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Abstract

Influence of Structurally Distinct Cationic Biocides on Antimicrobial Resistance
Development and Virulence in Pseudomonas aeruginosa

By German G. Vargas-Cuebas

Cationic biocides are an essential component in our arsenal against infectious agents.
Their presence is ubiquitous in our lives, from biocides used in the food industry as
preservatives, to those used for disinfection of biotic and abiotic surfaces in households and
clinical settings. My dissertation work focused on two classes of cationic biocide: quaternary
ammonium compounds (QACs) and quaternary phosphonium compounds (QPCs).

QAC:s are a class of cationic biocide commonly found as active ingredients in
disinfectants and antiseptics. However, despite their widespread use and abundant production,
commercially available QACs lack structural diversity, leading to concerns of ineffectiveness
and resistance development. Over the years, the Wuest and Minbiole groups have developed a
wide array of QACs and QPCs with diverse structures to address this gap. In my dissertation, I
first explored how an intrinsic physicochemical property of QACs can be correlated with their
effectiveness as bactericidal agents to improve screening of numerous for disinfectants. Then, we
investigated why cationic biocides with distinct chemical structures showed dramatic differences
in effectiveness against P. aeruginosa, an important pathogen that displays high levels of
intrinsic resistance to disinfectants. These investigations led us to uncover how these chemical
differences can dictate the cellular target of these compounds in gram-negative pathogens,
ultimately leading to differences cellular responses and genetic adaptations. Finally, we show
that these strains not only have defined resistant determinants associated with adaptations to
these different cationic biocides, but also affect P. aeruginosa virulence factor production and
pathogenesis differently.

In summary, these studies highlight how cationic biocides can influence virulence in
pathogens and highlight the importance of evaluating the intended effects of antimicrobials
without overlooking the unintended effects they might have in bacterial physiology and
pathogenesis.
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Chapter I

Introduction



Part I: Antimicrobials

Part 1.1: The threat of antimicrobial resistance

Antimicrobials are essential compounds affecting numerous, if not all, aspects of our
daily lives. Unfortunately, this is often taken for granted. They are found in hygiene products and
cosmetics, used as preservatives in different food items, and are employed in facilities where
food and produce are collected and processed. Importantly, antimicrobials are essential for
modern medical practices where they are employed to eliminate or reduce the bioburden of
potentially harmful microbial organisms, in addition to their critical role as prophylactic or
therapeutic agents (e.g., antivirals and antibiotics). Much of our modern way of life is enabled by
the successful use of these antimicrobial compounds.

Nevertheless, these essential aspects of our lives are threatened by the rising resistance or
tolerance to antimicrobials.!:? This ever-present threat was so evident that, during an interview
that occurred the same year that he won the Nobel prize for his discovery of penicillin, Sir
Alexander Fleming stated: “In such a case the thoughtless person playing with penicillin
treatment is morally responsible for the death of the man who finally succumbs to infection with
the penicillin-resistant organism. I hope this evil can be averted.”.? Fleming further predicted that
the misuse of penicillin during self-medication could lead to the selection of resistant
populations, which could be transmitted between individuals, ultimately leading to the
establishment of resistant bacterial populations and treatment failure. Since then, our effective
antimicrobial options have been dangerously reduced and are threatened*, probably more than
ever, by resistance development, with a projected death toll that could reach 10 million deaths

per year by 2050.3



Antimicrobial resistance poses a significant economic and human health burden. It was
estimated that in 2019, nearly 5 million deaths were related to bacterial antimicrobial resistance
globally, with more than a million directly attributable to resistance.® The main pathogens behind
these infections were Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae,
Acinetobacter baumannii, and Pseudomonas aeruginosa, while lower respiratory tract infections
(e.g., pneumonia) were significant contributors to these estimates. In terms of the economic
impact of antimicrobial resistance, several reports have estimated the costs associated with these
antimicrobial-resistant infections to be over 2 billion US dollars, only in the United States.”-® The
multifaceted nature of antimicrobial resistance makes it an extremely difficult problem to
address, with poor antibiotic stewardship in healthcare and communities, excessive use in food
industries (e.g., use of antibiotics as growth promoters or pest control), and the prevalence of
antimicrobial resistance mechanism in nature.” Antimicrobial resistance mechanisms can range
from reducing the effective antimicrobial concentration by reducing permeability or increasing
efflux, target modification or bypass, or antimicrobial inactivation through enzymatic activity.!°

To mitigate these risks, both the Centers for Disease Control and Prevention (CDC) and
the World Health Organization (WHO) have listed pathogens of heightened concern for public
health, including those that display high levels of antibiotic resistance (e.g., carbapenem-resistant
A. baumannii and multi-drug resistant P. aeruginosa), pathogens with alarming levels of
resistance to other antimicrobials (e.g., drug-resistant Candida auris), and those that become a
threat as a consequence of antimicrobial usage (for example, Clostridioides difficile).!"-1? This
has bolstered research efforts into the mechanisms behind resistance to antimicrobials, and novel

ways to manage or prevent resistance development.



To address a problem of this magnitude, a multi-faceted strategy must be adopted, and
resistance to different classes of antimicrobials should not be overlooked. Special attention
should be paid to biocides, which provide the first barrier to prevent transmission of microbial
pathogens. Biocides are frequently used as preservatives, disinfectants, and antiseptics, serving
to decrease the potential for transmission of pathogens, eliminate pathogen reservoirs, and
protect the host from infectious agents. Yet, despite their frequent and prevalent used in multiple
settings, the potential effects that exposure to these biocides can have on pathogens is often
overlooked. As discussed in the following sections, resistance to biocides not only poses a threat
to disinfection protocols but can also result in antibiotic cross-resistance, directly contributing to
the antimicrobial resistance crisis. A better understanding of the consequences of biocide
exposure can help guide the use of these important antimicrobials.

In this introductory chapter, I discuss several classes of biocides, their importance in
clinical settings, and their mechanisms of action against bacteria. I then touch on the mechanisms
of resistance to cationic biocides, a class of biocides that I have focused on during my
dissertation research. Then, I discuss some of the relevant aspects of P. aeruginosa, an
opportunistic pathogen that displays high intrinsic resistance to biocides and which I used
throughout my dissertation research. Finally, I summarize the objectives of my dissertation
research, its limitations, and its significance within the context of antimicrobial resistance, and

provide a summary of the topics discussed in each chapter of my dissertation.

Part 1.2: Different classes of biocides and their importance in healthcare

Biocides are a critical component in the success of medical procedures. A classic example

of this was provided by Dr. Ignaz Phillip Semmelweis, who is known as the “father of infection



control”.!® Dr. Semmelweis noticed a higher number of deaths caused by childbed fever in a
child delivery ward handled by doctors dealing with cadavers and autopsies compared to a ward
where midwives who had no contact with cadavers handled the deliveries. In 1847, Dr.
Semmelweis put in placed the practice of chlorine washings (hand scrubs with chlorinated lime
solution) for anyone handling cadavers and observed a sharp decrease in childbed fever
mortality.!* Nowadays, there are numerous classes of biocides routinely used in different aspects
in healthcare, dependent upon the object or material been disinfected or sterilized following the
framework for infection prevention and control devised by Dr. Earle H. Spaulding.'> ' For
critical items (e.g., surgical instruments and catheters) that will be in contact with sterile tissues,
sterilization methods are required, such as using an autoclave for heat-insensitive materials,
strong oxidizing agents such as ethylene oxide or hydrogen peroxide for heat-sensitive materials,
or using chemical sterilants (e.g., 0.2 % peracetic acid), only when proper cleansing to remove
organic and inorganic materials precedes treatment.!” Highly reactive biocides such as alkylating
aldehydes (glutaraldehyde, formaldehyde, ortho-phthalaldehyde) and oxidizing agents (peracetic
acid, hydrogen peroxide) are routinely used for high-level disinfection of semi-critical materials
that will come in contact with broken skin or mucous membranes. Because of their high potency,
these biocides eliminate almost all microorganisms, with the exception of a low number of
bacterial spores, however, they can display high toxicity.!® Low-level disinfection is used for
non-critical objects (e.g., objects that come in contact with intact skin). This group includes, but
is not limited to, biocides such as alcohols, phenols, and cationic biocides.

Aldehydes are used for high-level disinfection in healthcare, including medical
equipment and materials.!” For example, glutaraldehyde is used to disinfect equipment or

materials at low temperatures, as it displays broad antimicrobial activity and high effectiveness,



even against bacterial spores. However, concerns about the use of glutaraldehyde have been
raised due to the observed irritation caused by exposure to this biocide and its general toxicity.*
21 Ortho-phthalaldehyde is a newer aldehyde-based biocide for high-level disinfection and is
used as an alternative to glutaraldehyde for disinfection of equipment that is sensitive to heat,
such as endoscopic materials.?? In addition to aldehydes, oxidizing agents are also employed for
high-level disinfection. This disinfectant group of oxidizers includes highly-reactive
antimicrobials such as hydrogen peroxide and peracetic acid.'®

Milder biocides with lower reactivity are used for intermediate- or low-level disinfection
in healthcare. Some oxidizing agents (hypochlorite and ozone treatment) are used to disinfect
water and make it drinkable.?*2* Povidone-iodine, a strong antiseptic is used for intermediate to
low-level disinfection during would healing, and is used in every stage of surgical procedures to
prevent surgical site infections.?> 26 Ethyl alcohol and isopropyl alcohol disinfectant properties
have been recognized since the end of the 19 century.?” Alcohols are used to decontaminate
non-living surfaces and skin.!'® Triclosan is a phenolic biocide commonly found in commercial
products, such as toothpaste and certain hands-sanitizers.?® Despite concerns about its potential
negative health effects, triclosan is still used as a low-level disinfection biocide to reduce surgical
site infections.?” Sodium hypochlorite is another widely used biocide that is ubiquitously present
in households and healthcare facilities.*® Cationic biocides are a class of biocide widely used as
low-level disinfectants and include the bisbiguanides (e.g., chlorhexidine and alexidine), and
quaternary ammonium compounds (QACs, e.g., benzalkonium chloride).!®

Thanks to their broad antimicrobial activity, cationic biocides are widely employed in
clinics to reduce the bioburden of pathogens.?! This class of biocides include compounds with a

wide range of chemical structures, modes of action, and usage. Nevertheless, it is believed that at



the in-use concentration (the concentration at which the product is used in clinical or commercial
settings), they possess multiple cellular targets, the main one being cellular membranes. Modern
cationic biocides were introduced in the 20™ century, and since then, their use has increased in
both clinical and commercial products.’? They can be found in cosmetic and personal care
products, in a range of household cleaning and disinfection products, as preservatives, eye drops,
among others.!” 33 More recently, due the COVID-19 pandemic, there was a global surge on
biocide usage and demand estimated at 600%'8, particularly those containing QACs as active
ingredients.># 3> Concerns of potential health issues caused by increased exposure to biocides,

environmental damage, as well as concerns involving antimicrobial resistance have been

raised.’6-37

Part 1.3: Biocides and their bactericidal mechanism of action

As mentioned above, biocides can be used for high-, intermediate-, or low-level
disinfection based on their reactivity and overall potency dictated by their chemistries and
mechanism of action.!® Chlorine- and iodine-releasing agents, and hydrogen peroxide are
oxidizing disinfectants that can be used for low- or high-level disinfection, dependent upon their
reactivity and toxicity profiles. These antimicrobials act by oxidizing the amino, sulfthydryl, or
thiol groups of macromolecules. Aldehydes (e.g., glutaraldehyde and glyoxal) and ethylene oxide
are examples of alkylating agents that act on hydroxyl, amino, carboxyl, or sulthydryl groups by
replacing the hydrogen atom with an alkyl group. These strong antimicrobials are used for
sterilization or high-level disinfection owing to their high potency and broad antimicrobial
activity against bacteria, fungi, bacterial spores, and viruses. This mechanism of action can also

be observed in formaldehyde-releasing agents.!”



The antimicrobials used for low-level disinfection exhibit a diversity of
mechanisms of action. For example, phenolic antimicrobial compounds (e.g., phenol and
triclosan) are membrane-active disinfectants that disrupt the integrity of the cytoplasmic
membrane and affect the membrane potential. Phenols antimicrobial activity has been recognized
for more than a century, used as preservatives in the food industry, and as antiseptics.*® Their
antimicrobial effect lies in the progressive disruption of membranes. The bis-phenol triclosan is
another widely used antimicrobial, particularly in hand sanitizers, toothpaste, and mouthwash
products, despite its ban 2016 by the FDA in hand soaps due to risks associated with disruption
of endocrine functions.?® Triclosan inhibits the enoyl reductase Fabl at low concentrations,
ultimately leading to blockage of lipid biosynthesis. Disruption of the membrane altogether is
observed at higher concentrations.>

On the other hand, the mechanism of action of alcohols as disinfectants is less clear,
despite their abundant usage. Alcohols are frequently used in low-level disinfection of abiotic
and biotic surfaces, and as preservatives at lower concentrations. Their usage as sanitizers has
increased and is more frequently observed nowadays, both healthcare and community usage due
to their effectiveness and broad antimicrobial spectrum, relative ease of use, and increased
availability.*® It is believed that the antimicrobial effectiveness of alcohols can be attributed to
multiple mechanisms of action, including membrane disruption, protein denaturation, and
metabolism interference.!” Is important to note that their antimicrobial effectiveness is dependent
on the availability of water, with an optimal alcohol concentration between 60% and 90 %. This
is believed to be true for all alcohols, including those that are most frequently used: ethyl alcohol

and isopropyl alcohol.



Sodium hypochlorite is another ubiquitously used compound for abiotic surfaces
disinfection, in both healthcare and household settings. This chlorine-releasing agent can also be
used for sterilization and antisepsis, depending on its concentration and the contact time.
Although its antimicrobial activity is not fully clear, it is believed to rely on its oxidizing effects
on cellular proteins. Other oxidizing agents that can also be used for low-level disinfection
include improved hydrogen peroxide, a mixture of hydrogen peroxide with peracetic acid, and
iodophors.!®-4! As with other biocides that can be used for high-, intermediate-, or low-level
disinfection, their antimicrobial effectiveness and potency will depend on the material being
disinfected, the concentration of the biocide, and the time of contact. These biocides can oxidize
and disrupt macromolecules including proteins, DNA, RNA, and membranes.

Bisbiguanides are cationic biocides commonly found in antiseptics and mouthwashes,
with chlorhexidine representing one of the most recognizable and frequently used bisbiguanides.
As mentioned above, chlorhexidine is an important biocide used during the delivery of babies
and in post-partum care, outperforming the clinically important antiseptic povidone-iodine in
these scenarios *> % The use of chlorhexidine can be beneficial to both the mother and the
newborn by reducing the number of wound infections in the mother and neonatal infections
through the reduction of bacterial loads during delivery (both during natural or cesarean
delivery). Its bactericidal activity relies on the disruption of the cell envelope, particularly the
cytoplasmic membrane.!® Even though chlorhexidine causes damage to the outer membrane and
cell wall, this damage is not enough to cause cell death. It is rather the damage caused to the
cytoplasmic membrane that leads to lysis. Other members of this cationic biocide group (i.e.,
alexidine and polymeric biguanides) generate lipid phase separation during membrane

perturbation.



QAC:s are another group of cationic biocides commonly used for low-level disinfection.
These cationic biocides are used in both healthcare and household settings as disinfectants of
abiotic surfaces, antiseptics, preservatives, and also cleansing/deodorizing agents.!” This class of
cationic biocides includes a range of widely used biocides such as benzalkonium chloride
(BAC), didecyldimethylammonium chloride (DDAC), cetrimide, and cetylpyridinium chloride
(CPC), among others. The mechanism of action of these QACs lies on the disruption of cellular
membranes. In some cases, this disruption has been shown to also affect the proton motive force
(PMF) essential for bacterial viability.** The outer membrane of gram-negative bacteria can also
be disrupted by these compounds.'”

The breadth of mechanisms of action displayed by biocides shows the complexity of how
biocides can exert their antimicrobial effects. In addition, both intrinsic and extrinsic factors can
determine which biocide is appropriate for use in distinct scenarios, and how it should be used to
maximize their effectiveness as antimicrobials. These considerations are of great importance
because omitting them would impact the outcome of disinfection and threaten infection
prevention and control protocols and could promote the spread of dangerous pathogens in both

healthcare and household settings.

Part 1.4: Bacterial resistance to cationic biocides and associated concerns

Cationic biocides provide one of the first barriers to transmission and spread of harmful
and pathogenic bacteria. However, resistance to cationic biocides represent a serious, but often
overlooked, public health risk. Extreme cases have been observed when bacterial reservoirs in
biocide solutions serve as the source of outbreaks. In 1982, 10 patients were treated for shoulder

and knee joint infections. The patients were found to have been treated by orthopedic surgeons

10



who shared the same office. Further investigation revealed that they were infected with an
epidemic strain of Serratia marcescens. The source of these infections was a contaminated
solution of the cationic biocide benzalkonium chloride (BAC).*

A similar situation was reported in Taiwan, where several patients were admitted to the
National Taiwan University Hospital in 1990, all with Bacillis cereus infections. It was later
determined that these infections originated from ethyl alcohol bottles contaminated with this
bacterium, with additional B. cereus-positive cultures isolated directly from ethyl alcohol bottles
and traced back to the supplier.*® Burkholderia cepacia is a gram-negative bacterium known to
colonize antiseptic solutions, as exemplified by cases of infections caused by contaminated
solutions of chlorhexidine (CHX) and BAC.*”-* A 2015 report of an increase in bloodstream
infections caused by B. cepacia complex from October 2013 to December 2013 in South Korea
was also found to be caused by contaminated commercial solutions of chlorhexidine.*’ These
cases provide extreme examples of the potential consequences of resistance to different classes
of cationic biocides used in healthcare, not taking into account the additional potential negative
effects biocide resistance can have on different industries if disinfection protocols fail.

Bacterial resistance to biocides is dependent upon numerous factors, including intrinsic
factors related to the microorganisms and their physiology, and extrinsic factors related to the
environment within which the biocide exerts its action!®. The inherent characteristics (intrinsic
resistance) of the bacterium in question can establish its susceptibility to biocides. Spore-forming
bacteria, such as B. cereus and C. difficile, can survive disinfection chemical treatments because
of the production of endospores that are highly resistant to biocides. Mycobacterium spp. possess
a cell envelope characterized by a mycolic acid-rich outer membrane, making them intrinsically

resistant to biocides.>® In addition, gram-negative bacteria also show high levels of intrinsic
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resistance to biocides due to the presence of an outer membrane that serves as an additional
permeability barrier to the action of cationic biocides, as observed with antibiotics.’! Finally, the
propensity of bacteria to live in community-like structures called biofilms provides them with
additional barrier to resist biocides. These structural features provide bacteria with the ability to
resist, survive, and sometimes thrive despite the antimicrobial effects of biocides, complicating
infection prevention and control measures.

In addition to the variety of chemical structures and composition of biocides and the
formulation in which they are prepared, additional external factors also dictate their
effectiveness. Both the concentration at which a biocide is used, and the contact time allowed for
biocide action are key to their effectiveness. Biocide are used as disinfectants and antiseptics at
in-use concentrations (i.e., the concentration at which the biocide is applied or used in real-world
conditions). However, this does not take into account that the biocide effectiveness can be
reduced once applied due to environmental factors during real world applications (e.g., dilution
of the biocide when applied, presence of organic materials), and hence it has been proposed the
term “during use” to account for this.>?

Other physical factors, such as the method used to deliver the biocide, the surface to
which the biocide is applied to, and the temperature, can affect the antimicrobial activity of
biocides. Water hardness is one of environmental factors of particular importance for cationic
biocides used as disinfectants, such as QACs.?3-5 The divalent cations present in water are
believed to interact with the biocides, inducing precipitation and reducing their antimicrobial
activity. This highlights important considerations that must be taken to properly use biocides to

ensure high antimicrobial efficacy and prevent resistance development.
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Acquired mechanisms of resistance to biocides are also common.!® These biocide
resistance determinants can be particularly troublesome when cross-resistance with other
antibiotics is observed. Examples have been observed in several clinically relevant pathogens.
Exposure of Acinetobacter baumannii, an important nosocomial pathogen, to triclosan resulted
in trimethoprim cross-resistance.>® This cross-resistance phenotype was associated with
increased expression of the AdelJK efflux pump. Triclosan-induced cross-resistance to ampicillin
and chloramphenicol was observed in Escherichia coli and cross-resistance to isoniazid has been
observed in Mycolicibacterium smegmatis. These phenotypes were associated with changes to
RNA polymerase and lipid metabolism, respectively. Exposure of Mycobacteroides chelonae to
glutaraldehyde and of E. coli to povidone-iodine and chlorophene causes changes in expression
of porins and modulation of permeability, resulting cross-resistance to multiple antibiotics of
different classes.!®

In P. aeruginosa, continuous exposure to sub-inhibitory concentrations of BAC resulted
in a 12-fold increase in MIC compared to the parental strain. Moreover, this strain also displayed
resistance to ciprofloxacin (256-fold increase in MIC), a fluoroquinolone antibiotic that targets
DNA gyrase and DNA topoisomerase IV.>” Interestingly, this was associated with a canonical
mutation in gyrase, and the reverse (exposure to ciprofloxacin and cross-resistance to BAC) was
also observed, suggesting that exposure to BAC can also lead to cross-resistance to a DNA
replication inhibitor antibiotic. In addition, Mc Cay and coworkers also isolated strains with
increased efflux activity associated with overexpression of the resistance—nodulation—cell
division (RND) superfamily tripartite efflux systems MexAB-OprM and MexCD-OprJ. This
phenotype was associated with the down regulation of mexR, the main repressor of the mexAB-

oprM, and a missense mutation in nfxB, a negative regulator of the mexCD-opr.J efflux pump. To
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simulate the impact of exposure to BAC in the environment, Kim et al. exposed a microbial
community from a sediment sample to BAC for four years in a bioreactor. After metagenomic
analysis, several bacterial species were isolated that displayed a higher MIC for BAC, including
a P. aeruginosa environmental isolate. Surprisingly, exposure of this isolate to increasing
concentrations of BAC resulted in mutations in pmrB, showing higher levels of resistance to
polymyxin B. Increased MIC to other antibiotics of this isolate were associated with increased
mexCD-oprJ overexpression. These results highlight the potential dangers of environmental
exposure to disinfectants and the possibility of promoting antibiotic cross-resistance through

biocide exposure.

Part I1. Pseudomonas aeruginosa: a hard-to-kill pathogen

2.1: Pseudomonas aeruginosa - aspects of public health and pathogenicity

P aeruginosa is a non-fermenting gram-negative rod-shaped opportunistic pathogen of
high clinical relevance. Strains commonly possess a characteristic blue/green hue or, in some
cases, a red/brown color due to the production of different pigments. Both the CDC and the
WHO have communicated high levels of concern regarding this pathogen owing to its propensity
for multidrug resistance.!? >® This threat has become evident since the COVD-19 pandemic,
where the number of infections caused by P. aeruginosa has continued to increase. This
opportunistic pathogen is of particular concern for immunocompromised patients, such as those
patients suffering from hematological malignancies or cystic fibrosis.>” %° P. aeruginosa is a

common causative agent of nosocomial infections in the clinic and is also commonly isolated
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from wounds during armed conflicts.®! Due to its high antimicrobial resistance (both to
antibiotics and biocides), P. aeruginosa continues to persist as a nosocomial pathogen.

P aeruginosa is a common cause of ventilator-associated pneumonia, and a troubling
pathogen in intensive care units.%? This pathogen is also frequently the causative agent of urinary
tract infections, especially those associated with catheters. The ability of P. aeruginosa to form
intractable biofilms on medical instruments such as catheters makes this pathogen a formidable
foe within healthcare settings.®® This pathogen is also an important cause of bloodstream
infections, burn and wound infections, surgical site infections, as well as a key member in
polymicrobial infections in cystic fibrosis patients.®* The high prevalence of P. aeruginosa in
infections associated with medical instruments shows the recalcitrant nature of this pathogen and
its ability to resist biocides, highlighting the need for effective biocides to improve the
effectiveness of infection prevention and control protocols and reduce the incidence of these

infections.

Part 2.2: P._aeruginosa virulence factors

P. aeruginosa pathogenesis is characterized by its multifactorial nature, including its
propensity for multidrug resistance, secreted factors, toxins produced, among other virulence
factors. Secreted factors produced by P. aeruginosa include a range of proteases to its disposal
that can be secreted as needed.® Elastases (elastase A and elastase B or LasA and LasB) are
metalloproteases regulated through quorum-sensing systems (LasR and RhIR) that P. aeruginosa
secretes and are implicated in its survival during infection.® Elastase B is autoproteolytically
activated and has been shown to inactivate certain cytokines, degrade immunoglobin G (IgG),

degrade collagen (type III and IV), and important for survival during corneal infection.®”- ¢ On
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the other hand, elastase A requires other protease (e.g., LasB, PrpL, LysC) for activation through
cleavage of the LasA propeptide. LasA also has multiple roles in host-pathogen interaction
including invasion of host epithelial cells, modulation of its own toxins (ExoS and ExoT) that, as
cytotoxic toxins, can behave as invasion inhibitors, in addition to its role in bacterial competition
through lysis of Staphylococci, a major member of polymicrobial infections.®® %° In addition, P
aeruginosa produced an alkaline protease (AprA) also important for immune evasion and can
cleave numerous substrates relevant to infections and can inactivate human cytokines like y-
interferon and tumor necrosis factor-a.”% ”! PrpL (also known as protease IV) is a serine protease
produced by P. aeruginosa commonly found in isolates from patients and shown to be important
to facilitate immune evasion by degrading surfactant proteins alongside elastase B to prevent
cellular aggregation and uptake by macrophages, in addition to being able to degrade proteins
involve in immune responses.’ 73

In addition to proteases, P. aeruginosa secretes important toxins during infection. P
aeruginosa type IlI secretion system (T3SS) is a complex machinery that includes the needle
complex, the translocation apparatus, proteins involved in regulation of the T3SS, in addition to
effector proteins and chaperones.’ These are encoded by 36 genes organized in 5 different
operons. Interestingly, only four proteins are secreted by P. aeruginosa T3SS: ExoS, ExoT,
ExoU, and ExoY. These exotoxins possess different enzymatic activities, including GTPase
activating protein activity and adenosine diphosphate ribosyl transferase activity (ExoS and
ExoT), phospholipase activity (ExoU), and adenylate cyclase activity (ExoY).”* These toxins are
important virulence factors that endow P. aeruginosa with the ability to disrupt the actin
cytoskeleton of host cells, prevent phagocytosis, inhibit DNA synthesis, induce cell death, among

other functions. However, these effectors have different levels of importance during infection,
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with ExoU having the highest impact on P. aeruginosa virulence, followed by ExoS.” Other
toxins secreted by P. aeruginosa include the AB-type toxin Exotoxin A (also known as
Pseudomonas Exotoxin or PE). This toxin is secreted through type II secretion system and
induces cell death through apoptosis.’®

Secretion of pigments are a defining characteristic of P. aeruginosa and an important
aspect its pathogenesis. These include pyocyanin, pyoverdine, pyomelanin, and pyorubin.”’
These pigments have different role in P. aeruginosa physiology and virulence. Pyocyanin is a
known virulence factor capable of modulating the immune response by decreasing inflammation,
causing cell death, and affecting the cardiovascular, respiratory, urological, and nervous
systems.’® In addition, pyocyanin has been shown to be capable of aiding P. aeruginosa in
antimicrobial resistance.”” Pyoverdine is a siderophore that allows P. aeruginosa to scavenge iron
during infection, while causing mitochondrial damage in the process.®® Pyomelanin serve as a
protective mechanism during P. aeruginosa infection in mice, yet it likely has additional
functions as observed in other bacteria.®! Less is known about the role of pyorubin, but
production of this pigment has been observed in both environmental and clinical isolates of P,

aeruginosa.’> %

Dissertation Summary

Throughout my dissertation research, I have touched on several aspects of QACs and
quaternary phosphonium compounds (QPCs). Although these studies only focus on a selection of
QACs and QPCs, they further our understanding of the underlaying differences between these
biocides, and how a clinically relevant pathogen adapts and responds to them. In no way do these

studies encapsulate the extent of available biocide structures and their respective antimicrobial

17



activities, nor do they provide a complete representation of the potential microbial responses to
them, as they are limited to a selected number of antimicrobial compounds and focus mostly on
one pathogen. Nonetheless, through these investigations, we have uncovered important aspects
about the mechanism of action of these biocides, the different resistance determinants associated
with them, and how P. aeruginosa strains adapt when exposed to these compounds. These
research efforts are presented in the following chapters.

