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ABSTRACT

Quaternary ammonium compounds (QACs) have long served as lead disinfectants
in residential, industrial, and hospital settings. Their simple yet effective amphiphilic
natue makes them an ideal class of compounds through which to explore antibacterial
activity. We haveadeveloped novel multiQACcsffolds through simple and cesfficient
syntheses, yielding hundreds of diverse compounds strategically designed to examine
various aspects of antibacterial and dmtifilm activity, as well as toxicity. Many of these
bis-, tris, and tetraQACs display antibacterial activity 10 to 100 times grebser
conventionalmondACs and are among the most pot biofilm eradicators to ¢
Through analyzing their activity against several strains, we have uncovered and provided
further evidence for key tenets of amphiphilic QAC bioactivity: a balance of hydrophobic
side chains with cationic head groups generates optimal antibactenalyat¢hiough
toxicity to eukaryotic cells needs to be mitigated.

Given their ubiquitous natarand chemical robustnegbe overuse of QACs has
led to the development of QAC resistance genes that are spreading throughout the
microbial world at an alarmingate. These resistant strains, when found in bacterial
biofilms, are able to persist in the presence of lead commercial QAC disinfectants,
warranting the development of neggneration biocidesSeveral of our scaffolds were
designed with QAC resistanceachinery in mind; thusye utilized these compoundsn
only as antibacterial agentsut also as chemical probes to better understand and
characterize QA@esistance in methicillimesistanStaphylococcus aure (siRSA). Our
findings support previous posations that triscationic QACs would retain potencyiagia

QAC-resistant strains. Ufthermore we have identifiedmonocationic andaromatic



moieties as well asconformational rigidity as being more prone to recognition by the
resistance machinerylsing our chemical toolbox comprised of QACs of various charge
state and scaffold, we explordmbth the mechanism and scope of QAgSistanceby
examining their structureesistance relationship.

Our holistic findings have allowed us better understanthe dyhamics of this
systemtowards the design and development of rgedieration QACs thatilk (1) allow
us to better probe the resistance machinery, and (2) remain efficacious against a variety of

microbial pathogens.
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CHAPTER1: BACTERIAL INFECTIONS

1.1Biotic and Abiotic Colonization

Each year it is estimated that 300 million severe bacterial infections, leading to the
deaths of 2 million didren, plague people worldwiderhe most deadly of these infections
tend to be grouped into tHESKAPE pathogen$Enterococcus faeciunstaphylococcus
aureus Klebsiella pneumoniaAcinetobacter baumanniPseudomonas aerugingsand
Enterobacterspecie<. In addition to their adverse health etlein vivo, bacteria are
capable of colonizing a variety of surfaces and environments, both biotic and abiotic. This
is especially prevalent in hospitals, food processing facilities, water and oihpgeiind
the shipping industty Specifically in clinical settings, bacteria have beenwshdo
colonize a variety of implanted medical devices, including catheters, stents, and tubes, thus
exacerbating and complicating major health issues and risking infection in a variety of

procedures.

1.1.1 Bacterial Biofilms

According to the U.S. Centelier Disease Control and Preventitacteriabiofilm
infections are responsible for over 65% of nosocomial and foreign device inféctiosis
number appears to only be growimgrecent yearsBacterial cells exhibiting the biofilm
phenotype are 100 to 1000 times morestast to standard antibiotics fogasons to be

outlined shortly*
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Figure 1.1 Biofilm life cycle. Assays targeting each stage are highlighted.

Bacteria exist in either the planktonic or the biofilm state, and can be targeted at
any point along their life cycle, including throughout the biofilm development @oces
(Figure 1.1). Biofilms are complex communities of bactérhat exist in a selproduced
extracellular matrix of polysaccharides, proteins, and DNAUpon sensing an
environmental stress such as low nutrient conditions or the presence of antibiotics,
planktonc bacteria are capable gkneticallyswitching to the biofilm phenotype, and
begin to adhere to each other and to a surface, forming microcolonies. Production of an
extracellular polymeric substance (EPS), comprised of polysaccharides, proteins, and
DNA, forms a barrier of protection for the cells within the newly forming biofilm. Over
time, biofilms continue to develop and may form spe@es nichespecific architectures.

The matrix and specific biofilm architectures have more recently been implicated
providing a host of benefits to the biofilm, including absorption, retention, and recapture
of nutrients and enzymes, tolerance and resistance, promotion of symbiosifieand t

creation of local gradientsf nutrients, essential ions, and signaling moles®



In addition to protection and benefits offered via the EPS and architecture, bacteria
deep within the biofilm enter a greatly reduced metabolic state and downregulate much of
the machinery that are targets of corti@mal antibiotics, such as the ribosome aed
wall production®® Cells on the outermost edges may slough off to form new
microcolonies, which can develop into full biofilms, thereby spreading infection. Upon
removal of the triggering environmental stress and/or other signaling pathways, cells in the

biofilm state retun to exhibiting the planktonic phenotype and the process can begin anew.

1.1.2 Laboratory methods for the study of antibacterial activity

In the laboratory, a variety of methods is employed to study bacteria in each of
these staged-{gure 1.1). Traditionally, activity against planktonic cells is evaluated by
broad minimum inhibitory concentration (MIC) assays, wherein bacteria in théomid
phase of growth are dosed with the compound under study. Absence of growth over a
period of time, usually severdhys, indicates gross inhibition of growth. Some studies
specifically report the minimum bactericidal concentration (MBC) of a compound; unless
a compound is truly inhibiting growth and division of the original aliquot of cells while not
affecting their vability, the MIC and MBC of a compound are often identical.

Anti-biofilm activity is less commonly measured, as this is a growing field and
assays are more involved with less published protocol. Studies on biofilm inhibition report
minimum biofilm inhibition concentrations (MBIC), while those that examine the
treatment of mature biofilms report minimum biofilm eradication concentrations (MBEC).
These values are often determined by cell counts, microscopy, or spectroscopy.

Furthermore, the dispersion of magwbiofiims may be measured by a number of such



methods in tandem, though dispersion proves difficult to confidently ascertain or quantify.
For biofilm studies, there are no standardized methods or regulations in reporting values as
there are for MIC studs. Often, it is up to investigators to set their own standards; as such,
any measure of biofilm inhibition or reduction can be reported. The logarithmic scale is
often employed as cell counts colony forming units per milliliter of bacterial culture,

cfu/mL) provide a standard measure of antibacterial actiVigple 1.1).

Table 1.1 Log reduction and corresponding reduction of bacteria.

Log Percent L )
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1.2 Combatting Bacteria with Antibacterial Agents

Natural products have long bearsource of potent antibiotiésThe 2¢" century
saw the dawn of modern anttics, beginning with the discovery of penicillin in 1928,
followed by the development of several diverse classes of antibiotics thereafter. The

majority of antibiotics fall into classes that target one of three essential components of
4



bacteria: (1) cell wll biosynthesis; (2) protein synthesis via ribosomes; or (3) DNA

synthesis.

1.2.1 Antibiotics and mechanisms a@tian

Cell wall biosynthesis is a major target of several large classes of antibiotics,
including b-lactams pencilins, cephalsporins, carbapenen)s and glycopeptides
(vancomycin, polymyxin B, daptomycifn)Another key target is protein synthesis, targeted
by the tetracylnes, macrolides (erythromycin, azithromycin) and aminoglycosides
(gentamycin, streptomycin). Finally, DNA synthesis is inhibited by fluoroquinolones
(ciprofloxacin, levofloxacin) and trimethoprim, while the rifamycins (including rifampin)

inhibit RNA syrthesis. Representative structures from each class are shéiguia 1.2

NH, OH O OH O O
H oy OH
= O
J;N'% A on

macrolides aminoglycosides OH _~ o
glycopeptides Iy,
H,N

OH

Figure 1.2 Common classes of antibiotics.
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Many of these antibiotics are considered broad spectrum, in that they
indiscriminately inhibit pathways in Grapositive and Grarmegaive species. Some are
specific to Granpositive organisms, such as the inhibition of cell wall biosynthesis caused
by glycopeptides, while others, like tetracyclines and trimethoprim, inhibit DNAegist
in aerobic microbes onlyDifferences in activity among Grapositive or Granmegative
bacteria may result from a key difference in the structure of each of their membranes
(Figure 1.3). Grampositive bacteria are encapseldtoy one membrane and a thick cell
wall of peptidoglycan, while Gramegative organisms possess a thin cell wall and two

cellular membranes, with an intramembrane compartment.
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Figure 1.3 Differences in membrane structure between Gpasitive and Grarmegative
bacteria. Gray represents the membrane, purple represents a thick layer of peptidoglycan
positively-stained with Gram stain, and pink represents a thin layer of peptidoglycan

negativelystained with Gram stain.

1.2.2 Issues with currenhabiotics
Antibiotic-resistant bacteria have been a major concern since the dawn and
distribution of antibiotics; rarely has more than 10 years passed between the introduction

of an antibiotic to the market and the developnamesistance to that antibioticThe



application of antibiotics has been excessive in the agricultural and food industries as well
as in the medical community, where is it estimated that nearly 50% of presctiibéatian

are not necessary nor appropriate to treat the ailnfi@mighich they are prescribedhis
overuse has directly contributed to the development of antibiotic resistance. According to
the CDC, at least 2 million severe bacterial infections thatatbe treated with traditional
antibiotics occur in the United States alone, and more than 23,000 people die each year
from theseantibiotic-resistant infectios® Bacteria may pssess intrinsic resistance or may
acquire resistance through alterations of their genetic composition. Intrinsic resistance
refers to a component or characteristic of a bacterium that renders that bacterium innately
immune to an antibiotic, such as theatoellular membrane in Gramegative bacteria,

which resuls in decreased activity of a number of antibiotics and biocides. Acquired
resistance comes in the form of genetic mutations and/or the transfer of plasmids and
integrons, aexemplified in the tnasfer of plasmids that contain QA€sistance genes (to

be detailed in CHAPTER 5).

While the antibiotics of the 2D century revolutionized human health, the
development of resistance and evasion mechanisms render many of these approaches
ineffective. Furhermore, traditional antibiotics are typically only applied in human and
animal health, and do not address bacterial infections elsewhere. Given the decreasing
amount of antimicrobial agents currently being introduced to the market and the rapid
increase n multidrug resistant bacteria, there is a dire neednfirel antimicrobial
treatments particularly, for compounds that can kill both planktonic and biofilm bacterial
cells with a low propensity for resistance. Additionally, though narrow spectrunmicsb

and those that target cell replication machinery have contributed invaluably to the fight



against pathogenic bacteria, those with varying selectivity and alternate mechanisms of
action must be explored. Thus, a class of compounds that is unlilddyeétop resistance
mechanisms quickly, combined with the ability to kill both planktonic and biofilm bacterial

cells, holds promise as the next line of defense in the fight against bacterial infections.
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CHAPTER 2: QUATERNARY AMMONIUM COMPOUNDS

2.1 Structure and Properties

Quaternary ammonium compounds (QACs) consist of a positively charged
nitrogen bearing faubonds, which may or may not be yoldpendent (se8ection 2.6.4.
For the purposes of this work, pe¢pendent QACs will be referred to as such and the term
AQACO will refer to a fully substituted nit
tails (Scheme 2.1 This amphiphilic structure confers a host of desirable physical
properties and thus the rampant incorporation of QACs into products ranging from
antiseptics to surfactants detailed. Simple QACs with alkyl chains under 16 to 18 carbons
in length tend to be wategoluble and quite chemically stable, lending themselves to
straightforward and variable formulations. The counterion of most QAC salts is less crucial
to many applications, though it can influence solubility; most reported QAC salts ar
composed of chloride or bromide, as iodide salts tend to exhibit decreased sdteibility.
Because of their amphiphilic nature, QACs are capable of forming micelles and thus are
often tesed for their critical micelle concentration (CMC), whi@ndl to be at millimolar

levels®

2.2 Reactivity

QACs are remarkably chemically stable, and are typically inert towards most
reactants including electrophiles, nucleophiles, oxidants, and acids. Under strong base
conditions, they are known to degrade via a handfulearrangements or elimination

mechanismsYcheme 2.1L% In the presence of a strong base, QACs may undergo a Stevens



rearrangement to yield a teryjaamine? In particular, benzylQACsare capable of
decomposing to tertiary amines via Sommélauser rearrangementhen treated with
sodium amidg(Schane 2.1A°Th o s e c o +nyd@ademsicangegifade to tertiary
amines and an alkene by treatment with silver oxide and water via a Hofmann elimination
or by treatment witha redicing agent like sodium amalgam, whichiives Emdé
degradation(Scheme 2.1B An early report detailed the antibacterial activity of
guaternized hexmethylenetetramine and halohydrocarbons due to the slow release of
formaldehyde over avide range of pH8 This particular structure is somewhat unique, as
each quaternary center of hexamine is linked via a methylene group, allowing for the

formation and release of owarbon units in the form of formaldehyde.

A ® R NaNH, _R
N —5> N
/\ |
NH;

B ® (\Rs Na/Hg '?1
N. — > N AR,
R I R2 H20 R Rz

1

Scheme 2.1Rearrangements of QACSs.

2.3 Uses Other Than Biocides

For the purposes of this research, focus will be placed on the antibacterial activity of fully
substituted QACs. However, it is worth noting that QACs possess tremendousruglity
variety of applications and, in several instances, their antimicrobial properties have been

uncovered via research efforts in these alternate arenas.
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2.3.1 As cationic surfactants

Their amphiphilic nature endows QACs with surfactant, preservatvel
antimicrobial properties that are exploited in numerous cben@nd personal care
products’ QACs such as cocamidopropyl thime @.1) and several quaternium and
polyquaterniums scaffold2 2, 2.3, Figure 2.lare formulated into soaps and detergents,
cosmetics, contact lens solutions, and hair care products for their antistatic, wetting, and
preservative abilities, among hatrs®® In 2002 alone, polyquaterniudd (2.3) was
approved by the FDA fouse in hundreds of products ranging from shampoos and
conditioners, hair dyes, and eye makeup to soaps and detergents, shaving and skin care gels
and lotions, and several suntan prodd€®hough they will not be discussed furthtire
field of polymeric QACs is rapidly expanding with countless reports and recent advances
with a variety of antimicrobial applications Diesteralkonium products,
diethylesterdimethylammonium chloride (DEEDMA) foreenple, have been incorporated
into fabric softeners since the 1950s, and reportedly account for approxibelyf all

household QAC usage

2 \/ H
HO ®\/\/ Y\\/:\/) \/ OH
o N o.
o /@\)\I’ \/‘]\0

X
o o+
n
HO O “"OH

O
HO O\)N(D 23 OH
2.2

Figure 2.1 QACs incorporated into detergent and cosmetic formulations.
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2.3.2 As biological stains and dyes

QACs have also found substantiaé s stains and dyes for a number of biological
assays and processes. Crystal violet, propidium iodide, and malachite green are among
several QACs that contain conjugated aromatic systems, allowing them to serve as
biological indicators or dyes. These atgewan either interact with bacterial cell wall
components like peptidoglycan to provide qualitative and quantitative data regarding the
presence of bacteria (i.e., crystal violet for Gramd biofilm staining) or intercalate into
DNA and fluoresce (i.e.propidium iodide to give a measure of viability). These
compounds, while bactericidal at high concentrations, do not affect bacterial viability

within the range of concentration used for staining.

2.4 Mechanism of Action

The mechanism of action of QACadlong been accepted as membrane disruption;
QACs demonstrate a detergdike action due to their amphiphilic natur€he cationic
head group first forms strong electrostatic interactions with the anionic heads of the
phospholipid bilayer, followed by tarcalation of the hydrophobic side chains into the
intramembrane region, as shownFigure 2.21213This ultimately lads to cellular lysis
via membrane pore formation and solubilization, destruction of essential ion gradidnts, an
leakage of cytosolic conteft516

Since their inception, QACs have historically beassumed tde membrane
disruptors operating under the blanket mechanism of action described above, regardless of

structural variation$? Thus, the mechanistic subtleties specific to each QAC and bacterial
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Figure 2.2 Mechanism of action of QACs. Amphiphilic QACs are shown with a red

cationic head group and/¢ nonpolar tails; bacterial membrane is shown in gray.

membrane have been understudied. Some reports over the past few decades have addressed
this assumption, underscoring the minute biochemical and biophysical interactions
responsible for the bactentzl activity of QACs. These underpinnings hold profound
implications in understanding and developing future generations of compounds to advance
the fight against bacteria. lkedd al. examined the mechanism of action of bisguanide
cationic agents via fluescence polarization, finding that cationic agents bind to and
disrupt negativehcharged model membranes matithan neutral model membrariés

Much work with natural and synthetic antimicrobial peptides (AMPs) and cell penetrating
peptides (CPPs) has yielded mechanistic insights that may be applied to QACs, as QACs
have been toet as simple mimics of AMP§.Some have reported that aryl groups and
specific patterns of cationic and hydrophobic regions helpsCter traverse the
membrané® Reports regarding the importance of charge and conformational flexibility
AMPs have been conflicting, especially in determining their selectivity for bacterial cells
over mammalian cell€’ 22 Zhang and cavorkers eamined the antibacterial and cytotoxic
activity of gemini(two-headed)QACs, finding that they disrupt the integrity of bacterial

cell membranes as evaluated with scanelegtron microscop$? Furthermore, the gemini

13



QAC:s in this study appear to disrupt cell migration and play a role in cell cycle arrest in
eukaryotic cells.

It has been shown that at low concentrations of QAC, an increase in surface
pressure and a correspondingc@ase in membrane fluidity causes a loss of
osmoregulation and physiological function, as well as leakage of potassium and ptotons.
Higher levels kill via the detergefike mechanism: solubilization of the membrane
followed by nearf complete release of cytosolic material. Alternate or additive modes that
have also been implicated include reduction of membséored elastic stre$$,DNA
compactiorf® and triggering of autolysi¥ It has been proposed that QACs are capable of
replacing essential €aand Mg?* ions in the membranig such ions play a huge role in
structure as they bridge cganents of the membrane and hold the membrane as well as
proteins and enzymes in their active form(s).

loannou and Denyer specifically studied the activity and interactions of commercial
monoQACs benzalkonium chloride (BA€.4, Figure 2.3) and didecylmetylammonium
chloride (DDAC, 2.5 with S. aureuscells!® Their results indicate that BAC forms a
monolayer on the cell surface while DDAC forms a double monolayer by the enel of th
primary adsorption phase, as measured by multiple lysis markers including dye uptake and
potassium leakag®8ased on the little residual DDAC left in the supernatant, they suggest
that the increased uptake of DDAC may explain its improved potency amulapesed
formation of a double monolayer on the cell surface. Additionally, they found evidence
that treatment with biocides may also cue autolysis.

Because QACs target the bacterial cell membrane, they are-dpeatium

antibiotics, although they exhibmarkedly enhanced activity against Grpositive
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bacteria. It is likely due to the presence of theose membrane in Gramegative bacteria

that QACs (and other membranear get i ng anti septics) tend t
typically on the order of-8old i against such strains. Some have suggested, though, that
additional chromosomalgncoded dfux pumps present in Graimegative bacteria may

also pay a role in this observatigfi?’ Though it is outside the scope of this work, QACs

also serve as antifungal agefit

2.5 History and Development of Commercialized QACs
For over a century, cationic amphiphileQACs in particular- have been a
mainstay as lead antiseptics in several commercial, healthcare/hospital, residential,
industrial, and agricultural settingshé first account of QACs and their bactericidal
activity was published in 1916 by Jacobs describing the derivatization of
hexamethylenetetramine with a medleyaofide and ester alkyl halidé$>! This series of
papers detailed the bioactivity of benzylated and acylated QACs, ultin@atelp c | udi ng
t hat t he gener al guaternary ammoni um nat
fbacteri egardorgesngansi ble for their bacterici
in 1928 by Hartmann and Kagi6 s publ i cat i on itwhich teadshteB Saur e
l'iteral |l y fti omwlich the ahtibactersalopeopedies of esterified QACs were
examined®? Concurrently, Browning and eworkers published a series of papers on the
bactericidal prowess of quaternized pyridine, quinolone, acridine, and phenazine analogs.
Shortly thereafter, Domagk established the field of QACs known todayhigth
hallmark work on the germicidal properties of quaternary ammonium salts that contain at

leastone long aliphatic side chaiHis work focused on a class of compounds deemed alkyl
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dimethyl benzyl ammonium chloride (ADBAC), most notably
benzyldimethyldodcylammonium chloride, which in that era was marketed under the
trade name ZephirdP In 1947, a mixture of alkyl benzyldimethylammonium chlorides,
collectively referred to as benzalkonium chloride (BAC, n = 1 to214,, Figure 2.3),
became the first activiagredient QAC approved by the UniteStates Environmental
Protection Agencd; a similar mixture currently remains as the main active ingredient in
several lead antiseptigacluding many formulations of Lysol. In tandem with this seminal
registration, Shelton and eworkers uncovered the potent antibacterial activity of the
pyridyl QAC cetylpyridinium chloride (CPC,2.6) and its C16 alkyl QAC
cetyltrimethylammonium bromideéCTAB, 2.7).%° Shelton also explored QA@emprised

of esters and ames®® and tlose derived from cyclic amings
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Figure 2.3Common commercial monoQACSs.

In 1962, the first of the aliphatic alk quaternaries, dimethyldecylammonium
chloride (DDAC,2.5, Figure 2.3), was registered with the EPA am&robiocide, among
other uses® Since then, advances of QA&:hnology in the commercial sector include the

addition of an ethyl group to the benzyl substituent of BAC, and modification of the alkyl

16



chain of BAC to include ethers and aromatic moieties as found in benzethonium chloride
(2.8, Figure 2.3).2 Several other QACs within each of the above classes have since been
registered and are used in a variety of settings detailddhloie 2.1, namely for the
purposes of targeting both Grapositiveand Gramnegative bacteria, odor causing and/or

staining bacftemrmian g & ithtsalfigidras biofilm38

Table 2.1Uses of commercial QACs under the BAC and DDAC classes. Adapted from

EPA Reregistration of ADBAC and DDAE&:38

QAC Use Category Examples of Usage Sites

Disposal and waste water plants, cooling tow
swimming pools and hot tubs,
Institutionaland commercial| Athletic and recreational facilities, public parl
premises and equipment | amusement parks, public buildings

Medical premises and Hospitals, healthcare facilities and offices, surg
equipment suites, emergency vehicles

Agricultural pemises and | Greenhouses and nurseries, hatcheries, animal
equipment housing

Houses, cars, boats, campgrounds, trailers, nu
homes, daycares

Restaurants, bars, dining halls and cafeterias, gr(g
Food handling and storage | stares, food and beverage processing facilities, pac
plants

Water processing systems

Residential premises

Since their introduction to the market nearly 70 years ago, various QAC
formulations have been utilized in combination with agents such as ethanol as commercial
disinfectants Perhaps due to gelatory precedent, the antiseptic market today consists
predominantly of the monocationic QACs BAC, twihained DDAC, and pyridyl CPC.
Since their introduction to the market, commercial QACs have expediegiobal and

exponential usagébased on their potency and broad activity, relatively low toxicity, and
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ease of preparation. This heavy use has led to alarming consequences, which will be

discussed ICHAPTER 4.

2.6 Academic QAC Endeavors

In addition to the explation of QACs in the commercial and industrial sector,
significant progress has been made in the academic arena. For several decades now, a
number of groups have been activelyvestigating the biological and physical
ramifications of altering the chemicatructure of QACs. A wide variety of scaffolds
described below have been examined, motivated by various factors such as structural
novelty, ease of synthesis, enhanced toxicity profile, and specific bioactivity. Included in

this section is a mere sampliofjrecent academic advances in this area.

2.6.1 Investigation of alkyl QACs

Several studies dating back to the inception of QACs as antimicrobial agents have
examined the optimal length of side chain. In general, compounds with chain lengths of 12
to 14 carbons are most active against Giiamsitive species, while those with lengths of
14 to 16 carbons are best against Greggatives; carbons chains of less than 4 or greater
than18 carbons tend to be inactitaViiklas and ceworkers investigated the hydrophobic
portion of QACs through binaphthy2.©) and camphorsulfonamide (CSA) analogs
carying a linear 2.10 or a cyclic QAC 2.11) (Figure 2.4).*%*1 The compounds exhibited
a wide range of MICs, though the CSA C14 analog and C12 binaphthyl analogs were the

most active in their respective classes. As immmon with QACs, all compounds
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demonstrated increased activity against Gpasitive S. aureusthan against Gram

negativeE. coliand the fungu€andida albicans

0,S. N/\/N N
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R = CqpHz1, C42H2s, 210 211 n=0-3,9,11,13,15
C14Ha9, C16H33 R; CHl_gi, Co:f—iHY
1=,

Figure 2.4 Binaphthyl, CSA, and amino acidlerived monoQA&s.

As QACs target the essence of membrane structure, toxicity is of obvious concern
To address this concern, amino aderived QACs have been evaluated for antibacterial
activity; one particular series consists obsk derived from phenylalaniraad yrosine
(2.12 Figure 2.4).#243The first report in this series investigated the effect of alkyl chain
length, confirning that C12 and C14 show optimal bioactivity. A second report then
examined the selectivity of quaternized phenylalanine for bacterial cells over red blood
cells. The authors found that hemolytic activity seemed to linked micelle formation,
whereas antiliderial activity was due to the action of singular, monomeric QA®Gs.
comparison of phenylalanaine hydrochloride salt to its quaternized analog confirmed that
thepermanent cationic form confers superior antibacterial activity.

Others have appended hyryb groups onto QACs with the intention that such
groups wouldfacilitate membrane permeatiéhThus, a series of t@rchain alkyl and
benzyl dihydroxy QACs were prepared through alkylation of methyldiethanolamine

(MDEA) (2.13 Figure 2.5). Again it was determined that C12 was the best analog out of
19



long alkyl chain compounds, which exhibited antibacterial and antifupiggperties.
Cytotoxicity accordingly tracked with antimicrobial effects. MDEA has also been tethered
to esters of various chain lengths designed to probe the optinggh IEm antibacterial
activity.*® These hydroxyl esterQACR.(L4, Figure 2.5 were active against Grapositive
pathogens and yeast, albeith smaller zones of inhibition as compared to commercial

standard CTAB; interestingly, they had no detectable activity against fungi.
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Figure 2.5Hydroxylated QACs from the literature.

Murguia and ceworkers likewisesynthesized and examined alkyl QACs bearing
alcohols, in this case tethered by glycdike scaffold @.15, Figure 2.5.4¢ They found
that neutral analogs were drastically less active than QACSs, lending credeémeadatidn
that permanent cationic nature is essential for antibacterial activity. In a similar track,
gemini esterQACs tethered by a linkage decorated with an amine and alcohols displayed
surfactant and surface adsorption properesd.*’ These compounds produced sizeable,

yet reduced as compared to CTAB7), zones of inhibition when dosed against Gram
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positiveStreptococcus pneumoraadBacillus subtilis GramnegativeE. coli, and fungal
Aspergilus fumigatus Zablotskaya and eworkers investigated the effect of silylated
hydroxyls tethered to tetrahydroisoquinolines on biological actiity7.*® They found
enhanced activity of the silyhodified compounds against bacteria and against tumor cell
lines, thoughi contrary to most QAC reports shorter alkyl chains led to better
antibacterial activity.

