1 1
Erythromycin 0.5 0.5
Gentamicin 0.5 0.5
8-hydroxyquinoline 4 4
Idebenone 64 64
Lauryl gallate 64 64
Menadione 16 8
NGDA 64 64
Nisin 2 4
TBBQ 8 8
Tetracycline 1 0.5
Thymohydroquinone 16 4
Thymoquinone 16 4
Totarol 4 2
Vancomycin 1 1
Vitamin K5 hydrochloride 32 8

Table 5.5:Susceptibility of the celastrol resistant strain, C3, to atibacterial agents.
Values in green and red denote hypersusceptibilty andtaesis to compounds relative
to SH1000.
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5.3.7 Characterisation of the celastrol resistant strain

WGS of strain C3 was used to provide further information altba target of celastrol.
A number of genes and intergenic regions were identified irchivthere were potential
DNA sequence changes (Table 5.6). It should be noted thabtbeof each individual

mutation in celastrol resistance has not yet been confirraed,further work will be

required to do so (see Section 6.2). Broadly the mutationsbeagrouped into those
that potentially affect the cell envelope, those that magdnt on DNA repair, and those
without a definable effect or function. The majority of mudas appear to be located
in genes related to cell envelope function, which may hawenlanticipated due to the
membrane damaging MOA of celastrol (Section 5.3.2). Howelee to time restrictions

it was not possible to investigate the effect of each indigldnutation.



. Affected cellular Nucleotide Amino acid
Locus Function . .
component alteration alteration
Hypothetical MmpL
SAOUHSC02866 Cell envelope Az G Ve30A
efflux pump
Hypothetical MmpL
SAOUHSC02866 Cell enVElope Aﬁ'mG Mseo T
efflux pump
Hypothetical MmpL
SAOUHSC02866 Cell envelope TosC NscD
efflux pump
Hypothetical acyl-CoA ,
SAOUHSC02556 Cell membrane Deletedgy  Frame shift; Xgq
dehydrogenase
Hypothetical acyl-CoA
SAOUHSC02555 Cell membrane Deleted T -
dehydrogenase
Hypothetical acyl-CoA
SAOUHSC02555 Cell membrane Deleted T -
dehydrogenase
Hypothetical acyl-CoA
SAOUHSC02555 Cell membrane Deleted C -
dehydrogenase
Hypothetical acyl-CoA
SAOUHSCO02555 Cell membrane Deleted A -
dehydrogenase
Hypothetical acyl-CoA
SAOUHSC02555 Cell membrane Deleted A -
dehydrogenase
SAOUHSCO01002 Quinol oxidase AA3 subunitll  Cell membrane 34§ Dii7N

Table 5.6:Alterations in the genome of the celastrol resistant strainC3, identified through WGS.*Mutations in intergenic

regions are located upstream of the listed gene.
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Affected cellular Nucleotide Amino acid

Locus Function _ .
component alteration alteration
Two-component response
SAOUHSC00020 Cell wall Az G Ti0:1A
regulator, WalR
SAOUHSC01287 Glutamine synthetase Cell wall 90JC V302A
SAOUHSCO01664 Hypothetical Cell wall T367,C Kio3E
phosphotransferase
Hypothetical lysine-specific

permease, LysP
Hypothetical cell wall ,
SAOUHSC02798 , Cell wall Deleted F,s  Frame shift;Qgs
surface anchor protein

DNA mismatch repair

SAOUHSCO01272 _ DNA Gaoos T EsgoX
protein, MutS
SAOUHSC01469 Endonuclease Il DNA 45T S;asN
Cold shock protein
SAOUHSCO01403 Unknown T.4C Dy G

(transcriptional regulator)

Hypothetical transcriptional
SAOUHSCO01977 Unknown A>G -
regulator

Hypothetical lipid binding
SAOUHSC03022 _ _ Unknown GsoT Pl
protein of unknown function