In Chapter II, we explore how we can use a physicochemical property of QACs and
correlate it to their bactericidal activity. In Chapter III, we investigate the mechanisms of action
and resistance to a commonly used commercial QAC and compare this to a novel next-
generation QPC that displays high potency against P. aeruginosa. Then, we further explore how
adaptations to these biocides affect virulence and pathogenesis in P. aeruginosa in Chapter IV.
Finally, in Chapter V, I provide an overall discussion of our findings. Additional published

articles are included in the Appendix.
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Figure 1. Dissertation research questions summary. My dissertation research indagates QACs
and QPCs at different stages, from development of QACs, the effectiveness of QACs and QPCs
against P. aeruginosa, resistance determinants associated with these cationic biocides, and how
genetic adaptations associated with these compounds affect virulence factor production and

pathogenesis.
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Abstract

Quaternary ammonium compound (QAC) disinfectants represent one of our first lines of defense
against pathogens. Their inhibitory and bactericidal activities are usually tested through
minimum inhibitory concentration (MIC) and time-kill assays, but these assays can become
cumbersome when screening many compounds. We investigated how the dynamic surface
tension (DST) measurements of QACs correlate with these antimicrobial activities by testing a
panel of potent and structurally varied QACs against the gram-positive Staphylococcus aureus
and the gram-negative Pseudomonas aeruginosa. We found that DST values correlated well with
bactericidal activity in real-world disinfection conditions but not with MIC values. Moreover, no
correlation between these two antimicrobial activities of QACs (bactericidal and inhibition) was
observed. In addition, we observed that the bactericidal activity of our QAC panel against the
gram-negative P. aeruginosa was severely affected in the presence of hard water. Interestingly,
we found that the counterion of the QAC affects the killing of bacteria in these conditions, a
phenomenon not observed in most MIC assessments. Moreover, some of our best-in-class QACs
show enhanced bactericidal activity when combined with a commercially available QAC. In
conclusion, we determined that an intrinsic physical property of QACs (DST) can be used as a
technique to screen for bactericidal activity of QACs in conditions that mimic real-world

disinfection conditions.
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Introduction

Biocides are often described as the first line of defense against pathogens and are a critical
component for effective infection control and prevention. Quaternary ammonium compounds
(QACs) are a common class of cationic biocides widely used in healthcare, agriculture, and
household disinfection.?* Their amphiphilic nature allows them to interact with, and disrupt,
membranes resulting in antimicrobial activity against a diverse range of pathogens including
bacteria, viruses, fungi, and parasites.®> However, their effectiveness can be hampered by the
effects of hard water. The Centers for Disease Control and Prevention (CDC) lists hard water as
one of the physical factors affecting the potency of disinfectants, and it is believed that this is
caused by ionic interactions and the formation of insoluble precipitates.'® This effect has been
noted since the late 1940s and represents a key metric for commercialization of disinfectants.®¢
In addition, development of resistance to QACs has been increasingly reported, emphasizing the
need for new QAC development.®” The concomitant increase in resistance to biocides and other
antimicrobials agents limit the available options for effective control and treatment of pathogens,
creating a dire public health scenario.%

To expand the repertoire of available biocide agents, our group and others have developed
additional classes of QACs with diverse structures, as well as their phosphorous analogs.”®-*° In
identifying and developing novel antimicrobial compounds efficiently, reliable methods to test
important antimicrobial activities are required. The minimum inhibitory concentration (MIC)
assay is widely used and defines the lowest concentration of an antimicrobial capable of
preventing visible growth of an organism under defined conditions.’® On the other hand,
suspension time-kill assays provide a test that directly measures bactericidal (or killing) activity.

Nonetheless, these assays are considered time-consuming, resource-intensive and tedious.”’- %
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MIC assays are usually performed with a low inoculum (5 x 10°CFU/mL) and long incubation
time (> 18 hours), while suspension time-kill assays are typically performed in a timescale of
minutes, oftentimes in hard water, using higher concentrations of compound and a high cell
density to mimic the conditions of disinfectant usage. Ideally, a method that predicts
effectiveness of QACs based on their chemical properties would facilitate the screening process
of compounds before performing biological assays.

There has been a longstanding campaign to correlate antimicrobial activity with physical
properties of surfactants, such as critical micelle concentration (CMC).*% 1%° Laatiris and
coworkers synthetized alkanediyl a,w-bis(dimethylammonium bromide) gemini surfactants and
determined their antimicrobial activity through MIC assays, and their CMC values through
conductivity and surface tension measurements.”” They found that CMC correlated with growth
inhibition of S. aureus, but this correlation was absent when tested against E. coli and P.
aeruginosa, two gram-negative pathogens. The authors reasoned that this limited correlation was
due to the MIC values of their compounds being higher than their CMC values for these bacteria.
Similarly, Viscardi and coworkers investigated the correlation of several physical parameters of
surfactants to their antimicrobial activity, and found correlation of the hydrophobicity of the
compound with antimicrobial activity.!°! To do this, they used the software MacLog P to
calculate the C log P values and saw correlation with antimicrobial activity, as determined by
suspension bactericidal assay with a 5 minute contact time. However, the lack of correlation to
antimicrobial activity against gram-negative pathogens of CMC, the limited temporal resolution
of experiments performed in suspension bactericidal assays and the use of specialized software

for calculations, reduces the accessibility of generalizable guidelines for surfactant development.
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Dynamic surface tension (DST) is another quickly measurable key physical property of
amphiphiles that measures the effect of compounds on surface tension in time and can be

correlated with the speed of dispersion in a solution.!%?

As surface-active compounds, QACs can
decrease the surface tension of solutions. In 1926, Frobisher explored how addition of ST
reducer or increasing the ST-reducing capacity affected the bactericidal activity of the antiseptic

4-hexylresorcinol.!%?

He found that lowering ST could increase bactericidal activity. Building
upon this, we decided to explore how DST correlates with both antimicrobial activities:
inhibition (measured by MIC assay) and killing (measured by time-kill assay).

The goal of this study was to investigate how the surface activity of a panel of QACs correlates
with these inhibitory and bactericidal antimicrobial activities. Specifically, we evaluated how
DST values correlate with MIC or log-reduction values (LRV) from time-kill assays performed
in conditions mimicking real-world scenarios. In addition, we evaluated how these two
antimicrobial activities of QACs correlate between each other. Through our investigations, we
found that DST values correlate with LRV but not with MIC values of QACs. In addition, after
analyzing the efficacy of commercially available QACs, we found evidence that the counterion

of QAC:s affect their activity in hard water. We leverage this information to increase the

effectiveness of our QACs in hard water by combining them with a rapidly diffusible QAC.

Results and Discussion

Selection of QACs and further chemical characterization and bioactivity.

We selected 10 QACs based on structural diversity bioactivity (Figure 1).1%4197 These

best-in-class QACs showed promising inhibitory activity against both the gram-positive S.
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aureus and the gram-negative P. aeruginosa relative to the benchmark and commercially
available mono-QACs benzyldimethyldodecylammonium chloride (BAC) and
didecyldimethylammonium chloride (DDAC). This QAC panel has a median MIC value of 0.63
pg/mL against S. aureus and 2.5 pg/mL against P. aeruginosa. In contrast, the MIC values of
BAC and DDAC were 0.36 pg/mL and 1.4 pg/mL against S. aureus, and 12 ng/mL and 43
pg/mL for P. aeruginosa, respectively. This QAC panel is composed of a selection of bis-cationic
QACs with symmetrical alkyl chains of 10 or 12 carbons in length, plus an analogous selection

of multi-QACs bearing linear or branched poly-cationic cores.

QAC antibacterial activity against the gram-positive S. aureus is not consistently affected
by hard water.

Since the QACs display significant inhibitory activity against both gram-positive and
gram-negative pathogens by MIC assays, we wanted to assess the bactericidal activity of the
QACs through suspension time-kill assays.”**> We performed time-kill assays following the
American Society for Testing and Materials (ASTM) E2315 standard protocol and report the
CFU/mL log reduction values (LRV) at 1, 2, and 5 minutes relative to CFU/mL values at time 0
of untreated controls.!% This time-assays were performed in both distilled and AOAC 400
pg/mL hard water (400 pg/mL of calcium carbonate), a level of water hardness commonly used
when testing disinfectants for commercialization. Our QAC panel was tested using a final
concentration of 200 pg/mL. This concentration was selected based on QAC usage during
disinfection in real-world scenarios.®” 1% Importantly, we did not observe precipitate formation
of our compounds at this level of water hardness at the QAC concentration tested. To accurately

measure the killing efficacy of this panel of QACs over short periods of time, their antimicrobial
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activity must be neutralized after the desired contact time. This neutralizing agent must itself be
nontoxic, and it must be able to neutralize the compounds almost instantly. To achieve this, we
used Dey-Engley (D/E) neutralization broth and performed neutralization tests following the
ASTM E1054 protocol.!'? D/E neutralization broth was  developed to improve the
reproducibility in testing antimicrobial agents, including QACs.!!!

We were able to effectively neutralize the bactericidal activity of the QACs using a
preparation of 2X D/E broth. We did not see significant effects of the neutralizer on the viability
of S. aureus SH1000 and P. aeruginosa PAO1 strains after neutralizing the QACs (see
Supplemental Figure 1). To increase the throughput of these time-kill assays, the ASTM E2315
standard protocol was adapted to a 96-well plate format with spot plating allowing quick
assessment of which compounds were most active by visual inspection (see Supplemental
Figures 6 and 7).

Uniform MIC values were observed against the gram-positive S. aureus across the QAC
panel, all between 0.34 pg/mL and 0.89 pg/mL (Table 1). However, time-kill assays revealed
clear differences in bactericidal effectiveness. While QAC 3 displayed both strong inhibitory and
killing activity against S. aureus, some of the QACs that displayed the strongest inhibitory
activity by MIC assay (7, 9, 10) were relatively less effective at killing in time-kill assays in
early time points. Conversely, compounds 1, 2 and 5 showed average MIC values but good
bactericidal activity in deionized water. In addition, we observed that hard water strongly
reduced the bactericidal activity of compounds 2, 4 and 7 against S. aureus. This was particularly
evident after 5 minutes of contact time for QAC 4 and 7, with a 3-log loss in killing activity
compared to that obtained in deionized water. This reduction in killing effectiveness was

observed in BAC within 1 minute of contact time but was never observed in DDAC. QACs 1, 3,
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5 and 8 behave similarly to BAC and DDAC in hard water against S. aureus, reducing the
bacterial populations below the limit of detection after 5 minutes of contact time. Interestingly,
QAC:s 5 and 10 performed better in hard water versus deionized water against S. aureus. Multi-
QACs with branched cationic heads (8, 9, and 10) also showed enhanced killing in hard water
against S. aureus (Table 1). Compound 4 showed the weakest potency in hard water, displaying
almost complete loss of bactericidal activity even after 5 minutes of contact time, but the
analogous compound 5 with two additional carbons in the alkyl chains, was markedly different.
These results show the differences in inhibitory (MIC) and bactericidal (time-kill) bioactivities of

these QACs against S. aureus.

QACG:s antibacterial activity against the gram-negative P. aeruginosa is significantly reduced
by hard water.

P. aeruginosa is a gram-negative opportunistic pathogen of clinical importance due to
high antibiotic resistance profiles and its prevalence as a hospital-acquired pathogen, especially
in those suffering from cystic fibrosis and other immunocompromised individuals.®® As a gram-
negative bacterium, P. aeruginosa possesses an envelope composed of an asymmetric outer
membrane made of an inner phospholipid leaflet and an outer lipopolysaccharide (LPS) leaflet, a
phospholipid bilayer inner cytoplasmic membrane, and a thin peptidoglycan cell wall between
these membranes.>! This envelope acts as a barrier to multiple antimicrobials in gram-
negative bacteria.’!

To test how these QACs perform against a gram-negative pathogen in practical
applications, we compared the bactericidal effectiveness of our panel against P. aeruginosa in

deionized and hard water. In terms of growth inhibition, MIC values showed a wide range of
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effectiveness in the inhibition of P. aeruginosa, with QAC 4 and 7 showing the weakest
inhibition with 41 pg/mL and 6.5 ng/mL, respectively (Table 2). The other QACs in our panel
showed comparable MIC values that ranged from 1.34 pg/mL to 2.9 pg/mL. Similarly,
bactericidal activity measured by time-kill assays showed a range of bioactivity. Compounds 1
and 2 showed modest inhibitory activities by MIC and good bactericidal activity compared to
other QAC:s. In contrast, compound 7 showed low inhibitory activity relative to other QACs
within the panel, but its bactericidal activity was comparable to the other compounds. Similarly,
BAC and DDAC showed relatively low inhibitory activity, but potent bactericidal activity as
determined in time-kill assays.

The most striking difference we observed in our data was the pronounced and detrimental
effects of hard water in the bactericidal activity of all QACs in our panel. We observed that only
compounds 1, 2 and 3 retained some of their bactericidal activity against P. aeruginosa in hard
water, while the rest of the QACs within the panel were almost completely inactivated in hard
water. It is tempting to speculate that the simpler structural characteristics of these QACs (1, 2
and 3) makes them less susceptible to inactivation by hard water compared to the bulkier multi-
QAGC:s. It is important to note that DDAC retained its strong bactericidal activity, even in hard
water. The observed bactericidal activity patterns in our time-kill data in deionized and hard
water show that the inactivating effects of the latter on bactericidal activity against the gram-
negative P. aeruginosa is general. Divalent cations are known to stabilize the outer membrane
charge of gram-negative bacteria.!!? It is possible that the divalent cations present in hard water
have a similar protective effect rendering the QACs ineffective. Our results highlight the need to
further explore the nuances of the effects of hard water on cationic antimicrobials, especially

against gram-negative pathogens.
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Dynamic surface tension reduction might be a better proxy for bactericidal activity than
MIC values.

With the inhibitory and bactericidal activities of this QAC panel at hand, we explored
how the innate ability of these QACs to reduce surface tension correlated with these
antimicrobial activities. The dynamic surface tension (DST) of our compounds was measured
using a Kruss Bubble Pressure Tensiometer. We found that our QAC panel (and commercial
QAC:s) displayed a range of DST values (Supplemental Information), with the commercially
available mono-QACs (chloride salts) displaying the lowest values. Using this information,
Pearson correlation coefficients were calculated using the DST values and the log reduction
values obtained with the 12 QACs in our panel against S. aureus and P. aeruginosa at 1,2 and 5
minutes. The statistical significance of the correlation of DST values LRV values against each
bacterial strain was determined, as presented in Table 3. Statistically significant positive
correlation of DST reduction with bactericidal activity against both S. aureus and P. aeruginosa
was observed. This correlation was conserved with bactericidal activity in deionized and hard
water at most timepoints with both bacterial strains. Importantly, the DST 500 msec time point
showed stronger correlation with bactericidal activity than the 9,800 msec time point,
particularly with bactericidal activity within shorter contact times in time-kill assays (1 and 2
minutes). However, is important to note that the correlation of DST values with bactericidal
activity is not useful when other co-surfactants are present in the formula since the surface
activity of the co-surfactants can mask the contribution of QACs in the DST measurements in

addition to the limitations in power of this statistical analysis due to the sample size.
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To our surprise, we found no significant positive or negative correlation of DST with
MIC values (Pearson’ r coefficients <+ 0.21 for S. aureus and <=+ 0.13 for P. aeruginosa) or
statistically significant correlation between MIC and log reduction values against S. aureus and
P. aeruginosa (Pearson’ r coefficients <+ 0.23 for S. aureus and <=+ 0.41 for P. aeruginosa) in
deionized or hard water at any time point tested (Supplemental Information). These data
support the idea that the dispersion of QACs measured by DST values can be correlated with
bactericidal activity but not MIC values. This could offer a cost-effective method to screen

QAC:s for high bactericidal activity.

Effect of counterion in bactericidal activity in hard water.

Since we noted that the commercially available BAC and DDAC are the chloride salts,
we explored if the counterion (bromide versus chloride salts) had a role in the effectiveness of
one of our QAC. To our knowledge, the effects of counterion in the antimicrobial activity of
diverse QACs has been explored, but not in relation to the activity in hard water.!'* We decided
to investigate whether the inclusion of chloride or bromide counterions had an impact on the
activity of QAC 3, as this QAC showed reduced activity in hard water against P. aeruginosa.
Interestingly, we found that the chloride salt of QAC 3 was much more active in hard water
compared to the bromide salt, both tested at a final concentration of 200 pug/mL (Figure 2). A
higher antimicrobial activity has also been associated with the chloride salt of gemini quaternary
ammonium salts against fungal pathogens.!'* This counterion-dependent activity increase of
QACs has been mainly attributed to effects of the counterion in solubility.* It is believed that the

counterion does not directly affect the activity of QACs.!! These data provide additional
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evidence in support of the importance of the counterion selection during synthesis of QACs, and

the potential effect on bactericidal activity.

Combination of QACs with DDAC show enhanced bactericidal activity.

Leveraging the information obtained of the effect of the chloride counterion in
bactericidal activity, we reasoned that combinations of our QACs with DDAC could overcome
the negative effects of hard water on bioactivity because of the effects of the chloride counterions
provided by DDAC. We tested these combinations against both S. aureus and P. aeruginosa to
ensure that the mixtures of QACs were still as active against both bacterial strains. No major
difference was observed in bactericidal activity against S. aureus, with most combinations
showing the same potent bactericidal efficacy (Table 4). Importantly, combinations of DDAC
with some of the compounds in our QAC panel outperformed the BAC and DDAC combination
commonly found in commercial products in shorter timeframes. In contrast, combination of
QACs with DDAC against P. aeruginosa showed more pronounced differences in activity.
Interestingly, only the combination of QAC 8 with DDAC outperformed the BAC and DDAC
combination against P. aeruginosa, with over 1 log reduction higher after 2 minutes of contact
time compared to the commercially used QAC combination. Compound 4 also showed the
lowest bactericidal activity against P. aeruginosa, which correlates with the results obtained in
time-kill assays when testing this QAC alone. Whether the difference in bactericidal activity
observed with QAC combinations are due to the interaction of the QACs with the bacterial
membranes or interactions between the QACs themselves is not known. These data suggest that
combinations of QACs could be used to improve the bactericidal activity against difficult to

eradicate gram-negative pathogens, such as P. aeruginosa.
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Conclusion

Biocides play an essential role in the control of microbial pathogens in a wide range of
industries. Nevertheless, increased usage of biocides such as QACs is leading to higher rates of
antimicrobial resistance development.!!> MIC and time-kill assays have been a cornerstone in
antimicrobial research, allowing easy determination of inhibitory and bactericidal activity of
different antimicrobial agents. However, these assays can become cumbersome when screening
numerous antimicrobials. Our data indicates that DST measurements have good correlation with
bactericidal activity under real-world disinfection conditions. However, DST values do not
correlate with inhibitory activity of QACs determined by MIC assays. Interestingly, we found no
statistical correlation between inhibitory capacity and bactericidal activity of in our QAC panel.
In addition, we observed that the bactericidal effectiveness of our QAC panel was significantly
reduced against gram-negative P. aeruginosa in hard water, but less so against the gram-positive
S. aureus (Table 1 and Table 2). To investigate additional factors that affect the potency of
QAC:s in hard water, we evaluated the effect of counterions in QAC activity in hard water and
the effectiveness of QAC combinations with DDAC. We found that the chloride salt of a tested
QAC outperformed the corresponding bromide salt. Of note, the chloride salts of both BAC and
DDAC were used in this study, and they also retained partial and full bactericidal activity in hard
water against P. aeruginosa, respectively. Thus, the effect of counterion in QAC bactericidal
activity in hard water should be further explored. In addition, we found that rational
combinations of QACs could help mitigate the effects of hard water in bactericidal activity. This
study provides evidence that DST can be used as a quick and effective technique to broadly

screen QACs for bactericidal activity in real-world disinfection conditions. Finally, this study
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underlines the need to further explore strategies to overcome the detrimental effects of hard

water to QAC bactericidal activity as novel and potent biocides are developed.
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General Biological Information

P aeruginosa PAO1 strain was streaked onto lysogeny broth (LB) agar (Sigma-Aldrich,
1102830500) plates and incubated (NuAire, Plymouth, MN) at 37 °C overnight. Single colonies
were used to inoculate LB liquid cultures (5 mL) and incubated for 18-24 hours at 37 °C with
shaking. Similarly, S. aureus SH1000 strain was streaked onto Tryptic Soy Broth (TSB) agar
plates and liquid cultures were prepared using TSB. All optical density measurements were taken
at 600 nm wavelength (ODsoo) using a Synergy H1 Plate Reader from Agilent. For time-kill
assays, Microbial Nutrient Test Agar (MCA) plates (BD, 255320) were used to generate a lawn
of bacteria by spread plating 250 pL/plate and incubated at 37 °C overnight. Bacteria were
scraped from lawn and resuspended in 1 mL of sterile water to generate a dense bacterial
suspension for assays. Of note, this bacterial collection method from plates is known to increase

tolerance to biocides compared to liquid suspensions.'%®

Minimal Inhibitory Concentration (MIC) Assays

MIC microdilution assays were performed in a 96-well plate using Mueller-Hilton broth (MHB)
following CLSI protocols.!'¢ 100 uL of 1 mM stocks of QACs prepared in 10 % DMSO and
deionized water were added to the plates and serially diluted by 2-fold to give a wide range of
actives concentrations in a 100 pL volume. Some QACs stocks were diluted using AOAC 400
pg/mL hard water instead to test if MIC values changed when using hard water. No difference in
MIC values was observed in the tested QACs. Bacteria were grown overnight in MHB at 37 °C,
and then subcultured in fresh MHB until exponential growth phase was reached (ODgoo ~ 0.5).

These actively growing bacteria were diluted to ca. 10 CFU/mL and 100 pL of this bacterial
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suspension was added to each well for a final concentration of 5 x 10° CFU/mL in a 200 uL final
volume. After inoculation, plates were incubated statically for 24 hours at 37 °C. MIC values
were determined as the lowest concentration of compound that prevented visible growth of

bacteria. A minimum of three biological replicates were performed per assay.

Neutralization Assays

Dey/Engley (D/E) neutralizing broth (BD, 281910) was prepared following the manufacturer’s
protocol at a 2X concentration and sterilized by autoclaving. Neutralization assays were
performed following ASTM E1054 protocol.!'® Overnight cultures of bacteria were diluted to
~5,000-50,000 CFU/mL. 0.1 mL of this suspension was used to prepare an inoculation control in
9.9 mL of sterile deionized water. 9.9 mL of 2X D/E neutralization broth were inoculated in the
same manner and used as the neutralizer control. QACs neutralization was tested by adding 1 mL
of QAC at 2000 pg/mL (final concentration 200 pg/mL) to 9 mL of 2X D/E broth already
inoculated with 0.1 mL of the bacterial suspension. These suspensions were vortex to mix and
left untouched for ~ 2 minutes before plating on MCA plates for recovery. Plates were incubated
overnight at 37 °C statically. Recovery rate was calculated by comparing the recovered CFU/mL

of treated samples to the inoculum (untreated) control.

AOAC 400 pg/mL Hard Water

Association of Official Analytical Collaboration International (AOAC) 400 pg/mL hard water
was prepared following EPA SOP: MB-30-02. Briefly, solution 1 was prepared adding 16.94 g of
MgCl,:6 H>0 and 18.50 g of CaClI2 to deionized water and brought to a final volume of 250 mL

volumetrically. This solution was sterilized by filtration using a 0.22 pM membrane filter.
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Solution 2 was prepared in a similar fashion by adding 14.01 g of NaHCO3 to DI-H20 and
brought to a final volume to of 250 mL volumetrically and sterilized by membrane filtration. Per
1 L of AOAC 400 pg/mL hard water, 1 mL of solution 1 and 4 mL of solution 2 were added and
sterilized by membrane filtration. This final 400 pg/mL sterile AOAC hard water solution was
freshly prepared before each experiment and used within 1 day of preparation. Stocks of Solution

1 and 2 were stored at 4 °C for maximum of 1 week.

Time-Kkill assays

Suspension time-kill assays were performed in a 96-well plate to facilitate assay and reduce
materials used following ASTM E2315 standard protocol.!?® Briefly, dense bacterial suspensions
were used to inoculate solutions of active in either deionized or hard water at a final volume of 1
mL using sterile 1.5 mL microcentrifuge tubes, with a final active compound concentration of
200 pg/mL. These suspensions were constantly mixed by inverting the tubes to maintain a
homogenous solution throughout the experiment. An inoculation control without active was
always included. After specific contact times (0, 0.5, 1, 2, and 5 minutes), 10 pL were transferred
to 90 uL of 2X D/E broth for neutralization in a 96-well plate and mixed by pipetting. 10-fold
serial dilutions were made in 2X D/E broth in the 96-well plate and 5 pL of these dilutions were
spot plated onto pre-dried MCA plates. MCA plates were incubated at 37 °C overnight, and
CFU/mL values were determined after incubation accounting for the dilutions used. CFU/mL
bacterial log reduction was calculated using the untreated control also diluted in 2X D/E broth

and plated alongside the treated samples.

Statistical Analyses
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All statistical analyses were performed using the GraphPad Prism 9.0 software (San Diego, CA).
When the value of P <0.05, it was considered statistically significant. Pearson correlation

coefficients and simple linear regression models were used to determine statistical significance

of correlations.
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Figure 1. Best-in-class quaternary ammonium compounds (QACsS) structure and minimal

inhibitory concentrations (MIC). Best-in-class QACs were selected based on their biological

activity measured using conventional MIC assays for S. aureus (Sa) and P. aeruginosa (Pa) as

well as diversity of structures. The commercially available mono-QACs benzalkonium chloride

(benzyldimethyldodecylammonium chloride) and didecyldimethylammonium chloride were also

included as part of the QAC panel for this study.
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Table 1. CFU/mL log reduction of S. aureus by QAC panel (n = 2).

Log reduction values (LRV); CFU/mL
1 minute 2 minutes 5 minutes
MIC Deionized Hard Deionized Hard Deionized Hard

QAC* (ug/mL) Water  Water Water Water” Water  Water®
QAC 1 0.62 1.9 1.3

QAC 2 0.64 24

QAC3 | 44

QAC4 0.64 04 0.0 0.7

QACS5 0.70 1.1 2.6 2.1

QAC6 0.73 1.1 24 3.7

QAC7 0.3 0.8 0.9

QAC8  0.89 0.4 13 16

QAC9 05 0.9

QAC10 0.5
BAC 0.91

DDAC

* QAC:s final concentration used was 200 ug/mL.
b A0AC 400 ug/mL hard water.




Table 2. CFU/mL log reduction of P. aeruginosa by QAC panel (n = 2).