Recently, Hoge and Haldaget al.expanded their amide QAC mission with a series
containing a hydrophobic linker between quaternary cenfet§ (Figure 2.6).*° These
compounds led to rapid membrane permeability and killin§.&ureusandE. colicells,
including biofilms in murine model infections. These QACs also display high therapeutic
indexes (a ratio of hemolytic to t@ricidal activity), upwards of 800, against human
erythrocytes. Compounds with a small linker between cationic head g1 Were
active and highly toxic, while those with a mstzed hydrophobic linke2(20 were active
and moderately toxic. Theuthors rationalize this activity by the spatdiktribution
between cationic centewath a hydrophobic regigrieading to optimal amphiphilicity.

LaDow and ceworkers previously examined various spacers between cationic
heads utilizing bisQACs carryinghe hydrophobic tail with a rigid aromatic corz41,

2.22, 2.23 (Figure 2.6).>° They found that carbon chains of length 14 produced the
quickest killing, and that compounds containing two cationic heads were more effective
than those containing one cationic head group. A key motivatotheir work was
identifying compounds with differential activity based on the substitution pattern around
the aromatic core. They found that the position of the trimethylammonium head groups

relative to one another and the ether tail modestly affectigobaterial activity, with 3,5
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and 2,4substitution 2.22 leading to the best activity with MICs and MBCs in the low

micromolar range.
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Figure 2.6 QACs with varying hydrophobic and cationic spatial distribution.

2.6.2Incorporation into aromatic systems

QACs have also been extensively incorporated into a variety of aromatic systems,
mainly as pyridines or pyrolines. Goswami andaxarkers examined the antibacterial and
cytotoxic effects of pyridyl QAC.24 and 2.25 (Figure 2.6.>! They found that: (1)
cationic nature is esseati for bioactivity, as evidenced by the poor activity of
unquaternized versus quaternized derivatives; (2) a balance of cationic with hydrophobic
regions led to optimal antibacterial activity, similar to the studies by Hoque and Haldar
(Section 2.6.); and(3) the lead QAC is capable of enhancing the uptake and activity of
other antibiotics when used in tandem. The authors continued their investigation of pyridyl

QACs, leading to the production of a duedrhead QAC that bears a pyridyl quaternary
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center ad a tertiary amine a pHdependent quaternary centealong with a 12Zarbon
alkyl chain and a DNAntercalding fluorescent pyrene moiety While this compound
was active against Grapositive bacteria, its foucarbon alkyl chain counterpaxhibited
no antibacterial activity, confirming the importance of the atiglechain length in

conferring antibacterial behavior.

Oty QLD me SO
_ N _ N ~ 2n+1 n_/\\:/>_<\3_ m2m+1
N . N N
@] | |®

2.26
n=1,11,12,14,16,18,20
m=0,1,2,4,6,8,10,11,12,16

®
2.24 2.25
n=71 n=10

Figure 2.7 Pyridyl QACs from the literature.

Drawing inspiration from a known class obrmapounds with applications as
herlcides and as redox indicatg¥sGrenier and cavorkers examined the antibacterial
activity of a number os y mmet ri ¢ and as ybipynérniumiQACsdi al ky
commonly known as paraquats or PQ£6) (Figure 2.7).>* They showed that PQs can be
alkylated with side chains of significant length to create antimicrobial compounds. This
study revealé several trends key to the antibacterial activity ofd&@ved QACSs. First,
the addition of a second alkyl side chain led to more potent activity, with an optimal range
of 20 and 24 side chain carbons in total. They found generally that the more synametri
compound, the better the activity. Finally, differences in counterion had little to no effect
on antibacterial properties, though this does affect solubility; iodide tends to exhibit the
poorest solubility as compared to chlorides and bromi@éshe paraquats, PQ1,11

(2.26 n=m=11) and PQ2,10 .26 n = 12, m = 10) exhibited the best profile against a
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panel of Granmpositive and Grammegative bacteria, both displaying sindigit
micromolar MICs.

6-hydroxyquinolinium QACs with alkyl chains ofarying length 2.27) (Figure
2.8)>° and bisQAC pyridinium compounds were synthesized and found to possess broad
anibacterial activity’® The bioactivity of QACs arising from pyridine and isoquinoline
scaffolds bearing hydrophobic chsterol, menthol, and borneolayps was likewise
investigated’ Select analogs, such as pyridinkamolesterol QAC2.28 (Figure 2.8),
inhibited Gramposi ti ve bacteri al growth below 4&¢M
negative species. Several analogs were also active against mycobacterial strains. Fadda and
El-Mekawy also incorporated quaternized pyridines into their novel metlyanee dyes
(2.29, 2.30 (Figure 2.8).%8 The most active compounds, perhaps not coincidentally, were
those thatontain permanent quaternary centers. The mechanism of action for these dyes
has yet to be determined, though they showed anticancer activity in addition to antibacterial

activity.

X NM&LO 2.28

Figure 2.8 Additional pyridinium QACs ad dyes.
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Through the synthesis of QACs for use as neuromuscular blocking agents, Collier
and coeworkers discovered that decamethylene-isoguinolinium bromide possessed
notable antibacterial activifi). A number of bissoquinolinium derivatives were thus
synthesized and found to possess superior activity agairaireusand Mycobacterium
phlei, with MICs in the singlaligit micromolar range. Thigwdy was expanded, ultimately
leading to the disary of dequalinium chloride2(31) (Figure 2.8), which inhibited the
growth of all tested microbial species, yet failed to exhibit toxic effects when applied
topically and gbcutaneously in animal modéfsDequalinium chlorig has since been
shown to be antibacterial, antifungal, and antipacagitough membrane disruptiShas
well as through the precipitation of cytosolicnggonents, namely, nucleic acitfsThis
compound completely inhibits Grapositive bacterial growth at concentrations of as low
as2 e M, and povatussdénsie submidroBolaange against various parasités
Extensive work with the isoquinolinium linker has confirmed that-ad.@2carbon linker

is optimal, similar to work by Hoqué&eéction 2.6.)1

2.6.3 Natural products containing QACs

Though the majority 0QACs previously and currently examined are synthetic, a
number of natural products bearing QAC moieties possess antibacterial activity, including
biofilm inhibition. Typically isolated from Chinese herbs, these include chelerythrine
(2.32 and closely reked analogs sanguinarin2 83 and berberine2(34) (Figure 2.9).%4
As an extension of antimicrobial studies on sanguinarine and chelerythrine, phenyl
substitution of the naphthalene co&3H significantly enhanced antibacterial activity.

This was further explored through appendingrasito 1,&diphenylnaphthalene2.36);

25



quaternization further enhanced antibacterial activity below micromolar Bvdsthese
1,6-diphenylnaphthalene QACs only bear methyl groups, cellular lysis does not appear to
be the mode of action; rather, the authors postulate that the antibacterial activity is related

to FtsZ polymerization, an essential bacterial cytokinesijoro
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Figure 2.9 Natural product QACs and derivatives.

A related series of tetrahydroisoquinolinium structures isolated from the Chinese
vine Gnetum montanumnclude magnocurarin€ 37), cyclized derivatives thereadnd
the latifolians 2.39 (Figure 2.9).%° Latifolian A possesses modest antimicrobial activity,

inhibiting P. aeruginosa t 355 Agadihst MRSA, however, it was only able to achieve
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55% inhibition at ten times that concentration, while magnocuraine and its tetracyclic
derivatives showed no activity. This again mayrelate to the lack of alkyl chains. Other
quinolinium natural products including QACs in their core are tabouensinium chloride
(2.39°%8 and the quinocitnes®® Ageloxime D @.407° and dehydroevodiaming®.41)*
diversify this structural class with a positive charge delocalized over two nitrogens. Of the
described natural products that contain QAC moieties, most are categorized as N

methylated alkaloids, and show modest antibacterial actfity.

2.6.4 pHdependent QACs

In addition to QACs containing a central nitrogen connected to fayl @t aryl
groups, pHdependent QACwith guanidyl groups have been employed in the antiseptic
market. In fact, one of the most prevalent disinfectants to date, chlorhex@dd@e (s a
chlorinated bisguanide compound that at physiological pH exisasb&scation Figure
2.10. Though often described as possessing an identical mode of action to traditional long
chain alkyl QACs, chlorhexidine and related compounds may actually exert their biocidal
activity through the inhibition of the production of RTand precipitation of cytosolic
content!*1473Interestingly, chlorhexidine has been shown to exhibit superior activity in
alkaline pH as opposed to an acidic environment, suggesting that its cationic nature may
not responsible for its bacteriocidal activity. Furthermore, wldldorhexidine is
bacteriocidal at high concentrations, it is bacteriostatic atMidb concentrationg®

Analogs with differing side chains such as alexidihd3 exhibit similar activity’*
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Figure 2.10pH-dependent QACs.

Amidines linked to various functional groups and different substitution patterns
have likewise been employed as antibacterial ag@Mg) ((Figure 2.10. Bromination
orthoto the linker yielded the most active amidine compoumits class; this perhaps is
reflective of work in which brominated derivative display enhanced antimicrobial
activity.” QAC-guanidine hybrids emated by Song and aworkers Q.45 are an
interesting combination that yielded reduction of surface tension and antimicrobial
activity.”® The role of alkyl chain length was investigated in a pilot study testing the
inhibition of S. aureusE. coli, andC. albicans each of the compounds significantly
inhi bited growth at 50ppm (corresponding t
In 2012, it was reported that norspermidirg24g Figure 2.10, a naturally

produced polyamine, was capable of inhifgitibacterial biofilm formatio’ Expanding
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upon this work, the Clardgroup developed several polyamiderived pHdependent
QACs @.47,2.48 2.49 that inhibit biofilm formation oB. subtilisat low concentration&

The authors postulated that the inhibitory effect of these compounds is due to the spatial
distribution of cationic centers along the polyambeekbone. Through modeling, they
hypothesized that the linker length between cationic centers is key in disrupting bacterial
biofilms. Though the work with norspermidine has been refitadd the original
publication has since been retracted, the role that charge and linker length play in
antibacterial and anbiofilm activity has served as inspiration for our own work with

QAC:s, to be detailed IBHAPTER 3.

2.6.5 Cleavable QACs

Due to their high chemical stability and low reactivity, accumulation and leaching
of QACs in the environment are of obvious concern. @G@&;000tons of QACs are used
annually *° and based on their typical uses as antiseptics and surfactants, 75% is estimated
to collectin wastewater treatment facilities with the remainder being released into the
envronment. QACs have been found in an assortment of systems, including treated
wastewater, sewage, and hospital and laundrofig) at concentrations in the mieno
milligram-perliter range. Their cationic nature facilitates the adsorption onto negativ
charged surfaces in soils and sediments, and, astbegihave been measured in aquatic
sediments and sludges at concentrations ranging from 1 to 10,000mg/kg of dry solids.
Accumulation at such levels can lead to significant toxicity and environmental concerns.

Furthermore, the sediments and soils to which QACeradsost microbial communities
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with tremendous biodiversity; this may be a driving force of bacterial resistance to QACs
(CHAPTER 4).

Possibly to curtail these harmful effects, efforts have been made toward the
construction of biodegradable, or cleaval)eA C s ; these are often
animicrobials in the literatur In this area, esteime the most common moiety, as they
typically retain antibacterial activity while hydrolyzing at a substantial rate into-QAIC
and fatty acid byproduct®& Some classic examples of antimicrobial Qa§ters are the
C10, C12, and C14 alkanoylcholine2.50% and compounds incorporating the
imidazolinium headgroup2(51) or the 1,4diazabicyclo[2.2.2] octane (DABCO) core
(2.52 (Figure 2.11).28% Some ofthese esteralkonium compounds have been shown to
achieve greater than 99.9% bacterial killing within two minutes of application while

hydrolyzing 50% within five hour§?
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Figure 2.11Cleavable esteand amideQACs from the litature.
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In addition, QACs bearing either trimethylammoniu2:b@ or pyridinium heads
(2.54 connected through cleavable ester moieties have been synth&ped ¢.11).84
The antibacterial activity of these comypmls against Graipositive S. aureusand
Enterococcus faecalend GrarmnegativeE. coliandShigella sonneappears to be directly
correlated to the number of QAC head groups present on the molecule, with minimum
bactericidal concentrations (MBC) inthe50 3 0e¢ M r ange. This tren
lower solubility of compounds possessing one charged QAC head group and/or their
greater ability to form micelles, which would allow these-esarged QAC derivatives to
bind to a lower number of target celladatherefore inflict less damage at a given
concentration. Overall, the authors showed that such esterQACs are readily hydrolyzable
at physiological pH yet are able to kill the majority of bacterial cells present within 20 to
40 minutes of application. Ctnuing their investigation, they later created cleavable
amideQACs2.559%These compounds exhibited MICs of
S. aureusand E. coli, respectively, with a hexamethylene linker producing optimal
antibacterial activity. These compounds were also tested forighgption of HelLa cell
lines and yieldd decent selectivity indexes of BYMIC. A similar scaffold of amide
amine QACs2.56 demonstrated comparable or superior activity ag&8astillus subtilis
S. aureusE. coli,andP. aeruginosas compared to commoéal CTAB.8°

Cleavable QACs made their debut in the 19804 aarly 1990s as new data
regarding bacterial resistance to QACs was emer@hiAPTER 4. Though it is not clear
in the literature if cleavable QACs were initially developed to curtail the development of

QAC resistance, their biodegradability serves tiogless as an innovative venture through
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which to combat current and future QAC leaching and the resultant environmental toxicity

and resistance.

2.7 Conclusions

QACs have a longtanding history as surfactants and antibacterial agents via
iterations okimple scaffoldsKigure 2.12. Though a variety of QACs have been explored
to date, studies are often limited in scope and the amount of chemical space left unexplored
is enticing. Their chemical simplicity and robustness, coupled with their biological

patency, make them of interest for further study.
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Figure 2.12Timeline of QAC development with select structures shown.
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CHAPTER 3: BIOLOGICA. ACTIVITY OF QACS

Though monoQACs have been heavily investigated in the literasudetailed in
CHAPTER 2 bisQACs have garnered somewhat lessnattie until recently, and the
literature is virtually devoiaf QACs of higher charge state (multiQACShis is at odds
with findings from several studies that individually suggest ith@eased cationic nature
may confer desirable properties, includieghanced activity against planktonic cells,
biofilm inhibition and/or eradicatiorselectivity for bacterial cells @r eukaryotic cells,
and a lower propensity for resistance developmBEmt prompted our group to launch an
investigation into the impontece of the nature of side chajeharge stategnddistribution
of chargein the antibacterial, antibiofit, and hemolytic activity of QACs.

With our synthetic collaborators in the Minbiole laboratory at Villanova University,
we initially examined the décts of alkyl chain length and symmetry on antibacterial
activity usingtetramethylethylenediamine (TMEDA)erived QACsWe further explored
this utilizing natural product scaffolds, showing that quaternization and the presence of
alkyl chains of certaifength are responsible for antibacterial behaw\e.then extended
the polyamine backbone to generate additiona) bis-, and tetraQACs to investigate the
role of charge in antibacterial activitylanipulation of the polyamine scaffold afforded
diverse structures, allowing us to probe compound flexibiWgrious substitutions on $i

and multipyridinium structures allowed u® explore charge distribution.
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Figure 3.1 General QAC scaffolds and nomenclature.

3.1 Namenclature

Each series of QACs prepared and tested by our laboratories follows a similar
naming systemHigure 3.1). The amine scaffold is indicated by the prefix, as in TMEDA
or N- for nicotinederived QACsSide chains are referred to by n, m, and Reneinn and
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m represent the number of carbons in alkyl side chains and R represents various
substitutions. A tertiary amine is indicated by 0, meaning that there is no additional
alkylation. Finally, linkers are indicated by parentheses. For example, AViED
represents a TMEDAlerived bisQAC withn andm carbons in the alkyl chains on each
guaternied nitrogen. 12(5)12 indicates thessQAC carrying dodecyl side chains with a
linker length of 5 carbons between the two quaternamnyers. 12(3)Bn(3)12 indates the
trisQAC with dodecyl chains on the terminal nitrogens, a benzyl group on the central

nitrogen, and &arbon linkers between quaternary centers.

3.2 Activity Against Planktonic Bacterial Cells
3.2.1TMEDA-derived QACs

We began our quest with N/NIG ,-tBti@dmethylethylenediamine (TMEDA) for a
number ofreasong While the preparation of symmetric kitkylated derivatives of
TMEDA is presented in the literatyté only select antimicrobial evaluations have been
reported, none of which have optimized such acti/iurthernore, the preparation of
asymmetric bisalkylated TMEDA compouds has scarcely been publisfetihus, we
wanted to expand these understandings, and investigate the simplest form of bisQAC
towards gaining insight to the minimum scaffold required for antibacterial activity, and
then iteratively add and/or alter the okl to probe the effect on antibacterial activity.
From a practical laboratory standpoint, the simple nature of this molecule allows for ease
of chemical manipulation, and it is economically desirable at approximately $0.15 per

gram.
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3.2.1.1 Synthesis

Monoalkylation of TMEDA was accomplished in a straightforward and atom
economical manner, with exposure of excess (2 molar equivalents) amine to several alkyl
bromides in minimabkolvent conditions§cheme3.1; see Experimental in CHAPTER 6
for full synthetc detail of all compounds Removal of excess TMEDA vacuoled to
pure (>98%) monoalkylated crystalline prodyct8VEDA-n,0, in nearly quantitative
yields(Table 3.1), requiring no further workup or purificatioBubsequent exposure to an
alkyl bromideof different lengthin high concentration (@ in acetonitrile) and filtration
led to good yields (432%) of the desired asymmetric bisQAGMEDA-n,m (Scheme
3.1, Table 3.). Recrystallization was performed as necessary to ensure a compound purity
greaterthan 98%, as determined by NMRsymmetric compounds containing odd
numbered carbon chains (TMEB¥8,10 and TMEDA11,10) were prepared (from
TMEDA-10,0) in order to fully investigate how the hydrophobic portion of QAC

amphiphiles affects their antibacedrproperties.

| C,Hy,.4Br \/ CHam+1Br ®
N CH
/N\/\N/ _— |'|2n+1cn/N\/\N/ — > I'|2n+1cn/ \/\N/ m?2m
| acetone | MeCN /\
3h, A o/n, A
TMEDA-0,0 TMEDA-n,0 TMEDA-n,m

Scheme 3.1Synthesis of TMEDAN,m series. All counterions are Br

It was generallyfound to be more conducive to subsequent alkylations to begin
with the longerchained alkylation for initial quaterniian. For example, the preparation
of TMEDA-20,10 from TMEDAZ20,0 was effected in a more efficient manner than from

TMEDA-10,0. This may reflect the hygroscopic nature of the smealiained compounds.
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All compounds were completely water soluble allowing €évaluation of antibacterial
activity, with the exception of the largest compound prepared, TMEDA8.Symmetric
derivatives, TMEDAN,n, were accordingly prepared for comparative purposes via
exposure of TMEDA to excess (3 equivalents) alkyl bromidération, and
recrystallization as necessary.

As a facile, economic preparation served as partial inspiration for the development
of these compounds, these bisQACs were gratifyingly prepared at a relatively low cost in
a simple fashion, and were obtairsedcrystalline solids often taking a mere 24 hours. After
accounting for yield and the costs of reagents and solvents, some of the most potent
compounds cost between $115 and $150 per mole to prepare. While this is slightly more
expensive than other ant@gEs such as BAC, these compounds show enhanced

bioactivity, thus requiring less compound in antibacterial formulations.

3.2.1.2 Evaluation of bioactivity

With a series of 36 symmetric and asymmetric TME@ived bisQACs in hand,
MIC values against a pal of Grampositive and Grammegative organisms were
determined byhe broth microdilution methqdletails are reported in CHAPTER Bable
3.1). The commerciallyavailable monoQAC BAQ2.4, n = 5)served as a point of
referenceExamination of the antiluderial activity of the prepared amphiphiles revealed
strong antimicrobial activity overall with MICs as low as 1uM, and over a dozen
compounds displayed activity superior to BAC. Some clear trends also became apparent.
First, monoQACs were generally lesfective at inhibiting Grarmegative bacteriaK

coli andP. aeruginosacompared to their bisQAC counterpaNHCs againsthe Gram
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Table 3.1 Minimum inhibitory concentrations (MIC) of TMEDAerived mone and

bisQACs. Values are reported in micromol@ompounds with no reported yield were

purchased. N.T. = not tested due to poor solubility.

Compound Yield Minimum InhibitpryConcen_tration (UM) _
(%) S.aureus E.faecalis E. coli P. aeruginosa
BAC, 2.4 - 8 8 32 63
» | TMEDA-20,0 97 4 4 63 125
2 TMEDA-18,0 99 2 4 63 63
© | TMEDA-16,0 97 1 16 16 16
g | TMEDA-14,0 99 2 8 16 125
s | TMEDA-12,0 99 32 63 63 250
TMEDA-10,0 98 63 250 250 250
TMEDA-8,0 98 >500 >500 >500 >500
TMEDA-20,18 54 N.T. N.T. N.T. N.T.
TMEDA-20,16 77 16 32 63 63
TMEDA-20,14 81 8 16 16 63
TMEDA-20,12 73 8 4 32 63
TMEDA-20,10 82 4 16 16 16
TMEDA-20,8 88 4 4 16 32
TMEDA-18,18 70 32 63 250 500
TMEDA-18,16 78 16 32 32 63
TMEDA-18,14 65 8 16 16 63
TMEDA-18,12 47 4 4 16 32
TMEDA-18,10 54 4 2 16 32
» |LEIMEDA-18,8 72 2 2 8 32
O | TMEDA-16,16 92 8 8 32 63
S | TMEDA-16,14 92 8 2 16 63
% TMEDA-16,12 78 8 4 8 32
TMEDA-16,10 91 4 4 8 32
TMEDA-16,8 87 2 2 2 4
TMEDA-14,14 62 4 2 4 32
TMEDA-14,12 43 1 2 2 8
TMEDA-14,10 66 4 1 2 4
TMEDA-14,8 71 1 2 2 4
TMEDA-12,12 %A 1 1 2 4
TMEDA-12,10 63 1 2 2 2
TMEDA-12,8 89 1 4 4 4
TMEDA-10,10 41 2 8 16 8
TMEDA-10,8 49 8 63 63 125
TMEDA-8,8 44 32 500 250 500
TMEDA-1,1 - >500 >500 >500 >500
TMEDA-13,10 71 1 1 2 2
TMEDA-11,10 55 1 4 4 4
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positive bacteria§. aureis and E. faecali3 were markedly lower th&ramnegative
species. Secondpmpounds with a total of 20 to 24 side chain carbons displayed optimal
activity. Six of these(TMEDA-16,8, TMEDA14,10, TMEDA12,12 TMEDA-14,8
TMEDA-12,10,and TMEDA12,8 displayed MIC values in the singleigit micromolar

range across the entire panel of bacteria tested. The most potent compound, containing an
odd number of side chain carbons at 23, TMEDB\10, showed 1uM inhibition of the
Grampositive organisns and 2uM inhilion of the Grammegatives.The methylated
derivative TMEDA1,1 exhibited no activity.

As was mentioned in previswork from the Minbiole groupasymmetry of the
side chains carbons led to good water solubility of relatively hydrophobic compounds, as
well as key changes in bioactivity. IFexample, 2&arbon asymmetric TMEDA2,8
displayed lower MIC values than its symmetric analog TMEIDALO against all strains.
However, the 2&arbon compounds TMEDAG,8, TMEDA-14-10, and TMEDA12,12
all showed comparable MIC values. More highly asymimetompounds such as
TMEDA-20,8, and TMEDAL18,8 showed diminished activity, while fully water soluble,
as compared to compounds with shorter aggregate side chains.

The relative uniformity of bioactivity was surprising as many of these bisQACs
showed nedy identical MICs. Furthermore, while we generally saw preferential activity
of many compounds against the Grpositive bacteria, there was little differentiation in
activity for the strongest compounds between Gpasitive and Grarmegative bacteria.
These findings suggest a general mechanism of action that needed to be probed via

compounds that are more diverse.
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3.2.2 Natural produetlerived QACs

In continuing our quest of developing economic and facile QACs while
investigating the role that quaternims and side chains play in antibacterial activity, we
turned to natural sources of tertiary amines ripe for quaternizations pi r ed by na
incorporation of QACsSection 2.6.3, we set oubn a proofof-concept study to address
the question: couldnatural products lacking a quaternary center and possessing no
discernible antibacterial activity, be converted into QACs and thus gain antimicrobial
activity? In this continuation of our TMEDA studies, we aimed to generate analogous
series of structurethat could bear one or two cationic residues, in order to compare
monoQAC to analogous bisQAC activity. In this case, the second quaternary center would
only bear a methyl group as to better controldwectcomparison of chargeather than
attempt to ompare analogous compounds when one possesses an additional side chain that
could further affect membrane disruptiofhe function of bisQACs in particular still
requires investigation, as aromatic derivatives seem to show more susceptibility to bacterial
resistance than their alkyl counterpg@$IAPTER 4.’

In particular, we identified quinine and nicotine as ideal natural substrates for this
study® Eachcontains a pyrigl nitrogen and #ertiary amine with modest steric hindrance
i both of which are ripe for quaternizatidoth quinine and wiotine are found abundantly
in nature, making them available at a low cost, and display no significant antibacterial
activity. While some nicotinrdased amphiphiles have been prepared and examined for
central nervous system activityittle is known about the amphiphilic properties of long
alkyl chain derivatives. Quinine derivatives, on the other hand, havedsas/ phase

transfer catalyst8 and substrates for phosphorylatfdnin one publication, quinine
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substituted with aryl groups was shownptassess activity against MRSAWe thus set
out to prepare a series of merand biQQAC derivatives of quinine and nicotine for the

purpose of evaluating their antimicrobial potential.

3.2.2.1Synthesis

Interestingly, nicotineand quinine present opposite trends in their reported
alkylation chemistry; nicotine is preferably alkylated at its pyridine nitrddand quinine
reacts at its tertiary aliphatic amine firScheme 3.2 This is believed to be due to steric
hindrance and pKof the pyrrolidine nitrogen of nicotine, as determined by reaction
product analysis. Quantum chemical calculations suggest that, based then
thermodynamics of the product, primary alkylating agents primarily attach to the
quinuclidine ring of quinine first, while bulkier electrophiles are preferentially attacked by
the quinolone ring.

We first explored the alkylation of quini§®-0,0), which proceeded undsmilar
conditions to the preparation of TMEDderived QACs $ection 3.1.1.} high
concentration conditions (1M, acetonitrile) using a seriesalkyl bromides giving high
yields of monoQAC compounds nameen(® (Scheme 3.2A Subsegent alkylationof
the quinolone nitrogen proved to be limited in scope as-bbagn alkylation via bromides
andiodideswas difficult to completepftenresulting in a mixture of compounds. However,
exposure to neat methyl iodide led to nearly quantgagikylation overnight, affording

theQ-n,1 series after evaporation.
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Scheme 3.5ynthesis of naturaligerived QACs. Synthesis of (A) nicothuerived series
and (B) quininederived series. Blue nitrogens in each stmectiepresent the more

nucleophilic nitrogen that undergoes alkylation first.