Hypothetical cell-division
SAOUHSCO01158 o . Unknown G-A -
initiation protein

Table 5.6 (continued)Alterations in the genome of the celastrol resistant strainC3, identified through WGS.
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It was of note that there were significantly more mutatioestdied in WGS of C3 than in
the TBBQ-resistant strain, for which only four putative reidns were identified (Section
4.3.7). Hypermutators are found in bacterial populatioms arise as a consequence of
alterations in the methyl-directed mismatch repair (MMR3$tem. This DNA repair
pathway identifies and repairs mismatches in newly-symbdsDNA duplexes. In
S. aureusnutations inmutSare associated with accelerated rate of antibiotic resista
development (O’'Neill & Chopra, 2002). Since one of the mota in C3 was located in
mut$S the mutability of the strain was assessed. Mutation frages confirmed that C3
is more mutable than the parental strain SH1000, displagindold higher frequency of
mutation to rifampicin (SH1000 mutation frequency of 1.8@x" 4+ < 6.33x10°%, C3
mutation frequency of 1.32x10 + < 3.57x107). Therefore, the alteration imutSmay

drive the development of further mutations within C3.

5.4 Conclusions

Since there is an urgent need to develop novel antibiofilmisgé is of some significance
that a number of biofilm-eradicating antioxidants have belemtified. Celastrol and
NDGA are the most promising of the antioxidants tested, ay ttisplay potent and
specific activity against staphylococci. These antioxidaaradicate biofilms through
disruption of the biofilm structure, causing release of klanic cells. Subsequent
killing involves perturbation of the bacterial membrarteugh the precise nature of this
interaction varies by compound. Celastrol resistance destified following continuous
selection over several days, whilst NDGA-resistant sgraoould not be isolated.
Resistant bacteria may evade the effects of celastrol byifymogl the architecture of
the cytoplasmic membrane, which is the putative target ddstel. Both NDGA
and celastrol were applied to skin without measurable metntal effects. Therefore,

these compounds are attractive candidates for developmsenpical antistaphylococcal
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biofilm treatments. Since both antioxidants act syneiadiit with gentamicin, they

could potentially be applied in combination to treat paenith severe skin lesions or

burn wounds.
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Chapter 6

General conclusions and future work

6.1 General Conclusions

The antioxidants under investigation here were of intesgste they are compounds that
are already used in the cosmetics industry, as food praservar in traditional medicines
and have known antibacterial activity (Merrifield & Yang,6B) Funget al., 1985; Chaieb
et al, 2011; Martinset al,, 2013; Cheret al, 2011; Katsuraet al,, 2001). Therefore, it
was hoped that this collection of compounds would displafulsantibacterial activity

without associated eukaryotic toxicity.

Initial studies focused on the antibacterial activity oé ttood additive TBHQ. Early
experimentation revealed that TBHQ had little innate aibrial activity, and that
antimicrobial properties that had been ascribed to the camgwere through conversion
to TBBQ under bacterial culture conditions. TBBQ was priitlyaactive against
Gram-positive organisms and eradicated staphylococoéilrhs. This unusual property
was a consequence of TBBQ'’s ability to eradicate slow- andgrowing cells. These
sub-populations of cells are recalcitrant to the effectstber antibacterial agents, and

can repopulate the biofilm following removal of antibacéchallenge. Up to 80% of
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bacterial infections are believed to include a biofilm comgrat (National Institute of
Health, 2002), which contributes to recurrent infectiond &reatment failure. Therefore,

agents with antibiofilm activity are highly sought after.

The MOA of TBBQ was investigated initially by assessing ifeets on biosynthetic

pathways using radiolabeled precursors and biosensordutimnesce in response to
particular stresses. TBBQ did not preferentially inhibityasingle macromolecular
synthetic pathway or elicit stress responses in the bia@ssnsvhich is suggestive of
a compound with membrane-damaging activity (O’Neill & Chep2004). Indeed,

TBBQ was found to have lethal interactions with the cytopiEsmembrane, causing
depolarisation of cells and loss of intracellular compdseA low-level TBBQ-resistant

strain was generated under selection, and may have reduseédpdibility due to altered
membrane phospholipid composition. However, staphylocagbtposomes were not
disrupted by TBBQ, suggesting that the antioxidant is wahjiko bind to and disrupt
specific lipids in the membrane. Permeabilisation of thenGsreegative outer membrane
renderedE. coli susceptible to TBBQ, indicating that the cytoplasmic meamnbr of

Gram-negative bacteria was also susceptible to the adtdoks action. Since TBBQ
did not induce haemolysis at concentrations of antioxiddwat damaged bacterial

membranes, this suggests that membrane effects wereibaspecific.