Log reduction values (LRV); CFU/mL

1 minute 2 minutes 5 minutes

MIC Deionized Hard Deionized Hard Deionized Hard

QAC (Mg/mL)  Water Water Water Water® Water  Water’
QAC 1 25 2.0 0.5 2.9 1.3 2.5
QAC 2 2.6 0.6 14

QAC3 2.7 0.4 2.6 0.9 29 1.2
QAC4 41 25 0.1 2.7 04 3.1 0.1
QACS5 2.8 2.0 0.6 1.7 0.0 3.3 0.0
QACG6 2.9 25 0.0 3.0 0.0 3.2 0.6
QAC7 6.5 2.3 0.2 1.9 0.9 3.1 0.1
QAC 8 2.8 0.0 34 0.0 0.0
QAC9 24 0.2 2.5 0.2 3.0 0.0
QAC 10 1.9 0.2 1.9 0.2 3.1 0.1

BAC 43 1.8 2.2 2.4
DDAC 12 41 51

* QAC:s final concentration used was 200 ug/mL.
b A0AC 400 ug/mL hard water.



Table 3. Pearson correlation coefficients calculated using the dynamic surface tension (DST)

values and log reduction values (LRV) of the 12 QACs within our panel.

S. aureus (LRV) P. aeruginosa (LRV)
DI water 1 minute 2 minutes 5 minutes 1 minute 2 minutes 5 minutes
a * *
Kruss DST at 500-msec 0.64 0.65
a * * * *
Kruss DST at 9800-msec = 0-62 0.62 0.43 0.58 0.64
Hard water
a
Kruss DST at 500-msec 0.55 0.42
a * *
Kruss DST at 9800-msec ~ 0-60 0.48 0.51 0.56 0.66

2DST values were measured using a QAC concentration of 1 mg/mL.
* Statistically significant correlation P-value < 0.05 (critical value of r = 0.576).

Highlighted values in white: Power (1-p = 0.8) by post hoc analysis using G*Power.
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Figure 2. Chloride counterion QACs are more tolerant to hard water effectiveness reduction. P-

12,12 Br (3) and P-12,12 CI~ (3 CI") were tested by time-kill assay against P. aeruginosa and the

reduction in CFU/mL over time was measured in triplicates.
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Table 4. CFU/mL log reduction values (LRVs) of S. aureus and P. aeruginosa by combined

QACs (QAC combination concentration = 200 pg/mL) in AOAC 400 pg/mL hard water (n = 2).

S. aureus (LRV)

P. aeruginosa (LRV)

Combination 1 minute 2 minutes 5 minutes
1+ DDAC
2+ DDAC
3+ DDAC
4 + DDAC
5+ DDAC
6 + DDAC
7 + DDAC
8 + DDAC
9+ DDAC
10 + DDAC
BAC + DDAC 2.8

1 minute 2 minutes 5 minutes

23
20
1.9
1.7
1.9
29
1.7
3.0
23
1.6
2.8

26
23
26 25
1.8 22
27 3.3
2.7 3.1
2.6 3.5
1.7

3.1
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S. aureus SH1000

N.D.

0

1 1 1 1
2XD/IE #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Compound neutralized

P. aeruginosa PAOL1

2XDIE #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Compound neutralized

Supplementary Figure 1: Neutralization assays with S. aureus SH1000 (top) and P.
aeruginosa PAO1 (bottom) using 2X Dey-Engley (D/E) neutralization broth. 2X Dey-Engley
neutralization broth toxicity was also measured (2X D/E). Average of two biological replicates is
plotted for each strain. Inoculum control was normalized to 100 % (dashed line). Final
concentration of QACs tested was 200 pg/mL and contact time for QACs was 2 minutes.
Compound #10 neutralization was not determined (N.D.) since previous experiment showed

effective neutralization of very similar compounds within the panel.
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Supplementary figure 2. QACs time-dependent Kkilling effectiveness of S. aureus is

infrequently affected by hard water. S. aureus was exposed to QACs at a concentration of 200

pg/mL for 0.5, 1, 2 and 5 minutes in distilled water (empty symbol) and AOAC 400 pg/mL hard

water (filled symbol). After QAC neutralization at specific times, bacterial cells were spot plated.

CFU/mL values were calculated for treated samples and untreated samples (0 minutes). Limit of

detection (LOD) shaded in gray.
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Supplementary figure 3. QACs time-dependent Killing effectiveness of P. aeruginosa is
significantly affected by hard water. P. aeruginosa was exposed to QACs at a concentration of
200 pg/mL for 0.5, 1, 2 and 5 minutes in distilled water (empty symbol and 400 ug/mL hard
water (filled symbol). After QAC neutralization at specific times, bacterial cells were spot plated
(left panel). CFU/mL values were calculated for treated samples (right panel) and untreated

sample (0 minutes). Limit of detection (LOD) shaded in gray.
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Supplementary figure 4. Combination of DDAC and QAC tested in hard water against S.

aureus. S. aureus was exposed to mixes of QACs or QPCs and DDAC (100 pg/mL each) and the

reduction in CFU/mL was measured over time in AOAC 400 pug/mL hard water.
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Supplementary figure 5. Combination of DDAC and QAC tested in hard water against P.
aeruginosa. P. aeruginosa was exposed to mixes of QACs or QPCs and DDAC (100 pg/mL

each) and the reduction in CFU/mL was measured over time in AOAC 400 pg/mL hard water.
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Supplementary figure 6. Example of spot plating with time-kill assay perform in deionized
water with S. aureus SH1000. S. aureus was exposed to QACs at a concentration of 200 pg/mL
for 0.5, 1, 2 and 5 minutes in distilled water and pictures were taken after 24 hours of recovery in
Microbial Content Test Agar (MCA) plates. Increasing dilutions are plated (107'-10) on each

plate from left to right.
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Supplementary figure 7. Example of spot plating with time-kill assay perform in deionized
water with P. aeruginosa PAO1. P. aeruginosa was exposed to QACs at a concentration of 200
pg/mL for 0.5, 1, 2 and 5 minutes in distilled water and pictures were taken after 24 hours of
recovery in Microbial Content Test Agar (MCA) plates. Increasing dilutions are plated (10-'-10)

on each plate from left to right.
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Supplementary figure 8. Correlation plots between QACs MIC and surface tension (ST)

values and CFU/mL log reduction against S. aureus SH1000. Correlation plots and simple
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linear regressions between QACs MIC values (left), and Kruss ST at 500 msec (center) and 9800

msec (right) values and CFU/mL log reduction values against S. aureus SH1000. CFU/mL log

reduction were plotted for time-kill assays performed in deionized (DI) water (empty circles) and

AOAC 400 pg/mL hard water (filled circles). Pearson’s r correlation coefficients are presented in

Table 4.
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linear regressions between QACs MIC values (left), and Kruss ST at 500 msec (center) and 9800

msec (right) values and CFU/mL log reduction values against P. aeruginosa PAO1. CFU/mL log

reduction were plotted for time-kill assays performed in deionized (DI) water (empty circles) and

AOAC 400 pg/mL hard water (filled circles). Pearson’s r correlation coefficients are presented in

Table 4.
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Supplementary figure 10. Correlation plots between QACs MIC values and surface tension
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and 9800 msec (dark blue) values against S. aureus SH1000 (left panel) and P. aeruginosa PAO1
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Supplementary Table 1: Dynamic surface tension (DST) values of QAC panel.

QAC Kruss BPT Mobile: Kruss BPT Mobile:
DST at 500-msec (mN/m) DST at 9800-msec (mN/m)

12(2)12 45.71 32.23

12(5)12 46.16 42.01

P-12,12 43.68 39.9

10(3)0(3)10 61.8 53.95

12(3)0(3)12 60.86 51.07

12(2)0(2)0(2)12 48.96 42.44

12(3)2(3)12 47.42 40.27

T-10,10,10,0 52.73 39.07

sT-10,10,10,0 56.26 47.91

sT-10,10,10,1 65.33 53.82

BAC 42.3 39.2

DDAC 31.3 29.9

**QACs formulated at 1000 pg/mL in DI water
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Supplementary Table 2: Pearson correlation coefficient and P values calculated using MIC

values and CFU/mL log-reduction against S. aureus. A P < 0.05 is reported as significant.

Contact time 1 minute 2 minutes 5 minutes
MIC (pg/mL) vs. CFU/mL log- MIC (ng/mL) vs. CFU/mL log- MIC (pg/mL) vs. CFU/mL log- MIC (ug/mL) vs. CFU/mL log- MIC (ng/mL) vs. CFU/mL log- MIC (pg/mL) vs. CFU/mL log-
reduction in DI water reduction in hard water reduction in DI water reduction in hard water reduction in DI water reduction in hard water

Pearson r -0.2313 -0.2126 -0.06062 -0.01103 -0.2297 0.04762

P value 0.4695 0.5071 0.8516 0.9729 0.4726 0.8832
Significance

N N N N
alpha = 0,05) o o o o No No

56



Supplementary Table 3: Pearson correlation coefficient and P values calculated using DST
values at 500 msec and CFU/mL log-reduction against S. aureus. A P < 0.05 is reported as

significant.

Contact time 1 minute 2 minutes 5 minutes

DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL

log-reduction in DI water log-reduction in hard water log-reduction in DI water log-reduction in hard water log-reduction in DI water log-reduction in hard water
Pearson r 0.8139 0.7581 0.7948 0.5503 0.7789 0.4171
P value 0.0013 0.0043 0.002 0.0638 0.0028 0.1773
Significance S
alpha = 0,05) Yes Yes Yes No Yes No
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Supplementary Table 4: Pearson correlation coefficient and P values calculated using DST

values at 9800 msec and CFU/mL log-reduction against S. aureus. A P < 0.05 is reported as

significant.

Contact time

1 minute

2 minutes

5 minutes

DST 9800 msec vs. CFU/mL  DST 9800 msec vs. CFU/mL
log-reduction in DI water log-reduction in hard water

DST 9800 msec vs. CFU/mL  DST 9800 msec vs. CFU/mL
log-reduction in DI water log-reduction in hard water

DST 9800 msec vs. CFU/mL  DST 9800 msec vs. CFU/mL
log-reduction in DI water log-reduction in hard water

Pearson r 0.6219 0.601 0.6253 0.4759 0.707 0.5057
P value 0.0308 0.0387 0.0297 0.1178 0.0101 0.0935
Significance

alpha = 0.05) Yes Yes Yes No Yes No
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Supplementary Table 5: Pearson correlation coefficient and P values calculated using MIC

values and CFU/mL log-reduction against P. aeruginosa. A P < 0.05 is reported as significant.

Contact time 1 minute 2 minutes 5 minutes
MIC (pg/mL) vs. CFU/mL log- MIC (ng/mL) vs. CFU/mL log- MIC (pg/mL) vs. CFU/mL log- MIC (ug/mL) vs. CFU/mL log- MIC (ng/mL) vs. CFU/mL log- MIC (pg/mL) vs. CFU/mL log-
reduction in DI water reduction in hard water reduction in DI water reduction in hard water reduction in DI water reduction in hard water
Pearson r 0.4125 0.2518 0.3091 0.2426 0.2514 0.09823
P value 0.1827 0.4299 0.3283 0.4475 0.4306 0.7613
Significance
alpha = 0.05) No No No No No No
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Supplementary Table 6: Pearson correlation coefficient and P values calculated using DST

values at 500 msec and CFU/mL log-reduction against P. aeruginosa. A P < 0.05 is reported as

significant.
Contact time 1 minute 2 minutes 5 minutes

DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL DST 500 msec vs. CFU/mL

log-reduction in DI water log-reduction in hard water log-reduction in DI water log-reduction in hard water log-reduction in DI water log-reduction in hard water

Pearson r 0.6442 0.708 0.7211 0.7983 0.6468 0.8199
P value 0.0238 0.01 0.0081 0.0019 0.023 0.0011
Significance . « . <
alpha = 0,05) Yes Yes Yes Yes Yes Yes
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Supplementary Table 7: Pearson correlation coefficient and P values calculated using DST

values at 9800 msec and CFU/mL log-reduction against P. aeruginosa. A P <0.05 is reported as

significant.
Contact time 1 minute 2 minutes 5 minutes

DST 9800 msec vs. CFU/mL ~ DST 9800 msec vs. CFU/mL  DST 9800 msec vs. CFU/mL ~ DST 9800 msec vs. CFU/mL  DST 9800 msec vs. CFU/mL  DST 9800 msec vs. CFU/mL

log-reduction in DI water log-reduction in hard water log-reduction in DI water log-reduction in hard water log-reduction in DI water log-reduction in hard water

Pearson r 0.43 0.5635 0.5847 0.6639 0.6368 0.7183
P value 0.163 0.0564 0.0459 0.0186 0.026 0.0085
Significance . . .
alpha = 0,05) No No Yes Yes Yes Yes
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Supplementary Table 8: Pearson correlation coefficient calculated using MIC values (pg/mL)
and CFU/mL log-reduction against S. aureus and P. aeruginosa. A P < 0.05 is reported as

significant. No statistical significance achieved.

S. aureus P aeruginosa
DI water 1 minute 2 minutes 5 minutes 1 minute 2 minutes 5 minutes
MICa -0.23 -0.06 -0.23 0.41 0.31 0.25
Hard water
MICa -0.21 -0.01 0.05 0.25 0.24 0.10

2 MIC values in pg/mL were used.
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Supplementary Table 9: Raw CFU/mL values obtained in suspension time-kill assays with P,

aeruginosa and P-12,12 (3) bromide and chloride salts.

P-12.12 Br-
Time (min) P-12,12BrA _P-12,12BrB P-12,12 Br C
0 3000000000 3600000000 2000000000
0.5 3400000000 800000000 2800000000
1 2200000000 800000000 800000000
2 600000000 600000000 800000000
5 2200000000 800000000 1200000000
P-12.12 CI-
Time (min) P-12,12CIA P-12,12CIB P-12,12CIC
0 3200000000 2200000000 2800000000
0.5 2400000000 1400000000 1000000000
1 800000000 600000000 600000000
2 40000000 80000000 40000000
5 1000000 600000 1800000
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Abstract

Pseudomonas aeruginosa is a major nosocomial pathogen that persists in healthcare settings
despite rigorous disinfection protocols due to intrinsic mechanisms conferring resistance. We
sought to systematically assess cationic biocide efficacy against this pathogen using a panel of
multidrug-resistant P. aeruginosa clinical isolates. Our studies revealed widespread resistance to
commercial cationic disinfectants that are the current standard of care, raising concerns about
their efficacy. To address this shortcoming, we highlight a new class of quaternary phosphonium
compounds that are highly effective against all members of the panel. To understand the
difference in efficacy, mechanism of action studies were carried out which identified a discrete
inner-membrane selective target. Resistance selection studies implicated the SmvRA efflux
system (a transcriptionally regulated, inner membrane-associated efflux system) as a major
determinant of resistance. This system is also implicated in resistance to two commercial
bolaamphiphile antiseptics, octenidine and chlorhexidine, which was further validated herein. In
sum, this work highlights, for the first time, a discrete inner-membrane specific mechanism for
the bolaamphiphile class of disinfectants that contrasts with the prevailing model of
indiscriminate membrane interactions of commercial amphiphiles paving the way for future

innovations in disinfectant research.
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Introduction

Cationic biocides are commonly found in antiseptic and disinfectant products that
provide the first line of defense against microbial pathogens®” !'7. Their utility extends from
household and agricultural disinfection to biotic and abiotic surface decontamination in

healthcare settings!'8

. Due to their widespread use, tens of millions of pounds of cationic
biocides are produced in the United States annually for disinfection®’. Benzalkonium chloride
and didecyldimethylammonium chloride are examples of highly effective cationic biocides used
in healthcare settings due to their low toxicity and wide-spectrum efficacy. However, over
decades of use, resistance to these biocides has increased at an alarming rate, threatening their
utility'!®. Biocide resistance has more recently been exacerbated by the COVID-19 pandemic, as
stringent disinfection protocols became widespread and usage increased!!®. Moreover, resistance
to biocides has been shown to promote antibiotic resistance!2% 12!,

Resistance to cationic biocides in gram-negative bacteria is especially troubling due to
the ever-shortening list of effective treatments against such pathogens. A major goal of this study
was to evaluate the efficacy of both commercially available and our best-in-class cationic
biocides against a panel of Pseudomonas aeruginosa clinical isolates. P. aeruginosa is an
opportunistic gram-negative pathogen that is responsible for over 500,000 deaths annually and is
currently ranked as a Serious Threat by the CDC, and a pathogen of Critical Priority by the
WHO®, Recently, Stribling et al. reported the decade-long persistence of P. aeruginosa strains in

a hospital and how proper infection control was essential to suppress spread, highlighting the

importance of effective disinfection protocols!'?2.
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Cationic biocides generally act upon bacterial cells by binding to and subsequently
disrupting the phospholipid cell membrane?!. With two cellular membranes, gram-negative
bacteria possess an added barrier to the uptake of disinfectants and other antimicrobials!'?*.
Resistance to well-studied quaternary ammonium compound (QAC) disinfectants in gram-
negative bacteria includes the expression of efflux pumps, upregulation of polyamines like
spermidine, membrane lipid changes, and even biodegradation'?*. These mechanisms typically
confer cross-resistance against other QACs leading to widespread resistance for these biocides.
lustrating this point, we recently reported the identification of a clinical isolate of Acinetobacter
baumannii that is resistant to most, if not all, commercially available classes of QACs!?°. These
findings suggest the presence of underlying mechanistic subtleties and underscore the
importance of understanding how gram-negative bacteria can develop resistance to these
biocides. There is a paucity of innovation in this field, and this lack of mechanistic nuance in the
biocide mode of action has led to our current dire situation.

As detailed below, we conducted a screen against a panel of multi-drug resistant P.
aeruginosa hospital-acquired clinical isolates and observed broad resistance to QAC biocides
but, excitingly, superior efficacy of our novel quaternary phosphonium compounds (QPCs).
While exploring the bactericidal and resistance mechanisms of QPC P6P-10,10, we uncovered
distinct, structurally predictable mechanistic determinants of cationic biocides in gram-negative
bacteria that have profound implications for disinfectant resistance mechanisms. Through this
work, we have elucidated how the chemical properties of cationic biocides influence the
specificity of membrane targets in a panel of high-priority gram-negative pathogens and, in turn,
how this is reflected in their antimicrobial activity. These findings provide insight for rational

design of cationic biocides against gram-negative bacteria.
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Results

Pseudomonas aeruginosa clinical isolates are broadly cationic biocide resistant.

We sought to interrogate the efficacy of cationic biocides against a panel of P. aeruginosa
clinical isolates from the Multidrug-Resistant Organism Repository and Surveillance Network
(MRSN)!26, This panel was originally designed to maximize genetic diversity of P. aeruginosa
strains, but it also provides a diverse range of antibiotic resistance phenotypes. Thus, the panel
provides an excellent avenue to study antimicrobial resistance in this bacterial species. We
selected a subset of twenty genetically diverse multiple drug-resistant, extensively drug-resistant,
and pan-drug-resistant members, and collected ICoo values for four commercial disinfectants,
twelve of our best-in-class QACs, and two of our best QPCs. Initially, we determined MICs for
each cationic biocide listed and observed superior antimicrobial activity of our QPCs (Fig S1).
However, we were met with trailing growth for certain QACs in different isolate strains,
corresponding with a heteroresistance phenotype like our previous observations in 4.
baumannii'?’. Due to the presence of resistant subpopulations above the MIC, we used ICo
values as a proxy for disinfectant efficacy to standardize our results (Fig. 1). Across the panel,
we observed a high degree of cationic biocide resistance in both commercially available QACs
and our next-generation QACs, compared to previously reported results with laboratory strain
PAO1 and our screen with 4. baumannii'?’. We observed no apparent correlation between
antibiotic resistance and disinfectant resistance, but we found each of the PA7-related species
displayed a high degree of disinfectant resistance. The PA7 clade is a taxonomic outlier that

possess an extended resistance spectrum and typically possesses an increased biofilm forming
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character!?®. This represents the first work to our knowledge on a potential connection between

disinfectant resistance and the PA7 clade.

Next generation QPCs are effective against highly antibiotic resistant P. aeruginosa strains.
In addition, we tested the effectiveness of two QPCs against this panel of P. aeruginosa
strains. We observed the superior inhibitory efficacy of QPCs P6P-10,10 and P6P-12A,12A (13
and 14 in Fig. 1, respectively) where traditional nitrogen-centered disinfectants fell short.
Whereas many QACs displayed trailing growth obscuring the MIC, QPCs P6P-10,10 and P6P-
12A,12A had distinct MICs averaging in the single- digit micromolar range across the panel. To
understand the ability of QPCs to overcome disinfectant resistance mechanisms, we sought to

further investigate any mechanistic differences that might be present.

The outer membrane of P. aeruginosa is not appreciably influenced by the presence of P6P-
10,10.

We used various membrane disruption assays to study the effects of P6P-10,10 on the
outer membrane of P. aeruginosa lab strain PAO1!2-132, Starting with the N-phenyl-1-
naphthylamine (NPN) uptake assay, we were surprised to see that there was minimal uptake of
NPN induced by P6P-10,10 treatment when compared to commercial QACs benzalkonium
chloride (BAC) and dodecyl dimethyl ammonium chloride (DDAC) at sub-MIC concentrations
(Fig. 2A). Upon dosing P6P-10,10 at sequentially higher concentrations above the MIC, we
observed a dose-dependent increase in NPN uptake, but it still was substantially less than the
other known membrane disrupters (Fig. S2A). Testing at a lower cell density (ODsoo = 0.05), we

observed similar results (Fig. S2B). Additionally, BAC was tested at increasingly higher
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concentrations and no significant changes were observed, suggesting that BAC saturates the
outer membrane well below the MIC (Fig. S2C). To further investigate the effect of P6P-10,10
on the outer membrane, we used a lysozyme permeability assay to test the effects of biocide at
the MIC. Again, we observed that P6P-10,10 exerts no appreciable permeabilizing effect on the
outer membrane of P. aeruginosa. However, QACs BAC and DDAC displayed potent membrane
permeabilizing effects (Fig. 2B), suggesting distinct mechanisms of action of these cationic
biocides. Additionally, a nitrocefin hydrolysis assay supported the previous results and indicated
that P6P-10,10 exerts a minimal effect on the outer membrane of P. aeruginosa at the MIC (Fig.

20).

P6P-10,10 selectively targets the inner membrane of P. aeruginosa.

To understand the effects of the QPC on the inner membrane, we used a 3,3’-
dipropylthiadicarbocyanine iodide [DiSC3-(5)] membrane depolarization procedure to measure
inner membrane disruption at a low cell density (ODeoo = 0.05)!33. P6P-10,10 displayed
appreciable depolarization at 0.5x and 1x MIC comparable to BAC (Fig. 2D). Furthermore, by
using a Laurdan generalized polarization (GP) assay, we observed similar dose-dependent
responses'**. A dose-dependent decrease in GP upon P6P-10,10 treatment was observed, which
correlates with an increase in membrane fluidity consistent with an inner membrane disruption
mechanism (Fig. 2E). Additionally, P6P-10,10 dose-dependently induced membrane disruption,
as determined by increase in fluorescence of the dye propidium iodide (Fig. 2F)!*°. The higher
concentration of QPC required to induce these membrane perturbations compared to the DiSC3-
(5) assay is due to a sizeable inoculum effect of P6P-10,10 on PAO1, where a significant increase

in MIC was observed when a larger inoculum was used (Fig. S3). These inner membrane
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disruption assays suggest that, while P6P-10,10 has no appreciable effect on the outer membrane,
it possesses an inner membrane-specific mechanism of action, distinct from QACs BAC and
DDAC. To the best of our knowledge, this is the first specific chemotype that is selective for the
inner membrane of gram-negative bacteria and may shed light on a new mechanism of action for

the future design of disinfectants.

Antagonism assays support an inner membrane-specific mechanism of action.

To further explore the inner membrane specificity of P6P-10,10, we performed two
different antagonism assays designed to probe this putative mechanism of action. Spermidine
(Spd) is a cationic polyamine of gram-negative bacteria. In P. aeruginosa, Spd has been shown to
localize to and protect the outer membrane from antibiotic treatment!3® 137, In addition, Kwon et
al. demonstrated that addition of exogenous Spd antagonizes activity of the cationic membrane
disrupter polymyxin B'*8, Furthermore, an increase in Spd production is a known transcriptional
response to treatment with BAC, presumably because it masks the negative potential on the
exterior of the cell'?*. To probe the mechanism of our lead QPC, P. aeruginosa was treated with
BAC, DDAC, and P6P-10,10 in the presence of 5 mM Spd. We hypothesized that if BAC and
DDAC target the outer membrane but P6P-10,10 does not, then we would observe Spd
antagonism with BAC and DDAC but not against P6P-10,10. As hypothesized, we observed that
exogenous Spd antagonized BAC and DDAC, as evidenced by the increase in MIC (Fig. S4).
However, the MIC of P6P-10,10 remained unchanged, further supporting our hypothesis that the
outer membrane is not the target of P6P-10,10. The second antagonism assay involved the use of
the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP). CCCP decouples the

electrical potential of the cytoplasmic membrane, and dosing at subinhibitory concentrations has
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shown to be advantageous to probe systems related to the inner membrane of bacteria!3® 149,

Previous results while exploring P6P-10,10 in P. aeruginosa have illustrated that CCCP is

antagonistic to QPC treatment®?

. We replicated this previous experiment and demonstrated that
CCCP is antagonistic to P6P-10,10, while having no profound effect on BAC treatment under the

experimental conditions tested (Fig. S4). Taken together, these results further support the inner

membrane specificity of P6P-10,10 activity.

Distinct mechanisms of resistance to cationic biocides.

We hypothesized that since these cationic biocides display distinct modes of action,
resistance to these compounds would be achieved through distinct mechanisms. In a recent study,
distinct intrinsic mechanisms of resistance were identified in A. baumannii using transposon-
directed insertion-site sequencing (TraDIS) and a panel of 10 biocides'*!. To explore acquired
resistance mechanisms to cationic biocides, we performed a resistance selection assay by
exposing the reference P. aeruginosa PAOI1 strain and four additional clinical isolates with
different MDR profiles to sub-inhibitory concentrations of BAC and P6P-10,10 over a period of
15 days, and isolated mutants with stable increases in MIC for both cationic biocides (Fig. 3A).
One resistant mutant from each genetic background was selected and subjected to whole-genome
sequencing to identify resistance determinants associated with decreased susceptibility to these
biocides. We observed no overlap in resistance mutations to these cationic biocides, consistent
with these biocides having a distinct mode of action (Fig. 3B). In addition, while adaptation to
P6P-10,10 can be pinpointed to a few genetic loci, BAC adaptation is associated with mutations
in multiple genetic loci across the genome (Fig. 3C). Loss of function mutations in 4trB1 were

frequently identified in the BAC-resistant mutants (3/5 strains) in addition to mutations in genes
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associated with several cellular functions including DNA replication and repair, biofilm
production, and virulence, among others (Fig. 3C). In contrast, loss of function mutations in
smvR, the negative transcriptional regulator of SmvA, were identified in all P6P-10,10 resistant
mutants, indicating this efflux system is involved in resistance to this QPC. Some BAC-resistant
mutants show a small increase in P6P-10,10 MIC, but the converse was not observed. (Table
S4). These data suggest that SmvA is a major bolaamphiphile resistance determinant in P
aeruginosa. Adaptations to cationic biocides with distinct mechanisms of action result in

completely different resistance profiles in P. aeruginosa.

SmvA is a major P6P-10,10 resistance determinant.