Nicotine (N-0,0) derivatives were alkylated in a highly analogous manner, again
leading to alkylation in high yields after treatment vatieequivalent of alkyl bromide in
acetamitrile, heated overnightScheme 3.2B As demonstrated in the literature, exclusive
alkylation at the pyridine nitrogen was obserwddlding N-n,0 compounds. Subsequent
alkylation, converting the M,0 series to the d,1 series, proceeded with higlelg, albeit
at double the reaction timé&vaporation provided the final set of compounds abbreviated

as Nn,1, setting the stage for biological investigation.

3.2.22 Evaluation of bioactivity

Bioactivity was determined as previously against a panelrafm@ositive and
Gramnegative bacteria, this time including two strains of MR&&mmunityacquired
methillin-resistantStaphylococcus aure€A-MRSA) andhospitatacquired methicillin

resistantStaphylococcus aureudHA-MRSA) (to be detailed INCHAPTER 5). Both
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quinine and nicotine QACs displayed strong antilvédtactivity against the panel éble

3.2).

Table 3.2Minimum inhibitory concentrations (MIC) of natural produtsrived moneand

bisQACs. Values are reported in micromolar. Compounds witheported yield were

purchased.
Compound Yield Minimum InhibitoryConcentr_ation (UM) _
(%) S.aureus E.faecalis E. coli P. aeruginosa
BAC, 2.4 - 8 8 32 63
N-0,0 - >500 >500 >500 500
N-10,0 98 32 32 63 250
N-11,0 99 8 8 16 63
N-12,0 99 4 8 16 63
» | N-14,0 99 1 1 8 125
2 [ N-16,0 99 1 1 4 63
o | N-18,0 77 1 1 8 63
= | N-20,0 99 2 2 32 63
N-1,1 90 >500 >500 >500 >500
N-10,1 83 16 32 125 250
N-11,1 97 32 16 32 125
N-12,1 99 8 16 32 125
N-14,1 87 4 16 16 250
N-16,1 76 1 4 4 63
N-18,1 97 1 2 4 32
N-20,1 100 0.5 1 16 32
Q-0,0 - >500 >500 >500 500
Q-10,0 93 4 8 16 250
Q-11,0 98 2 4 16 63
Q-12,0 91 1 2 8 32
Q-14,0 91 0.5 1 8 8
¢ | Q-16,0 100 1 2 8 16
5 | Q18,0 100 2 4 63 125
21011 77 >500 >500 >500 >500
« Q-10,1 96 8 8 16 125
Q111 100 4 8 16 125
Q12,1 97 2 16 16 125
Q-141 76 0.5 2 2 16
Q-16,1 97 1 1 2 8
Q-18,1 100 1 2 2 8
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Control compounds, including the parenbnalkylated natural product&-0,0
and NO,0) and their bismethylated derivatives (Q,1 andN-1,1) showed ess#ally no
antimicrobial activity confirming the role that alkyl chain length plays in conferring
antibacterial activity. Longer chain alkyl derivatives of these natural products showed clear
correlations between alkyl chain length amdiraicrobial activity. In the nicotine series,
the strongest activity was observed forlB8l0 and N18,1 for the monoand bisQACs,
respectivel y. Each showed | ow micromol ar
bacteria excef®. aeruginosaFor themonoQAC quinine derivatives, the strongest activity
was observed for Q4,0; however, longer chains proved optimal for the bisQAC$§Q
and Q18,1), and in fact provided two QACs with singlgit micromolar activity against
all bacteria tested.he sight differences in optimal chain length are somewhat unexpected,
and may reflect an optimum balance between polar and rangektions of the
amphiphilest>® as well as the markedly different core of each natural ptoRazighly
comparable activity was achieved by meaod bisQACs for both the-Nand Qseries.
BisQACs did not, contrary to expectations, prove uniformly more potent than the singly
cationic analogdn fact, they provednildly inferior to the analogous moQACs in some
cases, taking NL.2,0 and N12,1 for example

From these naturaHglerived moneand bisQACs, we learned that natural products
can serve agplatform for amphiphe construction, and that quaternization with long alkyl
chainsis capable of mparting significant levels of antibacterial activity. With the
simplicity of synthesis and potency conferred by simple alkylation, natural product
derivatization may be a viablerategy for antiseptic discovergnd perhaps as an

inspiration for future atibiotics. These findingslso prompted us to investigate such
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differences with other classes of QACs towards better understanding the chemical

subtleties of QAC resistance in MRS be detailed iICHAPTER 5.

3.2.3 MultiQACs from an extended polyaminere

In continuing our studies on the antibacterial activity of QACs in relation to their
structure, we wished to examine the effect that increasing charge would have an
antibacterial activity. This was inspired partially by the few@t bacterial membraes
display a significantly anionic surface, and partially by a report of the antibacterial and
anti-biofilm activity of polyamine derivative2.6.4.1"18As detailed ilCHAPTER 2 the
literature presents an abundance of work on gemini bisQACSs, but very iitdeyi work
on multicationic QACs (multiQACs) possessing three or more permanent cationic head
groups. This stands in ark contrast to the wide variety of bioactive natural products and
derivatives thereof that incorporate multiple primary, secondary, and tertiary amines.
Common examples include spermine, spermidine, and squalamine, amond=attie .
these amines, whaltypically drawn as neutral, are in fact-dependent QACsSection
2.6.4 and thus are comprised of multiple cationic head groups at biologreslyant pH
levels.With the commercial availability of compounds with three or fouiaesy amines
at a malest cost we continued on our campaign to correlate bioactivity to amphiphilic
structure, specifically the number of cations present, as well as the numbengthdof

the hydrophobic side chaif%
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3.2.3.1 Synthesis

Compounds with a trisamine core were designed with adiveeveratom amine
containing linker between quaternary degoups $cheme 3.3 This scaffold allows for
the incorporation of an additional quaternary center containing either a long or short side
chain. To examine the activity of tetraQACs, a tetraamine core witkcanmon linkers
between nitrogens was employgScheme 3.8 For the purposes of comparison,

analogous compounds containing arcaltbon linker of equal length were also prepared.

A CyH2n+1N(CH;), \/ \/
—_— NN
Br\/\(q;\/Br MeCN H2n1Ci m 7 @ CnHans1
e
2.5-12h, A n(m+4)n
n(5)nm =1
n(7)nm=3
B I I c nH2n+1 Br \N/ \N/ RX \N/ @ \N/
N <
/N\/\N/\/ < ———— H2n+1cn/®\/\N/\/® CoHapey —— H2n+1cn/®\/\/N\/\/®\an2n+1
| MeCN | neat R
oln, A 1-7 days
0(2)0(2)0 n(2)0(2)n n(2)R(2)n
n(2)1(2)n R = CHy, X = |
n(2)3A(2)n R = allyl, X = Br
c r!J r!J ’!l CpHzp41Br \N/ '!‘ \N/ RX \/ \ R \/
NN N N N
AN MeCN H2n+1cn/ ® CnHaone1 heat H2n+1cn/ \/\/@\/\/@\anZnﬂ
n(3)0(3)n ofn, & n(3)0(@3)n 1-7 days n3RE)N
12(3)1(3)12n=12,R=CHj3, X = |
12(3)3A(3)12 R = allyl, X = Br
12(3)4(3)12 R = C4Hg, X = Br
12(3)Bn(3)12 R = Bn, X = Br
12(3)Bn-8(3)12 R = p-octobenzyl, X = Br
12(3)11-SH(3)12 R = undecanthiol, X = Br
b 12(3)12(3)12 R = CqpHaps, X = Br
I | an2n+1Br \ / @ RX \ / \ /R
/N\/\N/\/N\/\N/ HapetC /g\/\N/\/N\/\N/CnHZHH — C.H /N\/\('?/\/ \/\N/CnHan
\ | MeCN 1o | AN neat Sl @ N TOT N
oln, A 1-3 days
tetra-0,0,0,0 tetra-n,0,0,n tetra-n,R,R,n

tetra-12,1,1,12n =12, R=CHj, X =1
tetra-12,3A,3A,12 n = 12, R = allyl, X = Br

Scheme 3.3Synthesis of multiQACs with an extended polyamine backbone. Synthesis of
the: (A) n(5)n and n(7)n series; (B) n(2)0(2)n and n(2)R(2)n series; (C) 12(3)R(3)12 series;
and (D) tetran,0,0,n and tetrd2,R,R,12 series. All counterions are Binless otherwise

stated.
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3.2.3.1.1 Synthesis of atlarbon linked bisQACs n(m)n

Synthess of the alicarbon linked bisQACs were conducted in a similar fashion as
before Gcheme 3.3A° Exposure of 1,&libromopentane and tdibromopentane to a
variety of dimethyl alkyl amines led to the production of the n(5)n and n(7)n series.
Products were similarly recrystallized to achieve decent yield9@(8) after rather short
reaction imes. The additional spacing between amine groups proved to be essential in

effecting quaternization of the central nitrogen with long alkyl chains, as described below.

3.2.3.1.2 Synthesis of biand trisQACs n(2)R(2)n

To prepare analogous trisQACs, pare compound  pentamethyl
bis(ethylenediamine), 0(2)0(2)0, was alkylated to generate the n(2)0(2)n series in a
selective manner with high yieldS¢heme 3.3B!° Further alkylation of the n(2)0(2)n
series to yield the n(2)R(2)n series was not effected as easily. The usedfi&omed alkyl
halides led to sluggish and incomplete reactions. Ustdenger and longer conditions with
shortchained alkyl or allyl halides (neat methyl iodide or allyl bromide at reflux for 1 to 7

days), the n(2)R(2)n series was prepared in modest to good yields.

3.2.3.1.3 Synthesis of biand trisQACs n(3)R(3)n

As seric and electronic factors were thought to inhibit the effective quaternization
of the central nitrogen of n(2)0(2)n with lowepain alkyl groups, a compound with
additional carbons in the linker between amine groups was prefchdnte 3.3¢1°
12(3)0(3)12, the heteroatom analog of 12(7)12, was prepared as before from the alkylation

of 2,610-trimethyl2,6,10triazaundecane with dimethyldodecylammonium bromide.
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Alkylation of the central nitrogen with a variety of alkyl and allyl halides proved much

more facile in this series, providing yields 0f44% of the trisQACs n(3)R(3)n.

3.2.3.1.4 $nthesis of tetran,R,R,n

Finally, the preparation of the tetraQAC series was achieved via a series of
alkylations of commercialbavailable 1,1,4,7,10,108examethyltriethylenetetraamine, or
tetra0,0,0,0 6cheme 3.3 which contains zarbon linkers beteen amine groups.
Using one equivalent of alkyl bromide, monoalkylation of the parent tetraamine showed
decent selectivity to afford the monoQACs tatr8,0,0, and subsequent alkylation led to
clean preparation of asymmetric tetr®,0,m. Alkylation occured solely at the terminal
nitrogens as determined by the high degree of symmetry seen by NMR. Using multiple
equivalents of alkyl bromide led to facile production of bisQACs 4ed20,n in high
yields of 84 and 93%. Further quaternization again prdifédult, but was achieved under
strong conditions with neat methyl iodide or allyl bromide under reflux to give- tetra
12,1,1,12 and tetrd2,3A,3A,12, wherein each number corresponds to the number of
carbons in the side chain of each nitrogen; 3A indatan allyl group containing 3 carbons.
Solubility of tetral2,1,1,12 was low in DMSO/water and thus was excluded from further
studies; this lends further credence to the notion that the counterion plays a much larger

role in solubility than initially antipated.

3.2.3.2 Evaluation of bioactivity
MIC values for 30 mong bis,, tris-, and tetraQACs against the standard panel of

Gramypositive and Grarmegative bacteria were determined and compared to those of
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BAC (Table 3.3.1° The low water solubility of two compounds, 16(2)1(2)16 and tetra
12,1,1,12, precluded them from testing. TrisQAC ]P(2)12 had unstable solubility,
leading to varied and inconsistent results.

Nearly twathirds of the compounds tested possessed MICs against all four bacteria
in the singledigit micromolar range. Compounds containing dodecyl side chains proved
more effcacious, in line with previous findings. The main goal of synthesizing and testing
this set of compounds, however, was to examine the role of charge in antibacterial activity.
While we postulated that increased cationic charge would bolster antibaatBviy,ave
did not see a major difference in activity in relation to charge. This is highlighted in the
comparison of analogous n(5)n, n(2)0(2)n, and n(2)m(2)n compounds, which were
essentially equipotent. In fact, bisQACs of the n(5)n and n(7)n famibes generally on
the same order of potency as compounds of higher charge state, with MICs at or below
8uM for all bacteria, including the Gramegative strains.

Within the n(3)R(3)n series containing a variety of substitutions on the central
nitrogen, raighly uniform activity was uncovered. It was surprising to see little difference
in activity between compounds carrying a methyl, butyl, dodecyl, or benzyl side chains;
analogous compounds bearing butyl, benzyl, and hybrid bectyl side chains displage
identical activity across the board, with the remainder of compounds in this class displaying
MICs within one dilution. This suggests that beyond general cationic nature and two long
alkyl chains, structural nuances may not play as great a role in@atibhbehavior as

initially hypothesized.
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Table 3.3Minimum inhibitory concentrations (MIC) of polyamirgerived multiQACs.
Values are reported in micromolar. Compounds with no reported yield were purchased or
prepared as previously described. 12, bdecyldimethylammonium chloride. N.T. = not

tested due to poor solubility. * indicates inconsistent results due to poor solubility.

Compound Yield Minimum Inhibitory Concentration (uM)
(%) S. aureus E. faecalis E. coli P. aeruginosa
DDAC, 25 - 1 1 2 16
12,12 - 1 1 8 32
Norspermidine?.46 - >500 >500 >500 >500
B [12(3)12 86 2 1 2 4
T | 151 - 20 >500 >500 >500 >500
8 | 10(5)10 76 2 4 8 63
9 1 12(5)12 80 2 1 1 2
14(5)14 72 1 1 4 16
16(5)16 90 2 2 16 32
12(7)12 63 1 1 2 8
10(2)0(2)10 63 2 8 8 63
11(2)0(2)11 89 2 2 2 8
o | 12(2)0(2)12 95 1 1 2 4
5 | 14(2)0(2)14 73 2 1 4 16
» | 16(2)0(2)16 95 4 2 16 32
& [ 10@)1(2)10 90 2 8 8 63
r | 11(2)1(2)11 99 2 2 4 8
S | 12(2)1(2)12 90 00.-#5 O00.-£5 0.5 4* 1i 8*
< | 14(2)1(2)14 97 1 1 2 8
16(2)1(2)16 94 N.T. N.T. N.T. N.T.
10(2)3A(2)10 46 2 4 2 63
11(2)3A(2)11 83 1 2 2 16
12(2)3A(2)12 57 2 2 2 4
14(2)3A(2)14 90 2 2 2 8
16(2)3A(2)16 79 4 4 8 16
10(3)0(3)10 99 1 2 4 8
12(3)0(3)12 -2 1 2 1 4
o | 12(3)1(3)12 72 1 2 2 8
2 | 10@)2(3)10 89 2 4 4 8
2 | 123)2(3)12 82 0.5 0.5 1 2
@ | 12(3)4(3)12 51 1 1 1 2
X | 12(3)3A(3)12 83 1 2 2 4
Z | 123)Bn@)12 94 1 1 1 2
12(3)Bn8(3)12 49 1 1 1 4
12(3)11SH(3)12 80 2 2 2 8
12(3)12(3)12 78 0.5 1 1 4
tetra12,0,0,0 53 8 8 8 32
8 tetra14,0,0,0 65 16 16 32 125
‘s | tetral4,0,0,12 95 1 1 2 8
£ | tetra12,0,0,12 93 1 1 1 4
% | tetral4,0,0,14 84 2 1 2 16
= | tetral2,1,1,12 93 N.T N.T N.T. N.T
tetral2,3A,3A,12 91 1 1 1 2
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Evaluation of théioactivity of the tetreseries allowed for comparison of merno
bis- to tetraQACs. The monoQACs tett2,0,0,0 and tetrd4,0,0,0 proved least
efficacious, likely due to the lack of second alkyl chain. There was however little difference
between bisQAE containing two long alkyl chains and tetraQACs containing two long
alkyl chains and two short alkyl chains. This is exemplified through-1&@0,12 and
tetral2,3A,3A,12, which were equipotent. While these were bdtiidBmore active than
their coresponding monoQAC tettB2,0,0,0, the installation of additional cationic centers

does not appear to confer enhanced activity on its own.

3.2.4 Branched multiQACs

In continuing our studies on polyamuderived multiQACs, we wished to diversify
the scaffall to further explore the relationship between structure, specifically charge, and
antibacterial function. As the number of amines in the linear polyamine scaffolds was
saturated, we thought to install an additional amine at a branch point to develogdranch
tris- and tetraQAC derivativeS¢heme 3.1 A branched multiQAC would beherently
more flexible, and would potentialbffer a different projection of side chains as compared

to its linear precursor.

3.2.4.1Synthesis

Beginning with a branched tetnaine scaffold tris(zlimethylaminoethyl)amine,
referred to as -D,0,0,0, selective and symmetrical alkylation of the three terminal amines
was performed according to precedeétl{eme 3.4A Treatment with 3 equivalents of n
alkyl bromide at reflux overght, followed by trituration, afforded thed,nn,0 series in

70 to 95% yield$? It should be noted that four of these compounds were previously
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reported, also with exclusivekaglation at the terminal amines, thougbt for antibacterial
purposes? As found with the n(2)0(2)n series, alkylation of the remaining tertiary amine
proved diffcult due to the electronic environment between three neighboring quaternary
centers in close proximity, as well as steric hindrance. In this case, no alkylation of the
central nitrogen was achieved and thus this series was comprised of trisQACs with a fou

unquaternized amine.

A l!l ,!‘ CnHzn44Br /\N/\/\ /\/\N/\
AN Hont1Chi™ @ N ® CnHan+1
H MeCN
o/n, A N@
/N\ /l an2n+1
T-0,0,0,0 T-n,n,n,0
B

R
,i,/\/\N/\/\,i,/ C,Han44Br H2n+1cn\(':)/\/\N/\/\(;?/an2n+1 RX Hz“”c"\(l?/\/\r'l/\/\(l?’c“Hz“”

— > /\ A\ —_— A\ CENVAN
MeCN neat
N oln, A ¥ 3h-7 days @

| N N
/ \CnH2n+1 / an2n+1

sT-0,0,0,0 sT-n,n,n,0 sT-n,n,n,R

sT-n,n,n,1 R=CH3, X =1
sT-n,n,n,Bn R =Bn, X =Br
sT-n,n,n,3A R = allyl, X = Br

Scheme 3.4Synthesis of branched multiQACs. (A)skries, and (B) s$eries. All

counterions are Brunless otherwise stated.

Since success was achieved in alkylating the central nitrogen O(3)3with a
variety of alkyl bromidegSection 3.2.3.1.3 Scheme 3.3(;, alkylation of the central
nitrogen of a parent polyamine with an extarbon linker between amine®sld proceed
similarly. Distancing of the cations was thought to enhance nuiikaty of the central
nitrogen, as well as decrease steric congestion. Commeraiailable N,Nbis[3-
(dimethylamino)propyHN 6 ,-dihtethylpropanel,3-diaminei or sT-0,0,0,0 for shori fit
this need and was thus subjected to the standard alkylatglitions Gcheme 3.4R2*
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From sT0,0,0,0, twentyfour compounds of the sii,n,n,R series were prepared.
Selective alkylation of the terminal tertiary amines was readily achievéer uihe same
conditions used to generate thadries, yielding the sf,n,n,0 series in nearly quantitative
yield in all cases. Whereas a fourth equivalent of a-Wrgned alkyl halide was not
successfully incorporated onto the central nitrogen, thétieg scaffold could be exposed
to neat methyl iodide for a period of 2 to 7 days to furnish fully quaternized tetraQACs of
the sTn,n,n,1 series, again in quantitative yield in all but one case. Methylation of sT
16,16,16,0 and s18,18,18,0 was unsuca#gl due to poor solubility. The sii,n,n,0
series was also exposed to excess allyl bromide at reflux for 1 to 3 days, resulting in very
high yields of the sT,n,n,3A series. Finally, exposure to 4 equivalents of benzylbromide
at reflux for a few hours prided two superT compounds of the classgT;n,Bn in good

yields.

3.2.4.2Evaluation of bioactivity

We hypothesized that appending a third side chain, in combination with a third
cationic warhead off of the central nitrog&rould further improve theiblogical activity,
as previously shown by our grouffection 3.2.3. Surprisingly, the Iseries showed no
significant improvement in antibacterial activagainst the standard panearring a subtle
shift in potency toward shorter side chains1@;1010,0 and ¥11,11,11,0 were more
potent than their longer chain counterpdfable 3.4. The T-series demonstrated that

three flexible and distant warheads conferred activity similar to that of smaller analogs.
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Table 3.4Minimum inhibitory concentration@IC) of branched multiQACs. Values are

reported in micromolar. N.T. = not tested due to poor solubility.

Compound Yield Minimum Inhibitory Concentration (UM)
(%) S. aureus E. faecalis E. coli P. aeruginosd

DDAC, 2.5 - 1 1 2 16
12,12 - 1 1 8 32
sT-0,0,00 - >500 >500 >500 500
T-8,8,80 95 2 16 16 63
sT-8,8,8,0 99 4 32 32 125
sT-8,8,8,1 100 0.5 16 4 250
sT-8,8,8,3A 90 1 16 4 125
T-10,10,100 70 1 1 1 2
sT-10,10,10,0 99 0.5 0.5 1 2
sT-10,10,10,1 98 0.5 0.5 0.5 2
sT-10,10,10,3A 97 0.5 0.5 0.5 1
T-11,11,110 82 0.5 1 1 2
sT-11,11,11,0 100 0.5 0.5 0.5 1
sT-11,11,11,1 100 0.5 0.25 0.25 1
sT-11,11,11,3A 100 0.5 0.5 0.5 1
sT-11,11,11,Bn 81 0.5 0.5 0.5 1
T-12,12,120 82 1 1 2 8
sT-12,12,12,0 99 0.5 1 1 4
sT-12,12,12,1 100 1 1 1 4
sT-12,12,12,3A 94 1 0.5 0.5 2
sT-12,12,12,Bn 83 1 0.5 0.5 2
sT-13,13,13,0 99 1 1 1 8
sT-13,13,13,1 100 2 1 1 4
sT-13,13,13,3A 98 2 1 1 4
T-14,14,140 70 4 4 16 63
sT-14,14,14,0 100 1 2 4 16
sT-14,14,14,1 100 4 2 4 32
sT-14,14,14,3A 100 2 2 4 32
T-16,16,160 84 N.T. N.T. N.T. N.T.
sT-16,16,16,0 100 8 16 16 32
sT-16,16,16,3A 96 4 8 16 63
T-18,18,18,0 85 N.T. N.T. N.T. N.T.
sT-18,18,18,0 100 8 16 32 63
sT-18,18,18,3A 100 2 32 32 125
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Bioactivity of the twentyfour superT QACs was assessed against the standard
panel of bacteria, plus CMRSA and HAMRSA (results detailed iICEHAPTER 5. Data
is presente@nd compared to the-Jeriesin Table 3.4, wherein multiQACs are grouped
according to alkyl chain lengtfthe antimicrobial activity of the superT analogs repré
the strongest of the over 300 antiseptics we have prepared and investigated to date. Over
one third of compounds in this set displayed an average MIC value in tmeicumolar
range against all six bacterial strains. Bioactivity generally correlatezhain length;
superT compounds with alkyl chain lengths of 10 to 12 carbons were generally optimal.
We have seen this preference for approximately 11 carbon chains when there are three or
more alkyl chains present; dodecyl chains tend to be optinbe@AC systems. A direct
comparison of the activity of the gT,n,n,0 compounds to the similar trisQAC,h,n,0
shows a modest improvement in activity in thedessgested superT system.

The addition of a fourth quaternary ammonium center yielding@&Cs, a major
motive in moving to the superT system, seems to provide no further improvements to
antimicrobial activity. It is possible that this is a reflection of the basicity of the central
nitrogen when unsubstituted; it may end up being protonateerureutral or biological
conditions anyway, so the final substitution may not effect a major change based on charge.
This is in agreement with work publishedtbg Clardygroup in whichthey observed that

the protonation of polyamine compounds directintributed to their biological activitf.

3.2.5 Scaffoldhopping QACs from a common polyamine core
In exploring the correlation of QAC structure to antibacterial activity, our efforts

thus far had examined the role of side chain length and charge. We then wished to examine
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the effect that rigidifying the scaffoldnd projecting the alkyl chain in various direcgon
would have on bioactivityBuilding onearlier work, we postulated that a scaffbiobping
approactt? similar to the strategy often employed in medicinal chemisoyld creat
potent antibacterial agents with improved and differential selectivity. If we could subtly
alter the orientation of cationic head groups and the alkyl side chains of amphiphilic QACs,
we may gain valuable insight to key structural elements towards ¢jegesatibacterials

that are more potent and possess differential activity.

Toward this end, we envisioned accesding new classes of QAC&a various
linkages withinthe polyamine core 0(2)0(2)@igure 3.2). Linking the 0(2)0(2)0 scaffold
between terimal amines yields a cyclononyl ring {€&ries), and between a terminal and
central amine yields a piperazine-g€ries). Conformational rigidity of the cyclic
derivatives would provide a more restricted scaffold and thus impart various projections of
thealkyl side chains, allowing for finkuning of bacterial membrane interactiombe G
series in particular would also provide insight to how localized charge density affects

antimicrobial properties, as well as how monoQACs with two additional aminesrperfo

/\ I
| I 1 M~
(\j/\/N\ <!1\/\N/\/N\ N/\/
N e S J |
~ P-serleL/
C-series
0(2)0(2)0

Figure 3.2 Scaffoldhopping approach to generate theaRd Gseries.
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3.2.51 Synthesis

Synthesis of the piperazine seriess@?ies) was achieved via alkylation o2
dimethylaminoethyb4-methylpiperazine, asenmerciallyavailable, cosefficient starting
material ($0.19 per gm) (Scheme 3.5A Similar to previous QAC synthesgsperazine
starting material was subjecténl two equivalents of various alkyl bromides overnight
under reflux, followed by trituradin, to obtainpure compounds at good to high yields of
60 to 90%.These compounds of therf0,n series, wherein n represents the number of
carbons in the alkyl side chains, were unreadt\farther alkylation at the central nitrogen,
despite avariety d attempts(methyl iodide or methyl tosylate in DMF at refluxjhe
longest chained compounds;1B,0,16 and £8,0,18,containing an aggregate 32 to 36

side chain carbons were, not surprisinghgoluble and therefore not tested.

\ /

A | C H2 1BI’ N\ ®
(\N/\/N\ L - (\j/\/@ ChHan+1 2 Br
N
/N\) MeCN H2n+1C @
o/n, A
P-0,0,0 P-n,0,n
B ©
r
| © \ / °
N CnH2n+1Br N ) Br CHal @ N ® 2]
~~\ 3 N~
B [ \/\N_ o N~ N\/C )
N~ MeCN N CnH2n+1  peat, o/n ® N~~~ CnHans
| o/n, A | /7 \
C-0,0,0 C-n,0,0 C-n,1,1

Scheme 3.5Synthesis of scaffoliopping multiQACs. (A) Pseries, and (B) Geries.