A number of other phenylic antioxidants were screened ftibaaterial and antibiofilm
activity. Celastrol and NDGA were identified as potentiallgeful agents, as they
eradicated surface-attached communities and displayagifepactivity against bacteria.
These antioxidants could be distinguished from TBBQ by tleemanism through which
they eradicated biofilms. NDGA and celastrol induced disalesf the biofilm matrix and
cells in contrast with TBBQ, which killed metabolically aet and inactive cells without
significantly destructuring the biofilm. Like TBBQ, celadtand NDGA disrupted the
cytoplasmic membrane, causing death of planktonic céltsjgh the exact nature of this

interaction varied for the different antioxidants.
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All three antioxidants acted synergistically with gentami against staphylococcal
biofilms. Eradication was achieved with a combination of-D.5g/mL gentamicin
and 16 ug/mL TBBQ, 16 ug/mL NDGA, or 8 pug/mL celastrol. At concentrations
above those that can eradicate staphylococcal biofiim&aaénts had no measurable
detrimental effects on a human living skin equivalent. Rennore, TBBQ, celastrol
and NDGA all potentiated the antibiofilm activity of gentamni at concentrations that
were tolerated at the skin surface. Amongst other usesagecin is applied as a
topical antimicrobial cream (0.1-1% gentamicin [1-10 mb]jrfor the sterilisation of
infected wounds (Castellaret al., 2007; Stojadinoviet al., 2008). The combination
of gentamicin and antioxidants could be employed to treadimns, such as burn
wounds and severe skin lesions, where biofilms are likelyisegdWolcottet al., 2010).
Combination therapy could significantly reduce the doseam$equent toxic effects of
gentamicin, whilst providing additional antibiofilm adty. Furthermore, an inability
of S. aureudo develop high-level resistance to these antioxidantsladvallow topical

treatment of infected wounds for prolonged periods.

More generally, the results presented here confirm that oomgs with membrane-
damaging effects may be a useful source of antibiofilm agétsdle et al., 2011).
However, it has been shown that effects on the membrane vaeiexhand it may not be
possible to predict which agents will eradicate biofilmsdaagpon the kind of interaction
they have with membranes. For example, NDGA caused rapichgmilisation of
the membrane, whilst celastrol compromised the membratenpal without inducing
leakage of intracellular ions. Nonetheless, all agentslay®d a similar MBEC (4-fold
difference between celastrol, TBBQ and NDGA). Even thosemounds that caused
rapid and extensive membrane damage were not necessardyde@ukaryotes, and could

be useful as antibacterial agents due to low potential &istance development.
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6.2 Future work

Although it has been established that TBBQ specificallyraxtes with components of the
bacterial membrane, the precise nature of this interacsiot yet known. To provide
further insight into the membrane component that TBBQ attes with, staphylococcal
cell ghosts could be generated, comprising a preserveceedlope in the absence of
cytoplasmic material (Langemasmhal., 2010; Lubitz, 2010)E. colibacterial ghosts have
been produced previously by controlled expression of pigge gene E, which forms
a transmembrane tunnel through which intracellular coreptsare lost (Langemann
et al, 2010). Currently, a chimeric E-L lysis gene that is activstaphylococci is being
developed in combination with methodology to re-seal réadtghosts using membrane
vesicles (Lubitz, 2010). Cell ghosts could be impregnatéti Wuorescent dye, such
as carboxyfluorescein, and exposed to TBBQ. If leakage ofglget induced, this may
indicate that an energised membrane is required for theaictien. This could distinguish
between agents that disrupt the function of components édaaewithin the membrane

as opposed to those that simply destructure the membrane.