SmvR is a Tet-like repressor of SmvA, a Major Facilitator Superfamily (MFS) efflux
pump that has been shown to provide resistance to other cationic biocides. Derepression of
SmvA can occur by binding of the cationic compound to SmvR, causing a conformational
change that prevents it from effectively binding to DNA, or by loss of function mutations in
smvR (Fig. 4A). With 14 transmembrane domains, SmvA is classified within the drug:proton
antiporter (DHA) DHA2 member alongside QAC efflux pump (QacA) and LfrA, likely sharing
an “asymmetric rocker-switch” motion coordinated by extracellular loops!#% 43, Interestingly, a
loss of function mutation in smvR was identified in strains resistant to P6P-10,10 in all genetic
backgrounds (Fig. 4B). To assess the role of the SmvRA system in P6P-10,10 resistance, we
performed genetic complementation test by introducing a wildtype SmvR copy with its predicted
native promoter in pUCP30T vector to restore repression of SmvA, and measured susceptibility
to P6P (Fig. 4C)'*. Restoration of SmvR function partially restored susceptibility to P6P-10,10

as measured by MIC assays (Fig. 4D). In addition, SmvR complementation restores expression
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of SmvA close to wildtype levels, as measured by RT-qPCR (Fig. 4E). This also correlated with
an increased accumulation rate of Hoechst 33342, used as a proxy for efflux activity (Fig. 4F).
To further corroborate the involvement of SmvRA in P6P-10,10 resistance, we exposed the
wildtype and P6P-10,10-resistant strains harboring either pUCP30T with a functional copy of
SmvR or the empty vector as control to increasing concentrations of P6P-10,10 and observed
that introduction of a functional copy of SmvR led to a similar cationic biocide susceptibility
profile as wildtype P. aeruginosa PAO1 (Fig. 4G). In sum, these data unveil SmvA as a main
resistance determinant to the novel P6P-10,10, and highlight the importance of this MFS efflux
system in cationic biocide resistance. Further, these data exhibit different mutations associated

with distinct modes of action for cationic biocides.

Cationic biocides possess distinct mechanisms in gram-negative bacteria that are
structurally predictable.

Due to the shared resistance determinant among OCT, CHX, and P6P-10,10 in gram-
negative species, we hypothesized that they share an inner membrane-specific mechanism of
action in P. aeruginosa '3 14146 Using the NPN uptake assay for outer membrane
permeabilization, we observed no appreciable NPN uptake upon treatment with OCT or CHX
when compared to BAC and DDAC, like P6P-10,10. From the presence of smvR mutations in
other gram-negative species, we hypothesized that this inner membrane-specific mechanism of
action was not limited to P. aeruginosa. To test our hypothesis, we assessed the mechanism of
action of P6P-10,10, OCT, and CHX in additional gram-negative species Escherichia coli
MC4100 and Acinetobacter baumannii ATCC 19606. NPN uptake assays revealed that P6P-

10,10, OCT, and CHX do not appreciably perturb the outer membrane in any of the species
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tested (Fig. S5). Importantly, this demonstrates that cationic biocides act via different
mechanisms in gram-negative bacteria and uncovers a mechanistic difference that was previously
unknown. This was additionally validated by antagonism experiments with antibiotics with
reduced uptake in gram-negative species in combination with inner membrane specific biocides
(Fig. S7). With this new knowledge in hand, we revisited our initial P. aeruginosa panel and
tested CHX and OCT against the twenty clinical isolates. For these multicationic disinfectants,
we observed potency like that of the QPCs tested (Fig. 5, S4).

Through examining the molecular structures between the P6P-10,10, OCT, and CHX
compared to QACs BAC and DDAC, we observed the presence of spatially separated, charged
moieties in the former three. These compounds possess cationic warheads all separated by 6-8
methylene moieties. We posit that by possessing these cationic moieties separated by a linker,
these biocides selectively disrupt the inner membrane of gram-negative bacteria without
producing a strong effect on the outer membrane. Future studies will further probe this
phenomenon to better understand how the chemical composition of each membrane leads to its

chemo-selectivity.

Discussion

A longstanding problem in medicinal chemistry is the challenge associated with targeting
specific biological targets and cellular components over others. Here we report that cationic
antimicrobials P6P-10,10, OCT, and CHX, display the ability to passively diffuse through the
outer membrane of gram-negative bacteria and target the cytoplasmic membrane. Certain

147-149

bolaamphiphiles are known to penetrate membranes without disruption while others have

been optimized for membrane-disrupting activity!>%-152, Here, we observe bolaamphiphiles that
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non-disruptively penetrate the bacterial outer membrane and selectively perturb the cytoplasmic
membrane, providing a chemical basis for cytoplasmic membrane targeting in gram-negative
bacteria. It has been noted that the segmented amphiphilicity of the bolaamphiphiles endow this
class of molecules with complex self-assembly behavior, which may lead to this novel
mechanism of action!*3, The opposing polar heads separated by a sufficiently long alkyl chain
have been proposed to adopt a U-shaped (in the outer leaflet) and transmembrane conformations
in the lipid bilayer of the bacterial cytoplasmic membrane!>*. Molecular dynamics studies of
mono- and multicationic QACs have suggested an alternative mechanism of membrane
integration and disruption in a one-two fashion of electrostatic attraction and subsequent
membrane penetration and disruption'>®. This work uncovers that the mechanistic differences of
cationic disinfectants expand beyond lipid bilayer interactions, providing a framework for
cationic biocide selectivity determination.

Despite having a primarily external target in bacteria, certain cationic biocides—almost
counterintuitively—possess an internally regulated resistance mechanism: transcriptional flux of
efflux pump expression. In gram-positive species, QacA is a classic example of an efflux pump

that confers resistance against cationic species!>® 17

. Interestingly, QacA is regulated by the
negative transcriptional regulator QacR, which requires the binding of substrate before it is
released from DNA to allow transcription of the downstream gene gacA'>8. In the current work,
we observe an analogous system with SmvRA conferring resistance against bolaamphiphilic
disinfectants in P. aeruginosa. Since SmvA is in the cytoplasmic membrane, these cationic
species are only exported from the cytoplasm to the periplasm. Efflux from the cytoplasm may

be sufficient to mitigate the harmful effects of the biocides or additional export mechanisms such

as passive diffusion out of the cell or some other unknown export process may exist. Requiring
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intracellular accumulation of amphiphile (though presumably at very low concentrations) to
induce resistance mechanisms suggests that internal effects of disinfectant are not negligible.
This highlights how the linear mechanism of action that is presented is simply the sum average
of all the interactions occurring between the lipid membranes and the cationic amphiphiles.

From this perspective, the inner membrane selectivity observed is likely the result of a
high degree of localization at the inner membrane and unfavorable on-off binding kinetics
between the outer membrane and the bolaamphiphiles. Furthermore, the diffuse charge of the
phosphorous cation or the delocalized, lipophilic ammonium cations could contribute to this
effect. In contrast, non-bolaamphiphile disinfectants interact strongly with the outer membrane,
leading to disruption. This effect can be amplified by increasing the affinity between the
membrane and the amphiphile by adding cationic centers, as evidenced by the potency of
multicationic QACs. While multicationic QACs are effective against a range of antimicrobial-
resistant pathogens, results from initial screen display the superiority of the bolaamphiphiles
against highly resistant biocide resistant clinical isolates. Importantly, we demonstrate how the
distinct mechanism of action of spaced-cationic biocides can overcome resistance to traditional
QACs in gram-negative bacterial species P. aeruginosa, which is notoriously difficult to
eradicate through biocide treatment!*!.

P. aeruginosa is an opportunistic pathogen that possesses a range of complicated clinical
manifestations, especially in patients with cystic fibrosis®® 1>, This pathogen has received the
highest risk level by both the World Health Organization and the CDC due to its propensity to
develop antimicrobial resistance with almost a third of all isolates of Europe demonstrating

11, 160, 161

resistance to at least one antimicrobial treatment group . Recently, McGann et al.

reported a case of a wounded soldier co-infected with six bacterial strains, three of which were
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extremely drug-resistant P. aeruginosa strains, highlighting the danger this pathogen poses
during conflicts and the need for effective biocides and disinfection protocols against this
pathogen®!.

Cationic biocides, such as QACs, are an important part of disinfection protocols in the
healthcare and food industries as a barrier to prevent the spread of this pathogen and others. This
widespread use of biocides across industrial settings has led to increased resistance as a
consequence '1°. As alternative compounds to the overused QACs, our group has developed a

series of QPCs that show improved activity against a diverse group of pathogenic bacteria®!- >

162-167 The effectiveness of one such compound, P6P-10,10, against A. baumannii strains
displaying high levels of resistance to diverse cationic biocides suggested that P6P-10,10 might
possess a distinct mode of action compared to common QACs!'2.

In this work, we investigated the mechanistic nuances of cationic biocide antimicrobial
activity by comparing the QPC P6P-10,10 to commercially available QACs. We tested these
disinfectant compounds against a panel of highly antibiotic-resistant P. aeruginosa clinical
isolates, and, as anticipated, observed high levels of resistance to a wide range of biocides (Fig.
1). Strikingly, the QPCs maintained strong antimicrobial activity against all the isolates,
suggesting that these compounds evade preexisting mechanisms of antibiotic and biocide
resistance. Biocides are believed to have multiple cellular targets, with membrane disruption
being the primary mechanism of action %8, While BAC and DDAC showed potent outer
membrane disruption, P6P-10,10 minimally affected the outer membrane. In contrast, when the

integrity of the inner membrane was assessed, P6P-10,10 exhibited strong and dose-dependent

disruption, suggesting that P6P-10,10 preferentially targets the inner membrane in P. aeruginosa.
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We have also shown that increased expression of the MFS efflux pump SmvA is the main
resistance mechanism to the QPC, P6P-10,10, with all P6P-10,10-resistant strains having a loss
of function mutation in its negative regulator SmvR (Fig. 4). Genetic complementation studies
indicated that, while SmvA is the predominant resistance determinant for P6P-10,10, complete
repression of SmvA expression or mutations in other genes (e.g., pssA) are likely required for full
complementation (Fig. 4). Importantly, SmvA is also associated with resistance to octenidine and
chlorhexidine, two bolaamphiphiles that share a preference to disrupt the inner membrane!34 145
146 These results provide a link between chemical nature of these cationic biocides, their cellular
target, and the determinants associated with resistance.

In summary, this study uncovers several key mechanistic nuances of how different
cationic biocides exert their antimicrobial effects on gram-negative bacteria, how their structural
properties can provide insights into their mechanism of action, and how this information can be

used to predict resistance determinants that decrease susceptibility to these compounds.

Materials and Methods

Bacterial strains and growth conditions.

All strains and plasmids are listed in Table S1. Bacterial strains were streaked onto lysogeny
broth (LB) agar (Sigma-Aldrich, 1102830500) plates and incubated (NuAire, Plymouth, MN) at
37 °C overnight. Liquid cultures were inoculated with single colonies from plates and incubated
for 18-24 hours at 37 °C with shaking. Media was supplemented with gentamicin (30-60 pg/mL)
for vector maintenance in P. aeruginosa strains, as needed. P. aeruginosa clinical isolates were

obtained from the Multidrug-Resistant Organism Repository and Surveillance Network (MRSN).
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Growth curves were performed in 96-well flat-bottom plates (Falcon®, 351172) with shaking.
Optical density was measured at a wavelength of 600 nm (ODsoo) every 10 minutes and growth
was monitored over 24 hours. ODsoo measurements were obtained using a SpectraMax iD3 plate
reader (Molecular Devices, United States). Growth curve experiments were performed on
different days with independent biological replicates with at least 3 technical replicates per

strain/condition.

Minimum Inhibitory Concentration (MIC) Assays

To determine the MIC values, compounds were serially diluted two-fold from stock solutions
(1.0 mM) to yield twelve 100 pL test concentrations, wherein the starting concentration of
DMSO was 2.5%. Overnight cultures of each strain were diluted to ca. 10> CFU/mL in MHB and
regrown to mid-exponential phase, as determined by ODeoo. All cultures were then diluted again
to ca. 10° CFU/mL and 100 pL were inoculated into each well of a U-bottom 96-well plate
(Falcon, 351177) containing 100 pL. of compound solution. Plates were incubated statically at 37
°C for 72 hours upon which wells were evaluated visually for bacterial growth. The MIC was
determined as the lowest concentration of compound resulting in no bacterial growth visible to
the naked eye, based on the highest value in three independent experiments. Aqueous DMSO
controls were conducted for each strain. Strains of S. aureus MSSA (SH1000), E. coli (MC4100),
P. aeruginosa (PAO1), A. baumannii (ATCC 17978), CA-MRSA (USA300-0114), and HA-
MRSA (ATCC 33591) were grown with shaking at 37 °C overnight from freezer stocks in 5 mL

of the indicated media: SH1000, MC4100, USA300-0114, and PAO1 were grown in BD
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Mueller—Hinton broth (MHB), whereas ATCC 33591 was grown in BD tryptic soy broth (TSB).

MRASN isolates were grown in MHB in the same fashion as previously described.

Calculation of ICoy Values

To determine the 1Co values for each compound against the clinical isolates, the ODgoo for each
compound concentration against each strain was recorded. Using Prism 9 (GraphPad software, v.
9.3.1), the ICqo values for each disinfectant compound against each strain were calculated. The
OD600 measurements were used as inputs, then normalized to fit 0% (equal to media blank) to
100% (maximum ODsoo for each strain). The analysis was then performed on the normalized
data using the dose-response model with a least squares regression fit, wherein outliers (Q=1%)

were excluded and no weighting method was applied.

NPN Uptake Assay

P. aeruginosa PAO1 were grown overnight in LB, then regrown from a 1:100 dilution in fresh
media for 5 hours to an ODsoo of 0.5. Cells were harvested by centrifugation (4000 rpm, 25°C, 10
min), washed twice with assay buffer (5 mM HEPES, 5 mM glucose, pH 7.2), and resuspended
in assay buffer to a final ODgoo of 1. Then, 100 pL of washed cells and 100 pL of assay buffer
containing 20 pM NPN were together and incubated for 10-30 min. 198 pl of cells and NPN
added to a 96-well optical-bottom black plate. Either 2 uL of a chemical compound or the
corresponding solvent was added to each well, and fluorescence was immediately monitored at
an excitation wavelength of 350 nm and an emission wavelength of 420 nm for 7 minutes at 30

second intervals.
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Fovs = NPN + cells + compound
Fcontrot = NPN + cells

F, = NPN

NPN uptake = (F obs — FB)—(Fcontrol‘FB)

20 uM NPN in assay buffer was made from a 5 mM stock of NPN in acetone.

Lysozyme Permeability Assay

P aeruginosa PAO1 were grown overnight in LB, then regrown from a 1:100 dilution in fresh
media. Midlog phase bacteria (ODsoo = 0.4 — 0.6) were harvested, washed once, and resuspended
in HEPES buffer (5 mM HEPES at pH 7.2 and 5 mM sodium azide) to an optical absorbance of
ODeoo = 1. Then, 98 uL of bacterial suspension was added to a 96-well plate containing 100 puL
of lysozyme solution in PBS. ODgoo was then measured. The final concentration of lysozyme
was 50 pg/mL, and the final ODgoo was 0.5. Either 2 pL of a chemical compound, or the
corresponding solvent, was added to each well. The turbidity of the sample was measured after
the lysis process reached equilibrium (as seen by a stabilization in the ODsoo after mixing) and
every 10 s after stabilization for 30 s. Relative values were normalized to PBS as 0% and 99%

isopropanol as 100%.

Nitrocefin Hydrolysis Assay
P. aeruginosa PAO1 cells were grown overnight in LB, then regrown (1:100 dilution) in fresh
media to an ODgoo of 0.4-0.5. Cells were centrifuged, washed in PBS, and resuspended to

ODsoo = 0.02 in 20 mM PBS with ImM MgCl at pH 7.2. A volume of 50 pL of the cell
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suspension was added to a clear, flat-bottom 96-well plate containing 50 puL of PBS with a final
concentration of 30 uM nitrocefin and the 2-fold dilution of compound. Plates were incubated at
37 °C in a stationary incubator and read from 0 min to 60 min at 10 min intervals at 490 nm to
monitor nitrocefin hydrolysis. Reads were normalized using the corresponding no cell control

wells.

DISC3(5) Depolarization Assay

P. aeruginosa PAO1 were grown overnight in LB, then regrown from a 1:100 dilution in fresh
media. Midlog phase bacteria (ODsoo = 0.4 — 0.6) were harvested, washed once, and resuspended
in HEPES buffer (5 mM HEPES at pH 7.2) to an optical absorbance of ODgoo = 0.05. Then, 100
pL of 10 mM EDTA was added to 5 mL of resuspended cells for a final concentration of 200 uM
EDTA. The bacterial solution was then gently mixed and then let sit for 2 minutes. Afterwards, 5
pL of 0.75 mM DISC;3(5) was added to the solution for a final concentration of 0.75 pM.
Following another gentle mix, the solution was left to incubate in the dark at 37°C. After
incubation, 125 pL of 4M KCI was added to the cells for a final concentration of 100 mM KCI.
Finally, 198 uL of cells and DISC3(5) added to a 96-well optical-bottom black plate. Either 2 uL
of a chemical compound, or the corresponding solvent, was added to each well. The excitation
wavelength was 622 nm, and the emission wavelength was 670 nm. The release of DISC3(5) was
measured by the increase in fluorescence of DISC3(5) for 60 min as a measure of inner

membrane depolarization.

Propidium lodide
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P aeruginosa PAO1 were grown overnight in LB, then regrown from a 1:100 dilution in fresh
media for 5 hours to an ODsoo of 0.6. P. aeruginosa cells were harvested (4000 rpm, 25°C, 10
min), washed, and resuspended in PBS buffer at pH 7.2. Then, 50 pL of a 1.5 mM solution of
propidium iodide (PI) was added to the resuspended cells. Following a 60-minute incubation,
198 mL of cells and PI added to a 96-well optical-bottom black plate. Either 2 pL of a chemical
compound, or the corresponding solvent, was added to each well. The excitation wavelength was
535 nm, and the emission wavelength was 617 nm. The uptake of PI was measured by the

increase in fluorescence of PI for 30 min as a measure of inner membrane permeabilization.

Laurdan GP

An overnight culture of P. aeruginosa PAO1 was grown to ODeoo = 0.4 and diluted to 10°
CFU/mL in HEPES buffer, followed by 60 min incubation with 2.5 uM Laurdan at 37 °C in the
dark. Following incubation with Laurdan, 198 mL of cells was added to a 96-well plate.
Subsequently, 2 mL of compound was added to the wells. The Laurdan fluorescence intensities
were measured using a Biotek Synergy H1 spectrophotometer with emission wavelengths of 435
nm and excitation at 490 nm, and the temperature was maintained at 37 °C. Laurdan GP was

calculated using the equation GP = (1435 — 1490)/(1435 + 1490).

Antagonism Assays

Respective QPC and QAC compounds were serially diluted two-fold from stock solutions (1.0
mM) to yield twelve test concentrations of 50 pL each, wherein the starting concentration of
DMSO was 2.5%. To each well containing 50 puL of the QAC or QPC solution, 50 uL. of CCCP

(50 uM) and Spd (5 mM) in H>O at the designated test concentration was added. Overnight P,
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aeruginosa (PAO1) cultures were regrown to mid-exponential phase and diluted to ca. 10°
CFU/mL in MHB and as determined by ODgoo. Subsequently, 100 uL were inoculated into each
well of a U-bottom 96-well plate (Corning, 351177) containing 100 pL. of compound solution.
Plates were incubated statically at 37°C for 24 hours upon which wells were evaluated visually
for bacterial growth. The MIC was determined as the lowest concentration of compound
resulting in no bacterial growth visible to the naked eye, based on the highest value in three

independent experiments.

Whole genome sequencing

Genomic DNA extraction, library preparation and Illumina sequencing were performed at the
SeqCenter (Pittsburgh, Pennsylvania, USA) using 200Mbp as the minimum read count per
sample. Data was analyzed using breseq (version 0.38.1) as previously described, using the
contigs option (-c) when needed '®°. The following annotated reference genomes were obtained
from NCBI and used for the analysis: NC_002516.2 for strain PAO1 and isogenic mutants, and
for strains MRSN6220, MRSN6241, MRSN409937, MRSN5524 and isogenic mutants,
sequences were obtained from Bioproject PRINA446057. To identify mutations in isolated
resistant mutants, the breseq output was compared to the one obtained from their respective
parental (wildtype) strain. Genetic variation also identified in the wildtype parental strain were
removed. All the genetic variants are reported in Table S2 (P6P-10,10 resistance associated
genetic variations) and S3 (BAC resistance associated genetic variations). Genomic positions and
COG functions of genes with mapped genetic variants were obtained in Pseudomonas.com. CLC

Genomics Workbench and BLASTn were used to mapped genetic variants to genomic positions.
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Complementation studies

For genetic complementation, the smvR (PA1283) coding sequence containing its predicted
native promoter (predicted using SAPPHIRE) was amplified, by PCR, ligated into pUCP30T
vector (BamHI and EcoRlI sites) and plated onto LB agar plates supplemented with gentamicin
(60 png/mL) for selection of transformants (Emory Integrated Genomics Core) . This vector
containing smvR was confirmed by sequencing. 100 ng of plasmid DNA of empty vector
(pUCP30T) and vector containing smvR were transformed by electroporation (settings: 25 pF;
200 Q; 2500 V on a BTX™ Gemini X2 Electroporation System) into P. aeruginosa PAO1

electrocompetent cells prepared as previously described !"!.

Growth curves with P6P-10,10

Two-fold dilutions of the compound P6P-10,10 were prepared in a flat-bottom 96-well plate
(Falcon®, 351172). P. aeruginosa strains were grown overnight in MHB at 37 °C with shaking
(200 ppm) from single colonies grown on LB plates or LB gentamicin 60 pg/mL, when needed.
Overnight culture media was supplemented with gentamicin 30 pg/mL for plasmid maintenance,
as needed. Cultures were then diluted (1:100 dilution) in fresh MHB (no antibiotic) and grown
until mid-logarithmic growth phase was reached and then normalized to ca. 10 CFU/mL right
before the growth experiment. These fresh bacterial suspensions were used as inoculum in a 1:1
dilution (final cell density ca. 5 x 10° CFU/mL). Plates were incubated at 37 °C with shaking
and ODgoo was measured every 10 minutes to monitor growth over a 20-hour period. Six
replicates were performed distributed in two different dates using two different stock solutions of
P6P-10,10. Plasmid maintenance was confirmed after each experiment by plating 5 pL aliquots

onto LB gentamicin 60 pg/mL plates.
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RT-qPCR experiments

Relative gene expression analysis was performed as previously described using SuperScript® III
Platinum® SYBR® Green One-Step qRT-PCR Kit in an Applied Biosystems StepOnePlus Real-
Time PCR System. Data obtained from three independent biological replicates and was

normalized to the housekeeping gene rpoD.!"

Hoechst 33342 dye accumulation assay

Hoechst 33342 accumulation assays were performed as previously described 3. Briefly,
overnight cultures of P. aeruginosa in LB were diluted in fresh media and grown until mid-
logarithmic phase and normalized to an ODsoo = 0.5. Bacterial cultures were pelleted by
centrifugation (10,000 g x 3 minutes) and resuspended in PBS. 180 pL of this suspension were
used to inoculate a flat-bottom 96-well plate. After two readings, Hoechst 33342 dye was added
to final concentration of 2.5 pM in a final volume of 200 ul per well, including a PBS control.
Fluorescence was measured from the top of the wells using 360 nm and 460 nm wavelengths as
excitation and emission, respectively. Readings were taken every two minutes for a total of 60

minutes. All experiments were performed with at least 3 biological replicates.
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Antibiotic Susceptibility Disinfectant Susceptibility (ICoq, pM)

&
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3 Betar| Quinol joni Super-T TMEDA-Derived Pyridine-Derived  Piperazine  QPC

E
PA7 clade ® AMK GEN TOB ATM CAZ FEP TZP TIM CZA C/T IPM MEM CIP LVX BAC BEC CPC DDAC 1 2 3 4 5 6 74 8 9 10 n 12 13 14
MRSN 3705 s s s R R R R R S S s S R R >250 >50 5250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 250 4 4
MRSN8141 s R R R R R R R R R R R R R >250 >250 >250 >250 19 >250 227 »>250 39 79 189 46 >250 >250 >250 >250 4 4
MRSN 6241 o S R R R R R R R R R R R R R |>250 >250 >250 >250 >250 >250 >250 >250 »>250 >250 >250 »>250 >250 >250 >250 >250 4 4

MRSN 6220 S R R R R R R R R R R R R R R 188 237 148 229 8 250 >250 »>250 86 70 116 8 250 >250 >250 »250 2

MRSN 5498 S S R R R N R R R S R R R R R >250 >250 >250 232 >250 >250 »>250 >250 >250 210 »>250 »>250 >250 »>250 »>250 >250 2

MRSN 321 S s S S R R R R R s S R R S S >250 >250 190 >250 »>250 >250 >250 »>250 »>250 >250 >250 »>250 »>250 >250 »>250 >250 2
MRSN 8915 s s R R s s s R R s s R R R R 212 >250 181 2 7 104 17 156 23 8 18 32 19 39 9 45 2
MRSN 2444 S R R R R R R s R s s R R R R >250 >250 130 >250 8 177 8 [1568 7 8 16 7 (%250 32 77 39 2
MRSN390231 S s S S R S S R R s s S S R S 3250 185 250 67 6 55 51 125 4 4 18 3 4 0 10 8 1

MRSN 6695 S s S S R R R R s S S R R R R >250 >250 136 85 >250 >250 >250 >250 »>250 >250 >250 >250 16 74 8 32 2
MRSN 1938 s s R R s s s s S s s R R R R 5250 126 110 60 7 16 8 130 7 16 35 14 7 12 2 9 2
MRSN1739 SU S R R R R R R R s s R R R R 1>250 >250 129 133 8 >250 50 133 16 13 18 14 4 31 8 8 2
MRSN 5508 S s S S R R R R R R S R R S S 250 193 132 70 >250 »>250 >250 >250 >250 >250 >250 >250 >250 206 192 44 2
MRSN8914 S R R R R R R R R S s R R R R >250 >250 135 >250 >250 >250 >250 152 233 >250 »>250 >250 >250 >250 >250 >250 2
MRSN 8130 u R s R R s R R R s s R R R R >250 >250 139 >250 8 >250 >250 166 >250 »250 >250 >250 >250 163 >250 250 2
MRSN8912 U s R R R S R R R S s R R R R >250 126 170 101 >250 164 144 165 16 56 33 5250 8 45 15 14 2
MRSN 5524 u s R R R s R s R s s 3 R R R >250 >250 175 >250 8 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 2
MRSN 6678 u s R R R R R R R R s R R R R >250 >250 >250 >250 >250 >250 >250 141 249 135 >250 >250 >250 >250 >250 >250 2
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MRSN 5539 u s R s R R R R R S s R R R R >250 >250 162 >250 8 106 26 204 8 8 16 7 15 120 19 17 2

Figure 1. Susceptibility of the P. aeruginosa clinical isolates to a panel of 14 antibiotics, 4
commercial QACs, and 14 of our previously reported cationic disinfectant compounds.
For the structures of cationic biocides 1-14, see Supporting Information. The listed antibiotic
susceptibilities were previously reported by Lebreton et al., wherein resistance (R) or
susceptibility (S) was determined according to CLSI guidelines. Antimicrobials are grouped
by drug class, and their susceptibilities are mapped against the phylogeny of the clinical
isolates, generated using RAXML from alignment of the core genomes. Antibiotic
abbreviations: AMK, amikacin; GEN, gentamicin; TOB, tobramycin; ATM, aztreonam; CAZ,
ceftazidime; FEP, cefepime; TZP, piperacillin/tazobactam; TIM, ticarcillin/clavulanic acid;
CZA, ceftazidime/avibactam; C/T, ceftolozane/tazobactam; IPM, imipenem; MEM,
meropenem; CIP, ciprofloxacin; LVX, levofloxacin. Cationic biocides abbreviations: BAC,
benzalkonium chloride, BEC, benzethonium chloride, CPC, cetylpyridinium chloride,

DDAC, didecyldimethylammonium chloride.
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Figure 2. Evaluation of cationic biocide activity on the outer and inner membrane of P.

aeruginosa PAO1. A) NPN uptake was assessed fluorometrically to measure outer

membrane perturbation. B) Lysozyme permeability assay to assess outer membrane integrity

through ODsoo measurements upon lysozyme and disinfectant treatment. C) Effect of
disinfectant treatment on nitrocefin hydrolysis mediated by outer membrane disruption. D)