The set of cyclic QAC compounds {geries) was prepared from 14rimethyl
1,4, *triazacyclononane, a cyclic polyamif®cheme 3.5R Standard alkylation athis
compound with one equivalent of corresponding alkyl bromide effected clean

monoalkylation, yielding the @,0,0 series in 56 to 87% vyield after trituoat Though
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previous limitations of subsequent leogain alkylation were again experienced,
subsguent methylation with neat iodomethane proceeded easily overnight at room

temperature to form the trisQAGIG1,1; yields wergood to excellent at 73 to 98%

3.2.52 Evaluaton of bioactivity

The MICs of several monp bis, and trisQACs of the Pand Gseries were
evaluated against Grapositive MSSA and MRSA anfl. faecalisand GrarnegativeE.
coli and P. aeruginosaTable 3.5. All but one compound in the-geries complety
inhibited bacterial growth of all strains giN or less, with P12,0,12 displaying a MIC of
2uM againstP. aeruginosaa feat that is not often accomplished. Overak, Bseries
possessed very similar biological actiyvithough more potent by twimld, to its linear
parent class exemplified by 12(2)0(2) These findings suggest that increased rigidity and
constrained projection of the hydrophobic side chains slightly improve antibacterial
activity.

The monoQACs of the Geries (Gn,0,0) displayed mrkedly reduced activity
while the trisQACs of the Geries (€n,1,1) possessed potency on the level of tkeries
The most potent among thes@ries regardless of charge were those possessing longer side
chains of 16, 18, and 20 carbons. This is irsng given our previous findings with
asymmetric and monoQACsé€ction 3.2.] and the aggregate number of side chain
carbons; it appears that compounds possessing one long chain require more than the
standard number of 12 to 14 optimal carbons in ordee tefficacious. An examination of

the differences in activity between MSSA and MRSA will be detail€dHAPTER 4.
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Table 3.5 Minimum inhibitory concentrations (MIC) of scaffelibpping multiQACs.

Values are reported in micromolar. N.T. = not tested dp@do solubility.

Class | Compound Yield Minimum Inhibitqry Concen'Fration (UM) .
(%) S. aureus E. faecalis E. coli P. aeruginosal
- |DDAC,25]| - 1 1 2 16
0 12,12 - 1 1 8 32
P-10,0,10 | 77 1 2 16 63
P-11,0,11 | 71 0.5 1 1 8
3 |P-12,012 | 64 0.5 0.5 1 2
¢ |P13,013 | 90 1 0.5 1 4
d |P-14,014 | 75 0.5 0.5 1 8
P-16,0,16 | 83 N.T. N.T. N.T. N.T.
P-18,0,18 | 60 N.T. N.T. N.T. N.T.
& 10,00 87 32 63 125 500
3 C-11,0,0 56 8 32 63 500
© |C12,0,0 65 2 8 32 250
2 [c1300 56 1 4 16 125
@ |C-14,0,0 72 05 2 8 63
S | C-16,0,0 86 00. 2 1 4 16
8 C-18,0,0 78 0.5 1 8 16
C-20,0,0 74 0.5 1 32 32
, |C1011 100 32 63 125 250
Q [c1111 73 63 63 250 125
o [C1211 84 16 32 125 250
s |Cc1311 100 4 8 16 125
3 |c1411 89 2 4 8 32
o |c1611 | 98 1 1 1 16
O |c181,1 91 1 1 2 4
C-20,1,1 100 1 1 4 8

Overall, rigidifying the scaffold improved bioactivity in most cases, yielding some
of the most effective compounds to date against both psitive and Grarmegative
bacteria. There were, as in the case of other multiQ/AEstibn 3.2.3, no significant
differences in activity between monand trisQACs of the Geries, with the exception of

CA-MRSA.
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3.2.6 ArylQACs with distribution of charge

Having examined the roles of both the hydrophobic and cationic regions of linear
and cyclic alkyl amphiphilic QACs, we wished to investigate the role that charge
distribution plays in their antibacterial activityfhere are numerous examples of
multiQACs tha rely on nonrlocalized chargedetailed inSection2.6.2 The application of
conjugated bigoyridyl compounds, in particular, is well precedented. Conversely,
unconjugated muHpyridyl compounds are not as well reported, making this an area ripe
for exploration. Towards exploring the role of charge delocalization in antibacterial
activity, seies of isomeric bigyridyl and multipyridyl QACs(Figure 3.3) were designed

and tested for antibacterial activity.
7 N

OMGQ 9 9
"y Py O

O3Pyr P3Pyr M3Pyr
Figure 3.3Bis- and nulti-pyridyl cores. The top structures represent conjugated structures

while the bottom are unconjugated systems.
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3.2.6.1 Synthesis
3.2.6.1.1Bis-pyridyl meta and parametaquats

Previous work in the Minbi olbgyrdinum expl o
QACs referred to as paraquats, or the$e@es Section 2.6.2.2° Such a system would
also allow us to study the distribution of charge towards better understanding antibacterial
behavior Di a | k ybipyridhiur8 @metaquat, M , m) compounds- and d
bipyridinium (parametaquat, PM@m) compounds prested analogs of PQ with altered
electrochemical propertigsat could potentially mitigate toxici§section 3.4.2.

To begiand JpyBddde core structures were prepared according to
precedent using a patliummediated cross couplitf§ A series of several symmetric
arylQACs was prepared in a similar fashion to other QA@sh biaryl core was subjected
to threeequivalents of ralkyl bromide n acetonitrile at high concentrations for 16 to 22
hours(Scheme 3.5%" In all reactions, it was found that addition of cold acetone to the
warm reaction mixture led to precipitation of the desired product. Recrystallization to
remove residual starting matas was performed as necessary, furnishing thenyitand
PMQ-n,n series. While most yields were decent to very good at 52 to 88%;18M@
was obtained only at 8% vyield, likely due to the surprisingly poor solubility of the-PMQ
16,0 monoQAC intermediate.

In order to further investigate the effect of asymmetry on antibacterial activity, a
series of asymmetric MQsMQ-n,R, was synthesizedScheme 3.6 This was
accompl i shed v-bigyridaetponeseqguivalentoof dodecyldromide to give
MQ-120 in 61% yield. Subsequent reaction of MQ,0 with decyl bromide, tetradecyl

bromide, iodomethane, or benzyl bromide afforded the desired agyimMe®-n,m in 40
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to 78% vyield In total, MQ compounds prepared spanned a range of struttutes
evaluated dr antibacterial activitya monoQAC (MQ@12,0); two slightly asymmetric
bisQACs containing 22 to 26 total side chain carbons 0210 and MQ®14,12); a
drastically asymmetric bisQAC (M@2,1); and a benzdontaining bisQAC (MQL2,Bn),

which was modeled &dr BAC, the commercialbavailable antibacterial QAC.

A ; _ C.Hyn41Br ; __
N \ N/ » Hy,41Cr—N \ .
= N MeCN O\= N®
16-19h, A ChHan+q
PMQ-0,0 PMQ-n,n
C H2n+1Br

MeCN ®@N= N\@
Cc

16-22h, A H2n+1Cyy nHan+1
MQ-0,0 MQ-n,n
Cy2H,sBr — RX
/_\ \ ) —— 7\ \ )
MeCN ®ON N 0-18h,A @ON= N\@
16h, A H2sC12 H25C12
MQ-12,0 MQ-12,R

MQ'12,10 R=C10H21,X= Br
MQ'12,14 R= C14H29, X =Br
MQ-12,1 R =CHj, X =1
MQ-12,Bn R =Bn, X = Br

Scheme 3.®ynthesis of bigpyridyl QACs. (A) PMQ and (B) MQseries. All counterions

are Br' unless otherwise stated.

3.2.6.1.2 Multipyridyl QACs
Core structure2Pyr and 3Pyrwere identified as ideal for our studies on
unconjugated mukpyridyl QACs. While some2Pyr derivativehave beeralkylated to

form amphiphilesto study BPA removaf® their antimicrobial activityhas not been
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considered Alkylation of tris-pyridine core structures such asmmercially available
O3Pyrandits realily synthesied isomers P3Py and M3Pyr° showed no literature
precedentand thus served as enticing launch points.

Startingwith the commercially availabl&,3-di-(4-pyridyl)propane or 2Pyr0,0,
eight bispyridyl QACs, 2Pyn,n, were prepared Bxposure totte corresponding-alkyl
bromidesovernight in acetonitrile at refluscheme 3.7A The resulting precipitates were

recrystallized or triturated as nesary to achieve purity and high yields of 79 to 97%.

A | B | N CnHzn41Br | N | A
E— |\~ ~-.N
NF N MeCN H2ns1Ci™® @® CnHan+1
2Pyr-0,0 o/n, A 2Pyr-n,n
CnH2n+1
B | A N\
N P
NaBH(OAc); CnHansqBr

\_/ /_C
\_

N N | N
AcOH, DCE /\G MeCN AN
sh oln, A P @ CnHan+
N~
I'|2n+1cn/(-D
]

P3Pyr-0,0,0 P3Pyr-n,n,n
| R
N~

N \(;?/CnHznm
| |
NaBH(OAc), CnH2n+Br
X —_—

AcOH DCE NN N/ M/eCZ H2n+1cn\N X
o/n,
I C nHan+1

M3Pyr-0,0,0 M3Pyr-n,n,n

|
N

2

\

Scheme 3.7Synthesis of unconjugated pyridyl QACs. (A) 2Pgnd (B) P3Pw and

M3Pyr-series. All counterions are Br
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Initial attemptsat alkylating the ortho trispyridine O3Pyr led to no reaction under
a number olubstitutionreaction conditions, presumably due to steric hindrance next to
the nucleophilic pyridinaitrogen. Instead, the paisomerP3Pyr0,0,0 was prepareda
a precedented reductive aminataimodest yield52%)(Scheme 3.782%31In attempt to
generate the P3Ryr,n,n series via standard alkylation conditions, poor reprodiig\ves
experienced; P3Py0,10,10 and P3Pyt2,12,12 were prepared in good yield but showed
somewhatpoor stability. Attempts to prepaher anbbgs led to variable yields and
unacceptable purity; thismay have resulted from a fragmentation event drivey the
central nitrogen, which might be circumvented by a change in the electronic distribution of
the QAC.

Gratifyingly, the metatris-pyridine isomer M3Pyr wasimilarly prepared via
reductive amination (56%@ndsubsequerdlkylation was facile andrpducedsheltstable
M3Pyr-n,n,ncompounds $cheme 3.7B This series was prepared in 71%6% yields,

again after recrystallization or trituration.

3.2.6.2Evaluation of bioactivity
3.2.6.21 Meta and parametaquats (MQ and PMQ)

MIC values against thestandard panel of Grapositive and Grammegative
bacteria were determingdnd are shown iifable 3.6. Benzyl and pyridyl QACs BAC,
CPC, andPQ-11,11 were tested for comparisdrne MICs for the MQ and PMQ series
were consistent to a large degree witkepous findings from the PQ series. A bisQAC
structure was again required for a compound to display strong antibacterial activity; as MQ

12,0 showed weak activity. Again, a total of 22 to 24 side chain carbons led to optimal

72



activity, as demonstrated by)(®Q-11,11 and (P)M&L2,12, as well as asymmetric variant
MQ-12,10 Modest asymmetry led to no significant change in acti@onsistent with the

PQ series, as alkyl chain length increased beyond 12 carbons, both solubility in water and
antibacterial actiiy, especially against Gramegative bacteria, decreased. The
benzylated derivative, MQ2,Bn showed only modest antibacterial activity compared to

MQ-n,n compounds, yet was on par in most cases with BAC.

Table 3.6 Minimum inhibitory concentrations (MICpf conjugated bigyridyl QACs.

Values are reported in micromolar.

Class| Compound Yield Minimum Inhibitory Concentration (UM)
(%) S. aureus E. faecalis E. coli P. aeruginosa
T | BAC,24 - 8 8 32 63
O | CPC,2.6 - 0.5 1 8 63
PQ11,11 - 1 1 1 4
8 PQ12,12 53 1 1 0.5 2
PQ12,Bn 69 4 16 16 125
MQ-12,0 61 8 63 63 250
MQ-12,1 78 125 125 125 250
MQ-12,Bn 57 8 63 32 250
@ MQ-12,10 40 2 2 2 4
S MQ-14,12 77 2 1 2 8
7 MQ-8,8 78 32 125 250 >500
g MQ-10,10 75 2 2 2 8
MQ-11,11 63 0.5 1 1 2
MQ-12,12 88 1 1 1 2
MQ-14,14 70 2 2 4 16
MQ-16,16 59 2 1 8 16
o PMQ-8,8 52 125 125 125 >500
2 PMQ-10,10 84 2 2 2 16
g PMQ-11,11 84 0.5 0.5 0.5 1
© | pPmQ1212 | 59 1 1 0.5 2
E PMQ-14,14 64 2 1 2 16
PMQ-16,16 8 2 4 16 63
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In regards to the alteative core structures, PM@erived amphiphiles were found
to be marginally more active than MQ amphiphiles; in fact, PM(11 was more effective
across the board than the previous frestiass compound, P@1,11, and presented sub

micromolar MICs againghree of the four bacteria tested

3.2.6.22 Multi-pyridyl QACs

The antimicrobial data against the standard panel of bacteria for these pyridinium
multiQACs, compared to commercial monoQAC CPC, led to some interesting conclusions
(Table 3.7. The corestructures lacking alkyl chains, 2Pyr, M3Pyr, and P3Pyr, showed
virtually no activity at biologically relevant concentratiofairther confimation of the
optimal length of the alkyl side chaimgs also notedis- and trispyridyl QACs bearing
side chais of less than 8 or more than 13 carbons showed diminished activity, as
exemplified by 2Py8,8 and M3Pw18,18,18 Whereas CPC carries one-@¢érbon chain,
optimal activity in the ZPyr series was observed for theddrbon chain (2Pyt1,11), and
one cabon shorter was observed to be optimal in the 3Pyr series (MEP40,10 and
P3Pyr10,10,10). This is consistent with our previous observations of optimal activity in
shorter chains for QACs with 3 alkyl groug®egtion 3.2.%24

While there was no significant difference in bioactivity between the isomeric
M3Pyr and P3Pyr serigthe correlation of the number of pyridinium groups to bioactivity
was somewhat surpng). Against Grarrpositive bacteriaS. aureusand E. faecalis
strongly bioactive compounds from all three classesCPGvere comparable in activity,
with MICs between 0.25 andnil. Against GramnegativeE. coli and P. aeruginosa

though, the majority of the bisind trispyridyl QACs displayed markedly better activity
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than CPC, on the order of & 32fold. It appears thahe addition of a third pyridinium
moiety is unnecessary for improving bioactivity when compared to itpybidinium
counterpart but that the addiin of a second amphiphilic warhead confers drastically
improved activity over the monoQAC CPChis may be a result of subtle structural
intricacies born by each QAC, and if true, would permit the design of improved
multiQACs. Finally, it is worth noting hat 2Pyr11,11 ranks as the most potent of the

several hundred antiseptic QACs examined in abiolatories over several years.

Table 3.7 Minimum inhibitory concentrations (MIC) of unconjugated bnd mult

pyridyl QACs. Values are reported in micromola

Class Compound Yield Minimum Inhibitory Concentration (UM)
(%) S. aureus E. faecalis E. coli P. aeruginosa
. | BAC,2.4 - 8 8 32 63
Z |cpc2s - 0.5 1 8 63
PQ11,11 - 1 1 1 4
2Pyr0,0 - >250 >250 >250 >250
2Pyr-8,8 91 8 63 32 500
® 2Pyr-10,10 79 0.5 0.5 0.5 8
S 2Pyr11,11 93 0.25 0.5 0.5 2
Q 2Pyr12,12 88 0.25 0.5 0.5 2
(o?l 2Pyr-13,13 93 0.5 0.5 1 8
2Pyr-14,14 96 8 1 4 250
2Pyr-16,16 95 4 8 63 500
2Pyr-18,18 97 8 8 500 500
M3Pyr-0,0,0 56 250 >250 >250 >250
M3Pyr-8,8,8 84 2 8 8 32
3 M3Pyr-10,10,10 72 0.5 1 1 2
@ | M3Pyr11,11,11 79 0.5 1 1 4
5 M3Pyr-12,12,12 81 1 1 1 8
& | M3Pyr13,13,13 71 1 1 2 8
= | M3Pyr14,14,14 88 2 2 4 32
M3Pyr-16,16,16 97 2 4 63 250
M3Pyr-18,18,18 97 8 32 63 >250
s | P3Pyr0,0,0 52 >250 >250 >250 >250
& P3Pyr10,10,10 88 2 4 4 16
o P3Pyr12,12,12 78 4 4 8 32

~
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3.2.7 Cleavable esteand amideQACs

The chemical stability of QACs is both an aid to prolonged antibacterial activity
and a liability to the environment, causing downstream toxaniy the development of
resistance§ection 2.6.%. Soft antimicrobials accordingly offer the ability to kill bacteria
quickly, yet naturally degrade in a short period of time, generally through the use of ester
and amide moieties{gure 2.11). We recogniad twvo competing tactics in the preparation

of soft amplephilesdededidee ot BguaXd. i onal ity

A
o D = DF T
Center-destruct 2 monoQACs
B.m,m,ﬂ@ >4 = ‘W :
Non-amphiphilic

Edge-destruct residues

Figure 3.4 Self-destruct strategies for the design of soft amphiphiles. (A) Cdetdruct

concept; (B) Edgelestruct conept.

In the case where a cleavable moiety is incorporated between cationic head groups,
fragmentation would lead to multiple QACs which would likely retain sdevel of
bioactivity (Figure 3.4A).Al t ernat i v-éé gt r mant di egditgrealllee gy, w
groups are included on the terminal ends of a collection of cationic head groups, would
yield nonamphiphilic products that likely would have no residual bioactifiiygure
3.4B). With previous contributions to the field of cleavable QACs in mindelgeted to
apply the edgedestruct strategy to a variety of osimple and potenQAC scaffolds
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designed previous)yncorporating both esters and amides for comparison of stability, and

a range of charge states and lengths of side chaaiefne 3.8 The naming system for

soft QACs i s i d

ami deQACs <carry

entical to their parent

i Ao before each

carbongm)is included in the name; for example, a hexyl gste6) correspondsa a total

number of 9.
A ® 0
3.1 X<
'il/ —_— ©/\/N\ CnHan+1 Bl.\)J\X/c"bI2n+1
MeCN 3.1
2-3h, A ;ig E'gﬁg'm X = 0, n-alkyl 2-bromoacetate
- ) -m X =N, n-alkyl 2-bromoacetamide
B | 3.1
N » H C N
AINASNT MeCN e J\/ \/\N/\ﬂ/ “CrHanet
l 1h, A
X=0 E-TMEDA-m,m
X=N A-TMEDA-m,m X—C,Hapsq
C I I I 3.1 o
\ /
AN N AN MeCN H2n+1Cns J\/N\/\/N\/\/g) CnH2n+q
2-3 days
X=0 E-m(3)m(3)m
X=N A-m(3)m(3)m
D 3.1 H C/X\n/\(ﬁ/\/\N/\/\(':)/\n/X\c H
SN 2n+1Cp I/ \ N I nHa2n+1
| J) e .
3 days, A X X=0 E-sT-m,m,m,0
SN Hane1Cr \ﬂ/\/N\ X=N A-sT-m,m,m,0
| (o]
| \ /
E (\N/\/N 3.1 « (\)‘/\/g X/CnH2n+1
MeCN H2n41Cr” N
N e ®) X=0 E-P-m,0,m

o/n

X=N A-P-m,0,m

Scheme 3.8Synthesis of esterand amideQACs. (A) BAC monoQACs; (B) TMEDA

bisQACs; (C) m(3)m(3)m trisQACs;

(D) superT trisQACs; and (E) piperazinyl bisQACs.

All tertiary amines were alkylatkewith 3.1, whereinX represents either oxygen in the case
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of esterQACs (Eseries) or nitrogen in the case of amideQACséfies). m represents the

total number of side chain carboidl. counterions are Br

3.2.7.1 Synthesis

The synthetic route to 4@& multiQACs is shown irscheme 3.8 For esterand
amideQACformation, all reactions were performed by simple alkylations of bromoesters
of varying chain lengthAlkylation reaction conditions mirrored those from before, though
manyreaction times wergery brief (8h) or did not require heat, perhaps reflective of
enhan c ed r e a c t-positiori ty theaarbonyl.Ahés alsb conferred the ability to
easily alkylate the central nitrogen of the linear trisQAC series, which previously showed
difficulty (Section 3.2.3. Recrystallization or trituration afforded the compounds in good

to high yields Table 3.8. Complete experimental detadse presented in CHAPTER 6

3.2.7.2 Evaluation of bioactivity

The antimicrobial data of these 40 soft amphiphilas ebit puzzling. The activity
of the esterQACs was uniformly disappointing, showing roughly -&midBdecrease in
activity as compared to alkyl analoggaple 3.8. The amide structures, however, were
quite potent antimicrobials, with three out of tiefamideQACs showing singl#igit
MIC values and matched the activity of their parent spediége best compounds in each
series were often the 12 to 13 carbon analogs, thotBAE 17 was the best in its class,
consistent with previous findings regargithe optimal length and number of side chain
carbons. Viilen comparig multiQACs tomonoQAC BAC analogs, there was a clear

advantage in the additional cationic moieties and alkyl chains.
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Table 3.8Minimum inhibitory concentrations (MIC) of cleavable estmd amideQACs.
Non-ester or amide parent compounds are shown for reference. Compounds with no
reported yield were previously reported and are included here for comparison. Values are

reported in micromolar.

Class Compound Yield Minimum Inhibi;ory Conc enFration (UM) .
(%) S. aureus E. faecalis E. coli P. aeruginosa
BAC - 8 8 32 63
E-BAC-9 99 >250 >250 >250 >250
2 E-BAC-10 92 >250 >250 >250 >250
5 E-BAC-11 99 125 250 250 >250
U‘f’ E-BAC-12 95 32 125 125 >250
ES E-BAC-13 98 32 32 63 >250
E-BAC-15 91 2 4 16 63
E-BAC-17 98 1 4 8 250
A-BAC-13 97 8 16 32 125
TMEDA-12,12 - 1 1 2 5
" E-TMEDA-9,9 71 >250 >250 >250 >250
2 E-TMEDA-10,10 77 250 >250 >250 >250
$ E-TMEDA-11,11 68 32 63 63 125
<D( E-TMEDA-12,12 77 2 16 16 32
L E-TMEDA-13,13 81 4 16 8 32
E E-TMEDA-15,15 78 16 32 63 125
E-TMEDA-17,17 88 16 32 250 >250
A-TMEDA-13,13 44 1 1 1 2
P-13,0,13 - 1 0.5 1 4
E-P-9,0,9 64 >250 >250 >250 >250
” E-P-10,0,10 93 >250 >250 >250 >250
Q E-P-11,0,11 92 >250 63 250 >250
é E-P-12,0,12 96 4 8 16 125
a E-P-13,0,13 82 2 4 2 16
E-P-15,0,15 90 8 32 16 32
E-P-17,0,17 97 >250 >250 >250 >250
A-P-13,0,13 54 0.5 0.5 1 2
R 12(3)12(3)12 - 0.5 1 1 4
Q E-9(3)9(3)9 76 250 250 >250 >250
€ E-10(3)10(3)10 92 32 32 125 125
8 E-11(3)11(3)11 81 8 16 16 32
S E-12(3)12(3)12 85 4 16 8 32
5 E-13(3)13(3)13 90 4 8 8 16
o E-15(3)15(3)15 91 4 8 8 16
j E-17(3)17(3)17 95 63 32 63 250
A-13(3)13(3)13 96 1 2 2 63
sT-13,13,13,0 - 1 1 1 8
E-sT-9,9,9,0 99 63 250 250 >250
» E-sT-10,10,100 99 16 32 63 >250
2 E-sT-11,11,11,0 99 2 8 8 63
? E-sT-12,12,12,0 99 2 8 4 16
5 E-sT-13,13,13,0 93 2 8 8 16
E-sT-15,15,15,0 83 4 8 8 >250
E-sT-17,17,17,0 92 125 16 32 250
A-sT-13,13,13,0 90 1 1 1 8

~
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3.2.7.3 Stability testing

While it is tempting teexplain thediminished antiacterial activity ofesterQAG
asinstabiity in aqueous solution, this wanot strictly the casé his was evidenced by
decomposition studies of lead analogous compounds at acidic, neutral, and basic pH levels
(Figure 3.5). Stability testing, as assessed by LCM@etgils in the Experimental,
CHAPTER 6, showed that altompounds tested were relatively stable in pure wWpter
7), which mimics theinitial stages of biological testing. The two esterQACs rapidly
decomposed in aditland basic solutions, and hydrolyzed 50% within 3 to 4 hours in pure
water. The amideQACs proved more robust, with little decomposition over 16 hours at pH
levels of 7 and 10. éidic conditions, however, led to both poor solubility and rapid
decompositia. These results show that such QACs have several key properties: rapid and
facile synthesis, strong and broad antimicrobial activity, stability in water ar@ pahd
decomposition in acidic solution. This would ultimately allow for environmental
decompaition, especially in areas of greater rainfall, which tend to have more acidic soils.
These findings have important implications in QAC activity and accumulation, which play

a role in toxicity Section 3.4 and resistanceCHAPTER 4.
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Figure 3.5 Stabiity testing of lead esterand amideQACs at different pH levels.
EsterQACs show rapid decomposition in acidic and basic solutions, and moderate
decomposition in pure water. AmidQACs show rapid decomposition in acidic solution, yet

remain stable under neatrand basic conditons.

3.2.8Conclusions
Through examining the bioactivity against planktonic bacterial cells of our

rationally designed library of QAC scaffolds, several key findings were confirmed
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regarding alkyl chain length, cationic charge, antrithstion of charge. First, alkyl chain
length is key in conferring antibacterial behavior. Compounds lacking significant alkyl
chains are inactive at biologically relevant concentrations, and a trend with bioactivity
peaking between 10 and 14 carbonstailohg at less than 10 and more than 14 carbons is
experienced across nearly all classes of QACs. An aggregate of 20 to 24 side chain carbons
is generally optimal due to the structure of bacterial cell membrane and solubility of the
QAC. MonoQACs and draéisally asymmetric bisSQACs tend to require longer chains for
activity, while symmetry is preferred for bisQACs carrying two alkyl chains of significant
length. TrisQACs carrying three long alkyl chains experience a slight decrease in the
optimal number o€arbons in each chain, again likely due to solubility. Greater activity is
experienced for Graspositive species over Granegative species likely due to the
presence of the second membrane in Gnagative bacteria. Furthermore, QACs carrying
only one cha wane in activity against Grammegative species.