The contribution of alterations in putative ethanolaminenake (encoded by
SAOUHSC01866) to TBBQ susceptibility could be confirmed by geneat deletion
mutant and testing activity of TBBQ against this strain (@ilNet al., 2006). In Section
4.3.7 it was hypothesised that the TBBQ-resistant straif) {iad altered phospholipid
production as a consequence of a mutation in ethanolammaséi This suggestion could
be investigated by determining and comparing the membrhaosgholipid composition
of S. aureusSH1000, B7 and the deletion mutant, in particular quantgyithe
phosphatidylethanolamine content (Jones 2008). Simjlarémbrane fluidity and fatty
acid content could be analysed to identify physiologicardes in the B7 membrane,
which could contribute to the reduction in TBBQ activity (Batet al., 2000).

Transcriptional profiling could provide further insighttanthe target to TBBQ, and
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complement the research presented in this thesis. Anéibacagents disrupt bacterial
homeostasis, which induces stress responses that relatiee tcompound’s target.
Additionally, bacteria may upregulate the target itselfayget-associated genes in order
to titrate out the compound and avoid inhibitory effects N&ll & Chopra, 2004).
Transcriptional profiling would involve extraction of totRRNA from untreated planktonic
cultures and those that had been exposed to antioxidantewir@ mRNA enrichment
and fragmentation, complementary DNA (cDNA) would be swsihed for amplification
and Next-Generation Sequencing. Reads would be mappeck teetbrence genome,
and expression levels would be assessed based upon readgmyRintoet al., 2011).
Genes displaying-2-fold increase or decrease in expression would be coresiderbe
differentially regulated, and analysis of expressiongrag could provide information

about the target of TBBQ.

Full analysis of the celastrol resistant strain (C3) woutdnplement MOA studies
that have already been carried out with celastrol. WGS hggesied some potential
mutations that could contribute to resistance. However,stbquence of each of these
genes should be determined individually to confirm the preseof a mutation, then
be complemented in C3, as was carried out for the TBBQ-gt#istrain. Since a
large number of mutations are present and may have compeynsitects, it would
be beneficial to delete genes of interest individually ineanl host, for example using
site directed mutagenesis (Vickees al, 2007). Deletion of specific genes causing
increased resistance to celastrol would provide furthgight into the cellular target of

the antioxidant.

Finally, in order to progress TBBQ, celastrol and NDGA asickl candidatesn vivo
experimentation with animal models of infection should beried out. The compounds
may be most usefully employed as topical agents for use irtrd@ment of chronic
wounds and surgical site infections, so the experimengagdeshould reflect this situation

(Dai et al,, 2011). Ideally these experiments would provide informatabout efficacy,
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but also further data regarding tolerability. Collectiwethese studies could facilitate

development of the antioxidants for human treatments.
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Appendices

A Primers used in this study.

Oligonucleotide primer Sequence
Tnp_out2 5 GCTTGCATGCCTGCAGGTCGACTC 3
Tn_Fwd 5 CAGGTATAGGTGTTTTGGGAA 3
Tn_Rev 5 AAAAAGGATTGATTCTAATGA 3
01722/3interFwd 5 TTTCATCATTTACACATCCTA 3’
01722/3interRev 5 CAAGCGTAAATGTAACTA 3
01866 Fwd 5 ATTAGGGTGGACACTTGATTC 3’
01866Rev 5 CCCATGGTTTGTATCGAA 3
ElitraMCS Fwd 5 CAGCAGTCTGAGTTATAAAATAG 3
ElitraMCS_Rev 5 CAGGCAAATTCTGTTTTATCAGAC 3
01723opXmal_Fwd 5 TAACCCGGGGGGGATAACGAATTTA 3

01723opXbal_Rev 5" AAATCTAGAGATGACACAGATAGTCGATTT 3’

01866SaclLFwd 5" AAAGAGCTCATTAGGGTGGACACTTGATTC 3
01866 Xmal_Rev 5" TAACCCGGGCCCATGGTTTGTATCGAA 3
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B MICs of TBHQ and TBBQ against a collection of S.

aureus clinical isolates.