Inner membrane depolarization measured by DiSCs-(5) upon QAC and QPC treatment. E)

Laurdan generalized polarization (GP) to assess inner membrane fluidity, where lower values

indicate increases in fluidity. F) Propidium iodide cytoplasmic entry as a measure of inner

membrane disruption.
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Figure 3. Distinct cationic biocide resistance profiles in response to P6P-10,10 and BAC.
A) MIC values for P6P-10,10 (left) and BAC (right) before (Day 0) and after completion of
resistance selection assay (Day 15). Three independent biological replicates were performed
per strain. B) Venn diagrams of genetic variants identified in P6P- and BAC-resistant mutants
of 5 P. aeruginosa strains: PAO1, MRSN6220, MRSN6241, MRSN409937 and MRSN5524.
C) Schematic of genes with identified genetic variations associated with resistance to P6P-
10,10 and BAC. Genes were mapped to P. aeruginosa PAO1 reference genome for simplicity.
Cluster of orthologous genes (COG) cellular functions of genes with mutations identified in

adaptation to each cationic biocide is reported.
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Figure 4. The efflux system SmvRA is a major resistance determinant of the QPC, P6P-
10,10. A) Schematic of regulation of SmvA efflux pump expression. B) Mutations identified
associated with P6P resistance in the 5 P. aeruginosa genetic backgrounds. C) P. aeruginosa
PAO1 (WT) and P6P-resistant (P6PR) strains with either empty vector (pUCP30T) or vector
containing a functional copy of smvR with its native promoter (pUCP30T-smvR) incubated in
LB plates with and without P6P-10,10 (700 pg). D) MIC values of PAO1 (WT) and P6P-
resistant (P6PR) strains with either empty vector (pUCP30T) or vector containing a functional
copy of smvR. E) RT-qPCR expression analysis of smvA. F) Hoechst 33342 accumulation
assay in strains with either empty vector (pUCP30T) or vector containing a functional copy

of smvR. G) Growth curves of P. aeruginosa PAO1 (WT) and P6P-resistant (P6PR) strains
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with either empty vector (pUCP30T) or vector containing a functional copy of smvR in the
presence of increasing concentrations of P6P-10,10. The mean and standard deviation (SD) of
6 replicates is plotted. RT-qPCR and dye accumulation was analyzed using one-way ANOVA
with Tukey correction for multiple comparisons. **, p-value < 0.01; ***, p-value < 0.001;

**%% p-value < 0.0001.
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Figure 5. Mechanistic insights of cationic biocide classes from this study A. Mechanistic

proposal of delocalized lipophilic cationic biocides contrasted with traditional QACs BAC
and DDAC, whereby DLC biocides selectively disrupt the inner membrane while QACs
show nonselective disruption of both outer and inner membranes B. Structures of QACs

BAC, BEC, CPC, and DDAC. C. Structures of disinfectants with delocalized lipophilic

cations in this study: P6P-10,10, octenidine, and chlorhexidine D. CHX and OCT possesses

comparable activity to P6P-10,10 and P6P-12A,12A against a panel of 20 clinical isolates of

P aeruginosa.
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Figure S1. Cumulative inhibition of 20 selected P. aeruginosa strains by commercial and
novel biocides determined by MIC assays. 20 P. aeruginosa clinical isolates with different
antibiotic resistance profiles were selected and their susceptibility to novel biocides
synthetized by our group and commercial biocides was tested by MIC assay. The cumulative
percentage inhibition of the 20 P. aeruginosa strains was calculated and plotted against
biocide concentration (UM). A trailing growth effect was observed with some of the biocides

with specific strains, and ICoo values were calculated instead and presented in Figure 1.
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Fig S2. NPN assays varying concentration of cationic biocide and cell density. A) NPN
uptake assay with increasing amount of P6P-10,10 to assess outer membrane interactions. B)
NPN uptake assay at a 10-fold lower cell density to assess whether inoculum effect
influences NPN uptake results with vancomycin as a negative control. C) NPN uptake with
P6P-10,10 and BAC at 0.5x, 1x, and 2x relative MIC values show a saturation of outer

membrane disruption due to BAC below MIC and no strong effects of higher concentrations

of P6P-10,10.
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Figure S3: Inoculum effect on P6P-10,10 and BAC antimicrobial activity against P.

aeruginosa PAQO1. A) Schematic of 96-well plate setup to test inoculum effects on P6P-10,10

and BAC minimum inhibitory concentration (MIC). Increasing concentrations of PAO1 cells

were exposed to two-fold serial dilutions of the compounds. MIC values were determined

after 24 hours of incubation. B) Inoculum effect on P6P-10,10 antimicrobial effectiveness. C)

Inoculum effect on BAC antimicrobial effectiveness.
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Figure S4. Spermidine and carbonyl cyanide 3-chlorophenyl hydrazone antagonism
assays in P. aeruginosa PAO1. A) Chemical structures of spermidine (Spd) and carbonyl

cyanide 3-chlorophenyl hydrazone (CCCP). B) MIC data for BAC, DDAC, and P6P-10,10

in

the presence of SmM Spd. C) MIC data for BAC, DDAC, and P6P-10,10 in the presence of

50 mM CCCP.
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Fig S5. NPN uptake assays in additional gram-negative species. A) NPN uptake was
assessed fluorometrically to measure outer membrane perturbation in 4. baumannii ATCC
19606 at 0.5x and 2x MIC. B) NPN uptake was assessed fluorometrically to measure outer

membrane perturbation in E. coli MC4100 at 0.5x and 2x MIC.
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Fig S6. Cationic biocides used in the study grouped by class. Super-T QACs: sT-
10,10,10,0 (1), T-11,11,11 (2), sT-10,10,10,3A (3). TMEDA-Derived QACs: 12(2)12 (4),
10(3)0(3)10 (5), 12(3)2(3)12 (6), 12(3)0(3)12 (7). Pyridine-Derived QACs: 2Pyr-11,11 (8),
PQ-12,12 (9), m-Hy-12,12 (10). Piperazine-Derived QACs: P-12,0,12 (11), Pip-12,12 (12).
QPCs: P6P-10,10 (13), P6P-12A,12A (14). Monocationic commercial biocides:
benzalkonium chloride (BAC), cetylpyridinium chloride (CPC), didecyldimethylammonium
chloride (DDAC), benzethonium chloride (BEC). Multicationic commercial biocides:

octenidine dichloride (OCT), chlorhexidine (CHX).
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MIC of cationic biocide and A) 16 uM of vancomycin or B) 8 uM of rifampicin. The

combination of BAC and antibiotic results in a lower maximum ODeoo than antibiotic alone,

presumably through permeabilizing the membrane and facilitating accumulation. The inner

membrane selective biocides had no additive effect on vancomycin and rifampicin.
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Table S1: Strains and plasmids used in this study.

Strain name Description Source
Strains

DH5a E. coli cloning strain Invitrogen
PAO1 P. aeruginosa laboratory strain 18
PAO1 BACR Isolated BAC-resistant mutant derived from PAO1. This study.
PAO1 P6PR Isolated P6P-resistant mutant derived from PAO1. This study.
MRSN 6220 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 6220 BACR  Isolated BAC-resistant mutant derived from MRSN6220. This study.
MRSN 6220 P6PR  Isolated P6P-resistant mutant derived from MRSN6220. This study.
MRSN 6241 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 6241 BACR  Isolated BAC-resistant mutant derived from MRSN6241. This study.
MRSN 6241 P6PR  Isolated P6P-resistant mutant derived from MRSN6241. This study.
MRSN 409937 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 409937 BACR Isolated BAC-resistant mutant derived from MRSN409937.  This study.
MRSN 409937 P6PR Isolated P6P-resistant mutant derived from MRSN409937.  This study.
MRSN 5524 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 5524 BACR  Isolated BAC-resistant mutant derived from MRSN5524. This study.
MRSN 5524 P6PR  Isolated P6P-resistant mutant derived from MRSN5524. This study.
MRSN 3705 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 8141 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 5498 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 321 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 8915 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 2444 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 390231 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 6695 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 1938 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 1739 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 5508 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 8914 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 8130 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 8912 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 6678 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 4841 Clinical isolate from DoD P. aeruginosa diversity panel. 15
MRSN 5539 Clinical isolate from DoD P. aeruginosa diversity panel. 15
Plasmids

pUCP30T Parental plasmid used for trans-complementation (TetR) 25

pUCP30T::smvR

pUCP30T containing smvR with its predicted native promoter This study.
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Table S2: Genetic variants identified in P6P-resistant strains.

gene position mutation PAO1 locus tag description
PAO1 P6P-R
[smvR]-[PA1284] 1,394,696 A146 bp PA1283 [smvR], [PA1284]
PpSSA — 5,271,885 A139V (GCG—GIG) PA4693 phosphatidylserine synthase
MRSN6220 P6P-R
DY941_RS06195 — 18,779  (ATCAGCGCCGCC),_, PA1283 TetR/AcrR family transcriptional regulator
DY941_RS06850 «— 79,961 N187S (AAC—AGC) PA1157 winged helix-turn-helix domain-containing protein
DY941_RS09310 — 223,123 E128* (GAG—TAG) PA0663 hypothetical protein
pPgsA «— 60,954 A51T (GCC—ACC) PA2584 CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase
DY941_RS23730 « 30,560 Y26H (TAC—CAC) PA2262 MFS transporter
MRSN6241 P6P-R
DY940_RS05995 — 317,974 L12* (TTG—-TAG) PA1283 (smvR) smvR TetR/AcrR family transcriptional regulator
MRSN409937 P6P-R
[DY952_RS03800] 338,867 A99 bp PA1283 (smvR) smvR
tatC «— 66,282 L61F (CTT—-TTT) PA5070 twin-arginine translocase subunit TatC

DUF4398 domain-containing protein/heavy metal translocating P-type
intergenic 15,636 (A)g_g PA3690/ PA3691 ATPase
mexY « 37,600 2 bp—CA PA2018 multidrug efflux RND transporter permease subunit MexY
mexY «— 37,603 3 bp—A PA2018 multidrug efflux RND transporter permease subunit MexY
MRSN5524 P6P-R
DY943_RS12890 «— 17,893 (ATCAGCGCCGCC), 4 PA1283 smvR
mexY — 76,038 A1 bp PA2018 multidrug efflux RND transporter permease subunit MexY
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Table S3: Genetic variants identified in BAC-resistant strains.

gene position mutation PAO1 locus tag description
PAO1 BAC-R
cupC2 — 1,074,592(C)q_s5 PA0993 chaperone CupC2
aprD — 1,351,186Y147C (TAC—TGC) PA1246 alkaline protease secretion protein AprD
PA2867 — 3,220,511G302S (GGC—AGC) PA2867 probable chemotaxis transducer
mutS — 4,055,923N467D (AAC—GAC) PA3620 DNA mismatch repair protein MutS
PA4667 — 5,235,708 coding (712/1773 nt) PA4667 hypothetical protein
MRSN6220 BAC-R
DY941_RS02760 « 17,679(T)g_g PA5133 murein hydrolase activator EnvC
DY941_RS03340 « 4,227G340G (GGC—GGT) PA5021 potassium/proton antiporter
dipA — 9,293A13 bp PA5017 phosphodiesterase DipA
DY941_RS05315 — 31,937Y16Y (TAC—TAT) PA1463 chemotaxis protein CheW
DY941_RS05340 — 37,996D39D (GAC—GAT) PA1458 chemotaxis protein CheA
G164G (GGA—-GGG)
lasR «— 66,473 PA1430 transcriptional regulator LasR
DY941_RS06180 — 15,375V2191 (GTC—ATC) PA1286 MFS transporter
phoQ — 56,267L312P (CTG—CCG) PA1180 two-component system sensor histidine kinase PhoQ
DY941_RS07355 — 30,120R192C (CGT—TIGT) PA0291 OprD family porin
intergenic 83,144C—>T PA0373 insulinase family protein/signal recognition particle-docking protein FtsY
DY941_RS08390 — 50,598R103W (CGG—TGG) PA0483 GNAT family N-acetyltransferase
DY941_RS11375 — 22,861S10S (AGC—AGT) PA3937 taurine ABC transporter ATP-binding protein
DY941_RS11615 — 70,3128116S (AGC—AGT) regulatory protein GemA
DY941_RS11900 « 122,033F68L (TTC—CTC) PA3886 TIGR01459 family HAD-type hydrolase
intergenic 22,126 A—~G PA3828/29 intergenic alpha/beta hydrolase/LPS export ABC transporter permease LptF
DY941_RS13070 — 59,888V71A (GIT—GCT)  PA4440 alpha/beta hydrolase
murD — 14,515V313V (GTA—-GTG) PA4414 UDP-N-acetylmuramoyl-L-alanine--D-glutamate ligase
intergenic 2,853C—T PA2042 APC family permease/serine/threonine transporter SstT
ligh — 120,803D298G (GAC—GGC) PA2138 DNA ligase D
tagH — 9,833(GGCTGT)4g_,; PA0081 type VI secretion system-associated FHA domain protein TagH
DY941_RS16375 « 56,9398213S (AGC—AGT) PA0780 AraC family transcriptional regulator
DY941_RS16525 — 86,312G71S (GGC—AGC) PA0751 AbrB family transcriptional regulator
intergenic 11,056 G—A PA3300/01 long-chain-fatty-acid--CoA ligase FadD2/alpha/beta hydrolase
DY941_RS18410 «— 26,6462 bp PA0011 lysophospholipid acyltransferase
DY941_RS19265 — 208,282(CCG),_,3 PA5418 sarcosine oxidase subunit alpha
DY941_RS20300 « 3,314V117A (GTG—-GCG) hypothetical protein
CdsA — 19,282P132L (CCG—CTIG) PA3651 phosphatidate cytidylyltransferase
rpsB «— | — map 23,774T—-C PA3656 30S ribosomal protein S2/type | methionyl aminopeptidase
pheT — 23,793Y658C (TAC—HTGC) PA2739 phenylalanine--tRNA ligase subunit beta
DY941_RS22510 — 47,540R114G (AGA—GGA) inovirus Gp2 family protein
intergenic 26,063(G)g_7 PA2379/80 hypothetical protein/(2Fe-2S)-binding protein
DY941_RS23690 « 20,551A1 bp PA2270 TetR family transcriptional regulator
mutS — 45,820T112P (ACC—CCC) PA3620 DNA mismatch repair protein MutS
intergenic 7,090(C)g_7 PA4028/29 hypothetical protein/DedA family protein
DY941_RS25610 — 50,523V38l (GTC—ATC) PA4076 hypothetical protein
DY941_RS25645 «— 1,754N719S (AAC—AGC) PA4082 filamentous hemagglutinin N-terminal domain-containing protein
DY941_RS27435 2,249A189T (GCC—ACC) PA1015 IcIR family transcriptional regulator
DY941_RS27520 — 19,818M1M (ATG—GTG) t+ PA1028/29 DUF2384 domain-containing protein
DY941_RS28400 — 25,649R54C (CGC—TGC) PA4173 RidA family protein
MRSN6241 BAC-R
DY940_RS01155 — 88,254 A15 bp PA0011 lysophospholipid acyltransferase
intergenic 22,050(TCTCCTG)40_0 intergenic Hpt domain-containing protein/type 1 fimbrial protein
DY940_RS07645 «— 181,779V389A (GTG—GCG) PA1561 methyl-accepting chemotaxis protein
DY940_RS24055 — 79,343(TTCTCGATG);_,, PA4670 ribose-phosphate pyrophosphokinase
DY940_RS27745 — 50,110T225P (ACC—CCC) PAb5332 exodeoxyribonuclease Il
MRSN409937 BAC-R
tpbB — 159,229A196T (GCG—ACG) PA1120 diguanylate cyclase TpbB
DY952 _RS25190 « 100,076 H229R (CAT—CGT) PA0011 lysophospholipid acyltransferase
algB — 78,955P205S (CCG—TICG) PA5483 sigma-54-dependent response regulator transcription factor AlgB
DY952_RS29250 — 59,032A21V (GCG—-GIG) PA2270 TetR family transcriptional regulator

MRSN5524 BAC-R
DY943 RS04370 2,7491S5 PA3450 glycosyltransferase family 4 protein
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Table S4: BAC and P6P-10,10 MIC values in resistant mutant and parental strains.

MIC (uM)
Strain BAC P6P-10,10
PAO1 125 2
BACR 250-500 2-4
P6PR 125-250 8-16
MRSN 6220 125 2
6220 BACR 250 2
6220 P6PR 125 16
MRSN 6241 250 2
6241 BACR 250 2-4
6241 P6PR 125-250 8-16
MRSN 409937 125 2
409937 BACR 125-250 1-4
409937 P6PR 125 8-16
MRSN 5524 500 2
5524 BACR 500 2-4
5524 P6PR 500 8-16
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Table S5. Susceptibility of the P. aeruginosa clinical isolates to a panel of 14 antibiotics, 4
commercial QACs and 2 multicationic biocides, and 14 of our previously reported cationic

disinfectant compounds.

5 Antbiotic Suceptibiltiy Disinfectant Suceptibility (IC, uM)
E Anitbiotic Classes Commercial Biocides Synthesized Cationic Disinfectant Compounds
% Aminoglycoside  Cephalosporin Beta-lactam Carbapenem  Quinolone Monocationic Multicationic Super-T “TMEDA-Derived Pyridine-Derived  Piperazine ape

PA7 clade 8 AMK GEN TOB ATM CAZ FEP TZP TIM CZA C/T IPM MEM CIP LVX BAC BEC CPC DDAC CHX OCT 1 2 3 4 5 6 7 8 9 10 m 12 13 14
MRSN370s - S s s R R R R R S S S S R R >250 250 »250 5250 16 2 250 >250 5250 >250 >250 »250 >250 >250 >250 >250 250 »250 4 4
MRSN 8141 s R R R R R R R R R R R R R >250 >250 >250 >250 8 2 19 [ »250 227 =250 39 79 189 46 250 >250 >250 >250 4 4
MRS 6241 s R R R R R R R R R R R R [0 o2 20 20 o 1 250 -250 o280 250 +250 o260 260 280 o250 o280 80 0 4 4
MRSN 6220 s R R R R R R R R R R R R R R ‘\SS 237 148 229 8 2 8 250 >250 250 86 70 116 8 >250 >250 >250 >250 2 2
MRSNS48 s s R R R S R R R S R R R R R 250 >250 250 232 4 2 >250 >250 >250 >250 >250 210 >250 >250 >250 250 250 250 2 4
MRSN 321 s s s s R R R R R s s R R s s 250 >250 190 250 8 2 >250 >250 >250 >250 >250 »>250 >250 >250 >250 >250 >250 >250 2 2
MRSNgS1s s s 'R R s s s R R S S R R R R 212 250 181 2 8 4 7 104 17 15 23 8 18 32 19 3 9 45 2 8
MRSN 2444 S R R R R R R s R s s R R R R 250 >250 130 250 4 1 8 17 8 156 7 8 16 7 2250 32 77 39 2 8
MRSN390231 S s s s R s s R R S S S S R S 5250 185 250 67 2 2 6 55 5 125 4 4 18 3 4 0 10 8 1 2
MRSN 6695 s s s s R R R R s s s R R R R 250 >250 136 85 8 4 >250 >250 >250 >250 >250 >250 >250 >250 16 74 8 32 2 16
MRSN1938 s s 'R R s s s s s s s R R R R 550 126 110 60 4 2 7 16 8 13 7 16 35 14 7 12 21 2 8
MRSN1739 SU s 'R R R R R R R S S 'R R | R R 5250 250 129 133 4 4 8 250 50 133 16 13 18 14 4 3N 8 8 2 16
MRSN 5508 S s s s R R R R R R s R R s s 250 193 132 70 8 8 >250 >250 >250 >250 >250 >250 >250 >250 >250 206 192 44 2 8
MRSN8S4 s R R R R R R R R S S R R R R 250 5250 135 5250 4 1 5250 >250 >250 152 233 >250 >250 250 250 250 250 250 2 4
MRSN8130 U (R | S 'R R s R R R S S R R R R 250 50 139 »250 8 4 8 250 >250 166 >250 >250 250 >250 250 163 250 250 2 &
MRSN8S12 U s 'R R R S R R R S S R R R R 5250 126 170 101 4 2 5250 164 144 165 16 56 33 250 8 45 15 14 2 4
MRSNSS24 U s R R R S R S R S S R R | R R 5250 2250 175 »250 4 2 8 |>250 »250 250 =250 =250 =250 =250 =250 250 250 250 2 16
MRSN6678 U s 'R R R R R R R R S R R R R 250 >250 >250 5250 4 2 5250 >250 >250 141 249 135 >250 >250 250 250 250 250 2 4
MRN8 U s (R s 'R R R R R R S S S R R 250 2250 -250 243 8 2 250 157 250 139 177 47 11 250 >250 250 250 2 4
MRSNSs3 U s 'R s R R R R R S S R R R R 250 250 162 5250 4 2 8 106 26 204 8 8 16 7 15 120 19 17 2 4

Super-T QACs: sT-10,10,10,0 (1), T-11,11,11 (2), sT-10,10,10,3A (3). TMEDA-
Derived QACs: 12(2)12 (4), 10(3)0(3)10 (5), 12(3)2(3)12 (6), 12(3)0(3)12 (7).
Pyridine-Derived QACs: 2Pyr-11,11 (8), PQ-12,12 (9), m-Hy-12,12 (10).
Piperazine-Derived QACs: P-12,0,12 (11), Pip-12,12 (12). QPCs: P6P-10,10 (13),
P6P-12A,12A (14). Monocationic commercial biocides: benzalkonium chloride
(BAC), cetylpyridinium chloride (CPC), didecyldimethyl ammonium chloride
(DDAC), benzethonium chloride (BEC). Multicationic commercial biocides:
octenidine dichloride (OCT), chlorhexidine (CHX)
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Abstract

Cationic biocides (CBs), which include quaternary ammonium compounds (QACs), are
employed to mitigate the spread of infectious bacteria, but resistance to such surface
disinfectants is rising. CB exposure can have profound phenotypic implications that extend
beyond allowing microorganisms to persist on surfaces. Pseudomonas aeruginosa is a deadly
bacterial pathogen that is intrinsically tolerant to a wide variety of antimicrobials and is
commonly spread in healthcare settings. In this study, we pursued resistance selection assays
to the QAC benzalkonium chloride and quaternary phosphonium compound P6P-10,10 to
assess the phenotypic effects of CB exposure in P. aeruginosa PAO1 and four genetically
diverse, drug-resistant clinical isolates. In particular, we sought to examine how CB exposure
affects defensive strategies and the virulence-associated “offensive” strategies in P.
aeruginosa. We demonstrated that development of resistance to BAC is associated with
increased production of virulence-associated pigments and alginate as well as pellicle
formation. In an in vivo infection model, CB-resistant PAO1 exhibited a decreased level of
virulence compared to wildtype, potentially due to an observed fitness cost in these strains.
Taken together, these results illustrate the significant consequence CB resistance exerts on

the virulence-associated phenotypes of P. aeruginosa.
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Introduction

Disinfectants stand at the front lines in the fight against bacterial infections, which are
associated with one in eight deaths worldwide.!”* Effective infection prevention and control rests
on the ability to eliminate human pathogens from high-contact surfaces and provide sterile
surfaces in healthcare settings,!” though disinfectant use extends to a broader range of settings
including agriculture, food industry, cosmetics, and domestic cleaning.®” Chemical disinfectants
fall into different classes including chlorine and chlorine-releasing compounds, peroxides,
phenolics, and cationic biocides (CBs). CBs are among the most widely used disinfectants and
include subclasses such as biguanides (e.g. chlorhexidine) and quaternary ammonium
compounds (QACs) like benzalkonium chloride (BAC) and didecyldimethyl ammonium chloride
(DDAC).'!8 These cationic surfactants act upon bacteria by disturbing their cell envelopes,
leading ultimately to membrane lysis and death.'

However, in recent years, resistance to disinfectants such as CBs has emerged, being further
exacerbated following the COVID-19 pandemic, which resulted in a significant increase in
disinfectant usage thereby inducing pressure toward disinfectant resistance.!!> In addition to
extended surface survival, disinfectant resistance can lead to profound phenotypic implications in
bacteria that are equally concerning. For example, disinfectant resistance has been associated
with an increase in virulence factor production, reduced metabolism and growth rate, and
increased biofilm production.!20: 173

Pseudomonas aeruginosa is an opportunistic gram-negative bacterial human pathogen of
particular concern. Notoriously difficult to treat due to its wealth of resistance mechanisms to
antibiotics and disinfectants alike, P. aeruginosa is responsible for over half a million deaths per

year worldwide.® Through a combination of defense strategies and virulence factors, P.
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aeruginosa can establish deadly infections in immunocompromised hosts, especially in cystic
fibrosis patients.!”® This bacterium possesses several defense strategies that protect it from the
innate immune system and exogenous molecules like antibiotics. Biofilm and pellicle formation,
alginate production, and intrinsic and acquired drug resistance mechanisms provide extensive
protection for P. aeruginosa in infection settings.®® Furthermore, the pathogenicity P. aeruginosa
lies in what can be regarded as its “offense” strategies.!”” 178 This includes secreted factors
(pyocyanin, pyoverdine, and proteases), cellular motility, and additional ways of gaining
competitive advantages in the presence of other organisms; these factors are summarized in
Figure 1. Concerningly, P. aeruginosa can be transmitted from one person to another through
contaminated equipment or surfaces in healthcare settings.!” Because of its high priority rating
by the CDC and the WHO, it is crucial to assess the effect that exposure to cationic biocides has
on the defensive and offensive strategies of P. aeruginosa.

Prolonged subinhibitory exposure to disinfectants has become an environmental reality due
to increased CB prevalence in nature.'® Previous reports have demonstrated that long term
exposure to BAC can promote antibiotic resistance in bacteria including P. aeruginosa.”’ 120 18!
Kim et al. demonstrated that isolates of P. aeruginosa from river sediment that were exposed to
BAC over a 3-year time span developed cross-resistance to clinically relevant antibiotics such as
ciprofloxacin and chloramphenicol. Mc Cay et al. showed that after 33 serial passages of a P.
aeruginosa clinical isolate in subinhibitory concentrations of BAC, the strain became less
susceptible to ciprofloxacin; however, susceptibility to polymyxin B increased. Loughlin et al.
also reported the development of serially passaged P. aeruginosa strains in sublethal amounts of

BAC to explore antibiotic cross-resistance. In their studies, it was observed that the BAC-
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resistant mutants exhibited an increase in resistance to polymyxin B with no MIC changes
against imipenem, ciprofloxacin, and tobramycin.

In this study, we explored the effects of sublethal CB exposure utilizing P. aeruginosa strains
from a recently developed panel of diverse clinical isolates from the Multidrug-Resistant
Organism Repository and Surveillance Network (MRSN).!26 By using isolates from this panel,
we are able to probe strains from a wide range of antibiotic susceptibility profiles and genetic
backgrounds in addition to the laboratory reference strain PAO1. From the panel, we selected the
pan-resistant isolate MRSN6220, extensively drug-resistant strains MRSN6241 and MRSN5524,
and multidrug resistant strain MRSN409937. The disinfectants selected for this study included
the most common CB BAC, used in a wide range of applications like hospital-surface
disinfection, wound sterilization, pool water disinfection, and eggshell sanitization,®” as well as
the novel quaternary phosphonium compound P6P-10,10, previously reported by our research
groups.®? This compound is a promising biocide, showing significantly higher potency (~100X)
compared to other commercial disinfectants. By comparing these two dramatically different
cationic biocides, we hoped to assess whether structural diversity in CBs influences the
adaptation phenotypes in P. aeruginosa after long-term exposure.