Surprisingly, an increase in cationic charge beyond the bisQAC does not appear to
enhance antibacterial activity against planktonic bacterial cells, despite the negative nature
of the cell surface. Compads of higher charge state are generally equipotent to their less
charged counterparts. Increased charge could have important implications, however, in
antibiofilm activity Section 3.3 and/or toxicity to eukaryotic cellSéction 3.4. Similar
results vere found for charge distribution among-l@ad multipyridiyl systems; differing
electrochemical properties resulting from this distribution of charge may be involved in
mitigating toxicity. Cleavable QACs that show decent antibacterial activity yeapsble

of decomposing in solutions of varying pH add to the repertoire of soft amphiphiles. QAC
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charge, nature, and accumulation play a major role in bacterial resistance, and will

accordingly be discussed GHAPTERS 4 and .5

3.3 Anti -biofilm Activity o f QACs

In the vast majority oftsidies on antibacterial agents, activity is measured against
planktonic bacterial cells in the form BIC, MBC, or 1Csovalues While such analyses
provide a good initial measure of bioactivity and certainly have timarits, these
conditions are not necessarily reflective of the environment in which bacterianetkisiri
infectious state: biofilmsSection 1.1.). The biofilm life cycle consists of four stages
(Figure 1.1): (1) Adhesion, when planktonic cells undergd@potypic change and begin
to aggregate on a surface; (2) EPS production, the secretion of polysaccharides,
extracellular DNA, and proteins; (3) Maturation, the recruitment of more cells and
development of biofilm architecture; and (4) Dispersion, wtedis slough off and return
to the planktonic phenotype. Bacteria utilize a variety of chemical signals testrate
this complex lifestyle via quorum sensirgignificant efforts have been made to mimic
these chemical classes to inhibit biofilm formatim/or signal dspersion of a biofiln¥?
%5 1n contrast to inhibitors, which prevent the formation of biofilms, and dispersers, which
promote the transition to planktonic cells, compounds that completely eradicate established
biofilms at pratical concentrations (<5@M) have been sparsely reportéd’

Based on this key deficiency, the potency of our library of QACs, and their general
mechanism of action, we thought that they would be capable of eradipatiegisting
biofilms at low concentrationsDespitethe simplicity and ubiquityof antibacterial QACs

to the best obur knowledge there have been little todozumented studies of their effects
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on biofilms, besides work on cationic eadly-functionalized polyarenes, whidtapgen
to release an amphiphilic CBCO group upon light activatidfh and very reent work
(within the last few months) on spatiaipsitioned bisQACS® This seems particularly
remarkable dueto several natural products that possess quaternamgmanium
functionalities and their suggested antibiofilm propertisction 2.6.3. We thus set out

to examine the anbiofilm properties of a number of our QACs.

3.3.1 Definition of MBEC

To accuratéy evaluate the antiofilm activity andto compare the activity of these
moleculedo others in the literature, we utilized a regrowth assay to establish the minimum
biofilm eradication concentration (MBEC) of each compo(fidure 3.6). The MBEC of
a canpound is defined as the lowest concentration of compound dgaettaa mature
bacterial biofilm that leads to a clear well (optical density of less than 0.1) when the treated
biofilm is regrown in fresh media, indi¢aty >95% clearance of bactefaWhile most
endeavors utilize the commercially aadable Calgary Biofilm Devicé® which allows
biofilms to grow on pegs for easy transfer and washing, we opted to develop our own
biofilm assay in 96well plates for economic feasibility.

As the regrow assay reports-attnothing regrowth, this assay is a strict measure
of (essentially) complete biofilm eradication. Visual effects are often seen on biofilms
(black line inFigure 3.6) at a cancentration lower than the reported MBEC (red line in
Figure 3.6). To clearly demonstrate the activity of these compounds begoantitative
MICs and MBEG, crystal violet(CV) staining andconfocal imaging were utilize®

Crystal violet tains any adhered biomass regardless of viapihiy greater the color, the
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Figure 3.6 Biofilm eradication assayRepresentative data is shown on the bottom; the
black line corresponds to visual effects on biefilms, while the red line corresponds to
an OD of less than 0.1 and the MBEC. Error bars correspond to six biological replicates.

3.3.2 Alternative methods of evaluating aoibfilm activity.

greater the number of attached cells. Conversagfocal microscopyreports on the
viability and structural integrity of biofilms utilizing a mixture of fluorescent dyes. Green
fluorescence corresponds to live, healthy cells while red indicates dead or heavily
membranedamaged cells. For many compounds, confeo&roscopy allowed us to
visualize biofilm prturbation at concentratiorsgnificantly lower than the reported

MBEC. In particular, confocal imaging of PT1,11 againsk. aureushowed significant
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eradication and loss of structural integrity at conegiuns as low as 12 ou® (Figure

3.7), while its MBEC is50M.

50uM 12uM 3puM Control

32.5 microns
(column)
20.1 microns
(field)

0 microns 9.0 microns 9.0 microns
(adhered layer) Wt (column) Tt (field)

Figure 3.7 Confocal imaging of P€1,11 againstS. aureus These images show
significant biofilm perturbation and loss of structural integrity at concentrations much

lower than the MBEC.

3.3.2General role of alkyl chains and cationic nature in biofilm disruption
To begin, we evaluated the efficacy of commercial monoQAC BAC, the
commercially available monoQAC dodecyldimethylamnuomibromide (referred to as
12,12, and lead bisQAC TMEDAL2,12 against GramositiveS. aureusandE. faecalis
biofilms.3® To our delight, TMEDA12,12 had significant and devastating effects on pre
established biofiimsdisplayingan MBEC of 75uM against bth strains of biofilm
approximately twefold better than monocationic derivatiiBaC and 12,14Table 3.9.
While these result were interesting, the additional alkyl chain of TMERA?Z2
does not allow for direct comparison to monoQACs carrying onlylamg alkyl chain.
We next wated to investigataf anti-biofilm activity was derived from thpresence of

long alkyl chains, the cationic charge, or both. Therefore, we evaluated the efficacy of
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norspermidine, which lacks both permanent cationic chargalkylcchains TMEDA-1,1

and 1(5)1, which lack the dodecyl substituents yet are permanent bis@A@sdium
dodecyl sulfate (SDSyyhich carries one long alkyl chain butae anionic derivative. As
anticipated, these compounds were unable to eradicdilenls at the tested concentrations
(Table 3.9, demonstrating that both the cationic character and alkyl side chains are

necessary to retain efficacy.

Table 3.9Minimum biofilm eradication concentrations (MBEC) of select QACs. Values

are reported in nesromolar.

Minimum Biofilm Eradication
Class Compound Concentration (UM)
S. aureus E. faecalis
BAC, 2.4 200 200
12,12 >200 200
Standard | g >200 >200
Norspermidine2.46 >200 >200
TMEDA-1,1 >200 >200
1(5)1 >200 >200
TMEDA-12,12 75 + 25 75 £ 25
12(3)12 100 75 + 25
Bis-and | 12(5)12 75 + 25 75 £ 25
TrisQACs | PQ-11,11 50 50
12(2)0(2)12 75 + 25 100
12(2)1(2)12 50 25
12(3)0(3)12 100 50
12(3)1(3)12 100 50

Inspired by reported biofilm inhibition by polyamineSetion 2.6.4, we thoudt
that our linear polyaminderived multiQACs Figure 3.1) would be a perfect avenue
through wish to test a number of theories and postulations put forth regarding charge and

antibiofilm properties. Accordingly, we hypothesized that this structural clasdd
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possess the potent abibfilm activity we sought. Our focused initial library of QACs
utilized varied linker length to probe the effect that both charge and-dhmsmsional
structure play in the biological effect of a compound. Lead compourn@sclvesen based

on their potency against planktonic bacterial cells in MIC assss&ion 3.2.

3.3.2.1 Role of linker length

The Clardy and Losick groups demonstrated that norsperridameompounds
possessing a thremarbon repeating subunit betwebackbone nitrogens were more
successful at inhibiting biofilm formation than other polyamimeth differing linker
lengths(Figure 2.10.1"18Based on our initial results that the tearbon linker bisQAC
TMEDA-12,12 was effective at perturbing biofilms, we next investigated the biological
activity of a class of norspermidifi&ke derivatives with varying linker lengthéimong
the threecarbon linker series, bisQACs 12(3)12 and 12(3)0(3)12 exhibited comparable
activity to ther analogous twarbon linker compounds, TMEDA2,12 and 12(2)0(2)12,
respectively Table 3.9.%° Futhermore, a compound bearing a fisarbon linker 12(5)12
exhibited MBEC values identical to those of its correspondingawd threecarbon linker
analogs, TMEDA12,12 and 12(3)12T@ble 3.9. These observations suggest that the
spatial distribution of ftarge is not crucial for biofilm eradication; this is consistent with

the trends observed in the MIC data.

3.3.2.2Role of distribution of charge
Since a rigid spacing of charge did not appear to be essential fdvicfiin

activity, we next thought tmvestigate the role that distribution or delocalization of charge
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plays in biofilm disruption using a paraquat bisQAC-PQ11. Indeed, PQ1,11 was

found to be the most potent abidfilm compound, with MBEC values of i against

both bacteria evaluedl in this study® Based on these results, we propose that the nature

of the cationic charge, not the relative location, is most important for bioactivity.
Interestingly, it was noted that a purptdor was observed for biofilms treated with

PQ11,11 fFigure 3.8). While initially puzzling, PQs have long beemdwn to be viologen

indicators*® based on oxidatiereduction profile to be detailed $ection 3.4.3The redox

properties of PQs are known to cause major toxicity issues via the geneddti

superoxide; this may contribute to the potent activity ofIAC11.

100pM 50uM 25yM  12uM 6uM 3uM 1uM Control

Figure 3.8 Viologen production of P€1,11 treated biofilms. Numbers above each well

correspond to the concentration of RQ11 in micromolar.

3.3.2.3Role of net charge

Having established that both cationic character and alkyl side chains are vital for
biofilm eradication, we next examined whether the net overall charge of the molecule
affected the activity. As previously stated, compounds with no permanent positive charge,
suchas SDS and norspermidine, had no effect on biofilms at the concentrations tested
(Figure 3.9. The MBEC values of the two moQAC derivatives, BAC and 12,1®ere

less active in comparison to the MBEC values for each of the bisQACs.
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Figure 3.9 Biofilm eradication by analogous polyamiderived QACs. Crystal violet
(CV)-stained biofilms and confocal images show drastically reduced biofilms at
concentrations of 100 and |29 for the quaternized analogs. In confocal images, green

indicates live cells and rkindicates dead or heavily membrademaged cells.

The difference, however, between bisQACs and their corresponding trisQACs was
not as significant. This was highlighted in the comparisoh2¢8)12 and 12(3)0(3)12 to
12(3)1(3)12, which possessed equivdlMBEC values for both bactdrtziofilms studied
(Table 3.9, Figure 3.9. To clearly demonstrate the activity of these compounds beyond
guantitativeMICs and MBEG;, crystal violet(CV) staining and confocal imaging were
utilized (Figure 3.9).3° Crystal violet staining, which stains any adhered biomass regardless

of viability, clearly illustrates the significant effect that 12(3)12, 12(3)0(3)12, and
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12(3)1(3)12 displayed against pestablished biims when compared to the aqueous
control or parent norspermidin€onfocal microscopywhich reports on the viability and
structural integrity of biofiimstevealed significant biofilneradication for QACs, though
there were no major differences betwéen and trisQACS.

Interestingly, there was a moderate increase in efficacy between bisQAC
12(2)0(2)12 and analogous trisQAIR(2)1(2)12, which provided one of theost active
biofilm-eradicating compound reported to eldlable 3.9. This compound has sie

gained traction as a standard in the biofilm work of other groups.

3.3.3 Mechanism of antbiofilm activity

As the MIC values for these compounds are all well below the MBEC values
(Tables 3.1, 3.3, 3.9 one can speculate that the mechanism of action may involve more
than simple cellular lysis. From the onset, we suspected two possible mechanisms of
biofilm eradicaton by the QACs presented herein. First, the QACs could be interacting
with the negativeljcharged biofilm EPS, leading to dispersion and then killing the
resultant planktonic cellgFigure 3.10A). Conversely, the charged QACs could be
perturbing the biofilhs through electrostatic interactions, and then killing the biofilm cells
within the matrix through the traditional lysis mechanism, ultimately resulting in biofilm
degradation due to cell deatRigure 3.10B). Though the ultimate outcome of eradication
is still the same, probing these various routes could allow fostfineng of QAC activity
based on small structural nuances.

To test this hypothesis, stWIC concentrations of a number of the test compounds

were dosed against planktonic cells to determinghe compounds inhibit biofilm
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formation® We found that none of the compounds, including-tethal compounds
TMEDA-1,1 and 1(5)1 nor norspermidine, inhil#t aureusor E. faecalis biofilm
formation at concentrations below their MIC values. Therefore, these compounds do not
appear to interfere with adhesion or the production of EPS, consistent with a report by

Michael and ceworkers??
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Figure 3.10 Possible mechanisms of biofilm eradication by QACs. (A) pRBnoted
dispersion followed by killing of plektonic cells; (B) Direct lysis followed by degradation
of biofilm; and (C) confocal images of TMEDA1 treateds. aureusiofilms, showing

no dispersion or significant perturbation at any concentration.

Furthermore, as TMEDA, 1 and 1(5)1 do not disperbiofilms Figure 3.100, it
was concluded thaationicallychargedcharacter alone does not appear tsufécient to

disrupt preestablished biofilms, thereby making the second of the two misticatheories
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more plausible. It is likely due to theestr number of cells present in a biofilm that a much
higher concentration of QAC is needed, as compared to assays against planktonic cells, to

achieve eradication.

3.3.3.1Investigation of alternate scaffolds in biofHspecific activity

It was anticipatet that particular scaffolds might elicit specific biofilm eradication
properties that do not necessarily correlate to the inhibition of planktonic growth. The
possibility of developing novel QAC architectures with unique-biatiilm activity further
motivated our work, as little is known about the specific mechanisms that promote biofilm
dispersion and/or eradicatidn. continuing our studies taffoldhopping and branched
polyaminederived QACs of the R, C-, T-, and super®eries we measured the MBEC
values of thee mone, bis., tris-, and tetraQACs for comparisofiTable 3.10.2224 We
identified some compounds, namehiP,0,11 and 910,10,10, as beingn par with the
best biofilm eradication agents to datgough overall ardbiofilm activity among the R
C-, and Fseries was somewhat disappointing, with many MBECs oveguMGhd none
below 10QuM. The superiseries, however, yielded the most poteiofiln -eradicating
agents to dataVithin the superT series, there seems to be a benefit to having somewhat
shorter alkyl chains, specifically decyl derivatives:1$110,10,0 is the top QAC tested in
regards to biofilm eradication, with an MBEC of @ against SA and 2%V against
MRSA. Nonetheless, no appreciable differences in-laiofilm activity were found in the
comparison of tristo tetraQACSs, lending credence to our previous claims that increased

cationic nature does not necessarily cortierabiity to disrupt biofilms3®
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Table 3.10 Select minimum biofilm eradication concentrations (MBEC) of QACs of

various scaffold and charge. Values are reported in micromolar.

MBEC (uM)
Compound MSSA CA-MRSA
DDAC, 2.5 150 = 50 P00
12,12 >200 >200
P-11,0,11 100 200
P-12,0,12 200 200
P-13,0,13 100 200
C-14,0,0 200 >200
C-18,0,0 200 >200
C-16,1,1 200 200
ST-0,0,0,0 >200 >200
T-10,10,10,0 100 200
sT-10,10,10,0 50 25
sT-10,10,10,1 75 50
sT-10,10,10,3A 100 25
T-11,11,11,0 200 >200
sT-11,11,11,0 100 50
sT-11,11,11,1 200 50
sT-11,11,11,3A >200 50
sT-11,11,11,Bn >200 25
sT-12,12,12,0 200 200
sT-12,12,12,1 >200 >200
sT-12,12,12,3A >200 100
sT-12,12,12,Bn >200 100

3.3.4 Differences in bidfin growth

Surprisingly, some compounds were more potent against MRSA biofilms, which
are notoriously difficult to eradicate, than MSSA biofilnTis is in itself a puzzling
observation that was observed repeatedly in the superT EBalgle 3.10, as MR\ is
more susceptible biofilm inhibition than its MS& counterpart. We have notegb have
others thatmany MRSA strains tend to groweaker biofilms in laboratory settings$hat
is, with less extracellular matrix than MSSA in the absence of triggeg antibiotics*3

Based on this observation and our studies thatang tetraQACs do not appear to induce
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resistance in MRSAGHAPTER 5, one possible explanation is that therelavneer levels
of extracellular DNA production in the MRSA biofilms, leading to stronger interaction
between QACs and extracellular DNA in the MSSA biofilm matrix. This claim, while

supported by the datazarrants further investigation.

3.35 Conclusions

The QACs from our library of various scaffold and charge present some of the most
potent biofilmeradicating moleculeseportedto date,with many demonstrating MBECs
wel | under 1 0 O -positMe bageaidl bidilmsD&&pita hypotheses that
increagd charge would improve asiofilm activity based on electrostatic interactions
with the EPS, this does not appear to be the dather, a general Iytic mechanism of
action is suggested, with activity being attenuated by the biofilm state rathernyan a
specific interactions. Regardless, the ability of QACs to disrupt and eradicate established
biofilms at low concentrations holds important implications for preventing and treating
bacterial infections in a variety of settings. This broad activity mashdrnessed and
finessed in order to mitigate toxicity to eukaryotic cells, as will be discussed in the next

section.

3.4 Toxicity of QACs

With their highly potent lytic activity against planktonic and biofilm bacterial cells,
the toxicity of QACs to eukgotic cells is of concern. In addition to their potential toxicity
issues in their intended applications, the chemical stability of Q&€stipn 2.3 makes

downstream toxicity a major threat as well, as detaile®antion 2.6.5 Some have
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examined QACadxicity by alternating regions of hydrophobicity between cationic heads
(Section 2.6.); a therapeutic window exists for such compouybds$ mitigation of toxicity

of QACs remains vasty understudied area as a whbl&Ve therefore made significant
efforts in designing several of the QAC series detail&ertion 3.20 address, study, and
mitigate toxicity viacharge, alkyl chain length and constituents, and electrochemical

profile.

3.4.1 Measurement of toxicity

Toxicity of all QACs presented here within is reported as kydise concentration
of QAC corresponding to less than 20% lysis of erythrocytes. Whses stricter measure
of toxicity than commonly reported in the literature (Lygisthese values provide a decent
measure of toxicity and the activity of QA@svivoin the complete absence of bacteria.

Therapeutic index is reported to as a ratihysis,o to MIC.

3.4.2 Role of charge in toxicity

Based largely on work with antimicrobial peptides (AMfP$Pwe conjectured that
increasing cationic chargé synthetic QACsnay decrease lytic activity against eukaryotic
cells.Such work hagstablished that greater cationic nature tends to confer selectivity for
bacterial cell surfaces, as these tend to be more negatively charged than eukaryotic cells
(Figure 3.11) and are comprised of different components. Prokaryotisgdtcepossess
a plethora of anionic molecules, namely lipopolysaccharides in-Gegative bacteria and
lipoteichoic acids in Gramositive bacteria. Pkaryotic cell membranes alsmntain a

high proportion of acidic phospholipids, such as phosphatidylglyercol anlgard In
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contrast, eukaryotic cells are mainly comprised of zwitterionic phosphatidylcholine and
sphingomyelin, with a much smaller proportion of negatietigirged components. It has
been shown that when presented with bacterial and eukaryotic celise irsame
environment, fluorescently labeled amphiphilic AMPs preferably colleth@surface of

bacterial cell$; adding to our conjectures.

Efficacy against

Toxicity to multiQACs bacteria

red blood cells

Greater charge and spacing

\

i greater efficacy-to-toxicity profile?

Figure 3.11Rationale of chargbased approach to mitigating QAC toxicity.

3.4.2.1 Comparison of analogous-tp tris- to tetraQACs

With analogous QACs carrying identical side chains and differing only in charge
state, we could examine the role of charge in toxicity directly. For example, bisQACs
12(m)12 can be compared to linear polyardeeived bisQACs 12(nd(m)12;
12(m)0(m)12 to 12(m)R(m)12;-m,n,n,0 and s#h,n,n,0 to sh,n,n,R; etc. Table 3.11).
Likewise, QACs of the same charge state with various linkers or scaffolds can also be

compared.
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Table 3.11Select Lysisovalues of QACs of various scaffold acldarge. Analogous QACs

are grouped together. Values are reported in micromolar.

Lysiszo Lysiszo

Class Compound ({IM) Compound ({lM)
BAC, 2.4 63 CPC,2.6 8

MOnoQACS| hpac, 2.5 16 |1212 8
TMEDA-16,0 16 12(3)0 63
TMEDA-1212 8 12(3)12 8

12(5)12 8 16(5)16 4

, =1 12(2)0(2)12 8 12(2)1(2)12 16
L'tr:zagg'ds 10(3)0(3)10 63 10(3)2(3)10 63
tetraQACs 12(3)0(3)12 4 12(3)1(3)12 8
12(3)2(3)12 8 12(3)Bn(3)12 8
12(3)4(3)12 8 12(3)Bn8(3)12 8
12(3)12(3)12 4 12(3)11SH(3)12 16
tetra12,0,0,12 4 tetral2,3A,3A,12 8

2Pyr0,0 >250 M3Pyr-0,0,0 >250

2Pyr8,8 125 M3Pyr-8,8,8 >250
2Pyr10,10 16 M3Pyr-10,10,10 4

_ 2Pyr11,11 8 M3Pyr-11,11,11 4
'g’ﬂgﬁ' 2Pyr12,12 16 M3Pyr-12,12,12 4
2Pyr13,13 16 M3Pyr-13,13,13 2
2Pyr14,14 63 M3Pyr-14,14,14 4
2Pyr16,16 63 M3Pyr-16,16,16 8
2Pyr-18,18 32 M3Pyr-18,18,18 8

C-10,0,0 >250 [ C-10,1,1 250

C-11,0,0 >250 | C-11,1,1 250

C-12,0,0 250 c-12,1,1 250

C-13,0,0 32 C-13,1,1 125

C-14,0,0 32 Cc-14,1,1 63

C-16,0,0 16 c-16,1,1 16

C-18,0,0 16 c-18,1,1 8

C-20,0,0 8 C-20,1,1 8

Scaffold | 7-8.8,8,0 125 T-10,10,10,0 8
hopping | sT-8.8,8,0 125 sT-10,10,10,0 8
and sT-8,8,8,1 125 sT-10,10,10,1 8
Branched | sT-8,8,8,3A 125 sT-10,10,10,3A 8
mMultiQACs | T-11,11,11,0 8 T-12,12,12,0 8
sT-11,11,11,0 4 sT-12,12,120 4
sT-11,11,11,1 4 sT-12,12,12,1 16
sT-11,11,11,3A 4 sT-12,12,12,3A 4
sT-11,11,11,Bn 4 sT-12,12,12,Bn 4
T-14,14,14,0 8 sT-16,16,16,0 4
sT-14,14,14,0 4 sT-16,16,16,3A 4
sT-14,14,14,1 4 sT-18,18,18,0 8
sT-14,14,14,3A 2 sT-18,18,18,3A 4
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Similar to MIC and biofilm activity, there was generally little differential between
compounds (with a few exceptions), indicating a similar, indiscriminate mechanism of
action. QACs carrying shorter chains tended to be less toxic, as exemplified by oesyl seri
across all scaffolds, and by the single langined Gseries. A few exceptions to these
general trends are 10(3)0(3)10 and 10(3)2(3)10, and theriPgeries. These were among
the most potent antibacterials, yet, pleasingly, display high hemolysissydeading to
exceptional therapeutic indices of 16 to greater thatVBdle many of the most potent sT
compoundsalso displayed hemolysis at low concentrations, a therapeutic window was
present. For example, the potent tetraQAG4$]11,11,1 and s12,12,12,1 showed MIC
values 4 to 32old less than the observed Lygisalues.In many cases, the Lysis/alue
was the same or lower than MICs against Greagative strains. This is likely a result of
the dual cell membrane in such strains.

Based on prawus work with AMPs, we hypothesized that increasing charge state
may lead to decreased toxici§n increase in charge by +1, however, did not appear to be
the caseashemdysis values for each set of analogdus and trisQACs andris- and
tetraQACs d not differ significantlyEven the addition of an entirely new long alkyl chain
led to similar hemolysis, as in the comparison of 12(3)0(3)12 to 12(3)12(BhEze
results may hint at the importance of the thdeaensional projection of the side chain

tuning selectivity between bacterial and mammalian cell membranes.

3.4.3 Mitigation of arylQAC toxicity based on electrochemical profile
Though t h e-bipyridinimmnserié¢s, (BQ) represent potent antimicrobials

with a distribution of charge thoghout their conjugated aromatic system, their
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electrochemical propeds cause major toxicity issu&sThe toxicity of PQs is thought to

anse from their propensity to form reactive oxygen species, which wreak havoc in
biological systems3cheme 3.9*" The electrochemical properties of tigernateMQ ring

system were expected to be different from PQ since accepting an electron would not
generate a radical that dhaesonance over both MQ rings; PMQ veapected to show
propertiesof either MQor PQ, depending on which ring is reduced. These notions were
supported by work suggesting that M1 showed reduced toxigitcompared to
analogous P€,148 In evaluating the antibacterial activity ofitosynthesized bipyridyl

QACs, isomeric forms proved equipoteSe¢tion 3.2.9.

NADPH O\= 0,°
PQ?* superoxide
©)]
NADP — (o]
@ — °
pq"®
; —

/_\ / N [ ra? N/ N\ or R-N_ ) 7\
®ON N d\= - N - =N @
R R R R

ma'® pma*®

Scheme 3.%Electrochemical properties and redox cycle ofpysdyl QACs. Adapted

from Dinis-Oliveiraet al.*

With collaborators in the Paul laboratory at Villanova University, the
electrochemical properties of PQ, MQ, and PMQ isomers were evaluated using cyclic
voltammetry §ee CHAPTER 6 for full experimental details, and Appendix B for full
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datg.?’ The resulting comparative pldtigure 3.12 shows cyclic voltammograms of the
three isomeric bispyridyl QACs (PQL,11, MQ11,11, and PM€.1,11) Electrochemical
analysis of this datsuggests a reversible reduciioxidation process for PQ1,11,
indicating the possibility for PQ to repeatedly reduce and oxidize, thereby generating

superoxide. This is consistent witielong-known functia of PQ as viologen indicatof$

Current (pA)

= = PMQ-11,11
-60

-80

-100 -300 -500 -700 -900 -1100 -1300 -1500 -1700 -1900
Potential (mV)

Figure 3.12 Cyclic voltammograms of bipyridyl QACs. PQ11,11 appears to show a
reversble redox profile at a more positive reduction potential, compared td M@l and

PMQ-11,11, which display irreversible first reduction waves.

Conversely, the cyclic voltammograms of MQ,11 and PM1,11 indicate
irreversible oxidatiofreduction proceses. This result, while not confirmatory, suggests
that MQ and PMQ may be less toxic, as the irreversible nature of the redogtaation
properties would limit the continuous generation of the parent species and superoxide. This

observation, along witlthe similarities in MIC values amongst the isomeric structures,
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suggests that the antibacterial activity of dialkyl bipyridinium compounds in fact arises
from their amphiphilic characteristics, not the generabf reactive oxygen species.