Gl
G2
G4
G5
G6
G9
G10
G11
G12
G13
G15
G16
G17
G18
G19
G20
G22
G23
G24
G25
G26
G27

Antibiotic MIC (ug/mL)
Strain name susceptibility TBHQ TBBQ

MSSA 8 8
MSSA 8 8
MSSA 8 16
MSSA 16 8
MSSA 8 8
MSSA 16 16
MSSA 16 16
MSSA 8 8
MSSA 8 8
MSSA 8 8
MSSA 16 16
MSSA 8 8
MSSA 16 16
MSSA 16 8
MSSA 16 8
MSSA 8 8
MSSA 16 16
MSSA 16 16
MSSA 8 8
MSSA 16 16
MSSA 16 16
MSSA 16 16
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G28
G29
G30
G31
G32
G33
G34
G35
Oxford
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R40
R33

Antibiotic MIC (ug/mL)
Strain name susceptibility TBHQ TBBQ

MSSA 16 16
MSSA 8 8
MSSA 8 8
MSSA 8 4
MSSA 8 8
MSSA 16 16
MSSA 16 16
MSSA 16 16
MSSA 8 8
MRSA 8 8
MRSA 8 8
MRSA 16 16
MRSA 16 8
MRSA 8 8
MRSA 8 8
MRSA 16 8
MRSA 16 16
MRSA 16 16
MRSA 16 16
MRSA 16 16
MRSA 16 16
MRSA 16 8
MRSA 16 16
MRSA 16 16
MRSA 8 8
MRSA 16 16
MRSA 16 16
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12232
12233
W71
W74
W80
w82
w85
W96
W97
w98
W99
EMRSA 15
EMRSA 16
EMRSA17
MW2
VISA 2
Mu3
New Jersey
Mu50
V99
Michigan
VISA 26

Antibiotic MIC (ug/mL)
Strain name susceptibility TBHQ TBBQ
MRSA 16 16
MRSA 16 16
MRSA 16 8
MRSA 8 16
MRSA 16 16
MRSA 16 16
MRSA 16 16
MRSA 16 16
MRSA 16 16
MRSA 8 16
MRSA 32 16
MRSA 16 16
MRSA 16 16
MRSA 8 8
MRSA 16 16
VISA 8 8
VISA 16 16
VISA 16 16
VISA 16 16
VISA 8 8
VISA 16 16
VISA 16 16
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C Addresses of companies

Alfa Aesar, Heysham, UK

AstraZeneca, Wilmington, USA

Avanti Polar Lipids, Birmingham, USA
Bayer, Leverkusen, Germany

Beckman Coulter Genomics, Takeley, UK
Bioline Reagents, London, UK

Bio-Rad, Hemel Hempstead, UK

BMG LABTECH, Ortenberg, Germany
CP Pharmaceuticals, Wrexham, UK
Cubist Pharmaceuticals, Lexington, USA
Destiny Pharma, Brighton, UK

Duchefa Biochemie, Haarlem, Netherlands

EdgeBio, Gaithersburg, USA

Eurofins MWG Operon, Ebersberg, Germany

Evocutis, Wetherby, UK

Fisher Scientific, Loughborough, UK

GE Healthcare, Little Chalfont, UK

Gene Codes Corporation, Ann Arbor, USA
Greiner Bio-One, Stonehouse, UK
Invitrogen, Paisley, UK

LG Life sciences, Seoul, South Korea

Matrix Biologicals, Hull, UK
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Melford, Ipswich, UK

Millipore, Billerica, USA

Molecular Biology Insights Inc., Cascade, USA
MP Biomedicals, Illkirch Cedex, France
Microsynth AG, Balgach, Switzerland

New England Biolabs, Ipswich, USA

Oxoid, Cambridge, UK

Packard Bioscience, Beaconsfield, UK
PerkinElmer, Cambridge, UK

Pfizer, Kalamazoo, USA

Promega, Southampton, UK

Qiagen, Manchester, UK

R&D systems, Abingdon, UK

Sera Laboratories International, Bolney, UK
Sigma-Aldrich, Poole, UK

Sunovion Pharmaceuticals, Marlborough, USA

Theravance, San Francisco, USA
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