Herein, we disclose that exposure to a pair of disparate CB structures results in changes in
bacterial defensive and offensive phenotypes with distinct implications in pathogenesis.
Exposure to structurally distinct biocides can lead to differential production of virulence factors
and overall bacterial physiology of P. aeruginosa strains. This underlines the importance of the
potential implications of disinfection protocols on virulence and pathogenicity, and calls for the

rational selection and usage of disinfectants.
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Results and Discussion

CB resistance in P. aeruginosa influences antibiotic susceptibility.

We isolated CB-resistant P. aeruginosa strains after exposure to subinhibitory
concentrations of BAC and P6P-10,10 for 15 days. To evaluate the effect of CB resistance
development on antibiotic susceptibility, we tested our CB-resistant and parental strains against
12 antibiotics with differing modes of action including aminoglycosides, monobactams,
cephalosporins, carbapenems, fluoroquinolones, and polymyxins. No significant trends were
observed in cross-resistance between antibiotics and CB resistance, in contrast with the previous
reports mentioned.>” 12 Nevertheless, our results suggest that some resistance development to
CBs may increase susceptibility to certain antibiotic classes in P. aeruginosa (Table 1). The
BAC-resistant strains of MRSN6241 and MRSN409937 showed enhanced susceptibility to
aminoglycosides, while the BAC-resistant PAO1 strain showed reduced sensitivity to
aminoglycosides. Previously, aminoglycoside antagonism has been observed in PAO1 resulting
from a reduction in membrane polarization as a tolerance mechanism.!?! In two clinical isolates,
however, an increase in susceptibility is observed. For the BAC-resistant MRSN6241 strain, a
drastic change in aminoglycoside susceptibility shifts the MIC for gentamicin and tobramycin
back into a clinically susceptible range compared to the parental strain. In addition to changes in
aminoglycoside susceptibility, PAO1 and each MRSN strain had a CB-resistant derived strain
that displayed an increased susceptibility to a fluoroquinolone antibiotic. Most notably again,
BAC-resistant MRSN6241 had a three-to-four-fold decrease in MIC for ciprofloxacin and
levofloxacin. Additionally, we observed a two-to-three-fold decrease in MIC for the BAC-

resistant mutant of MRSN409937 when tested against cephalosporins and carbapenems
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(Supplemental Figure S1). The “P6PR” strains showed little to no MIC difference in most cases,
although the P6P-10,10-resistant mutant of MRSN409937 was markedly more susceptible to the
three aminoglycosides tested. Overall, our results contrast with the previous studies which report
cross-resistance or no change for BAC-resistant P. aeruginosa clinical and environmental

1solates.

CB resistance increases alginate production in P. aeruginosa.

We sought to assess whether our resistance selection efforts resulted in any CB-resistant
strains that increased alginate production to mitigate the effects of disinfectant treatment. The
exopolysaccharide alginate encapsulates P. aeruginosa cells and has been shown to protect the
bacteria from threats such as phagocytosis and disinfectant treatment.!82-13* P. aeruginosa strains
infecting the lungs of cystic fibrosis (CF) patients frequently become overproducers of alginate,
and this mucoid phenotype is crucial for establishing chronic infections in the lungs of CF
patients.'®*> To our knowledge, there have been no previous observations on whether CBs could
influence alginate production in P. aeruginosa; though alginate has been shown to protect against
QACs such as BAC and CTAB.!3

We quantified alginate production of both the parental and CB-resistant strains and found a
significant increase in alginate production in the BAC-resistant strains of PAO1, MRSN6241,
and MRSN5524, and in the P6P-10,10-resistant strains of MRSN5524. Our findings suggest that
the QAC BAC is more likely to induce this phenotype change in P. aeruginosa compared to
quaternary phosphonium compound P6P-10,10 (Fig. 2A). Due to the rise of BAC resistance in
the environment, this increased alginate phenotype could have profound implications on CF

patients with CB-resistant P. aeruginosa infections.
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Formation of biofilm in the solid-liquid interphase is not changed in the CB-resistant strains
of P. aeruginosa.

Bacteria are commonly found in bacterial aggregates called biofilms. Within these biofilms
bacteria engage in community-like behaviors that enhance their survival including acquisition of
nutrients, cooperative and competitive interactions, and protection from antimicrobials. '8
Biofilms are composed of a matrix of extracellular polymeric substances produced by bacteria
that include nucleic acids, lipids, secreted proteins, polysaccharides, and water.!8” 188 Biofilm
development renders pathogens less susceptible to antimicrobials such as antibiotics and
disinfectants which can lead to recalcitrant infections. For example, Henly et al. reported that
uropathogenic strains of E. coli adapted to BAC showed increased biofilm formation. '’

In P. aeruginosa, the main components of biofilms are the polysaccharides Pel (positively
charged), Psl (charge-neutral), and alginate (negatively charged).!”® Production of Pel and Psl is
observed during infection of cystic fibrosis patients and reduces the effectiveness of
antimicrobial treatments, while alginate is the main polysaccharide produced by mucoidal strains
and is associated with chronic infections.!”!: 12 Since we observed increased alginate production
associated with CB resistance, we sought to first quantify biofilm production at the solid-liquid
interface in the parent and CB-resistant strains using crystal violet staining in minimal medium.

Surprisingly, no differences were observed in biofilm formation at the liquid-surface
interface in the CB-resistant strains derived from the laboratory reference strain PAO1 or the
strains derived from the clinical isolates panel (Fig. 2B). When compared to the parental PAO1
strain, the BAC-resistant strain produced on average less biofilm compared to the other isogenic

strains, however this reduction in biofilm production was not significant. A similar result was
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also observed in the BAC-resistant strain derived from MRSN409937 clinical isolate.
Interestingly, the CB-resistant strains derived from MRSN5524 showed lower overall biofilm
production, but not in a significant manner. Biofilm formation measured in lysogeny broth (LB)
rich media also showed no significant difference between the CB-resistant strains and the
parental strains (data not shown). Our data indicate CB resistance does not lead to increased

biofilm formation at the solid-liquid interface in P. aeruginosa.

Pellicle formation is increased in the BAC-resistant but not in the P6P-resistant strain derived
from PAOI.

Bacteria can also form floating biofilms at the air-liquid interface known as pellicles.
Pellicles are mainly composed of exopolysaccharides, usually cellulose. In P. aeruginosa, the
pellicle matrix is composed of the Pel and Psl polysaccharides which are rich in glucose and in
mannose, respectively.!®> Regulation of pellicle formation is complex and species-specific, and
its matrix composition varies between bacterial species. Pellicle formation in the air-liquid
interface allows bacteria to readily acquire oxygen from the air and nutrients from the media.!**
94 In Bacillus subtilis, exposure to sub-lethal concentrations of the biocide chlorine dioxide
activates the membrane-bound histidine kinase KinC promoting biofilm formation in the form of
pellicle.'®® Pellicle formation in P. aeruginosa requires proteins encoded in the pel and ps!
operons responsible for the synthesis of the required polysaccharides to build the matrix.!*®

When the CB-resistant strains derived from PAO1 were grown in LB, we observed an
evident increase in pellicle formation in the BAC-resistant compared to the other isogenic strains
(Fig. 2C). This perceived increase in biofilm biomass at the air-liquid interface suggested that

pellicle formation was enhanced in the BAC-resistant strain. To quantify this difference in
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pellicle formation, we used biofilm peg plates and performed the assay as previously
described.!®” We found a significant increase in pellicle formation in the BAC-resistant strain
when compared to the parental isogenic strain (Fig. 2D). No significant difference in pellicle
formation was observed in the P6P-resistant strain. These data indicate CB resistance
differentially influences biofilm formation at the air-liquid interface with only BAC resistance

promoting pellicle formation in P. aeruginosa.

BAC adaptation reduces swimming behavior in clinical isolates.

Motility processes such as swimming and swarming play a vital role in pathogenesis of P,
aeruginosa infections. Swimming—single cellular movement with flagella—aids P. aeruginosa
in locating an infection site whereas the swarming motion, which is coordinated multicellular
movement with flagella, is useful for the development of biofilms.!”® Together, these motility
processes are multifaceted and assist in the pathogen’s defense to the host immune response.
Previous studies have shown that exposure to a range of biocides can negatively affect motility in
gram-negative species. Nordholt et al. observed a reduction in motility for E£. coli BAC-resistant
mutants.'® This same result was observed in a long-term E. coli BAC exposure study where the
authors hypothesized that downregulation of motility could be a survival mechanism as the
energy to produce flagella is high, thus this energy could be invested in other stress response
strategies.? In a similar experiment where E. coli was serially passaged against BAC, Forbes et
al. found that there was a reduced expression of genes related to motility.?°! Similar observations
were found for gram-positive Listeria monocytogenes as BAC-adapted mutants exhibited

reduced swarming motility.?%?
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Wanting to build upon this knowledge, we interrogated the relationship between CB
resistance of P. aeruginosa clinical isolates and motility. As shown in Table 2, we observed that
generally the BAC-resistant strains exhibited less swimming behavior with the BAC-resistant
mutant of MRSN6220 being markedly less motile. Though there were no apparent trends in
swarming motility, it was observed that the BAC-resistant strain of MRSN6241 was less motile
compared to the parent and P6P-10,10-resistant strains. These data suggests that BAC resistance
can affect the swimming motility of P. aeruginosa and clinical isolates which reflects the

findings in previous studies of motility in gram-negative and -positive bacteria.

BAC resistance results in an increase in virulence-associated pigment production.

With their characteristic greenish-blue hue, pseudomonads are easily recognizable due to
their production of vibrant pigments. In P. aeruginosa, these colorful compounds are primarily
the siderophore pyoverdine (PVD) and redox active metabolite pyocyanin (PYO).”® 203 Both
compounds are associated with P. aeruginosa virulence and can be used to gain an advantage
over human hosts and other bacteria in its environment. The relationship between pigment
production and CB resistance has been mostly overlooked; although increased expression of
pyoverdine biosynthesis genes has been observed previously in BAC-adapted P. aeruginosa
strains without further phenotypic validation noted.'?* In contrast, it has been reported that a
QAC-adapted strain of P. aeruginosa decreased in pyocyanin production.?** We observed a sharp
increase in PYO production compared to the parental strains in BAC-resistant strains derived
from PAO1 and MRSN409937 (Fig. 3A). In contrast, P6P-10,10 resistance appeared to have
little impact on PYO production. In addition to PYO, production of the fluorescent siderophore

PVD was studied. Similar to PYO, sharp increases in PVD production were observed in BAC-
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resistant PAO1 and MRSN409937, and an increase was also observed in BAC-resistant
MSRN6220 (Fig. 3B). These phenotypic shifts in pigment production are visible when culturing
in solid or liquid media. Because increased PVD and PYO synthesis are known to inhibit the
growth of other bacteria, we hypothesized that BAC-resistant strains might have an increased

competitive advantage against other bacteria.

Lysis of S. aureus by disinfectant-resistant Pseudomonas aeruginosa PAOI.

We sought to study the effect of BAC and P6P-10,10 resistance on the inter-species
relationship of Staphylococcus aureus and P. aeruginosa. Frequently isolated together, P
aeruginosa and S. aureus are important pathogens in human disease from wound infections to
chronic lung infections.?% Co-infections have been shown to be more virulent than single species
infections.?% 207 To our knowledge, no studies have been performed to assess the effect of
disinfectant resistance on interbacterial competition. To interrogate the resistant P. aeruginosa
phenotype, we conducted lysis experiments to determine whether disinfectant resistance affected
the ability for PAO1 to induce lysis in S. aureus (Fig. 4). In plate assays, BAC- and P6P-10,10-
resistant PAOL1 strains had greater lysis zones than the parent PAO1 strain. In agreement with our
previous results, the BAC-R PAO1 strain produced more bluish-green pigment than the two
other PAOL1 strains, correlating with the observed increase in pyocyanin production. This
secreted factor production may be responsible for the increased lysis. However, despite a less
substantial increase in PYO and an observed decrease in PVD, the P6P-R strain had the same
lysis effects on S. aureus, as measured by zone of lysis. This indicates that there are other

secreted virulence factors that may be primarily responsible for the causing the zone of lysis in
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PAOL1. Nevertheless, these data indicate that CB resistance can affect important interbacterial

relationships, which may have implications for human infections.

CB-resistant mutants show competitive disadvantage compared to the PAOI parental strain.
Bacterial competition is an important interaction that occurs between and within species and

can determine which microorganism will thrive within a niche.2%

In P. aeruginosa, mutant
isolates known as “social cheaters” take advantage of factors secreted by surrounding bacteria
without the need to spend resources to produce them themselves, allowing them to thrive 2%
Similar mutants have been isolated in CF patients, highlighting the potential implications in
health.1°

Since we observed variations in fitness while growing the CB-resistant strains in different
media (Supplemental Figures S2 and S3), we wanted to determine the competitive fitness of
these isogenic mutants. To investigate this, we performed a prey recovery rate competition
assay.?!!:212 This assay consists of co-incubating the strains of interest (“attackers™) with a
reporter strain (“prey”) at a fixed ratio and using a selectable marker on the prey strain to select
only this strain after competition (Fig. SA). In our case, the prey strain (PAO1 pUCP30T) is
gentamicin-resistant while the attacker strains (PAO1, BAC-R, and P6P-R) are gentamicin-
sensitive. The PAO1 wildtype strain without the vector was included as a control. After selection,
the prey recovery rate is calculated by comparing the recovered prey in selective media (output)
with the prey amount at the beginning of the experiment (input). This competition assay provides
additional information on the fitness of these isogenic strains under mixed culture conditions.

We observed phenotypic differences during our competition incubation period, especially

with our P6P-resistant strain (Fig. SB). While we observed differences suggestive of competitive
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advantage of the P6P-resistant strain, the overall prey recovery rate indicated no significant
difference compared to the WT control (Fig. 5C). The BAC-resistant strain showed an overall
lower fitness compared to the WT as indicated by a higher prey recovery rate compared to the
one obtained in the WT control (Fig. 5D). These data suggest that resistance to CBs affect

competitive fitness within these isogenic strains.

Evaluation of P. aeruginosa virulence in G. mellonella larvae infection model.

To evaluate how the production of virulence factors in CB-resistant strains affect virulence in
vivo, we utilized the Galleria mellonella larvae infection model. This system is used to study
virulence factor production and virulence in P. aeruginosa.?'3 As previously reported, we
observed that most larvae infected with the parental strain PAO1 died within 24 hours when
infected with an average dose of 5 CFU/larva, with only 13 % of the infected larvae surviving
the infection.?!* The larvae infected with the P6P-resistant strain displayed similar survival
probability with 17 % of the infected larvae surviving the infection after 24 hours (Fig. 6A).
Interestingly, the larvae infected with the BAC-resistant strain showed significantly decreased
morbidity with over half of the population surviving infection (60 %) throughout the experiment
(Fig. 6B). This result is particularly interesting since the BAC-resistant strain consistently
showed the highest production of different virulence factors. This suggests that the fitness cost
imposed by BAC resistance development decreases virulence in vivo. In addition, these data
indicate that CB resistance development in P. aeruginosa differentially affect virulence in this

infection model.

Conclusion
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Disinfectants are an important part of our arsenal against infections as they represent the first
lines of defense against the spread of pathogens. CBs stand out as commonly used disinfectants
in both household and hospital settings. In this work, we investigated the effect of CB resistance
development of the widely used BAC and our next generation disinfectant P6P-10,10 on P,
aeruginosa defensive strategies used by the bacteria to protect itself from antimicrobials and
offensive strategies used to thrive against other organisms. While the changes in virulence
associated with P6P mutants was modest overall, we found that resistance development to the
commonly used disinfectant BAC led to increased production of virulence-associated pigments
and pellicle formation, but at a fitness cost. During infection, the BAC-resistant mutant showed
decreased virulence likely due to the fitness burden imposed by resistance. Nevertheless, caution
should be taken when interpreting these results since compensatory mutations could remove the
fitness cost imposed and allow these resistant mutants to thrive. Even though several virulence
factors are increased in some of these CB-resistant strains in vitro, the regulation and production
of these factors in vivo warrants further investigation. Understanding how exposure to
disinfectants affect virulence in highly pathogenic bacteria such as P. aeruginosa is crucial for
establishment of effective disinfection protocol that avoid promoting development of potentially

more virulent strains.
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Materials and Methods

Bacterial strains and growth conditions. P. aeruginosa strains were streaked onto lysogeny
broth (LB) agar (Sigma-Aldrich, 1102830500) plates and incubated (NuAire, Plymouth, MN) at
37 °C overnight. Single colonies were used to inoculate liquid cultures and incubated for 18-24
hours at 37 °C with shaking. P. aeruginosa clinical isolates were obtained from the Multidrug-
Resistant Organism Repository and Surveillance Network (MRSN).

Growth curves were performed in 96-well flat-bottom plates (Falcon®, 351172) with
shaking. Optical density was measured at 600 nm wavelength (ODsoo) every 10 minutes and
growth was monitored over 24 hours. Growth curve experiments were performed on different
days with independent biological replicates with at least 6 technical replicates per

strain/condition. MOPS and M63 minimal media were prepared as previously described and
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supplemented with glucose as a carbon source.?!> Synthetic cystic fibrosis medium (SCFM) was

prepared as previously described with addition of N-acetyl glucosamine.” 216

Statistical criteria. The experimental data were analyzed using the GraphPad Prism 9.0 software

(San Diego, CA). When the value of P <0.05, it was considered statistically significant.

Resistance Selection. Disinfectant-resistant mutants were generated via serial passing of P,
aeruginosa PAO1, MRSN6220, MRSN6241, MRSN409937, and MRSN5524 under increasing
concentrations of either BAC or P6P-10,10 as previously reported.!? First, an overnight culture
of PAO1 in Difco™ Mueller-Hinton Broth (Sigma Aldrich, DF0757-17-6) was diluted to a
concentration of 10® CFU/mL, according to the ODgoo value. Six 100 uL concentrations of
compound, ranging from four-fold the MIC to half the MIC were then inoculated with 100 puL of
the dilute culture and incubated for 24 hours at 37 °C. After 24 hours, a 2.0 pL aliquot from the
highest concentration displaying growth was diluted 1:100 in fresh MHB (Sigma-Aldrich,
DF0757-17-6) and fresh sample of compound. This process was repeated for 14 total serial

passages. The experiment was performed in biological triplicates.

Cross Resistance MIC assay. To determine the MIC values, antibiotics were serially diluted
two-fold from stock solutions (1.0 mM) to yield twelve 100 pL test concentrations. P. aeruginosa
strains were streaked onto LB agar (Sigma-Aldrich, 1102830500) plates and incubated (NuAuire,
Plymouth, MN) for 18 h at 37 °C. Single colonies were used to inoculate 5 mL of Difco™
Mueller-Hinton (MHB) broth (Sigma-Aldrich, DF0757-17-6), and cultures were grown at 37 °C
for 18 h with shaking. Overnight cultures were diluted 1:100 in MHB and regrown to mid-

exponential phase as determined by ODeoo. All cultures were diluted to ca. 10* CFU/mL in MHB
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and 100 pL were inoculated into each well of a U-bottom 96-well plate (Avantor, 734-2782)
containing 100 pL of antibiotic solution. Plates were incubated at 37 °C for 24 h upon which
wells were evaluated visually for bacterial growth. The MIC was determined as the lowest
concentration of compound resulting in no bacterial growth visible to the naked eye based on the
mean in three independent experiments. MHB media and aqueous DMSO (Millipore Sigma,
MX1458-6) controls were conducted for each strain. Antibiotics tested were amikacin disulfate
(Alfar Aesar, J63862.14), gentamicin sulfate (Millipore Sigma, G1264-250MG), tobramycin
(Millipore Sigma, PHR1079), aztreonam (TCI Chemicals, A2466), ceftazidime (Combi-Blocks,
QV-7534), cefepime HCI (Chem-Impex, 15144), imipenem monohydrate (Combi-Blocks, QC-
2985), meropenem trihydrate (Combi-Blocks, QH-8889), ciprofloxacin (Enzo Life Sciences,
ALX-380-287-G025), levofloxacin (Alfa Aesar, J66943.06), colistin sulfate (Millipore Sigma,
C4461-100MG), and polymyxin B sulfate (Oakwood Chemical, QC-8583). All antibiotics were

dissolved in a 1:10 dilution of DMSO:water to create 1.0 mM solutions.

Alginate Quantification. Alginate quantification assay was performed following the procedure
described by Chotirmall et al. with minor modifications.?!”-2!¥ P. aeruginosa strains were
streaked onto LB agar (Sigma-Aldrich, 1102830500) plates and incubated (NuAire, Plymouth,
MN) for 18 h at 37 °C. Single colonies were used to inoculate 5 mL of Miller LB broth (VWR,
TS61187-5000), and cultures were grown at 37 °C for 18 h with shaking. 1 M NaCl (Sigma-
Aldrich, SX0420-5) was added to the overnight culture in a 1:1 ratio and vortexed. The cultures
were centrifuged (Eppendorf, Enfield, CT) at 10,000 rpm for 30 minutes. 2% cetylpyridinium
chloride (Sigma-Aldrich, C0732-100G) was added to the supernatant in a 2:1 ratio to allow for

alginate precipitation. For collection of alginate, the mixture was centrifuged at 10,000 rpm for
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10 minutes at room temperature and resuspended in 500 pL of -20 °C isopropanol (Fisher
Scientific, A426P-4) for 1 hour. The mixture was centrifuged at 10,000 rpm at 4 °C for 10
minutes. The remaining isopropanol was washed by dissolving the alginate pellet in water and
lyophilized (Labconco, Kansas City, MO). The alginate pellet was resuspended in 500 pL of 1 M
NaCl and heated to 60 °C. 50 pL of the alginate solution was added to 200 pL of 25 mM boric
acid (Sigma-Aldrich, B0394-500G)/sulfuric acid (EMD Millipore, 258105-500ML) (2 M H3BO3
in sulfuric acid), and the mixture was heated to 100 °C for 10 minutes. The mixture was cooled
for 15 minutes, and 50 pL of 0.125% carbazole (Sigma-Aldrich, C5132-100G) in 100% ethanol
(Decon Labs, 2705SG) was added. The solution was reheated to 100 °C for 10 minutes. Once
cooled, the quantification of alginate was determined spectrophotometrically at 550 nm using a

BioTek Synergy H1 Hybrid plate reader (Santa Clara, CA).

Biofilm Quantification Assay. P. aeruginosa strains were streaked onto LB agar (Sigma-
Aldrich, 1102830500) plates and incubated (NuAire, Plymouth, MN) for 18 h at 37 °C. Single
colonies were used to inoculate 5 mL of Miller LB broth (VWR, TS61187-5000), and cultures
were grown at 37 °C for 18 h with shaking. Overnight cultures were diluted 1:100 in M63
minimal media supplemented with 2% (w/v) glucose (Sigma-Aldrich, G8270-100G).2!° Diluted
cultures were added to surface-treated 96-well flat-bottom microtiter plates (Corning
Incorporated, 3598). Plates were incubated at 37 °C for 24 h at which time the cell media was
aspirated off. Wells were washed twice with 200 pL of phosphate buffered solution (PBS) and
dried for 10 minutes. The wells were incubated for 15 minutes with 200 pL of 0.1% (w/v) crystal
violet (VWR, 0528-500G) in DI H>O. Excess crystal violet was removed by aspirating off the

liquid and wells were rinsed twice with 200 pL of PBS. Crystal violet-stained biofilm was
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solubilized with 200 pL of 70% (w/v) ethanol (Decon Labs, 2705SG) in DI H>O and allowed to
incubate at room temperature for 10 minutes to allow for full dissolution. Then 100 pL was
transferred to a fresh flat-bottom 96-well plate (Falcon®, 351172) for absorbance measurement
at 570 nm using a BioTek Synergy H1 Hybrid plate reader (Santa Clara, CA). Biological

triplicates were performed with twelve technical replicates with media control.

Pellicle Quantification Assays. P. aeruginosa strains were streaked onto LB agar (Sigma-
Aldrich, 1102830500) plates and incubated (NuAire, Plymouth, MN) for 18 h at 37 °C. Single
colonies were used to inoculate 5 mL of Miller LB broth (VWR, TS61187-5000), and cultures
were grown at 37 °C for 18 hours with shaking. Overnight cultures were diluted 1:100 in LB and
transferred onto a non-surface treated 96-well plate (Falcon®, 351172) with pegged lid (Nunc™,
445497). Plates were incubated at 37 °C for 24 h inside a secondary container to prevent
undesired evaporation and processed as previously described.!”” To remove planktonic cells, the
lid was carefully removed and placed into a new 96-well plate with 300 pL of PBS for 30-60
seconds prior to staining with 300 pL of 0.1% (w/v) crystal violet for 5 minutes in a different
plate. After staining, excess crystal violet was removed by placing the lid in a 96-well plate with
300 uL of PBS in a new plate, and then dried for 10 minutes with pegs facing upward inside the
biosafety cabinet. Finally, the pegged lid was destained in a 96-well plate containing 300 pL of
30% (v/v) acetic acid for 5 minutes. 200 uL were transferred to a new plate and absorbance was
measured at a wavelength of 570 nm. Data was corrected with blank values and the average

values of 3 biological replicates were analyzed.

Motility Assay. Motility assays were performed following the procedure described by Cullen et
al. with minor modifications.??® P. aeruginosa strains were streaked onto LB agar (Sigma-

Aldrich, 1102830500) plates and incubated (NuAire, Plymouth, MN) for 18 h at 37 °C. Single
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colonies were used to inoculate 5 mL of Miller LB broth (VWR, TS61187-5000), and cultures
were grown at 37 °C for 18 hours with shaking. Swimming motility was assessed by inoculating
the surface of LB media (Sigma-Aldrich, 1102830500) petri plate supplemented with 0.3% (w/v)
Bacto™ agar (Fisher Scientific, DF0479-17-3) with overnight culture using a sterile 10 pL
pipette tip. Swimming plates were incubated at 37 °C for 18 hours. Swarming motility was
assessed by inoculating the surface of LB media (Sigma-Aldrich, 1102830500) supplemented
with 0.5% (w/v) Bacto™ agar (Fisher Scientific, DF0479-17-3) plate with overnight culture
using a sterile 10 pL pipette tip. Swarming plates were incubated at 30 °C for 18 hours.
Diameters of swimming and swarming zones were calculated by averaging two perpendicular

measurements. Two biological replicates per strain were performed.

S. aureus Lysis. Adapted from Mashburn ef al., lysis of S. aureus on petri plates (VWR, 25384-
342) was performed by swabbing a LB plate (Sigma-Aldrich, 1102830500) with an overnight
culture of S. aureus.??! After drying, 5 ul of an overnight culture of P. aeruginosa was spotted
onto the petri plate, dried, and incubated at 37 °C for 24 h. Zones of lysis were subsequently

measured and imaged.

Pyoverdine quantification. Pyoverdine (PVD) quantification was performed following the
procedure described by Hoegy et al. with minor modifications.??? Prior to completing the
quantification, the parameters for the plate reader (BioTek Synergy H1 hybrid, Santa Clara, CA)
were established as excitation wavelength at 400 nm and emission wavelength at 447 nm. The
read height was 7.00 mm, and the temperature was set at 37 °C. Each fluorescence measurement
occurred with the lid on the plate. P. aeruginosa strains were streaked onto LB agar (Sigma-

Aldrich, 1102830500) plates and incubated (NuAire, Plymouth, MN) for 18 hours at 37 °C.
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Single colonies were used to inoculate 5 mL of Difco™ Mueller-Hinton (MHB) broth (Sigma-
Aldrich, DF0757-17-6), and cultures were grown at 37 °C for 18 hours with shaking. 100 puL of
overnight culture was added to an Eppendorf tube (Fisher Scientific, 02-681-320) followed by
900 pL of Tris-HCI pH 8.0 buffer (Fisher Scientific, BP1758-100), and the solution was mixed.
100 pL of the mixture was inoculated into a well of a black flat bottom 96-well plate (Nunclon,
137101) for fluorescence measurement of apo PVD. When excited at 400 nm, the fluorescence

emission of apo PVD is 447 nm; PVD in complex with iron will not be fluorescent.