In our toxicitystudies, isomeric forms of RPMQ-, and MQn,n displayed equal
Lysisovalues of M, while benzylated derivatives PT2,Bn and MQ@12,Bn displayed
values of 250 and 128/, respectively. These benzylated derivatives are equipotent to

BAC, yet less toxiby 2- to 4-fold.

3.4.4 Cleavable esteand amideQACs

As the chemical stability of QACs often contributes to their accumulation and
toxicity, we designed series of soft amphiphiles in the form of-emtel amideQACs that
are capable of breaking down ialgtion (Section 3.2.J. Unfortunately, esterQACs saw
decreased activity against bacterial cells, often equal to or above theip\gkies Table
3.12. Two of the larger compounds-¥&(3)17(3)17 and &T-17,17,17,0, showed a
toxicity four times lowerthan the best MIC observed. In the esterQACs series, the more
alkyl chains a compound has, the greater the toxicity; this is exemplified by the superT and
linear trisQAC series, many of which possess lysalues of 4uM. Though amideQACs
were significatly more potent than their esterQACs analogs against bacterial cells,
hemolysis remained quite comparable across all seried04D,10,0 in particular
displayed a Lysi® value above the entire range of its MICs, including against Gram
negative strainsThese results add to the desirable properties that cleavable amideQACs

display in terms of decomposition and toxicity.
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Table 3.12Lysisyo values of esterand amideQACs. Compounds are grouped by series.

Values are reported in micromolar.

Compound L(ﬁ\'/ls)zo Compound I‘({lsl\'/lsfo Compound L(ﬁ\'/ls)zo
BAC-series TMEDA-series Linear Polyamine Series

E-BAC-9 >250 E-TMEDA-9,9 >250 E-9(3)9(3)9 >250

E-BAC-10 >250 E-TMEDA-10,10 >250 E-10(3)10(3)10 125

E-BAC-11 >250 E-TMEDA-11,11 63 E-11(3)11(3)11 8

E-BAC-12 125 E-TMEDA-12,12 16 E-12(3)12(3)12 4

E-BAC-13 63 E-TMEDA-13,13 8 E-13(3)13(3)13 4

E-BAC-15 16 E-TMEDA-15,15 8 E-15(3)15(3)15 4

E-BAC-17 8 E-TMEDA-17,17 125 E-17(3)17(3)17 4

A-BAC-13 63 A-TMEDA-13,13 8 A-13(3)13(3)13 4

P-series superFseries

E-P-9,0,9 >250 E-sT-9,9,9,0 >250

E-P-10,0,10 >250 E-sT-10,10,10,0 125

E-P-11,0,11 125 E-sT-11,11,11,0 32

E-P-12,0,12 16 E-sT-12,12,12,0 4

E-P-13,0,13 8 E-sT-13,13,13,0 4

E-P-15,0,15 4 E-sT-15,15,15,0 4

E-P-17,0,17 >250 E-sT-17,17,17,0 4

A-P-13,0,13 4 A-sT-13,13,13,0 4

3.5Conclusions

Several hundred QACs of various scaffold and charge state were synthesized
very few steps from commerdighlvailable starting materials. They display potent activity
against planktonic and biofilm badie with moderate therapeutic indicesaking them
attractive alternatives to existimgethods for combatting bacteria. Aptanktonic, ant
biofilm, and hemolytic activity for these QACs are in accordance with each atfier.
data strongly suggests ththe potent artbiofilm activity of multiQACs is attributed to
their potent antimicrobial activity, not through any privileged interactions with the bacterial

biofilms. More symmetric compounds containing an aggregate of 20 to 33 side chain
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carbons disphaoptimal activity, and an increase in cationic charge beyond bisQACs does

not appear to confer enhanced activity or reduced toxicity. This difference in charge does

however have key implication in QAC resistance, which will be discussed in the next two

chapters.
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CHAPTER 4: QAC RESISTANCE AND IMPLICATIONS

4.1 Adaptation or Resistance?

The development ro acquirement of resistance to QACs initially seemed
improbableas their target is the essence of compartmentalized life itself: the membrane
Bacteria have however developed a diverse set of resistance mechanisms -t@amdono
bisQACs ranging from alteratins of membrane or cell wall composition to the efflux of
cationic antibacterial agemt&his was first brought to light in the 1950s an®Q$, when
early reports showeithat Gramnegative bacteria were, over several passagew,ing at
elevated concentrations 8fAC, though this tolerance was lost upon removal of QAC from
growthmedia?*The terms fAadaptationo andrefettol er an
this reversible process that allows bacteria to persist while subjected itcraased
concentration of biocide, which is lost upon removal of biotiflee mechanism by which
this occurs remains elusivérue resistance, howeves, rooted in genetic alteration(s) of
the bacteria that confer the permanent ability to grow at elevated concentrations of QAC,
which did rot emerge until the late 19888 Since its discovery, the field of QAC
resistance has been growing, with more publications examining the most prominent QAC

resistance gengacAcoming out each yeaFigure 4.1).
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Figure 4.1Number of studies ogacAover recent yearéccording toSciFinder, accessed

January 23, 2017.

4.2 Genetic Basis and Mechanism of QAC Resistance
4.2.1gacAandgacB

TheqgacAgene, the most prevalent and studied @&§istant mechanism in Gram
positive bacteria, was the first proton motive force (PM&pendenmultidrugresistant
gene reported iB8. aureus*1%Along with its homolog gacB-H/J/Z, gacgenes control the
production of membranaffiliated efflux pumps thought to be specific to meaad bis
cationic substrateé cursory survey of the literatumth theqacgenes and the species in
which they are found ishown inTable 4.1 QAC-resistant genes are typically found on
plasmids that harbor several mditugresistant genes. The plasmid pSK1, part of the
major family of multidrug resistant plasmids, containpifative gene products including
QAC efflux pumps, teichoic acid translocation permease, and several open reading frames
that code for surface proteihdlost clinical MRSA isolates accordingly carry a plethora

of resistance genes from bacitracin resistance and meatsl resistance to a number of
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drug transporters including thoseiin the quinolone, ABC, anEmrB/QacA transporter
families!! Specifically, gacA may share common ancestry with tetracyeland sugar
transport proteing& Since many plant alkaloids are structurally similar to synthetic
multidrugresistant substrategjacA may have evolved from microbial defenses to

naurally produced antimicrobials

Table 4.1gacgenes reported in the literature by species. Each dot represents a report of

the indicated gene in that species.

qacA/B qacC qacD qacE qacEAT qacG qacH qacJ qacZ smr norA

20000000000
L0000 e
°

eo0@® eoo 0 eee
MSSA/MRSA -‘o‘c.o.o‘u‘o‘-‘.'c.o eee 0 ee ® ee ee eeoe ee e o0 )
eoe0000000 eeoe
ecoove0o000
eecocoo0e

E. faecalis ° L] °

K. pneumoniae ee ° e

A. baumannii ee oo e )

e 9800
P aeruginosa DOOC) . .
eoe

E. coli

As noted inTable 4.1the most common QA@esistant genes among Gram
positive bacteria argacA/B Bothare members of the major facilitator superfamily (MFS)
and close homologs, differing by only seven nucleotides in total. Their high similarity gives
rise to difficulties in distinguishing between them in genetic assays, thus they are more
often than not neorted asgacA/B giving rise to some ambiguity in the literature.
Specifically,gacAcodes for the production of a transmembrane efflux protein of the major
facilitator superfamily named QacA. Bearing 14 transmembrane helical coils, QacA
utilizes a key adic aspartic acid residue (D323) to recognize and expel both -naowlo

bisQACs via the proton motive foro@igure 4.2).10141° QacB is more specific in
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recognizing monoQACs due to the presence of an uncharged residue, alanine, instead of
aspartic acichs found in Qac& Mutagenesis studies show that replacing alanine with an
acidic residue allows for greater ogmition ofdivalent substrate’$:** ThoughqgacA/Bare

found almost exclusively omplasmids transferred between Grawsitive Staphylococci

such asS.aureus, S. epidermidis, S. saprophytjcarsdS. hominis,'’ they were detected

for the first time inE. faecalisa fewyears agt and inE. faeciunvery recently:®

4.2.2qacCthroughgacH, gacJandgaczZ

Related but much less studied systems are those belonging to thensihdfug
resistance (SMR) family found primarily on class 1 integroasCthroughgacH, gacJ
andthe most recentlgiscoveredqacZ Second in prevalence to thacA/Bpair areqacC
and gacD, which are often grouped together gecC/D as the two aredentical in the
coding region yet have differedafking region&’; based on their similarityt is believed
thatgacC evolved fromgacD.?! Vasquez and cavorkers reported thajacCfound in an
isolate ofS. epidermidisvas t i ed t olactam antisotica whereexpressedtin
Gramnegative bacteria, though the antibiotic activity ohc@ was interestingly
independent obuter membrane proteiféMore commoty found among Grarmegative
strains aregjacEandq a c Ethegdeletion mutation homologvhich werefirst discovered
onan integon of broadhostrange origir?® the gacEvariantshave since been reported in
a number b Gramnegative strains, namellgnterobactey Pseudomonasand Vibrio
specieg*?>as well aKlebsiellapneumonig® Both gacEandqg a ¢ Eamp hAssociated with
elevated MICs again€)AC dyesincluding ethidium bromide, crystal violet, proflavine,

and rhodamine 6Gas well as commercial QAGaIch aBAC, CTAB, CPC, andto a
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degree,dequalinium chloridé®*?” The first report of these two genes showed that the
presence ofjlacEgeneally correlates to a greater efflux of these substrates as compared to
q a ¢ Eapd neithegacEnorq a ¢ Eagpkars toanfer resistance to diamidin€sOne

study investigating several Gramegative strains detectegacE and gacJ only in
Enterobactet®, and foundgacH most often amondEnterobacter® A high degree of
similarity is shared betweegacFandgacE(67.8%), whereas the gene productgjaéC
andgacF exhibit a lower degree of similariy:>Heir and ceworkers initially identified

gacG and gacH in Staphylococgithough these genes have since been reported among
Gramnegative strains®*3! Initially found anmong equineStaphylococgiQacJ, the gene
product ofgacd containshigh similarity to other SMR protes (QacC, QacG, and QacH),

yet has been shown to confer even greater resistance to BAC than strains carrying any of
these homologous gen&sEach of these genes has been reported both on-ainudgi
resistance plasmids in Grapositive Staphylococcand on class 1 integrons in Gram
negative bacteriz3*34The most recently identifiedac gene,qacz was found inE.
faecalis This systemappears to be more specific for BA&ther thanchlorhexidine or

ethidium bromidée®

4.2.3 Recent studies on specifyodf gacand Qac

Marchiand ceworkers recently utilized phenotype microarray studies to learn more about
the chemical sensitivity db. aureusstrains bearing variougac resistance determinants.
Doing so allowed them to identify new targets for a numiiiesystems: guanidine
hydrochloride with QacA,; ®iydroxyquinoline with QacC; and increasagsceptibilityto

thioreidazine, amitriptyline, and orphenadrine with strains posse@siog°
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Figure 4.2 Mechanism and known substrates of QAC resistance. (A) QACs (red circles)
penetrate the membraaad bind intracellularly to QacR (dark blue), causing dissociation
from DNA and turning on transcription gicA(red to green box). The resulting QacA

protein (light blue) effluxes certain QACs through the membrane to protect the cell from
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damage. (B) Zomed in views of QacRRubstrate complexes with key residues shown. (C)

Structures of QacR substrates.

In a related realm, Slait altested contact lens cleansing solutions against over 80
disinfectantresistant gengositive CNS andS. aureusstrains®’ They found that all
cleansing solutions failed to achieve-#8 reduction in gengositive strains yet retained
efficacy in genenegative strains, confirming that these genes are ragpofe resistance

and come with dire clinical consequences.

4.2.4 Transcriptional regulation by QacR

The production of these various QAC efflux pumps is regulated by QacR, a
negative transcriptional regulator proteirhis has been most extensively stadin the
gacAsystem; QacRooperatively binds to the intergenic region IRIgatAas a pair of
dimers®® After exposure to QAC substrate, QacR utilizes several acidic residG&s (E
E58, E90, and E120) to guide cationic substrates into its binding pocket, which appears to
be much more flexible and diffuse than initially leeked. Crystal structures for several
QacR/QACdye substrate complexdsigure 4.2B, 4.20 make apparent thariability in
substrate bindingvithin the QacR binding pockét*° Once in the bindingocket, the
affinity for the substrate is enhanced by interactions with a number of aromatic tyrosine
residues and backbone amide hydrogen bonding (to residues T39, L54, Y93, G96, and
Y123). QacR appears to have two subpockets within its overall bindn@iowing itto
recognize and bind a variety of substrates wittirely different structure®¥ The binding

of its QAC substrat¢e nduces conf or mat-hebcal @drtioncoh QacRy e s
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leading to its dissociation from DNA and thus allowing for the transcriptiqiaof The
subsequent production of QAC efflux pumps and efflux of toxic QACs from inside the cell
and the intamembrane spacé&igure 4.2A) allow bacteria to survivevhen exposed to
QACs*

Because QacR is a negative transcriptional regulatogatw/gacRsystem allows
a bacterium t@ontrol metabolic activity with respect to the conservation of energy, as well
as praect its own membrane integrify cells must maintain a fluid membrane, which
would not be posble with the unregulated production of protein puntidsas been shown
that when gacR is removed from lte genome, QAC efflux pumps can peoduced
indiscriminately®® Furthermore, many of theameamphiphilic QACsthat inducegacA

expressiorhave no generalizable effects gacRexpression.

4.3 Emergenceand Spread of Resistance
4.3.1 Detection ofjacA/B

The rate at which bacteria have evolved resistance to QACs is quite alarming, as
evidenced in a collection of studies focused on the prevalemaeAfBin MRSA isolates
(Figure 4.3). Just two decades agn 1990, little to no resistance was observed for
commercial QACs. In one longitudinal study of MRSA isolates collected from a Taiwanese
hospital, 50% of the strains developed elevated MICs to chlorhexidine by 1995, a statistic
that held relatively conaht over thecourse of their investigatigi? Within this 1Gyear
ongoing studygacA/Bresistant genes were first detected in one clone in 1995 and by 2005
had spread to a number of different clon®separate investigation composednefarly

900 MRSA isolates collected from across Asia in 1998 and 1999 fpacAVBin nearly
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42% of the strain&® Similar results were found in an analysis of over 500 MRSA isolates
obtained from Japanese hospitals between 1993 and 2001, with one third possessing
gacA/B* Likewise, the prevalence ghcAin 38 MRSA isolates from hospitals in Lol

from 2012 to 2013 was 37.5%andgacA/Bwere detected in many of the 250 nasal MRSA
isolates taken from a U.S. NICU from 2009 to 264Kloreover, comparative studies have
shown a marked difference in QA@sistant gea distribution throughout the world:
around 3071T40% i n Ased &ingdot, and280%0in BraZi| thdsee Uni t
discrepancies have yet to be rationalized or resolved, though differences in hygiene
practices and QAC usagmay be partially responsiblén 165 coagulaseegative
Staphylococc{CNS), MSSA, and MRSA isolates from a hospital in Iran from 2013 to
2014,qacA/Bwas found in 76 isolates (46%ind there was no detectionqdcG, gacH,

or gacJ*® Recently among 300 MSSA and MRSA strains across AfdqeaA/Bwas

detected in 40.5% of the isolat&s
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Figure 4.3Prevalence and spreadgzcA/Bgenes among clinical isolates. Dark gray dots

refer to studies with over 500 clinical isolates.

A few reports have found a lower prevalencegatA/Bin clinical MSSA and/or
MRSA isolates. Tiere was a 7% pralence among Japanese pati€rasd8.3% among
patients in the U.K. in 2006/@li).>! In studies where very little resistance of any kind was
noted,qacA/Bwas detected in 1.7% of 520 clinical isolates from the U.K. in Z0drkd
0.6% of over 3,100 I$. isolates from 2009 to 203®There are some cases wherein
clinical isolates possessing resistance to QACs were not found to pgasgeses. Jiang
and ceworkers studied the efflux pumpediated BACresistance irkL.. monocytogenes
from retail food in Chind* No gac genes were detected any the 59 isolates, and
reserpine studies suggest that other efflux pumps might be at play. Similarly, half of the
isolates studied by Ammat alexperienced an increase in MIC for BAC, butqazwas

detected®

4.3.2 Detection of othatacgenes

Other studies have focused on the d&tecof othergac genes found more
prominently in Grarmegative strains. In the case of 122 baumanniiisolates from
Malaysia, 79% of them carrieqacE®® Recently, Liu and cavorkers determined the
frequencyofgac A/ B, gacC/ D, g a @b dlacthmasEgpden overa ¢ G,
50 clinical isolates of carbapenemsistantAcinetobacter baumanntollected over a
period of two year8! q a ¢ Bagslfound in 96% of isolategacEin 31%,qgacGin 24%,

and gacA/Bin 14%. In nearly 30 carbapenaesistantKlebsiella pneumoniastrains
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collected from a Beijing hospital from 2011 to 2013, 59% contaqzed/E 41%qgacA

and 15%qgacE®® Furthermore, 26% carried botfacAandgacD'E. Comparative analysis
suggested that these drug resistance genes were correlated with higher MIC values for
several disinfectant3.he overall trend ofjac detection in a variety of bacterial isolates

over the past few decades is seemingly exponeasiahown irFigure 4.3

4.3.3 Effect of QAC usage on frequencygac genes

Based on how resistance is postulateccome about, an increase in the amount of
QACs used is expected to drive the development and spread of resistance. Interestingly,
there washo significant increase gfacgenes among MRSA isolates in Australia after the
introduction of a handwashing hygiene campaign that increased the amount of QACs
consumed in the country nearly 2006%@he authors did however find an average yearly
prevalence ofjacA/Bfrom 2000 to 2009 of 79%, which is higher than many numbers
reported in Asa and the U.K. Bportsin 2012detectedjacA/Bin anywhere fron25% to
over 80% of hospital isolaté8 with hospital workers harboring a significantly highe
portion of QAGresistant strains as coamed to the general populatihThough the
majority of isolates in the aforementioned studies have come from clinical samples, those
taken from automated teller machines in Hong Kong revealegrésence of MRSA
possessingacA/B®? Furthermore, nearly 30% @&. coli strains taken from herggshells
in one study were biocidmlerant, with a prevalence of 11% and 7%jatA/Bandqack
respectively’® These nortlinical findingsunderscogthe pervasiveness of QAC resistance

both in medical settings and throughth# community.
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Several studies have examined the frequencyacfresistance genes in wical
isolates from patients on a daily chlorhexidine bath regimen. Results varied: Warren and
co-workers found that out of 504 surgical ICU MRSA isolates taken from one Missouri
hospital from 2005 to 2012, 7.1% weyacA/Bpositive, and that the chlorhelne bathing
protocol was associated with an increase in frequengg@®/B%* A similar sixyearlong
study in Scotland found minimal detection qdcA/Bin S. aureussolates but a high
carriage inS. epidermidishat had ken treaté with chlorhexidin€® Another report with
MRSA isolates collected from 2014 through 2015 found no correlation of the presence of
gacA/Bto chlorhexidine bath® while a 20month chlorhexidine bath protocol resulted in

65 out of 169 clinical MRSA isolatesoim China (38%) harboringacA/B®’

4.3.4qacgenes found with other resistance determinants

Despite these unsettling statistics, a survey of the most recent literature shows little
work in overcoming QAC resistance and its increasinguity. This may be due to the
oft-dismissed significance and impact of QAC resistance, which has not garnered much
attention over the years in conmg@n to more dominant evell-known resistance systems.
It is likely that effluxbased QAC resistance he@me limitations, given the metabolic toll
and spatial limitations of efflux pumps on the cell surface. An unavoidable consequence of
the fact that QA&@esistant genes come on plasmids with a plethora of antibiotic gene
clusters is the development of croaad ceresistance, to be detailedSection4.5,33.68.69
A multitude of studies have fourgghc genes concomitantly with other antibiotic resistant
gene determinants, includisgnrandnorA#84983n a screen of over 58. aueusisolates

from a hospital in Portugal, those harborgarAexperienced increased MICs for nearly
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all biocides, and furthermorgac genes were found on the same plasmidras blaz,

which codes for a betactamase, ancadA which confers resistande zinc’® Hasanvand

and ceworkers found similar results among 200 hospgalates from Iran between 2012
and 2013; 9% of MRSA strains containgacA/B and were frequently found witiorA
andblaz.™ still other stalies have found a high correlation betwege and themupA
gene, which confers resistance to mupirocin: 7.7% of clinical MRSA isolates harbored
gacA/Bin China from 2008012, and the presenceq#cwas statistically correlated with

the presence ohupA’2In a similar study, 83% of higlevel mupirocinresistant MRSA
strains containedhupAand 77.4% containegacA/B®’ A database search from 1985 to
2015 reported an overall €8.% prevalence ajacAwith a high correlation to mupirocin
resistancé? It is clear that this issue needs to continue to be monitored closely, and new

strateges to stave off the development of resistance to QAC disinfectants are needed.

4.4 Quantitative Laboratory Studies on Resistance
4.4.1 Increased MICs and MBCs of strains possesgng

Bacterial strains possessiggc genes have been shown to be at l&ast times
more resistant to BAC!the most prominent QAC on the disinfectant market. In particular,
the presence afacFalone is capable of increasing téC of several commercial QACs
including BAC, CPCandCTAB 2- to 4-fold.?” In one study, sever&taphylococdisolaes
collected from surfaces frequently exposed to QAC treatment were found to be resistant to
BAC, while isolates collected from ndreated surfaces renmad susceptible to the
compounct* Furthermore, all resistant strains in this study exhibited resistance to

erythromycin, ampicillin, and penicillin, and several were additionally resistant to
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ciprofloxacin, methicillin, and chloramphenicdDther studies have found that MRSA
isolates possessimgac genes exhibit significantly higher MBCs (P < 0.01) than those
withoutgac’®, and thatjacgenes are induced immediately €alling exposure to biocidal
QACs HA-MRSA accordingly developed tolerance to QACs aftationied subinhibitory
exposure’® An iterative study by Zhang and-emrkers found a general decrease in QAC
susceptibility for both coagulagmsitive and coagulaseegativeS. aureuspossessing
gacA/Band at éast 4fold resistance to DDAE! Similar increases in Mi@ere found for
DDAC against agacA/Bpositive strain ofE. faecalis'® Moreover, bacterial resistance
seems to increase synergistically wigawA/Bare combined with the presence of siner
gene.

A study conducted by McBaiet al showed a speciespecific development of
resistance to commercial disinfant Bardac, which is composed of a mixture of BACs
and twinchain QACS'’ Over a tweweek period of consecutive serial pagssof sublethal
doses oBardac, several Gramegative bacterial strains exhibitedt® 8-fold increases in
MICs.When subjected to biofilms commonly foul
perhaps the greatest contact with commerc
ineffective, and after lonterm exposure to the QAC, no changes in susceptibility were
noted, thagh this may be due to the biofilm phenotype rather than a genetic resistance
profile.”® Furthermore, no changes in susceptibility were observed for other antibiotics after
long-term exposure to Bardac, though again the biofilm state likidgtafthese resulté
a large study comprised of over 1600 clinical isolates. @ureusstrains possessimgAcA
gacB andgacG demonstrated increased MICs to BAC, and those contagang and

gacBonly demonstratincreased chlorhexidine MIC$
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4.4.2 Tolerance studies

Though several reports describe the substrate scopgaofgenes toward
commercial antiseptic QACs, others have focusedhe mechanism of action of QAC
tolerance or resistance. In one recent publication involkiageria monocytogeneshe
bacterium that causes illnesses such as meningitis and cerebritis, more than 25% of isolates
were deemed tolerant of BA€ When cetested withthe efflux pump inhibitor reserpine,
13 out of the 19 BAGQolerant strains were rendered even more susceptibiBAC,
providing direct evidence to the role that efflux pumps play in BAC resistance. In a separate
report, P. aeruginosawas able to grow at five times the original MIC when treated
continually with sublethal doses oflidecylammonium bromide (DDABY Significant
changes in membrane fatty acid composition were also observed through the course of
QAC treatment. The bactedas abi | ity to grow at i ncr eas
however, was lost upon transfer to QMA€e media, demonstrating that this instance was
a fAphenotypic adaptati ono OAC, ratheretharbtauet er i a
resistancé The mechanism(s) by which bedt are able to persist and survive without
genetic mutationsemains unknown

Reports regarding the extent of QAC resistance and sugge&tiomediating this
potential issue have been conflicting.a study comparing MICs for target bacteria in
homes of disinfectant users versus {users, no sigficant differences were fourfl
Lunden and cevorkers suggest that thetation of disinfectants in facilities may not
circumvent resisince even when disinfectants possess different mechanisms offaction,

while Langsrud and cworkers support the rotation of disinfectants to avoid resistance

123



after finding thaPseudomonaspecies adapt to higher concentrations of BAC and DDAC,

potentially through the formation of more robust biofilfas.

4.5 Cross and Co-Resistance Caused by QACs

While gac resistance mechanisms on their own do not appear to yield wildly
significant increasein MIC, a major concern is that repeated exposure and resistance to
QAC:s likely promotes crossnd ceresistance. Cross resistance is defined as the mutation
or acquisition of genetic material related to resistance of antimicrobial agents of the same
class, while caesistance is the transfer of multiple drug resistance in a single event, often
plasmidmediated*8°

Most of these studies have examined Graegative species and their developed
crossresistance after prolonged exposure to QACs. One of the first studies in this area
found that a 2to 4fold increase in tolerance to QACs accompanied resistance to
chlorhexidine 2.42.8¢ Similarly, a 32fold increase in B& (2.4 MIC was found in
Proteus mirabilisand Serratia marcescenafter 20 trasfers with chlorhexidin&’ Adair
and cewokers found that BA@esistanPseudomonastrains were at least 20 times more
sensitive to polymyxin B and colistisulfate than BA&ensitive strains. Furthermore,
BAC-resistant strains were csaesistant to five other QACSE Around this time, many
theorized that Gramegative resistance to QACs was due to an altered cell wall thereby
disallowing penetration of biocides, rather than efflux. Others have shown a change in fatty
acid membrane content in QAatlapted organisms. More recent studies hawed stable
resistance irP. aeruginosaduring and after exposure to chlorhexidinehwsbme cross

resistance to BA®® Crossresistance folS. entericadeveloped to chlorhexidine after
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chloramphenicol and after BAC, though no reciprocal eresstance to BAC was found
after exposure to chlorhexidine, suggesting a specditer than a generic, resistance
mechanisn{® Others have found that chlorhexidiresistant strains were not only resistant
to BAC and benzéonium chloride, but also showed high levels of reststato an
amphoteric surfactaniThis study concluded that plasmids do not play a role in cross
resistance to multiple disinfectants.a clinical sense, an epidemic of septic arthritis was
traced bak to a strain oSerratia marcescendt is speculated that this strain developed
crossr e si st angristd pidolmiunochloride, a preservative in methylprednisolone
intra-articular injection ned, after mild exposure to BAZ

A number of studies have concluded that efflux pump activity can be heightened
when a bacterium is exposed to sublethal doses of QAC, thereby conferring a level of
resistance to all drugs capable of being effluxed by the bacteriohmesitance of at least
a 4fold limit to fluoroquinolones and a number of biocides was triggered by exposure to

ethidium bromide; this appears to be linketowA expression of the MFS efflu%.