Prey competitive fitness experiments. Inter-bacterial competition assays were performed as
previously described with modifications.?' 212 P. geruginosa PAO1 pUCP30T (GenR®) served as
prey and readout of the experiment. Isogenic BAC-R and P6P-R strains served as attacker strains
with PAO1 without the vector conferring resistance to gentamicin used as a control. A 10:1
attacker:prey ratio was used for these studies. Overnight cultures of bacterial strains were
diluted 100-fold and grown to an ODsoo of 1. Cultures were normalized to an ODgoo of 0.4 right
before the start of the experiment. The initial colony forming units (CFUs) counts were
determined and used as input. Our P. aeruginosa pUCP30T (Gen®) prey strain was selected in
Miller LB broth (VWR, TS61187-5000) supplemented with gentamicin (Millipore Sigma,
G1264-250MG) 60 pg/mL after competition and use as output. The prey recovery rate was

calculated by dividing the CFUs counts of the output by the CFUs of the input.

Pyocyanin Quantification. Adapted from Taylor ef al., overnight cultures of P. aeruginosa were

grown from single colonies in Miller LB medium (VWR, TS61187-5000) and grown with

shaking at 37 °C for 20 hours.??*> 1 mL of each culture was subjected to centrifugation
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(Eppendorf, Enfield, CT) at 13 000 rpm for 3 minutes. The clarified supernatants were collected,
and the ODgos were measured on a BioTek Synergy H1 Hybrid plate reader (Santa Clara, CA).
The pellets were resuspended in PBS, and the ODgoo was measured to determine the cell density
of each sample. Pyocyanin production was determined by normalizing ODeos of the clarified

supernatant to the ODeoo of the resuspended pellet.

Galleria mellonella infections. Healthy G. mellonella 5 instar larvae (SpeedyWorm) of similar
size (180 mg — 250 mg) were carefully selected for infection, and larvae displaying signs of
disease (e.g. black spots) were discarded.?!'# Larvae were infected with an average of 5 CFU per
worm (10 pL) using 30-gauge needles (BD, 305106) and 25-puL syringe (Hamilton, 80401).
Infections were monitored over a 5-day period for signs of morbidity (melanization, akinesia,
inability to right itself). A total of 30 larvae were infected per group, including a PBS mock-
infected control group. Two independent experiments were performed with two different batches

of G. mellonella larvae.
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Figure 1. Schematic overview of P. aeruginosa virulence factors assessed after adaptation to
cationic biocides (CBs). P. aeruginosa strains were exposed to increasing concentration of CBs
over 15 days, and virulence-associated phenotypes were subsequently evaluated in these CB-
resistant strains. These factors were grouped into “defensive” strategies that allow the bacterium
to survive harsh conditions and external insults, and “offensive” strategies that allow the

bacterium to attack, outcompete, or invade another organism. Created with BioRender.com.
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Table 1. Minimum inhibitory concentrations (MIC) of parental (bold) and CB-resistant (R)

strains of P. aeruginosa. Notable MIC differences are highlighted in red.

Cross Resistance MICs, uM

Strain Aminoglycosides Fluoroquinolones
AMK GEN TOB CIP LVX

PAO1 4 2 0.5 2 8

PAO1 BACR 8 8 2 1 4

PAO1 P6PR 4 4 1 4 8
6220 250 125 >250 125 250
6220 BACR 250 125 >250 63 125
6220 P6PR 250 125 >250 125 125
6241 8 125 63 125 125
6241 BACR 1 16 8 8 16
6241 P6PR 8 125 125 125 125
409937 16 8 4 16 63
409937 BACR 4 2 1 8 63
409937 P6P" 1 0.25 0.25 16 63
5524 16 >250 250 4 32
5524 BAC® 16 >250 125 2 16
5524 P6P" 4 250 32 2 16
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Figure 2. Evaluation of defensive strategies produced by P. aeruginosa CB-resistant strains.
A) Alginate production was quantified in a mixture of boric acid/sulfuric acid/carbazole using a
spectrophotometer (Asso) after alginate precipitation with 2% cetylpyridium and collection with
isopropanol. The amounts of alginate produced were compared between the CB-resistant P.
aeruginosa strains and their respective parental (WT) strain. B) Relative biofilm formation by
CB-resistant and parental strains was evaluated in M63 media and quantified using crystal violet
measuring absorbance at a wavelength of 570 nm. C) Pellicle formation of CB-resistant and
parental PAOL strains after overnight incubation. Differences in pellicle formation were clearly
observed after overnight incubation with a thicker white film formed in the air-liquid interface
(top and side view) in the BAC-resistant strain compared to the P6P-resistant or PAO1 parental
strains. D) Pellicle formation was quantified using crystal violet and measuring absorbance at a
wavelength of 570 nm (As7). The means and individual values for 3 biological replicates are
shown. Statistical significance in pellicle formation between strains was determined using the

two-tailed Student’s t-test comparing the As7o values. *, P < 0.05 and ns, not significant.
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Statistical significance in alginate and biofilm production between strains was determined using
the two-tailed Student’s t-test. ns = not significant, ****P< (0.0001, ***P< 0.0005, **P< 0.005,

*P<0.05.
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Table 2. Swimming and swarming behavior in parental (bold) and resistant (R) strains of P.
aeruginosa. Diameters of swimming and swarming zones were calculated by averaging two

perpendicular measurements of motility zones. Two biological replicates per strain were

performed.

Swimming Swarming

Strain Diameter (mm) Diameter (mm)
PAO1 37.0 75
PAO1 BACR 33.0 6.5
PAO1 P6PR 36.5 5.0
6220 42.0 7.0
6220 BACR 6.0 4.0
6220 P6PR 38.5 5.0
6241 35.0 215
6241 BACR 28.0 8.5
6241 P6PR 30.0 18.0
409937 40.0 9.5
409937 BACR 24.0 55
409937 P6PR 40.0 6.0
5524 12.0 95
5524 BACR 6.5 5.0
5524 P6PR 8.5 5.0
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Figure 3. Evaluation of virulence-associated pigment production in P. aeruginosa CB-

resistant strains. A) Pyocyanin (PYO) production was measured spectrophotometrically from

supernatants at a wavelength of 695 nm and normalized to the cell density using ODgoo values.

The normalized values from CB-resistant strains were compared to their respective parental
strains. B) Pyoverdine (PVD) production was assessed fluorometrically taking advantage of

fluorescence of apo-PVD. PVD production of CB-resistant strains was compared to their

respective parental strains. Statistical significance in PVD and PYO production between strains

was determined using the two-tailed Student’s t-test. ns = not significant, ****P< 0.0001, ***P<

0.0005, **P< 0.005, *P< 0.05
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S. aureus lysis
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Figure 4. Lysis of S. aureus by P. aeruginosa PAO1 and CB-resistant strains. Lysis zones
generated on S. aureus bacterial lawns by CB-resistant strains were measured and compared to
the zones generated by parental isogenic strain PAO1. Top panel shows measurements of lysis
zones (6 replicates analyzed/strain). Bottom panels show lysis zones on S. aureus produced by P.
aeruginosa CB-resistant and PAO1 parental strains. *P< 0.05 in two-tailed Student’s t-test

compared to parental strain.

135



A. Ratio Attacker

(Gen®)

10 e LB LB+
+ T\ only 37°C  gentamicin
1 o e uhr
Prey T T
(Genty  (Competition) (Selection)

24hrl37°c 24hrl37oc
Prey
Input Recovery Rate Output

B. pro1  BACR  Per-r D-

8+ .o .
2
€ 64
2
o
3
£ 4
>
2
o
£ 2]
Recovered 0-
PAO1 (pUCP30T. WT BAC-R P6P-R
Prey (GenR)

Figure 5. Bacterial competition assays of CB-resistant and PAO1 parental strain. A)
Schematic of the prey recovery rate interbacterial competition assay. B) Different morphologies
observed in competition spots between attacker strains PAO1 (WT control), BAC-R and P6P-R
strains versus PAO1 harboring a vector conferring gentamicin resistance (prey strain; Gen®) on
LB agar media after 24 hours using an attacker to prey ratio of 10:1. C) Spot plating for recovery
of prey strain in LB gentamicin (60 pg/mL) plate for prey recovery rate determination after
competition. D) Prey recovery rate of competition assays between P. aeruginosa PAO1, BAC-
resistant and P6P-resistant strains against P. aeruginosa PAO1 Gen®. The mean of three

replicates is shown. No statistical significance was observed by two-tailed Student’s ¢ test.
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Figure 6. Galleria mellonella 1arvae infected with CB-resistant and parental PAO1 strains.
A) Morbidity of G. mellonella larvae 24 hours post-infection. Survival (%) at 24 hours post-
infection is shown in the top right corner of each picture. B) Kaplan-Meier survival curves of G.
mellonella larvae monitored over a 5-day period. Two independent experiments were performed
with a total of 120 larvae with PBS-injected larvae used as mock infection control (n =

30/group). Survival curves were compared using log-rank (Mantel-Cox) test. ****P<(.0001.
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Figure S1. Full minimum inhibitory concentrations (MIC) of parental (bold) and CB-resistant

(R) strains of P. aeruginosa.

Cross Resistance MICs, uM

& <& &
5 ¥ & & o & O
) N & F @“"
QQ O > (W )
& &Q é@ [ 00‘0 Q°
Strain vé\ ¢ <

AMK GEN TOB ATM CAZ FEP IPM MEM CIP LVX CST PMB

PAO1 4 2 0.5 16 2 1 2 1 2 8 4 0.25
PAO1 BAC? 8 8 2 8 2 1 2 2 1 4 2 0.25
PAO1 P6P" 4 4 1 8 4 1 8 2 4 8 2 0.25
6220 250 125 >250 >250 >250 >250 >250 >250 125 250 4 0.25
6220 BAC® 250 125 >250 125 >250 125 >250 250 63 125 2 0.25
6220 P6P" 250 125 >250 >250 >250 >250 >250 >250 125 125 4 0.25
6241 8 125 63 >250 >250 250 32 32 125 125 2 0.25
6241 BACR 1 16 8 >250 >250 250 32 32 8 16 4 0.25
6241 P6P" 8 125 125 >250 >250 250 32 32 125 125 2 0.25
409937 16 8 4 >250 >250 250 8 32 16 63 4 0.25
409937 BAC® 4 2 1 250 125 63 2 4 8 63 2 0.25
409937 PP} 1 0.25 0.25 >250 >250 125 16 16 16 63 2 0.25
5524 16 >250 250 125 16 32 16 63 4 32 2 0.25

5524 BACR 16 >250 125 125 16 63 16 32 2 16 4 0.5
5524 P6P" 4 250 32 125 16 32 16 32 2 16 2 0.25
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Figure S2. Growth curves performed in lysogeny broth (LB) with CB-resistant and

parental strains. CB-resistant and parental strains growth was monitored over a 36-hour period

in 96-well plates with shaking at 37 °C, with ODgoo measurements every 10 minutes. Only

growth for 12 hours is shown to facilitate comparisons between strains. Each plot shows mean

values of ODsoo for the wild-type (WT) parental strain (gray), and the derived BAC-resistant

(teal) and P6P-resistant (dark coral) strains. The mean value (solid lines) and standard deviation

(shaded area) of 3 biological replicates for each strain is shown.
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Figure S3. Growth curves performed in synthetic cystic fibrosis media (SCFM) with

modifications with CB-resistant and parental strains. CB-resistant and parental strains

growth was monitored over a 36-hour period in 96-well plates with shaking at 37 °C, with ODsoo

measurements every 10 minutes. Only growth for 12 hours is shown to facilitate comparisons

between strains. Each plot shows mean values of ODgoo for the wild-type (WT) parental strain

(gray), and the derived BAC-resistant (teal) and P6P-resistant (dark coral) strains. The mean

value (solid lines) and standard deviation (shaded area) of 3 biological replicates for each strain

1s shown.
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Chapter V

Discussion
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The chain of infection is a series of six important elements that need consideration when
trying to prevent the spread of infectious agents. First, the microorganism in question is
pathogenic and can cause disease, either in healthy or immunocompromised individuals. The
resistance profile of these microorganisms to antimicrobials is a crucial aspect as well. The
second consideration is the reservoir of the pathogen where it can grow in numbers, and thirdly,
the exit it uses to leave said reservoir (e.g., bodily fluids). The fourth element to consider is how
this pathogen is transported from the reservoir to a host, for example, through an insect vector.
The fifth consideration is what entry route(s) is used by the pathogen into the host (e.g., open
wound, respiratory tract), and finally, the sixth element is the susceptibility of the host.

Antimicrobial resistance (AMR) not only jeopardizes treatment efficacy after infection
but also affects other elements in the chain of infection, allowing a pathogen to continue to
spread and cause more disease. While antibiotics are essential for both therapeutic and
prophylactic uses to prevent or treat infections, biocides are a key component in preventing the
spread of pathogens at different stages of the chain of infection. These biocides are found as
food preservatives, antiseptics, in healthcare and household disinfection. Their usage improves
public health by reducing or eliminating environmental pathogen reservoirs, preventing pathogen
transport, and blocking the possibility of entry into the host when use as antiseptics. When
appropriately used, these biocides can reduce the environmental bioburden of pathogens,
consequently decreasing infection occurrences and the need of antibiotic usage.!'® Thus, biocides
are a vital element in our fight against AMR.

Cationic biocides stand out as an important and versatile class of biocide in our arsenal to
prevent and control infections. This class of biocide is widely used as active ingredients in

disinfectants, antiseptics, household products and cosmetics, among other commercial products.
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Importantly, these cationic biocides are also widely used in healthcare, including the
bisbiguanides (e.g., alexidine and chlorhexidine), and quaternary ammonium compounds (QAC:s,
e.g., benzalkonium chloride). Despite their abundant use and importance, few new cationic
biocides have been introduced into the market. To address this gap, the Minbiole and Wuest
groups have developed over 800 new QACs and phosphonium-containing analogs (QPCs) with a
diverse range of chemical structures. However, how bacteria adapt to these chemically distinct
biocides, in particular to QPCs, and how these adaptations influence virulence remain largely
unexplored.

Our work focused on QACs and QPCs, and how they relate to other clinically relevant
cationic biocides. First, I explored how the surface-active properties of QACs can be used to
screen for QACs with better bactericidal activity. This is rather important since this class of
biocide is mainly used as disinfectants, and hence they should exhibit potent bactericidal activity
within short contact times. Moreover, assessing this antimicrobial activity with numerous
compounds can become extremely costly and time-consuming. Strategies such as the one
presented here, can provide a more cost-effective path to identifying potent QACs for
disinfection. In addition, we investigated whether P. aeruginosa adapts differently to
benzalkonium chloride (a classic QAC) compared to a novel and potent QPC, named P6P-10, 10.
Finally, we assessed how these adaptations impact the production of virulence factors and
pathogenicity. Using P. aeruginosa in these studies was advantageous because it is notoriously
resistant to biocides and other antimicrobials.??* Our results suggest that P. aeruginosa adapts
distinctly to biocides with different chemical structure (mono-cationic vs. bis-cationic) and not

composition (e.g. pnictogen), and that these differences in adaptations are reflected
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phenotypically as different resistance determinants and production of virulence factors and
pathogenicity.

QAC:s have surface-active properties that endow them with ideal characteristics for
cleansing and disinfecting purposes. As such, they can reduce the surface tension of water, a
property that can be readily measured as dynamic surface tension (DST). DST measures the
difference in surface tension as a function of time using a tensiometer.?* I explored whether DST
values correlated with the antimicrobial activities of a panel of 10 structurally diverse QACs. I
assessed the correlation between DST values with MIC values and suspension time-kill assay
values, reported as log-reduction values (LRVs). We found that QACs with lower DST values
(more surface-active) correlated with compounds with superior bactericidal activity (Chapter
II). Interestingly, DST values did not correlate with inhibition of growth (MIC values), neither
did MIC values of QACs with their respective LRVs. The discrepancy between these two
antimicrobial activities indicates that these are dependent upon distinct factors. One potential
factor that could explain these differences is the experimental conditions under which these
assays are performed, with MICs using lower concentrations and longer incubations, while time-
kill assays performed with significantly higher concentrations in relatively short times (0.5-5
minutes) to mimic usage in real-world disinfection conditions. It is also important to note that
these measurements were performed with pure solutions of the compounds in deionized water,
but most formulations of QACs also contain additional additives that are not represented in these
data. In addition, even when our QACs panel had a variety of structures and cationic
compositions (from mono-cationic QACs to multi-cationic QACs), there are many more

structural variations that could be tested to determine if this approach is broadly applicable.
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Finally, it would have been ideal to have more trials in our experiments to increase the statistical
power of the correlation tests performed.

Nevertheless, my results provide a basis for using a physicochemical property to screen
for bactericidal activity of disinfectants, highlight the differences observe between inhibition of
growth (as measured by MIC) and killing activity (measured by suspension time-kill assays), and
offer an additional method that could be employed when screening multiple QACs. Future
studies should focus on expanding the panel of QACs to include additional structures and
chemical compositions (e.g QPCs), measure the DST of a wide range of compounds, and test the
predictive power for bactericidal activity. To circumvent the resource-intensive and time-
consuming aspect of time-kill assays, we can envision applying new methods that test cell
viability (e.g. geometric viability assay) to reduce the cost and labor that would go into testing
this, making it more feasible for the researcher.

To interrogate the effects of exposure and adaptation to disinfectants, we exposed P.
aeruginosa to increasing sub-inhibitory concentrations of a prototypical QAC, benzalkonium
chloride (BAC), and compared it to the adaptations obtained in response to a novel QPC, P6P-
10,10. This QPC became the focus of our study because it displayed remarkable activity against
a panel of highly resistant P. aeruginosa strains (Chapter I1I). Our group had shown that this
novel QPC is also highly potent against a panel of MDR A. baumannii strains.'?> We observed
stable resistance development after 15 days of exposure to increasing sub-inhibitory
concentrations of these biocides. Moreover, even when a slight increase in cross-resistance was
observed (2-fold) with the biocide-resistant strains to the other biocide used in the study, the lack
of this phenotype in most strain in addition to the low-level resistance observed suggested that

the target and cellular effects of these biocides were different.
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To fully understand the differences in adaptations to BAC and P6P-10,10, we performed
whole-genome sequencing of the biocide-resistant strains and their respective parental strains.
These experiments uncovered that the resistance profile to these biocides were completely
different. BAC-resistant strains showed mutations in genes associated with diverse cellular
functions, with the most prevalent type of mutation (3/5 strains) found in the strB1 gene,
suggesting LPS modification. HtrB1 is a homolog of LpxL and is responsible for the addition of
2-hydroxylaurate to lipid A in P. aeruginosa, and lack of this modification resulted in increased
resistance to colistin but not polymyxin B and other antibiotics.??® These results obtained by
Hittle et al. were surprising since they also observed increased membrane permeability in the
htrB1 mutant but not sufficient to permeabilize the cell to other antibiotics. In addition,
mutations in DNA synthesis and repair were identified in several BAC-resistant strains. BAC has
been associated with DNA damage in human corneal epithelial cells and other mammalian

cells 227,228

If DNA damage contributes to the mechanism of action of BAC remains unknown.
On the other hand, all P6P-10,10-resistant strains (5/5) shared loss-of-function mutations
in smvR, a negative transcriptional regulator of SmvA. To our surprise, this resistance
determinant is also associated with resistance to other biocides, including octenidine and
chlorhexidine.!3* 43 These compounds possess a characteristic chemical structure: hydrophilic
groups (cationic heads) separated by flexible hydrocarbon chain, and are known as
bolaamphiphile. To our knowledge, this is the first report of resistance to QPCs, and our data
suggests that the chemical structure of P6P-10,10 (bolaamphiphile) rather than the nature of its
cationic heads (P vs. N) dictates the resistance mechanisms. In addition, mutations in the

phospholipid synthesis enzymes pssA4 and pgs4 were identified, both involved in the

modification of the cytoplasmic membrane phospholipid composition from a common precursor,
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CDP diacylglycerol.?? Similar mutations in pss4 and pgsA4 have been associated with octenidine
resistance in P. aerugionsa.'>* Importantly, these results align well with mechanistic studies
performed that suggest P6P-10,10 preferentially disrupts the cytoplasmic membrane while BAC
disrupts both the outer and membrane in a successive indiscriminate manner.

Two of the P6P-10,10-resistant strains isolated from clinical isolates (MRSN 409937 and
MRSN 5524) showed deletions predicted to cause aberrant protein structure and premature stop
codons in MexY. MexY is the cytoplasmic membrane transporter component of the tripartite
RND multidrug efflux systems MexXY-OprM, and it is involved in resistance to
aminoglycosides.?*® We observed collateral sensitivity to the three tested aminoglycosides
(amikacin, gentamicin, tobramycin) in the P6P-resistant mutants derived from MRSN 409937
and MRSN 5524, suggesting efficient efflux of these antibiotics was compromised in these
strains (Chapter IV). However, a null mexY mutant did not show any effect on P6P-10,10
susceptibility (data not shown), thus the role of these mutations in P6P-10,10 resistance remains
an open question.

Further investigation is needed to fully understand how these adaptations contribute to
resistance to these biocides. Are BAC-resistant mutants (which in several cases contain DNA
synthesis-related mutations) more prone to continue to develop additional mutations? Indeed,
increased mutational rates have been observed in Salmonella enterica serovar Typhimurium
evolved in the presence of BAC.?*! How is the 4#rB1 mutation and the expected LPS
modification promoting survival to BAC? Is the increased activity the drug-proton SmvA
antiporter reducing the effective concentration of the biocide by active efflux or by affecting the
membrane potential and entry of the biocide into the cell in the first place??*? Answering these

questions would not only provide additional mechanistic insights about biocide resistance, but
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also provide information about the changes in bacterial physiology that could translate into
resistance to other antimicrobials.

In addition, these studies would benefit from further exploration of specific adaptations to
other important biocides. Ideally, additional commercial biocides that are widely used, such as
cetylpyridinium chloride (CPC), didecyldimethylammonium chloride (DDAC), and cetrimide
could be used at sub-inhibitory concentrations to select for mutants and identify genetic
adaptations that allow bacteria to survive higher concentrations of these biocides. These studies
could help elucidate if similar patterns in adaptations are observed, and to what extent they might
be predictable based on the chemical structure of the biocide. Even when these biocide-resistant
bacteria will likely continue to be susceptible to these biocides at their in-use concentrations, the
adaptations could have implications for how these bacteria respond to antibiotics.

To start exploring the potential implications of these adaptations to different biocides, we
assessed how these biocide resistance adaptations influence the production of virulence factors
and pathogenesis in P. aeruginosa (Chapter I'V). We found that exposure and adaptation to these
biocides led to completely distinct phenotypic profiles with important implications in P,
aeruginosa virulence. Our result indicated that exposure to cationic biocides could result in
increased production of virulence factors, including virulence-associated pigments, and pellicle
formation (air-liquid interphase biofilm). In addition, different phenotypes were observed in vivo,
with cationic biocide-resistant strains showing either an attenuated virulence phenotype or a
wild-type phenotype. These results indicate that different biocides can influence virulence to
varying degrees, and that these potential effects on virulence should not be overlooked.

Biocide-resistant strains displayed collateral sensitivity, resulting in increased

susceptibility to several antibiotics. This is contrary to previously findings were decreased
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susceptibility (or higher resistance) to antibiotics was observed in P. aeruginosa strains exposed
to BAC.>"- 120.233 Additionally, the majority of BAC-resistant strains had two obvious phenotypes
that could be detected with the naked eye: 1) intense blue/green color due to increased pigment
production, and ii) increased pellicle formation. Our results indicated that production of
pyocyanin and pyoverdine was increased in several BAC-resistant strains, two pigments
associated with virulence in P. aeruginosa. Is important to note that previous reports have shown
that decreased integrity of the outer membrane is associated with increased pyocyanin
production.?** If this increase in pigment production is associated with or due to outer membrane
changes in the BAC-resistant strains remains unresolved.

It was apparent that BAC resistance imposed a fitness cost, as measured by growth
curves and competition assays. However, the specific genetic variation responsible for this
fitness cost remain unclear. As mentioned above, several BAC-resistant strains had a loss-of-
function mutation in A#rB1, indicating a likely modification to the lipid A moiety of LPS. Hittle
and coworkers observed a perceivable fitness disadvantage associated with the loss of 4#+B2 but
not atrB1.22° When our data is contrasted with that of Hittle ef al., it suggests that the fitness cost
observed may be due to the presence of additional mutations in each genetic background.

To evaluate pathogenicity, we optimized and used the Galleria mellonella larvae
infection model. Data collected from independent experiments indicated that adaptations to BAC
resulted in reduced pathogenicity. In contrast, P6P-10,10-adapted strains displayed wild-type
level pathogenesis on this infection model. However, not all virulence factors could be assessed
(e.g. elastase) and these differences in virulence could be due to differential expression of these
additional factors not tested. Our current hypothesis lies on the fitness cost differences observed

to explain the lower pathogenesis of the BAC-resistant strain during in vivo experiments.
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Exploring the transcriptional changes involved in transient adaptation to these and other
biocides, and how these relate to the establishment of genetically distinct populations in P,
aeruginosa would provide a fuller picture of biocide resistance development. Finally, evaluation
of the impact of disinfectants on virulence and pathogenesis of other important pathogens that
are frequently exposed to biocides is needed.

In conclusion, my dissertation work explores different stages of these quaternized
compounds (QACs and QPCs): from the physicochemical properties that may help QAC
screening during development, to the mechanistic nuances related to them that lead to phenotypic
differences associated with resistance development. Throughout these studies, we have
uncovered key differences in the mechanism of action between BAC, a widely used and
prototypical QAC, and P6P-10,10, a novel QPC with potent antimicrobial activity against P,
aeruginosa, and other gram-negatives pathogens. The structure-activity relationships unveiled
through these research efforts set the stage to better understand how the chemical structure of
biocides dictates their targets, which in turn results in different adaptations with potential
implications for virulence and pathogenesis. Further studies would help guide rational design of
new biocides by taking into account their expected cellular targets and potential resistance

mechanisms based on their chemical structure.
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Fig 1. Dissertation research findings summary. This dissertation research work uncovered
how dynamic surface tension values of QACs correlated with their bactericidal activity in
disinfection-like conditions, the mechanistic differences that made bolaamphiphile QPCs more
effective against P. aeruginosa, the distinct genetic variations that made P. aeruginosa resistant

to these biocides, and how these adaptations influenced virulence and pathogenesis.
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Chimeric Amphiphilic Disinfectants: Quaternary
Ammonium/Quaternary Phosphonium Hybrid Structures
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Keshyne C. Washington,” M. Brody Mistrot,”” Michael J. Zdilla,” William M. Wuest,*™ and

Kevin P. C. Minbiole*™

Cationic biocides play a crucial role in the disinfection of
domestic and healthcare surfaces. Due to the rise of bacterial
resistance towards common cationic disinfectants like quater-
nary ammonium compounds (QACs), the development of novel
actives is necessary for effective infection prevention and
control. Toward this end, a series of 15 chimeric biscationic
amphiphilic compounds, bearing both ammonium and
phosphonium residues, were prepared to probe the structure
and efficacy of mixed cationic ammonium-phosphonium struc-
tures. Compounds were obtained in two steps and good yields,

Introduction

There has been a resurgence of interest in the development of
novel amphiphilic disinfectants in recent years," inspired by the
diminishing efficacy of commonplace quaternary ammonium
compound (QAC) structures® as well as increased concerns
about the health hazards of currently used QACs.*® Bacterial
resistance to QACs, first identified in the 1990s,® is understood
to result from a combination of mechanisms, such as efflux
pumps, enzymatic degradation, biofilm formation, and composi-
tional changes to the bacterial cell membrane.” Benzalkonium
chloride (BAC, Figure 1) is a ubiquitous QAC used in home,
healthcare, and industrial settings. With a 9-month half-life in
environmental conditions, sub-inhibitory concentrations accumu-
late in the environment, resulting in increasing levels of bacterial
resistance.®”!
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with straightforward and chromatography-free purifications.
Antibacterial activity evaluation of these compounds against a
panel of seven bacterial strains, including two MRSA strains as
well as opportunistic pathogen A. baumannii, were encourag-
ing, as low micromolar inhibitory activity was observed for
multiple structures. Alkyl chain length on the ammonium group
was, as expected, a major determinant of bioactivity. In
addition, high therapeutic indexes (up to 125-fold) for triphenyl
phosphonium-bearing amphiphiles were observed when com-
paring antimicrobial activity to mammalian cell lysis activity.