4.6 Biodegradation of QACs by Microorganisms

A small number of studies have reported the microbial degradatiQAGE by
environmental bacteriadtraing namely those in th®seudomonasgamily. van Ginkel
reportedon the varying oxidation rates of structurally similar QACs by activated sludge
containing a mixture of microorganisms obtained from a sewage Pldiite QACs
carrying longer alkyl chains and those carrying a higher number gfaiéyl chains were
biodegraded at a slower rate, as measured by oxidationore detail P. putidaandP.

nitroreducenshave been shown to biodegrade tetradecyltrimethylammonium bromide and
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BAC, respectively, tahontoxictertiary amines via dealkylatiooy monooxygenase and
amine oxidasé&*® The metabolites, largely converted on the time scaldfours, wee

500 times less toxic than their parent QARscently, a novebxygenase that decomposes
BAC into benzyldimethylamine (BDMA) was found in a npathogenic strain of
Pseudomonasp. BIOMIG1%® The gene responsible for this activity produces a unique
Riesketype Ndealkylating oxygenase, oxyBAC. This strain is capable of not only
digesting BAC abiocidal concentrations and feeding upon its metabolites, but it can also
confer the ability to digest BAC to other strains suck asoliwhen cecultured.

These findings have meaningful implications to the fate of QACs in the
environment, where theaiccumulation can lead to many issues includingarfjet aquatic
toxicity; the authors discuss the benefits of the potential application of these strains in
wastewater treatment facilities. These findings do however raise concerns about the threat
of growing bacterial resistance to QACs, which can easily transfer to settings in which
QAC resistance is detrimental, such as medical and food processing environments. Taken
together, this necessitates the further study of bacterial responses to RukDer
characterization of such mechanisms as well as the discovery of additional strains that are
capable of executing these reactions will reveal insights into the microbial response and
processing of toxic QACs, as well as provide a platform for new appro@achesbacterial

agents that retaiefficacy yet are biodegradable.

4.7 Conclusions
QAC resistance, while initially deemed implausible, poses a very real threat in a

variety of settings. Although this area has garnered growing interest in the genetic,
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microbiology, and public health arenas, a detailed examination of QAC resistance from a
chemical standpoint would provide much needed insight into this field. As many reports
on QAC resistance have conflicting conclusions, it is clear that fresh invesigaiio

this field are necessary.
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CHAPTER 5: EVALUATION OF QAC MECHANISM AND RESISTANCE

Using the aforementionedhemical toolboxcomprised of QACswe set forthto
examine QACresistance in a number of ways. Initially, a broad evaluatioacb¥ity
againstthe major pathogeNMRSA led to surprising and unexpected differentials in QAC
activity. Upon examination of the literature qacresistance genes, we found a surprising
amount of chemical space left underexplored, and thus were motivated tahmcoepe
of QAC resistancewith our existing multiQACs and with novel, rationally designed
compounds. Following findings in those realms)etic and effluxbased assaywere
performed in ordeto assess detaiof the resistance mechanism unique to QACs of various

scaffold and chargdate.

5.1Development of Resistance

As a continuation of our structueetivity relationship studies on QACs and their
biological activity, we wished to determine the propensity of our tris-, and tetraQACs
to trigger resistance mechanismsSnaueus We were particularly interested in et
understanding the time periahd extent to which QAC resistance develops. Such an
experiment is modeled after the r@adrld scenario where the accumulation of sulethal
concentrations oAC in the envirament is commonSection 2.6.5. As the resistance
mechanism to mmQACs involves a single amino acid change to recognize cationic
nitrogens $ection 4.2.], we postulated that a novahd potentially more challenging
mutation would be needed to accommodate multiQACs, leading to prolonged resistance

development.
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5.1.1 Bevelopment of resistance via liquid culture serial passages

To test this hypothesis, serial passages in which bacteria are successively grown at
sublethal concentrations of antibactal compound, were conductéWtisuals of bacterial
growth and a table summarizing results are includddgare 5.1 Interestingly, cultures
of MSSA (strainSH1000) treated continuously with stdthal doses of BAC24) for a
period of 30 days (>700 generations) experienced consistent growth when moved to an
elevated concentration. MSSA began growing at twice the original MIC on Day 11 and
four times the origial MIC on Day 24, indicating the development of resistance or
tolerance to the andontaining monoQAC. Similar results were obtained for MSSA grown
in the presence of commercrabnoQACSDDAC (2.5 at 10 days (240 generations) and
CPC @.6) at 17 days (@0 generationsMSSA treated with novel aryl bisQAERQ-12,Bn
quickly developedhe ability to grow at twice its original MIC within just 7 days (170
generations)Conversely, no resistance was observed for analogous bisQAC 12(3)12,
trisQAC 12(3)2(3)12, otetraQACtetral2,3A3A,12 against MSSA or CMRSA strain
(USA3000114) that carries QA@esistant genes over a period of 24 days (>500
generations). The lack of additional resistance irNIRSA suggests thahere may be
limitations of the existing redsnce system.

In examining the structures of compounds to which MSi8dependently
developed resistance or toleramaéhin a few hundred generatignsappears that mono
and bisQACs bearing aryl substituents are more readily tolastedthpared to mtiQAC
structuresWhether the presence of aryl moieties aids in the recognition of QACs by QacR,

by the efflux pumps, or instead improves cell permeability, has yet to be determined. This

138



data suggests that in order to combat multiQACs, bacteria musbdevehechanism of

QAC resistance that is disparate from ¢jaeA/Rresistance mechanism.

oKD oo

DDAC, 2.5

PQ-12,Bn

® —\®

HasCi7 @ @ C1zHos
12(3)12

2-fold at 11 days
BAC (2.4) 4-fold at 24 days H,5C1{\®/\/\/\@(/\/\@{‘C12H25
DDAC (2.5) 2-fold at 10 days 12(3)2(3)12
CPC (2.6) 2-fold at 17 days
PQ-12,Bn 2-fold at 7 days
12(3)12 None over 24 days Y _© \f\@
C1oH
H25C12’@\/\N/\/®\/\N 12M25
12(3)2(3)12 None over 24 days AN /\
tetra-12,3A,3A,12 None over 24 days tetra-12,3A.3A.12

Figure 5.1 Development of MSSA resistance to QACSs via serial passages. Top structures
correspond to those that experienced resistance or tolerance ovedtnef@dod; bottom
structures saw no change in MIC throughout the course of the assay. Results are
summarized in the table. 0.5x, 2x, 4x = concentration of QAC relative to the original MIC.
Red lines indicate growth cuffs for the noted days; movement of tieel line indicates

the development of resistance.
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5.1.2 Development of resistance via solid culture gradient plates

Serial passage assays were also executed on solid media with gradient plates. These
were prepared to display a gradient of compound, amd plated with streaks of bacteria
from the liquid culture serial passagégyre 5.2A). This allows for the identification and
isolation of individual colonies, or mutants, that are able to grow at concentrations of
compound above the population of baieteWhen grown on gradient plates containing
BAC, MSSA showed isolated colonies above the relative NAiGufe 5.2B, af). When
these colonies were isolated anesubjected to a standard liquid culture MIC assay, there
was no increase in MIC. Thissugges t hat these fAmutantso wer
and were not truly resistant to QACs. The mechanism of such tolerance remains
unexplained $ection 4.}, and may in this case be an artifact of local concentration of

QAC within the agar.

© o | Liquid
® o | serial Gradient plate
e | passage

Figure 5.2 Gradient plate resistance assd@th MSSA (A) Resistant bacteria taken from

the serial passage liquid cultures are transferred to agar plates containing a gradient of
compound, allowing for the isolation of individual resistant mutgB{sResults of MS&

grown on a gradient plate of BAC. Isolated colonies are labeled a through f. Yellow = non

resistant bacterigjray and black = resistant bacteria
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5.2Broad evaluation of QAC activity against MRSA

With serial passage results amdariety of QACs diffang in scaffold and drge
state in hand, we tested select groopthese compounds against a strain ofFlZRSA
(USA3000114) and a strain of HMRSA (ATCC 3359X).To our surprise, we found a
wide differential of activity between MSSA and EMRSA, whichbears QacA among
other common multidrug transportetsResults between MSSA and HARSA were
nearly alwgs equipotent. Interestingly, this strain of HMRSA has not been shown to
possessjacgenes, but harbors a number of multidrug transporters common to MRSA.

The compounds selected to study QAC resistance were based on hypotheses we
developed from our earlgbservations §ection 5.} and from the literature. First, we
wanted to investigate the role of charge as previous studies had only investigated mono
and bisQACs; our multiQACs were model substrates for such an investigation. Second,
aromatic constituestseemed to be involved in bacterial recognition and resistance to
QACs, thus making this another area to study with our arylQACs. Following these results,
other series of QACs were tested to examine the scope of QAC resistance in regards to
scaffolds presnting alternate properties, such as compound rigidity and spatial distribution

of charge.

5.2.1 Role that electrostatic charge plays in bioactivity

In initial studies, we investigated the effect of net charge, ranging from-nmno
tetraQACs(Figure 5.3, on activity against MRSAs compared to MSSAMICs and
MBECs are reported ifable 51. A small differential (4fold) was experienced for

commercial BAC and DDAC, while CPC displayed af8Ri differential between CA
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MRSA and MSSA. These results were reflected in biofilm studies as welkt
commercial monoQACs were twdo fourfold lesseffective against MRSA biofilms
(Table 5.1). CPC @.6), which is one of the most effective commercial disinfectants against
MSSA, experienced a#ld decrease in efficacy agat MRSA in the biofilm state.

In contrast, all butwo multiQACs displayed egpotent adity against MSSA and
CA-MRSA. Of the two compounds that did not, there was only a-ffadrdifference
between strains. Furthermoré@out of the 25 multiQACs initially studied also displayed
equipotent activity against MSSA and @ARSA bidilms. These results hint that a
multicationicspecific interaction with the biofilm matrix may confer enhanced- anti

biofilm properties when compared to commercial monoQACs.

229500l 0000 S ARPCS

BAC, 2.4 DDAC, 2.5 CPC, 2.6
Y \ / \ /@
N V oo NV oo Hane1Cs @*H/\N/\(vr ~C Hones
H2n+1cn/®\(~/)r:\hll H25C12 @V\ /\/%V\ c12H25
12(3)0 / \ﬂ /\ 12(2)1(2)12 (3)2(3) 12(3)Bn(3)12
16(2)0 tetra-12,3A,3A,12 122)3A2)12 12(3)2(3)12  12(3)Bn-8(3)12
\ 12(3)1(3)12 12((33))4(?3?)112212( )11-SH(3)12
\/ \fo 12(3)3A(3)12
/C Hopns
[ P oX, @*’);\/N\ M HptCT @‘H/\N/\M’ c "Hanst \/ | R
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PQ-12,Bn MQ-12,Bn PMQ-12,12

Figure 5.3QAC structures evaluated initiallgainst MSSA and MRSA.
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Table 5.1 Minimum inhibitory concentrations (MIC) and minimum biofilm eradication
concentrations (MBEC) of mondhrough tetraQACs against MSSA and MRSA. Values

are reported in micromolar.

Compound MIC (uM) MBEC (uM)
MSSA CA-MRSA HA-MRSA| MSSA CA-MRSA
. |BAC, 2.4 8 32 8 >200 >200
Q[ cpcg 2.6 0.5 16 1 50 200
2 | DDAC, 2.5 1 4 2 150+ 50 0200
S [12(3)0 4 8 4 200 >200
TMEDA-16,0 1 4 2 100 >200
TMEDA-12,12 1 0.5 0.5 75+ 25 200
12(3)12 2 1 2 75+ 25 100
3 112(5)12 2 1 0.5 50 100
S| 16(5)16 2 8 1 200 >200
o [ 12(2)0(2)12 1 1 0.5 75+ 25 100
10(3)0(3)10 1 2 2 150+ 50 150+ 50
12(3)0(3)12 1 1 0.5 50 150+ 50
12(2)1(2)12 1 1 1 200 >200
12(2)3A(2)12 2 1 1 50 100
10(3)2(3)10 2 2 2 200 150+ 50
12(3)1(3)12 1 0.5 1 100 150+ 50
8 [12(3)2(3)12 0.5 0.5 1 100 100
o [ 12(3)4(3)12 1 0.5 0.5 75+25 75+ 25
= | 12(3)3A(3)12 1 1 1 50 100
12(3)Bn(3)12 2 1 1 100 200
12(3)Bn8(3)12 2 2 1 200 >200
12(3)11SH(3)12 2 2 2 200 >200
12(3)12(3)12 0.5 1 1 100 >200
o | tetral2,0,0,12 1 1 1 50 100
F |tetral2,3A,3A,12[ 1 1 0.5 100 150+ 50
.| PQ12,12 1 1 0.5 200 100
< | MQ-1212 1 2 100 100
2 | PMQ12,12 1 1 1 100 150 +50
2| PQ12,8n 4 32 16 200 200
MQ-12,Bn 8 16 16 >200 >200
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It is interesting that the installation of a thind fourth quaternary centedid not
noticeably improve anWICs. For examplethe 12(3)R(3)12 sersedemonstrated nearly
identical activity despite possessing different numbers of cations and markedly different
substituats on the center carbon (R = ethyl ethyl, butyl, benzylp-octobenzyl
undecanthiqglor dodecylside chains). Identical resulteere obtained when comparing
tetraQACgetral2,3A,3A,12 to analogousisQACtetral2,0,0,12. These results indicate

that permanent charge does not appear to play a direct role in antibacterial activity.

5.2.2 Role of delocalization of charge using ary{TsA
5.2.2.1 Natural produdterived arylQACs

When comparing activity against MSSA and MRSA, nearly eggnpine and
nicotinederived QAC(Section 3.2.2 showed significant levels of bacterial resistance,
with up to a 32fold higher MIC for MRSA straingTable 5.2.° Only a few of the 28
compounds prepargubssessed comparable activity agamiSSA and MRSAThis stands
in stark contrast to Q8,0 Q-12,1, N20,0, and N20,1 which all showed 32fold increase
in MIC of MRSA as compared to MSSA. This largely suppotisprevious observations
that MRSA resistance seems to be associated witlto@®&@s as well as bisQAGsith

aromaticcores? though t is possible that alkyl chaindgth may bénvolved as well
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Table 5.2 Minimum inhibitory concentrations (MIC) of naturally derived merand

bisQACs against MSSA and MRSA. Values are reported in micromolar.

Minimum Inhibitory Concentration (uM)
Compound | MSSA M%Aé- A MHRAS- A Compound MSSA MCRAS- A MHRAg A
N-0,0 >500 >500 >500 | N-1,1 >500 >500 >500
N-10,0 32 63 32 N-10,1 16 250 32
N-11,0 8 32 8 N-11,1 32 32 16
N-12,0 4 32 8 N-12,1 8 32 32
N-14,0 1 16 4 N-14,1 4 32 16
N-16,0 1 4 2 N-16,1 1 4 8
N-18,0 1 8 1 N-18,1 1 4 2
N-20,0 2 63 4 N-20,1 0.5 16 1
Q-0,0 >500 >500 >500 | Q-1,1 >500 >500 >500
Q-10,0 4 16 8 Q-10,1 8 16 16
Q-11,0 2 16 4 Q11,1 4 32 16
Q-12,0 1 4 2 Q12,1 2 63 16
Q-14,0 0.5 2 1 Q14,1 0.5 4 1
Q-16,0 1 8 1 Q-16,1 1 1 2
Q-18,0 2 63 2 Q-18,1 1 1 1

5.22.2 Bis and multpyridyl QACs

Interestingly, the bisand multipyridyl QACs of the 2Pym,n and X3Pwn,n,n

classes evokedrtually no differences in activity between MSSA and MRGAble 5.3.7

The only exception is in the smallest compound 2ZR8r which displayed an-®ld

difference in MIC between MSSA and HMRSA. These observations support two earlier

findings: (1) some shortand longchained arylQACs show small decrease in efficacy

against HAMRSA; and (2) QACs of higher charge state remain equipotent against MSSA

and MRSA.This was especially encouraging to see in these pyridyl series as arylQACs

tend to exhibit decreased activity against resistant stcdibacteria.
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Table 5.3Minimum inhibitory concentrations (MIC) of pyridyl bignd trisQACs against

MSSA and MRSA. Values are reported in micromolar.

Minimum Inhibitory Concentration (uM)
CA- HA- CA- HA-
Compound MSSA MRSA MRSA Compound MSSA MRSA MRSA
2Pyr-0,0 >250 >250 >250 | M3Pyr-0,0,0 250 250 250
2Pyr-8,8 8 16 63 M3Pyr-8,8,8 2 1 2
2Pyr10,10 0.5 0.25 0.5 M3Pyr-10,10,10 0.5 0.5 0.5
2Pyr11,11 0.25 0.25 0.25 M3Pyr-11,11,11 0.5 0.5 0.5
2Pyr12,12 0.25 0.25 0.25 | M3Pyr-12,12,12 1 0.5 1
2Pyr13,13 05 0.25 05 M3Pyr-13,13,13 1 0.25 0.5
2Pyr14,14 8 2 2 M3Pyr-14,14,14 2 1 1
2Pyr16,16 4 4 8 M3Pyr-16,16,16 2 2 2
2Pyr18,18 8 4 16 M3Pyr-18,18,18 8 4 4
P3Pyr0,0,0 >250 >250  >250 S S Pyr(NCatane)
P3Py¢10,10,10| 2 1 2 | e O ST
2Pyr-n,n r-n,n,n
P3Pyr12,12,12| 4 2 4 ! (CoblaneaNPyr - X3PV,

5.2.3 Role of rigidity in resistance using cyclic multiQACs

Using cyclic scaffoldhopping mone bis, and trisQACsf the G and Pseries
(Sections 3.2.4and3.2.5, Table 5.3, we sought to expand upon our knowledge of QAC
resistance by determinirifjsuch alternative architectures would trigger resist4r@ar
earlier results suggested that arylQACs mawtdeast partiallyesponsible for triggering
resistance. Thus, we weecurious to see whether quaternized cyclic scaffuiitlse G and
P-serieswould do the same, as these structures possealized cationic charges in close
contain no

physical proximityy e t system.
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Table 5.4Minimum inhibitory concentrations (MIC) of cyclic monto trisQACs against

MSSA and MRSA. Values are reported in micromolar.

Minimum Inhibitory Concentration (uM)
Compound | MSSA M(Eg A MHR'Ag A Compound | MSSA M(EQAS- A MHR’A\S- A
C-10,00| 32 250 32 C-10,1,1 32 63 63
C-11,0,0 8 125 32 C-1111 63 32 63
C-12,0,0 2 63 8 C-12,1,1 16 16 16
C-13,0,0 1 16 4 C-13,1,1 4 8 8
C-14,0,0| 05 8 2 C-141,1 2 4 2
C-16,00| OO0 . 8 0.5 C-16,1,1 1 1 1
C-18,0,0| 0.5 8 0.5 C-18,1,1 1 1 1
C-20,0,0| 0.5 32 1 C-20,1,1 1 4 1
P-10,0,10] 1 32 2 . N_o
P-11,0,11| 05 2 0.5 NN, NG
P12,012] 05 05 05 Hmc;g)(\) O g Gl
P-13,0,13| 1 1 1 Panoin A
P-14,0,14| 0.5 0.5 0.5

Half of the monocationic @,0,0 series of copounds exhibited nanomolar MIC
values against MSSA; howevayery single monoQAC of the-§eriesexperienced ta
leastan 8fold increase in MIC against QAf&sistant MRSAwith some up to 64old
(Table 5.4. Based on our previous findings, we thoughtt thg converting the
monocationic €n,0,0 series to the corresponding triscationic seriasl(l, the observed
resistance could be overcome. Indeed, we observed-siigiéVIC values for a majority
of the trisQACs with no observed resistance whatso@&hese findings support the notion
that both the number and display of cationic charges is important for triggering QAC
resistance in MRSAResistance in the bisQAGdgeries was only observed for the shortest
alkyl chain compound, -20,0,10, contrary to faings from naturallyderived bisQACs,

which saw resistance for the longer chained compoBelsion 5.2.2.
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5.2.4Role of extended cationic charge using branched multiQACs

Previous studies of bacterial susceptibility to QACs suggested that the prelsence o
efflux pumps regulated by intracellular machineng, a strong protective factor. We
thereforehypothesized that an extended cationic surface, wherein greater charge is spread
over a larger surface areather than localized in a ringould greatly de®asediffusion

into bacterial cells and thusinimize resistance amtomote efficacy against MRSA.

Table 5.5 Minimum inhibitory concentrations (MIC) of branched multiQACs against

MSSA and MRSA. Values are reported in micromolar.

Minimum Inhibitory Conc entration (uM)

Compound MSSA MCRAgA MHRAS-A Compound MSSA MCI:?AS-A MHRAS-A
sT-8,8,8,0 4 2 32 sT-10,10,10,0 0.5 0.5 0.5
sT-8,8,8,1 0.5 1 16 sT-10,10,10,1 0.5 0.5 0.5
sT-8,8,8,3A 1 1 8 sT-10,10,10,3A 0.5 0.25 0.5
sT-11,11,11,0 0.5 0.5 0.5 sT-12,12,12,0 0.5 0.5 1
sT-11,11,11,1 0.5 0.5 0.5 |sT-12,12,12,1 1 0.5 2
sT-11,11,11,3A| 0.5 0.5 1 sT-12,12,12,3A 1 1 0.5
sT-11,11,11,Bn| 0.5 0.5 0.5 |sT-12,12,12,Bn 1 0.5 0.5
sT-13,13,13,0 1 0.5 1 sT-14,14,14,0 1 0.5 2
sT-13,13,13,1 2 0.5 1 sT-14,14,14,1 4 2 2
sT-13,13,13,3A 2 1 1 sT-14,14,14,3A 2 2 2
sT-16,16,16,0 8 4 16 HanstCon D & CoHinss
sT-16,16,16,3A| 4 4 16 /\ @ /\
sT-18,18,18,0 8 4 32 \®J)

N sT-n,n,n,R
sT-18,18,18,3A| 2 2 16 7 CoHznes

Using our branched multiQACSéction 3.2.4, we saw no significant difference
in activity between MSSA andachbearing CAMRSA in the entire superT seriebgble
5.5.° There were however surprising difference in biofilm activity, as detail&®ation

3.3.3.1(Table 3.10Q. Disparity between MSSA andA-MRSA wasexperiencedor the
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first time; this difference was most apparent for&8,8,1 and s1.8,18,18,3A. Thisrend

for short and longalkyl chains was also observed in series of QACs to be described
shortly,and is lilely due to differences in membrane permeability of these varying length
hydrophobic chains. The bioactivity of geefewcompounds againstA-MRSA matched

that againskt. faecalis(Table 3.10, another Granpositive organism, so we are hesitant

to label ths disparity adrue resistance.

5.2.5 Conclusions

Several diverse classes of multiQACs are potent disinfectants and biofilm
eradicators against MSSA and MRSA, including a stcamying QAGresistancegenes.
QAC compounds bearing the aromatic benzyletyosuch as commercial BAC, CPC, and
novel PQ12,Bn showed decreased potency when tested against a MRSA strain possessing
QAC resistance gene# small differential in activity was also seen with compounds
carrying very short or very long alkyl chains; Iceermeability may be at play. These
collective findings implythat aromatic moieties in addition to memo biscationic nature

are ke to recognitionby the QAC resistance system.

5.3 Probing Resistance Scope with Dye Analogs

Through our MIC studies wh diverse chemical scaffolds and charge state, large
differences between MSSA andcbearing CAMRSA were experienced in some cases.
We wanted to further examine the scope of QAC resistance using analogs of known
substrates of QacR, which have been atiized with QacR and show electrostatic and

i nteract i on saromatictrdsiduesc respdctivelFiguned4.2).2 These
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substrates include natural product QACs such as berbethB® Gection B3) and the
commercially available dyes crystal violet and malachiegrThe authors noted in
related studies, however, that this recognition motif was ldrtiblemone and biscationic
QACs® We thus sought to expand on these earlier findings, exploring series of compounds
with varied cationic character as well as aromatic groups, to investigate whether aryl
substrates are indeed particulgplpne to QacR recognitioAccordingly, we rationally
designedand prepareda library of QACanalog featuring dye scaffoldsnown tobind

QacR in order to examine their sttureresistance relationshigrystal violet, malachite
green, and a commercialjvailable conjugated tetraamif®cheme 5.1L1° The library
focused on interrogating the role that permanent charge and alkyl length play on efficacy
and susceptibility to resistance. Due to
analogs, we postulated that there would be an increasednd of recognition and efflux

by resistant bacteria, based on previous work demonstrating the binding of aromatic

substrates.

5.3.1 Synthesis

Synthesis of the dybased QACs began with two commercially available dye
scaffolds in their reduced, and thusre nucleophilic, state: trisamine leukocrystal violet
(LCV) and bisamine leukomalachite green (LM&ckheme 5.1B, 5@). Also readily
available was the tetraamine analog (TESQHeme 5.A4), the aromatic rings of which are
more electron rich due to anteal nitrogen atom that was expected to be unreactive to
alkylation. Each dye analog starting material was subjected to a similar synthetic sequence:

exposed to one equivalent mialkyl iodide at reflux to furnish compounds named TET
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n,0,0, LCV¥n,0,0, ad LMG-n,0 (Scheme 5.1 TET-20,0,0 was prepared, albeit in
diminished vyield, using the bromide analog due toitlaecessibility of liodoeicosane
These singlyquaternized dyes were then exposed to neat methyl iodide over several days
to provide fully quéernized trisQACs (TE-,1,1 and LCVWn,1,1) or bisQACs (LMG-

n,1) in moderate to high yieldSull experimental details and characterization are presented

in CHAPTER 6 and Appendix C.

A SN /\9“”/{"1 /\?%H
NG o N& e
X CHyl 21
c H2n+1| (excess) x°
LO OJ
48h, A L J L® @J
TET-0,0,0 TET-n,0,0 TET-n,1,1
n=1,10,11,12,14,16,18 X =1 n= 1,10,11,12,14,16,18 X=1
n=20 X=Br n=20 X=Br
C H2n+1 \CnH2n+1
B SN
oh Cl
C.H | 3
O n*i2n+t _excess)
MeCN 5 days
24h, A
LCV-0,0,0 LCV-n,0,0 LCV-n,1,1
n=1,10,11,12,14,16,18 n=1,10,11,12,14,16,18
¢ QO
c H2n+1|
L, e O O O O
\N N/ 24h, A \ /C H2n+1 HanCn\ /C H2n-'-1
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N | CHgl CHgl
N N (excess) (excess)
/@\ © ~ 3 days 5 days
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Crystal green (MG)
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Scheme 5.Bynthesis and structures@AC dye analogs. (A) TEEBeries; (B) LCVseries;

@ @

n= 1,10,11,12,14,16,18

° ) ee
H2n+1cn\ O O C nH2n+1

nHans1 LMG-n,n
n=10,11,12,14,16, 18

(C) LMG-series; boxed insert shows parent dye structures.
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Initial exposure of each dye structure to an excess of theclomiged alkyl halide
led to complex mixtures, although in the case of the simpN&& Iseries, we were able to
purify the byproducts LMGn,0 Scheme 5.C). Through NMR characterization, an
unexpected reaction was uncovered:-dig/lation of LMG0,0 was occurring, and
furthermore, an iodide counterion was reacting with the productdidptaced one of the
methyl groups to furnish a monoQAC with two ledgain alkyl substituents. The
monoQAC series resulting from this unintended me¢hyl k y | chain Aswapo
thus named LMG®,0 (one nitrogen quaternized, the other unquaterrbmédarrying a
long alkyl chain. This unexpected reaction gave us both a new monoQAC series for further
diversification of our library, and a means to access symmetricalcloaig bisQACs of

the LMG-n,n series.

5.3.2 Evaluation of bioactivity

MIC values against a panel of six bacteria were determined, though only those
against MSSA and MRSA will be discusseddetail The most potent dyeased QACs
across the board were bisr trisQACs total side chain carbons of 17 to(Zdble 5.6.
Comparison of LMG-n,1 to LMGn,n evaluates the effect of total alkyl chain length in
retention of efficacy against the more challengingl@RSA. LMG compounds bearing a
single longchain alkyl group exhibited some elevated MIC values againsMBSA,
while LMG-10,10, LMG11,11, and LMG12,12 showed virtual equipotency across the
board at less than 2uM against all straven tested against noesistant MSSA, most

of the 52 QAC structures displayed MIC values in the sidgié micromolar range.
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Similar results were olesved against HAMRSA, which lacksgac machinery and is
known to be susceptible to QACs.

When tested againstSSA andCA-MRSA, a strain known to contain efflux pump
genesjtwo major findings were uncovered: (1) Significaifferences in MICs between
MSSA and CAMRSA were observed for all monoQACs testadd (2) some shorter
chained bisand trisQACs saw differences in activitypWo 125fold increases in MIC
values were noted fanonoQACssuch as TET14,0,0 and TET16,0,0. TrisQACs like
TET-16,1,1, conersely showed no difference in activityurthermore, a comparison of
activity against CAMRSA of analogous mona@and trisQACs led to differences of 500
fold in two cases (TEL6,0,0 to TET16,1,1 and LCV18,0,0 to LCV/18,1,1) Differences
we saw previousl in other classes of QACs wesgnificantly less dramatitypically
under 16fold) when comparingMSSA and CAMRSA, even with monocationic and
arylQACs Gection 5.2. This suggestshat the specific multi-aromatic nature of dye
scaffolds are unique imeir ability to triggetQAC resstance.

Additionally, severalfully quaternized compounds in all three series carrying
shorter alkyl chains (10 to 12 carbons) demonstedistance in CAMRSA. Dye-based
multiQACs with alkyl chain substitution of less tha4 total carbons repeatedly displayed
elevated MICs, on the order of-8@d between CAMRSA and MSSA. Similar trends with
smaller alkyl chains were identified with natural product and superT Q3&3ipns 5.2.2

and5.2.3.

Table 5.6 Minimum inhibitory concentrations (MIC) of QAC dye analogs. Values are

reported in micromolar. Compounds with no reported yield were purchased. N.T. = not
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tested due to incomplete solubility.

Compound Yield Minimum Inhibitory Concentration (uM)
(%) MSSA CA-MRSA HA-MRSA
TET-0,0,0 - N.T. N.T. N.T.
TET-10,0,0 100 N.T. N.T. N.T.
TET-11,0,0 99 4 32 2
TET-12,0,0 87 2 125 1
TET-14,0,0 84 1 125 1
TET-16,0,0 84 2 250 4
& | TET-18,00 71 8 125 8
¢ | TET-20,0,0 37 N.T. N.T. N.T.
b TET111 100 500 >500 >500
~ | TET-10,1,1 79 2 32 8
TET-11,1,1 97 1 4 2
TET-12,1,1 90 1 4 2
TET-14,1,1 96 05 2 1
TET-16,1,1 99 1 0.5 1
TET-18,1,1 97 1 05 05
TET-20,1,1 36 1 2 1
LCV-0,0,0 - N.T. N.T. N.T.
LCV-10,0,0 52 1 16 1
LCV-11,0,0 49 0.5 16 0.5
LCV-120,0 35 0.25 16 0.5
LCV-14,0,0 40 2 32 2
8 | Lcv-16,0,0 33 4 125 2
g | Lcv-18,00 49 16 250 8
(>') LCV-1,1,1 100 >500 >500 >500
2 | Lev-1011 96 4 125 16
LCV-11,1,1 88 4 125 16
LCV-12,1,1 84 4 125 16
LCV-14,11 100 4 1 2
LCV-16,1,1 100 1 1 2
LCV-18,1,1 96 1 0.5 0.5
LMG-10,0 43 1 8 0.5
LMG-11,0 50 00. 25 4 00. 25
LMG-12,0 53 2 32 05
LMG-14,0 62 2 32 4
LMG-16,0 46 4 32 4
LMG-18,0 45 8 32 16
LMG-1,1 100 >500 >500 >500
¢ | MG-101 94 2 63 8
5 | tMG-111 95 1 32 4
8 LMG-12,1 97 0.5 16 1
S | tmMG-141 9 05 2 05
- | LMG-16,1 95 0.5 1 00.25
LMG-18,1 9 05 2 05
LMG-10,10 96 0.5 1 00.25
LMG-11,11 100 05 1 05
LMG-12,12 100 1 1 05
LMG-14,14 96 2 8 1
LMG-16,16 100 1 4 1
LMG-18,18 97 8 32 4
» | LMGS-10,0 7 8 125 2
2 | LMGS-11,0 21 8 125 2
8 | LmGs-12,0 5 16 125 16
3 | tMes-140 10 125 125 32
= | LMGS-16,0 4 8 125 32
LMGS-18,0 9 63 125 250
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5.4 Possible modes of resistance based on QAC structure

The drasticbacterial resistance experienced dye-based monoQACs and other
aromatic multiQACs can arise from one of three proposed modes ah &igure 5.4).
The first possibility is that, in contrast to monoQACs (as well as other QACs with shorter
or longer alkyl lengths), multiQACs are less likely to traverse the cell membrane due to
their increased cationic chardgadure 5.4A). This would pevent the intracellular buildup

of QACs, and accordingly, the overexpression of QacA.

Figure 5.4 Postulated mechanisms of differences in QAC activity against MRSA. (A)
Differences in membrane permeability would leadifterences in membrane damage and
intracellular accumulation; (B) QacR recognition, which affects the production of efflux

pumps; and/or (C) QacA recognition, which affects the ability of QACs to be effluxed.

A second mechanism is based on the inahilitacR to recognize more complex
substrates such as the multiQAGSgure 5.4B). QacR may not have the necessary

residuesr binding pocket space recognize and accommabdateultivalent nature of the
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multiQACs resulting in decreased binding efficiendhis would result in dack of
overexpression of thefflux pumpQacA resulting in the detrirantal buildup of QACThe
third possible mechanismvalvesan inability of multiQAC efflux by QacAresulting in
the accumulation of QAQultimately leading to )ambrane disassdaty and cell death
(Figure 5.4C). The inability of QacA to efflux multiQACs could be attributed taumber

of causes including extra cationic charge or long alkyl chains.

5.4.1 Localization of compound using dye analogs

Previous studiesf membraneactive compounds have utilized techniques to study
interactions or localization of the compound such as fluorescent tagging, isotopic and site
directed spin labeling for spectroscopic as@yand computational methotds?Because
of the relatively small, simple, and flexible nature of our QACs, many of the methods that
have been employed to study the biophysical interactions of biocides with bacterial cells
are not feasible with our library. Therefore, we wdn#gproach this issue and derive
structureactivity and structureesistance relationships using our chemical toolbox of
compounds.

To examine the question df QACs aredifferentially penetrating the cell and
therefore triggering internal resistance maehy to a greater extenfFigure 5.4), we
sought to track their uptake and localizatidre thought that thenherent electrochemical
properties of dydased QACs could be harnessed to examine their localization, either on
the periphery or inside of theslt, via fluorescence microscopy. Unfortunately, proof of
concept studies wherein MSSA cells were treated with QAC dye analogs of thedr(@¥

failed to display optimal fluorescence properties, despite tuning the excitation for each
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compound. Instead, ¢himages showed a depthnd orientatiorspecific fluorescence
pattern, in that some cells appeared to have compound collected on the peRgheey (
5.5 left) while others showed greater intracellular fluorescefaufe 5.5 right). These

results fdito conclusively show the localization of QAC dye analogs, thus forcing us to

probe the differences in compound activity in alternate manners.

Figure 5.5 Localization of QAC dye analogs in MSSA via fluorescence microscopy.
Representative images showsttthe orientation and depth of the cell affects the display

of fluorescence.

5.4.2 Activation assayo trigger resistance

Rather than exploring the localization of QAGg#e wished to see QacR was
responsible for the limited development of resistaiocesome compound$otentiation
assays are often used to recover or enhance activity of a compoumdoeges in tandem
with another®* We postulated that by doing a similar assay activation assaiywherein
bacteria is dosed with a sigthal concentration o compound known to be tolerated
(monoQACs BAC 2.4 and TET-14,0,0),these compounds magtivateqac machiney

and thereby causa increase in MIC for a different QAddsed in the same weHowever,
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dosing of CAMRSA with a subMIC amountof BAC or TET-14,0,0 and varying
concentrations obther analogous QAC dye analod&l not result in any significant
modification of observed MIC valug3able 5.7). This result fails to confirm the role of
QacR in the resistance experienced by monoQACs, although it may hint at the inability of
QacR or QacA to recognize these structural entities. Other possible explanatiods in
that QacR may be activated by our monoQACs but that QacA cannot efflux the trisQACs,
or that the resistance mechanism implicated for-IED,0 may be orthogontl the Qac

system.

Table 5.7 Results of the activation assay. Minimum inhibitory coriaions (MIC)
against MSSA and CMRSA when dyebased QACs were dosed with either BATA(

1uM) or TET-14,0,0 (0.12GM). Values are reported in micromolar.

MSSAMIC (UM) CA-MRSA MIC (UM)

Compound + TET- + TET.

- + BAC 14.0,0 - + BAC 14.0,0
TET-14,1,1 2 1 2 16 64 16
LCV-14,0,0 8 8 8 064 064 064
LCV-14,1,1 4 2 8 8 16 8
LMG-14,0 8 4 4 06 4 064 064
LMG-14,1 0.25 0.13 0.25 4 4 4
LMG-14,14 4 2 4 64 64 64
LMGS-14,0 64 06 4 06 4 06 4 064 064

5.4.3 MICs withgacknockout strains

Once we were able to obtaimashs ofS. aureugontaininggacA, gacRboth genes,
or neither*a direct evaluation d@AC activity with the presence or absence of these genes
would yield more insights to QAC resistance. Select QACs were tested agamst

knockout strains 08. aureuggacSA) for MICs (Table 5.8. SK982 is the parent strain
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that possesses gac SK5872 pssesses botimcAfor generation of the efflux pump and
gacRfor transcriptional regulation; SK5873 possess@&sAonly; and SK5791 possesses

gacRonly.

Table 5.8 Minimum inhibitory concentrations (MIC) againgacSA strains. Values are

reported in miaomolar.

Minimum Inhibitory Concentration (UM)
Compound SK982 SK5872 SK5873 SK5791

parent gacA+ gacR gacA gacR
BAC, 2.4 4 8 16 2
CPC 2.6 0.25 0.5 0.5 0.25
DDAC, 2.5 0.5 1 1 0.5
10(3)0(3)10 1 2 2 1
12(3)2(3)12 1 0.5 0.5 1
PQ11,11 0.5 0.5 0.5 0.5
PQ12,Bn 1 2 2 1
LCV-12,0,0 1 1 1 1
LCV-12,1,1 2 4 4 4
TET-12,0,0 2 8 8 4
TET-12,1,1 1 1 1 1
LMG-12,0 1 2 1 1
LMG-12,1 0.5 1 1 0.5
LMG-12,12 1 2 2 2

It was rather surprising to observe no significant differences in MICs among the
four strains dfering in gqac composition for any compound tested, despite some major
differences in activity between MSSA and @ARSA. TET-12,0,0 did however display
an 8fold reduction in activity forgacA-carrying strains, as compared to THPR,1,1,
suggesting thagacA monoQAC recognition plays a role in differences between these two
compounds. Interestingly, commercial monoQAC BAZ4) displayed slightly better
activity against the parent strain (SK982) and the strain possessingamySK5791).

Though no majorifferences in MICs betweegacSA strainsvereexperienced for any of
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our analogous mongbis, or trisQACs, there may have been subtle differences in activity

among the strains that the MIC assay is simply not sensitive enough to determine.

5.4.4 Ethidium bromide accumulation assays

Recognizing that ethidium bromide is a substrategaé resistance machinery
(Figure 4.2, we thought that utilizing an ethidium bromide efflux assay would not only
track the dynamic efflux profile of each strain of bactdoiat, could also be used to gain
insights to the response of tigac system to various compounds. Ethidium bromide is
widely used to monitor generalfiefk pump activity of bacteri& 1’ Ethidium bromide
possesses low fluorescence in agueoustiealubut displays strong fluorescence once
inside of a cell or hydrophobic environment; thus the greater the fluorescence, the greater
the intracellular accumulation of ethidium bromide.

The fourgacSA strains were dosed with the same concentrationsefext set of
compounds, and efflux activity was generally measured by ethidium bromide. BAC served
as the commercial monoQAC standard, 10(3)0(3)10 and 12(3)2(3)12 as lead alkytibis
trisQACs, and analogous morend trisQACs of the TET dykased sees that displayed
a large differential in activity between MSSA and MRSA. Surprisingly, no largely
significant differences in ethidium bromide accumulation (based on fluorescence) was
observed for any of the compounds in any of the bacteigaie 5.6). This suggests that
a mechanism other than tlgac system is responsible for the differences in activity
observed for MSSA andachbearing CAMRSA. We did note, however, that overall
ethidium bromide accumulation was much greater in SK982 and SK5791 (patdahé

knockout andjacRonly strains, respectively) than in SK5872 and SK5&j&2A+ gacR
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andgacAonly strains). This result confirms the validity of such an assay, as well as the

role thatgacAplays in ethidium bromide efflux and accumulation.
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Figure 5.6 Ethidium bromide accumulation assay results. The percent increase in relative
fluorescence units (RFU) is reported for each compound. (A) SK982, parent strain lacking
both gacAandqacR (B) SK5872, carrying botlgacAandqgacR (C) SK5873, carrying

gacA only; and (D) SK5791, carryingiacR only. Error bars represent the standard

deviation of five independent trials.
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5.5 Mechanistic Studies of QAC Activity among MSSA, CAMRSA, and gacSA

In an effort to learn more about the membrane disruption gcoviQACs, how
resistance may occur, and which compounds are more susceptible to resistance, we
evaluated membrane permeability with a suite of QACs. This was accomplished with
fluorescent stains that report on the extent of membrane damage and assediatiioh
in viability. Compounds chosen for investigation were representative of many QAC
classes: commercial monoQACs BAZ4), DDAC (2.5), and CPCZ.6); lead alkyl and
aryl QACs 10(3)0(3)10, 12(3)2(3)12, and RQ,11; PQR12,Bn as it showed resistance
development$ection 5.1.); crystal violet as the parent of the L&¢éries; and analogous
dye-derived QACs of various charge states, some of which showed a large differential in

antibacterial activity between MSSA and MRSA.

5.5.1 Kinetic studies usingl\/E/DEAD staining

Viability of QAC-treatedqacSA strains over a period of 60 minutes was assessed
using the LIVE/DEAD cell viability stains that were also used for biofilm viability and
visualization in confocal microscop$éction 3.3.1full experimenthdetails can be found
in CHAPTER 6). SYTO9 stains cells with green fluorescence while propidium iodide
displaces SYTO9 in dead or heavily membrdaenaged cells, yielding red fluorescence.
Results for each strain over the-@linute assay are reported &trhinute time points as
the percent ratio of green to red fluorescence, relative to the untreated deigtr £.7).
As green corresponds to live and red corresponds to dead cells, a lower percent ratio of

green to red fluorescence corresponds to grea¢enbrane damage and killing.
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Overall, there were no major differences among daeSA strains for each
individual compound, though the strain possesgawponly (SK5872) looks to be slightly
more susceptible to membrane damage than the afhe3A strans. In general,
commercial monoQACs showed greater membrane damage at shorter time points, yet
appear to become less effective over tirk@yre 5.7A). PQ12,Bn also showed an
increase in percent ratio throughout thendi@ute assayHigure 5.7B). This isinteresting
as these are the same compounds that previously demonstrated resistance development in
the serial passage ass&e¢tion 5.1.). Bis- and trisQACs, on the other hand, generally
caused more damage as time progressed, broaching similar flumegeFcent ratios as
the commercial monoQACEigure 5.7B, 5.7G. Dye analogs of higher charge state (TET
12,1,1, LMG12,1, and LMG12,12) generally caused more membrane damage at earlier
time points as compared to their monoQAC analogs (TED,0 and LMG-12,0) Figure
5.7D, 5.78. The exception here was LEM2,1,1, which, consistent with its MIC results,
appeared to be much worse than L-€C¥,0,0 for an unknown reasodfigure 5.7F).

Though these results are informative, the procedure itself is limitéahégpoints
no closer than 15 minutes apart as the dye mixture needs to incubate with cells to allow for
dye displacement to occur and to ensure accurate data collection. Given the rapid nature of

QAC activity, we wished to examine the kinetics more closel
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Figure 5.7 Live/dead fluorescence viability results over 60 minutes. Viability is reported

as the percent ratio of green to red fluorescence, relative to the untreated control. Lower

percent ratios correspond to greater killing. Compounds are grauigedheir analogs.

Error bars represent the standard deviation from at least three independent trials.
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5.5.2 Propidium iodide membrane permeability studies

To examine this phenomenon with greater kinetic resolution, cells treated with
QAC were staineavith propidium iodide alone (full experimental details can be found in
CHAPTER 6). This procedure does not require equilibration as propidium iodide only
stains dead or heavily membrag@maged cells, thus allowing for data collection every 30
secondsReallts are plotted as relative fluorescence units (RFU) versus time, wherein the
greater the membrane permeability, the greater the fluorescence. Aliquots from each well
were also diluted and plated on agar at the end of fluorescence measurements to assess
viability.

As shown in representative fluorescence plotsgure 5.8(full plots can be found
in Appendix B) commercialmonoQACs CPCZ.6, green) and DDACZ.5, purple) led to
rapid membrane permeability with nearly complete killing in most cases, tllclosely
by 12(3)2(3)12 (orange). PQL,11 (dark blue) displayed high but somewhat reduced
membrane permeability, and the fluorescence levels reached a maximum in all strains.
Based on its potent MIC, 10(3)0(3)10 (light blue) surprisingly exhibited dsiméal
membrane permeability, though it displayed the most permeability again®iR3A.
BAC (pink) and P@L2,Bn (maroon) caused little membrane permeability, consistent with
their reduced antibacterial activity relative to the other compounds. Overdt fi@meach

compound were similar between the Sixaureusstrains.
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Figure 5.8 Representative membrane permeability kinetic plots for alkyl and aryl QACs.
QAC was added at t = 300s. DMSO represents the untreated control. RFU = relative

fluorescence urstof propidium iodide.

An analysis of the kinetic curves of membrane permeability of several QAC dye

analogs revealed similar trendsdure 5.9). It was surprising how similar curves were for
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each compound for all six strains®faureusWe expected teee striking differences, yet
the only differences occurred in @ARSA, where membrane permeability happened
more rapidly for LMG12,12 (maroon) and to a greater extent for TI2J1,1 (light blue)
and LMG12,1 (dark blue). It appears that the monoQACeaufh series tend to exhibit
greater membrane permeability, as shown in the comparison oflZBJ0 (purple) to
TET-12,1,1 (light blue) and LM&2,0 (orange) to LM&2,1 (dark blue). The exception
here is in the LCVWseries, wherein LCM2,1,1 exhibits vidally no membrane
permeability compared to LG¥2,0,0. Though the exact reason for this is unknown, it is
consistent with the decreased MIC values of EQA/1,1 Table 5.6. It is of note that
nearly all compounds displayed greater membrane permeabifitgshCAMRSA than
any of the other strains. This is perhaps reflective of the membrane conteriMiRGA.
When aliquots of each well were plated to assess viability following QAC
treatment, results corresponded pretty well to the propidium iodide mesrfemeability
curves Figure 5.10. Bacterial counts are reported as log (cfu/mL), as detailSedtion
1.1.2andTable 1.1 For MSSA, DDAC 2.5 and LMG-12,0 caused the greatest reduction
in bacterial cell counts at over 5 logsdure 5.10A). CPC, 128)2(3)12, PQ11,11, TEF
12,0,0, and LM&12,12 all followed closely behind GMRSA surprisingly proved to be
the most susceptible to QAC treatment overall, with nearly half of the compounds causing
a reduction in bacterial viability below the level of déi@t (Figure 5.108. BAC, PQ
12,Bn, LC\V12,0,0, and LCV12,1,1 led to little reduction in viability relative to the
untreated control (DMSO). Bacterial cell counts after QAC treatment for the&mBA

strains corresponded remarkably to each other amtB®A results Figure 5.10GF).
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Figure 5.9Representative membrane permeability kinetic plots foibdyged QACs. QAC
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Figure 5.10Reduction in bacterial viability poSQAC treatment. Results are reported as
log(cfu/mL) for each compound based on at least two independent trials. Images of
representative plates are shown above each compound. DMSO represents the untreated

control. * indicates a count below the limit of detection.

5.5.3 Conclusions

Results from the LIVE/DEAD and propidium iodide fluorescence assays show that
commercial monoQACs cause rapid membrane disruption, while QACs of higher charge
state cause a similar level of ki§j over a longer time frame. This is contrary to initial
expectations, as we postulated that increased charge state and the presence of multiple
hydrophobic side chains would lead to enhanced and more rapid membrane disruption.
This may be due to specifimembrane interactions that each QAC forms, ultimately
achieving a thermodynamic balance and optimal membrane damage on different time
scales. These findings have important implications in utilizing alkylQACs of higher charge
state as extendagse disinfetants as bacteria have not, to date, developed resistance or

tolerance to such compounds.

5.6 Efflux pump inhibitor studies

Since activity against variougacSA strains was not significantly different on the
holistic growth scale (MICsSection 5.4.3 nor kinetically with fluorescence studies
(Section 5.5, we postulated that the differences in activity between MSSAqgaicd
bearing CAMRSA by a number of our QACs could be explained by other multidrug efflux

pumps found in CAMRSA. A rather simple method @irobing thegeneral efflux activity
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is to treat bactea with anefflux pump inhibitor(EPI) in tandem with a compound of
interest and compare bacterial inhibition to those treated without an EPI. This is similar to
a potentiation or activation ass&eion 5.4.2); in this case, bacteria is dosed with a QAC
and an EPI, or QAC alone, and any resulting differences in MIC are evaluated. A difference
in MICs with and without an EPI indicates that bacterial efflux affects compound activity.
Common EPIs incluel reserpine, which is a broad inhibitor of multidrug resistance
pumps® and targets seral families of efflux pump® and carbonyl cyanide m
clorophenylhydrazone (CCCP)which is a protonophore and proton motive force
uncoupler®?! Reserpine and CCCP were tested for antibacterial activity on their own to
determine which concentrations would be appropriate tonussdem with QACs so that
the EPIs would not affect bacterial viability. Standard literature concentrationgbf 32
reserpine andpM CCCP were accordingly uséé

Neither of the strains showeaghnificant differences in the antibacterial activity of
QACs (Table 5.9, suggesting that efflux is either not heavily involved or that it is not
significant enough to cause the marked differemt&s/o. Both BAC 2.4) and PQ12,Bn
showed a 4old increase in activity against GMRSA when dosed with either reserpine
or CCCP, suggesting that efflux may be partially responsible for their slightly decreased
activity against CAMRSA as compared to MSSA. It should be noted that the
concentrations of EPIs usedrrespond to those commonly used in the literature and have
been shown to drastically recover the bioactivity of compounds when their lack of activity
is due to efflux. There may be differences on the molecular biology level occurring that the

readout oMIC is simply not sensitive enough to uncover.
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Table 5.9Results of the efflux pump inhibitor assay. Minimum inhibitory concentrations

(MIC) against MSSA and CAMRSA when a library of QACs were dosed with either

reserpine (3@M) or CCCP (uM). Values areeported in micromolar.

Compound MSSAMIC (UM) CA-MRSA MIC ( uM)
- + reserpine + CCCP - +reserpine + CCCP

BAC (2.4 8 4 4 32 16 8
CPC Q.9 1 0.5 0.5 8 8 4
DDAC (2.5 1 0.5 0.5 1 1 0.5
10(3)0(3)10 1 1 0.5 1 0.5 0.5
12(3)2(3)12 0.5 1 0.5 0.5 0.5 0.5
PQ11,11 1 1 0.5 0.25 0.25 0.13
PQ12,Bn 4 4 8 16 4 4
LCV-12,0,0 2 1 1 16 32 8
LCVv-12,1,1 4 2 2 32 32 16
TET-12,0,0 4 4 4 63 32 32
TET-12,1,1 1 1 0.5 2 2 1
LMG-12,0 2 4 1 16 8 8
LMG-12,1 0.5 0.5 0.5 4 4 4
LMG-12,12 1 0.5 1 0.5 1 0.5

5.7 Conclusons

The work presented here withisummarized irFigure 5.11, adds foundational
knowledge tdhe field of QAC resistanewhile also raising questioriigr future studyOur
results show the development of resistamcetolerance in MSSAto commercial
mondQACs and QACs containing aromatic moieties over a period of 24 days, yet no
resistance to alkyl bis tris-, or tetraQACs. These results provide insight as to the
mechanism and substrate scope of QAGigtance; namely, that monoQACs and the
incorpordion of aromatic moieties alloor greater recognition by the bacte(figure
5.11B, Q. This was furthered by the use of several quaternized natural product, dye, and
commercially available cyclic polyamine scaffolds- (-, TET-, LCV-, LMG-, and C
series)the monoQACs and shortehain multiQACs of which saw distinct differences in

activity against MSSA and GMRSA, up to 1250ld. These observations were thought
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to be a result of specific interactions between@#&C substrate and QacRr potentially

dueto greater cell permeation of QACs possessiggl or aromatic moietiegFigure

5.114).23

Figure 5.11Summary of QAC resistance findings. Menersus trisQACs (one red circle
versus three) show markedly different profiles against bacteria, indicating resistance.
Commercial monoQACs and novelisQACs show similar levels of membrane
permeability (A) and reduction in viability, while novel monoQAC dyes generally show
less membrane damage. Commercial and aryl monoQACs show general resistance, while

most bis, tris-, and tetraQACs do not (B, C).

Analogous QACs of higher charge state were largely equipotent against MSSA and
CA-MRSA, though there was not a clear or direct trend between charge and membrane
permeability Figure 5.11A), as assessed by fluorescence spectroscopy, or in reduction of
cellviability. Through testing againgacknockout strains, thgacsystem does not appear

to be responsible for the differential activity experienced by several of our QAglsd
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