Research into developing novel QAC structures to increase
activity and to overcome concerning resistance mechanisms is
warranted."'” These campaigns have included broad architec-
tural variations,™" pushing the envelope of amphiphilic archi-
tecture by varying alkyl chain count and length, number and
nature of cationic residues, and molecular platform. The develop-
ment of “soft” antimicrobials,"*"' designed to decompose upon
environmental exposure and thus impede resistance develop-
ment, has also been pursued, and shows promise to deliver both
efficacy and diminished long-term environmental impacts.

A particularly promising development has been the renewed
interest in quaternary phosphonium compounds (QPCs), which
had been pioneered in a systematic investigation in the 1990s by
Endo and coworkers (Figure 1, center)."” While QPCs have found
industrial applications and utility in enhancing the activity and
transport of select bioactive agents'*'” the development of
QPCs as standalone disinfectants or sanitizing agents is still in its
infancy. Fortunately, multicationic QPCs are being actively ex-
plored by our group"®?" and others.”**! Recently, these QPCs
have been shown to have privileged properties against otherwise
pan-drug resistant strains of Acinetobacter baumannii*® out-
performing a variety of established disinfectants and potent
antibiotics. QPCs hold the promise to significantly change the
field of cationic disinfectants, presenting structural novelty to
forestall bacterial resistance.

One tried-and-true strategy for the development of disinfec-
tants in the face of struggles with resistance is a combination
approach. For example, benzalkonium chloride is prepared as a
mixture, similar to antibiotic combinations like Augmentin
(amoxicillin/clavulanic acid) and Bactrim (sulfamethoxazole/trime-
thoprim) and antiviral cocktails, which take advantage of a
multifold approach to pathogen eradication. We observed little

© 2024 Wiley-VCH GmbH
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Figure 1. Key structures in quaternary cationic disinfectants.

precedent for discrete disinfectant amphiphiles that possess both
an ammonium group and a quaternary phosphonium group,
thus representing a QAC/QPC chimera; one literature inspiration
from Shtyrlin and coworkers is shown in Figure 1.%) Chimeric
compounds could take advantage of the bioactivity of both the
QPC and QAC families, by presenting bacteria with two distinct
“warhead” groups to stymie resistance mechanisms. Even subtle
bioactivity differences between these two cationic groups, which
we suspect to arise from previously-unmeasured charge density
differences,”” could exploit weaknesses in bacterial defenses.
Accordingly, we set out to develop a series of chimeric
molecules, amphiphiles that include both quaternary ammonium
and quaternary phosphonium residues, in order to examine their
antimicrobial capacities in comparison to amphiphiles of a single
cationic element. Thus, starting with a bifunctional electrophile
core (a,0’-dichloro-p-xylene), we aimed to install a variety of
functionality to probe the utility of chimeric QAC-QPC structures.

®
©/\ ~CoHanis n=12,14: BAC

©/\CI

Results and Discussion

After setting out to prepare two known monocationic control
compounds (Bn-PPh;*® and Bn-PBu,?” Scheme 1 top), and
informed by a biscationic QAC (bisQAC, with two ammonium
groups) analog pX-12,12,*® a series of biscationic chimeric
amphiphiles was prepared. Accordingly, o,o’-dichloro-p-xylene
was exposed to an excess of either triphenylphosphine or
tributylphosphine, modifying a precedent of Villemin,” to afford
pX-PPh;,Cl and pX-PBu,,Cl respectively (Scheme 1). The use of
two common phosphine nucleophiles ensures a level of
structural diversity around the phosphorus center, and reaction
conditions exploit the poor solubility of prepared salts in toluene
or p-xylene to ensure monoalkylation. Subsequent exposure of
the intermediate mono benzyl chloride to a dimethylalkyl amine
of varied chain lengths at elevated temperatures led to the
preparation of a series of 16 chimeric biscationic amphiphiles in
good yields (50-99 %). Compounds built on this p-xylene scaffold
were dubbed either pX-PPh;,N# or pX-Pbu, N#, according to the
number (#) of carbons in the long-chained alkyl amine.

PR R=Ph: Bn-PPhj;, 18%
R=Bu: Bn-PBuj, 86%

®_CqoH toluene
./ N1 75°C,5h
. g N px2,12 Ref 26, 27
21012" @
2¢l Toles 2023 n=4: pX-PPh,N4, 88%
n=8: pX-PPh;,N8, 87%
® CoHanes 1=9: PX-PPhyNO, 77%
N n=10: pX-PPh3,N10, 74%
v©/\ PPhs _ phgp? _MeNCoHanv1 ppp? n=12: pX-PPh3,N12, 71%
= . s 0,
e pX-PPh;,Cl 20 1% ,’iﬁﬁﬂz:ﬂli' ot
Hemin & n=16: pX-PPh,,N16, 62%
n=8: pX-PBu3,N8, 81%
P ® Coblzneq N=9: PX-PBU,NO, 89%
n=10: pX-PBu3,N10, 64%
PBug BusP" _MeaNCoHons1_ gy, p® n=12: pX-PBu3,N12, 87%
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PX-PBus,Cl n=16: pX-PBuzN16, 75%

Scheme 1. Synthetic strategy for formation of chimeric amphiphiles.
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Purification was accomplished via simple trituration, affording
spectroscopically pure compounds in relatively short order.
Structural analysis of a sample chimeric biscationic amphi-
phile, the short-chained pX-PPh;N,, was accomplished via X-ray
crystallography, which identified the dihemihydrate of the
chloride salt, [pX-PPh;N,Cl,-2.5 H,0, and provides insight into
the differentiation of the phosphonium and ammonium centers
in the same amphiphilic compound. While the packed structure,
bond lengths, and other structural details are presented in the
Supporting Information, a thermal ellipsoid plot is shown in
Figure 2, and displays an extended structure. We investigated
charge distribution via a highly accurate structure refinement
using non-spherical formfactors calculated using the program
NoSpherA2®” based on the single-point electronic structure
calculated at the B3LYP®"/6-311G(d,p)®? level of theory. Hirshfeld
charges of the atoms from the refined structure (Table S5) reveal
that the charge of the phosphonium moiety is almost entirely
relegated to the phosphorus atom, which has a charge of
+0.397. Some of this charge is delocalized onto the neighboring
methylene group (e.g., C19 and associated H atoms, -+ 0.063).
Very little charge is delocalized onto the three phenyl groups,
whose charge sums to only +0.081 across all three phenyl
groups. In contrast, the ammonium moiety delocalizes more of
its charge onto the neighboring methyl and methylene groups.
The nitrogen atom bears the largest charge of any individual
atom (+0.091), though its methylene neighbors sum to a charge
of +0.252 collectively, and the methyl groups sum to +0.332.
The findings suggest that, while the heteroatoms share positive
charge predominantly with their a neighbors through a very
localized inductive effect, the localization of the cationic charge

differs greatly from phosphorus to nitrogen. This is consistent
with previous NMR chemical shift observations.?"

The bioactivities of the prepared cationic amphiphilic com-
pounds were assessed via minimum inhibitory concentration
(MIC) and red blood cell (RBC) hemolysis (lysis,,) assays, wherein
the latter was used as a proxy for cytotoxicity. A representative
commercial preparation of BAC (70% benzyldimethyldodecylam-
monium chloride and 30% benzyldimethyltetradecylammonium
chloride) was tested as a control; the previously reported pX-
12,12 served as a bisQAC reference for these chimeric com-
pounds. To determine the MIC values, the compounds were each
screened against a panel of seven bacterial strains, including four
Gram-positive strains (methicillin-susceptible Staphylococcus aur-
eus [MSSA; SH1000], community-acquired methicillin-resistant S.
aureus [CA-MRSA; USA 300-0114], hospital-acquired methicillin-
resistant S. aureus [HA-MRSA; ATCC 33591], and Enterococcus
faecalis [OG1RF]), as well as three Gram-negative strains (Escher-
ichia coli [MC4100], Acinetobacter baumannii [ATCC 17978], and
Pseudomonas aeruginosa [PAO1]). To evaluate the hemolysis
activities, the compound concentrations resulting in 20% RBC
lysis (lysis,o) were determined. The results of the MIC and
hemolysis assays are presented in Table 1.

Several key themes emerged in our bioactivity analysis. Of
primary importance, about half of the chimeric compounds
produced in this effort showed inhibitory activity superior to that
of BAC, whose MIC was only below 16 uM in Gram-positive MSSA
and CA-MRSA. In contrast, the synthesized chimeric compounds
bearing alkyl chains of at least 12 carbons on the ammonium
residue showed promising low-micromolar activity. Of the
compounds that showed single-digit micromolar activity against

c12

30

26 28

ﬁ@’\@/_/
PhsP ® N

pX-PPh3,N4

Wy

Figure 2. Thermal ellipsoid plot of [pX-PPh;N,ICl,- 2.5 H,0 with both well-ordered and occupationally disordered CI~ and water sites. Ellipsoids set at 50 %
probability level. Calculations indicate that the phosphorus atom bears a Hirshfeld charge of +0.397, and the nitrogen atom bears a charge of +0.091.
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Table 1. Biological activity and lysis,, data of synthesized compounds and BAC control. Darker colors indicate preferential performance. Therapeutic indices
are presented in the Supporting Information.

MIC (uM)

Compound MSSA CA-MRSA HA-MRSA E.facaelis E.coli A.baumannii P.aeruginosa Lysisy
pX-12,12 8
Bn-PPh; 125 - >250 >250 >250 >250 >250 25(
Bn-PBu; >250 >250 >250 >250 >250 >250
pX-PBu;Cl >250 >250 >250 >250 >250 >250 >250
pX-PPh;ClI >250 >250 >250 >250 >250 >250 >250
pX-PPh; N8 125 >250 >250 >250 >250 >250
pX-PPh; N9 >250 250 250 >250 >250
pX-PPh;N10 125 125 125 250 >250
pX-PPh;N12
pX-PPh;N13
pX-PPh;N14
pX-PPh;N16
pX-PBu;N8
pX-PBu3;N9
pX-PBu;N10
pX-PBu;N12
pX-PBu;N13
pX-PBu;N14
pX-PBu;N16

most of the bacterial panel, three novel structures (pX-PPh;-N14,
pX-PPh;-N16, and pX-PBu;-N16) were comparable to the pre-
viously reported non-chimeric, bisQAC pX-12,12 (Figure 1). The
strongest overall activity was observed for pX-PPh;-N16, with
MIC values of 1-2 uM in six strains and an MIC of 8 uM in A.
baumannii. Surprisingly, the increase in chain length was the
greatest determinant for bioactivity, and the hexadecyl chain
represents an optimum in amphiphilicity for this series. Most
precedents have favored chains of ~10-12 carbons in length and
noted a decrease in performance at these longer chain lengths,
which is observed with the bisQAC pX-12,12,%¥ as well as
monoQPC™ and bisQPC"® structures. Impedance to the for-
mation of micelles or other supramolecular structures, brought
about by this mixed QAC/QPC system, may allow longer-chained
compounds to exist in solution as monomers and thus preserve
their antimicrobial potency despite their longer chains.

When comparing the triphenyl phosphine series and the
tributyl phosphine series, the triphenyl compounds are observed
to have roughly a two-fold advantage in activity over tributyl
analogs. This observation is more pronounced when focusing on
bacteria with resistance mechanisms; the triphenyl phosphine
analogs display minimal loss of activity when comparing MSSA
to the resistant CA-MRSA and HA-MRSA analogs. In contrast, the
tributyl analogs demonstrate an ~8-fold decline in activity
against the MRSA strains. This is consistent with the small
antimicrobial activity observed for BnPPh; versus the inactive
BnPBu,, and might be a reflection of variations of the significant

ChemMedChem 2024, 19, 202300718 (4 of 5)

charge density on the cationic phosphorus center discussed
above. More specifically, *'P NMR data for the tributyl analogs
display a phosphorus chemical shift of ~32.5 ppm, in contrast
with an observed shift of ~24.4 ppm for the triphenyl com-
pounds. This might reflect the small calculated spread of cationic
charge throughout the aromatic systems, which may in turn lead
to increased resistance-to-resistance, although a phenyl advant-
age is not consistent with our previous reports of highly potent
alkyl-based QPCs.*"

Red blood lysis values also provide insight into the selective
bioactivity of these antimicrobial amphiphiles. Lysis,, values were
observed to be a modest 250 puM for all compounds with chains
of 12 carbons or shorter. While the strongest antimicrobial
activity is observed for the hexadecylammonium compounds,
the therapeutic index (Tl) for the 14-carbon chains is compelling.
The therapeutic index, which is defined as the ratio of RBC lysis,,
divided by MIC values, ranges from 8 to 125 for pX-PPh;-N14,
which displays a favorable lysis,, value of 125 uM. This compares
well to the observed therapeutic index of BAC, whose moderate
lysis,o value (63 pM) leads to Tl ratios of 2 to 32. A full table of
therapeutic indices are presented in the Supporting Information.

In conclusion, a variety of chimeric biscationic amphiphilic
compounds bearing both ammonium and phosphonium resi-
dues were synthesized to explore the molecular structure and
efficacy of mixed cationic amphiphilic structures. These chimeric
compounds present strong (low micromolar) inhibitory activity
against highly resistant bacteria, and promising lysis,,-based
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therapeutic indexes were observed. While no particular advan-
tages were seen in the MIC values for these chimeric QAC/QPC
structures compared to our biscationic QACs control, we are
encouraged that the best performance was observed with the
longer hexadecyl chain compounds. This marked deviation in
optimal chain length from many previously reported bisQAC and
our bisQPC compounds is a tantalizing indication that these
chimeric compounds are structurally unique, and may suggest
unanticipated supramolecular effects. Therefore, we aim to
continue to interrogate the role of chimeric quaternary cationic
amphiphiles in the inhibition of highly resistant strains of
bacteria.
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Bushy-Tailed QACs: The Development of Multicationic
Quaternary Ammonium Compounds with a High Degree of

Alkyl Chain Substitution

Zachary E. A. Toles,”” Laura M. Thierer,” Alice Wu,” Elise L. Bezold,” Diana Rachii,”!
Christian A. Sanchez,™ German G. Vargas-Cuebas,' Taylor M. Keller,' Patrick J. Carroll,™
William M. Wuest,*® and Kevin P. C. Minbiole*®

Quaternary ammonium compounds have served as a first line
of protection for human health as surface disinfectants and
sanitizers for nearly a century. However, increasing levels of
bacterial resistance have spurred the development of novel
QAC architectures. In light of the observed reduction in
eukaryotic cell toxicity when the alkyl chains on QACs are
shorter in nature (<10 C), we prepared 47 QAC architectures

Introduction

Quaternary ammonium compounds have served as disinfec-
tants for nearly a century, and appear in a wide variety of
household products, as well as in industrial and medical
applications. Benzalkonium chloride or BAC (Figure 1), first
registered in 1947, is commonly found in wipes and spray
disinfectants, as well as in oral canker sore medications.'?¥
Dimethyl didecyl ammonium chloride (DDAC) was approved in
1962" and remains a lead compound in disinfection; cetyl
trimethyl ammonium (cetrimonium) chloride and its bromide
analog have similarly straightforward alkyl structures. Benzetho-
nium chloride, akin to BAC but with a significantly substituted
non-polar region, is used as a disinfectant in food processing
plants. Cetylpyridinum chloride, which adds a modest structural
modification to include a pyridyl substitution, is commonplace
in mouthwashes. All of these QAC structures enjoy straightfor-
ward synthetic routes and good molecular stability, giving them
advantages in the marketplace.”

Unfortunately, the relatively uniform structural palette of
modern QACs, which generally rely on a single cationic center
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that bear multiple short alkyl chains appended to up to three
cationic groups, thus rendering them “bushy-tailed” multiQACs.
Antibacterial activity was strong (often ~1-4 uM) in a varied set
of bushy-tailed architectures, though observed therapeutic
indices were not significantly improved over QAC structures
bearing fewer and longer alkyl chains.

/ﬁ\’C"HZ"” H21C10\<ﬁ/010H21 \ﬁ,C15H33
cf NP NP

Cetyl trimethyl
ammonium chloride

Benzalkonium chloride
n=10,12, 14,16

Dimethyldidecyl
ammonium chloride

/@XX Cﬁ -C1eHas
| ©
@
N/\/O\/\O Cle X Cl

/\ Cetyl pyridinium

Benzethonium chloride chloride
Figure 1. Commonplace quaternary ammonium compounds.

and a single nonpolar chain to attach to and subsequently
disrupt bacterial cell membranes, have allowed for an unfortu-
nate outcome - the development of bacterial resistance.®” An
increasing fraction of human pathogens being encountered in
hospitals are found to possess resistance mechanisms, such as
efflux pumps®®'” modification of membrane composition,"
and biodegradation,"? that minimize the efficacy of these
disinfectants. More alarmingly, co-resistance to antibiotics is
often conferred with these genetic elements. For example,
increased expression of TolC efflux pumps has been associated
with QAC and antibiotic cross-resistance in gram-negative
bacterial species."”” In gram-positive species, gac disinfectant
resistance genes have been identified on plasmids also
harboring beta-lactam, aminoglycoside, trimethoprim, and
bleomycin resistance genes." The current state of QAC
resistance highlights the need for innovation in the field in
order to remain a potent class of disinfectants.

The historical tendency towards comparable monocationic
structures in commercially available QAC disinfectants has
spurred a number of synthetic campaigns in the last decade or
so into significantly varied QAC structures, which often employ
multicationic QACs, or multiQACs. These multiQACs have shown

© 2024 Wiley-VCH GmbH
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promise to overcome bacterial resistance mechanisms. Increas-
ingly frequent reports have investigated the structure-activity
relationships of compounds having two to four cationic centers,
the molecular architecture separating those centers, and the
non-polar groups that are attached to them. A small sampling
of such novel QAC structures from a variety of research groups
is presented in Figure 2,°2" and readers are pointed to more
through reviews on this topic.?*?” A number of these novel
QAC structures, as well as their phosphonium analogs, show
excellent bioactivity, and oftentimes, resistance to resistance.
Thus, despite a relative dearth of novel QAC structures entering
the marketplace in recent years, long-term development
prospects seem strong.

Through dedicated efforts in our own laboratory, where we
have constructed ~850 novel QAC and quaternary
phosphonium compound (QPC) structures, several key findings
have emerged. First, the utilization of QAC structures bearing
two cationic centers shows superior bioactivity, particularly
against resistant bacteria, as compared to monocationic

amphiphiles, but diminishing effects are noted in adding more
than two ammonium centers.”* Secondly, the use of a
phosphonium residue in place of (and at times, in addition
to)?® an ammonium center can broaden bacterial inhibition.
Further, observed optimal bioactivity tends to correlate with 10-
to 12-carbon alkyl chains on the non-polar tails of these
amphiphilic structures. However, the therapeutic index (meas-
ured as a ratio of toxicity/MIC) seems to be optimized when
chains are somewhat shorter, often 8-10 carbons in length. We
thus hypothesized that there exists an optimal set of com-
pounds with multiple shorter chains that could be significantly
bioactive, yet exhibit reduced toxicity. A conceptual presenta-
tion of representative multi-armed QACs, which we refer to as
“bushy-tailed,” is illustrated in Figure 3.

Modest literature precedent supports this inquiry. Potent
bioactivity for tributylphosphonium-based amphiphiles was
reported by Endo as early as 1993 (Figure 4),*” with rapid
eradication of strains of Staphylococcus aureus and Escherichia
coli observed within 30 minutes of contact at only 10 pg/mL.

-
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Haldar, 2012 Minbiole. 2015 Caran, 2015
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o H1Cq™ |\ o /| "CoHig
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35
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Figure 2. Samples of recent QAC architectural developments.

Double Arm
e.g., pX-4+.4»

Single Arm
e.g., pX4,4

Triple Arm
e.g., pX4*4*

Figure 3. Conceptual presentation of multi-arm/bushy tailed QACs, where a circled N represents an ammonium residue. The A symbol represents two longer-

chained alkyl substituents, and the * represents three.
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Figure 4. Relevant multi-armed QAC and QPC precedents.

Bushy bisQAC structures have been presented in multiple
patents,**" as well as in similar reports from Joliffe (2006)%?
and Camplo (2020)®¥ regarding antifungal and antibacterial
applications, respectively. Some of the compounds developed
by Camplo and colleagues exhibited high antimicrobial activ-
ities (MIC=0.5 mgL™") against several bacterial strains from the
ESKAPE group of pathogens. Penumarthy and co-workers
synthesized esterquat compounds that showed excellent anti-
microbial activity with MIC values ranging between 1.9 and
7.8 ngmL™" against Micrococcus luteus, S. aureus, and B. subtilis
strains.” In a more recent study by Haldar et al., incorporation
of two multi-armed quaternary ammonium groups into a new
class of small antibacterial molecules helped to achieve high
activity against MRSA and vancomycin-resistant S. aureus (VRSA)
with MIC values in the range of 1-4 pgmL™""" Lastly, Marek
and co-workers reported a series of benzalkonium-like salts
with alkyl chain length C,,-C,s and identified the C;, homolog
with the highest biocidal activity against Francisella tularensis
and S. aureus in biofilm form.®®

Taking inspiration from compounds developed for use as
phase transfer agents and ionic liquids for separation
applications®*** and the commercial availability of a variety of
analogous amines with one, two, or three long alkyl chains, a
library of “bushy-tailed” amphiphilic molecules was envisioned.
Varying the number of cations within the molecule could be
achieved by selecting a relatively reactive set of benzylic halides
— specifically benzyl chloride or bromide, xylylene dichloride,
and mesitylene tribromide - to allow for mono-, bis-, or
triscationic structures, respectively. The availability of all three
isomers of xylylene dichloride would allow further interrogation
of structure-activity relationships within a biscationic frame-
work. To describe the compounds in this library, we created a

ChemMedChem 2024, e202400301 (3 of 8)
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shorthand (Figure 3) where they are categorized as “single
arm,” “double arm” (noted by “A”), and “triple arm” (noted by
“*") according to the number of long-chained substitutions;
methyl groups represent the implied short-chained alternative
that ensures quaternization. Interestingly, the bioactivity of this
library seems largely unexplored, with only the Bn-nA com-
pounds having been investigated for antimicrobial activity by
Marek and coworkers."”

We were pleased to find that most of the compounds
reported herein could be synthesized by addition of the
relevant tertiary amine to the corresponding electrophile
followed by heating in acetonitrile under standard Sy2 con-
ditions, as shown in Figure 5 and outlined in our previous
report.”" The volume of acetonitrile used in the reactions varied
according to empirical observations of the relative miscibility of
the amine with the solvent. Yields varied significantly, mainly
due to inconsistent outcomes of the purification steps (gen-
erally, trituration). In addition, syntheses of the longest chained
xylyl (pX-8*8* pX-10¥10* pX-12*12*) and all “triple arm”
mesityl compounds (Mes-4%,4%,4*%, Mes-6*,6*,6% Mes- 8%,8%,8%)
benefitted from the addition of isopropanol as a co-solvent, to
facilitate miscibility of the reactants. Further, these compounds
required significantly longer reaction times, likely due to steric
bulk of the nucleophile hampering the rate of nucleophilic
attack. The three long-chained triple-arm xylyl compounds were
also more challenging to purify than the others, resulting in the
need for either passage over a silica gel plug or silica gel
column chromatography to isolate pure compounds. Perhaps
owing to even greater steric hindrance, compounds in the oX-
n*n* and mX-n*n* series were not successfully prepared in
reasonable purity. Steric bulk of the tertiary amines also
influenced the synthesis of the Bn-n* compounds. Yields and
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Figure 5. Synthetic campaign for the construction of 47 quaternary ammonium compounds with a bushy-tailed architecture.

purity were greatly improved with the use of benzyl bromide
instead of the benzyl chloride used for the preparation of the
Bn-n and Bn-nA compounds. It is hypothesized that the change
to the less nucleophilic bromide counterion disfavors the
reverse reaction where the halide attacks to displace the amine,
although this may simply reflect an increase in the electro-
philicity of benzyl bromide. Additionally, the Bn-n* syntheses
were found to proceed in the absence of a secondary solvent,
as the benzyl halide served well in both roles of solvent and
electrophile, thereby avoiding issues of miscibility of acetonitrile
with the more highly substituted amines. To provide examples
for the potential influence of this change in counterion on
observed bioactivity, Bn-6*-Br was prepared alongside Bn-6*-Cl
(the latter in lower yield), and Bn-12A-Br was constructed with
its Bn-12A-Cl counterpart. In sum, a total of 47 compounds
were prepared with yields ranging from 10 to >99%; complete
synthetic and characterization details for all compounds are
presented in the Supporting Information.

As we moved towards structural assessment, we employed
single crystal X-ray crystallography for compounds representa-
tive of the structural variety herein. Accordingly, crystallo-
graphic data was obtained for pX-4,4, pX-47,4/, and pX-4*4*
as three representative compounds within this series to explore
the structural impact of increasing the degree of substitution
surrounding the ammonium cation. An ORTEP image for each
of these compounds is presented in Figure 6. The asymmetric
unit of the pX-4*4* crystal contains two crystallographically
unique molecules due to minor shifts in position of the carbon
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atoms at the end of the alkyl chains. However, the relative
orientation of the ammonium cations to the benzyl ring is the
same for the co-crystallized pX-4*4* molecules. Summaries of
the collection data for each compound and the CCDC numbers
can be found in the Supporting Information.

Geometry around each of the ammonium nitrogen atoms is
best described for all structures as a slightly distorted tetrahe-
dral (C—N—C /109.5°+2.1°). Slightly more variability in bond
angles can be observed in the more sterically hindered pX-4*4*
compared to pX-4,4, but the average bond angle for all three
molecules is the same. Carbon-nitrogen bond lengths in the
ammonium cations are similar across the structures (C—N
1.519 A+0.013 A) and any differences in the averages for the
structures do not appear to be statistically significant. Detailed
bond length and bond angle data for the ammonium cations
can be found in the Supporting Information. (Table S3).

Perhaps the most interesting aspect in comparing these
bisQAC structures is the relative orientation of the ammonium
arms relative to the central benzene ring. In the solid state, the
pX-4,4 structure orients the two ammonium cations to the
same face relative to the benzyl ring. This orientation remains
for pX-4/7,4/ despite the addition of another alkyl chain to each
arm. The steric bulk from this second longer chain arm is
accommodated by rotating the ammonium cations such that
one of the alkyl chains on each ammonium cation points away
from the center benzyl ring of the molecule. The relative
positioning of the ammonium cations changes for pX-4%4%,
with the addition of the third alkyl chain; the ammonium
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Figure 6. ORTEP diagrams for pX-4,4 (left), pX-4/,4/A (middle) and pX-4*4* (right) as representative complexes of the bisQAC series. Thermal ellipsoids are
shown at the 50% probability level. Hydrogen atoms, counter anions, and any co-crystalized solvents or disordered atoms are omitted for clarity. Nitrogen
atoms are presented as light blue to distinguish them from the white carbon atoms. One representative C—N—C bond angle (°) and N—C bond length (A) are

noted for each crystallographically unique ammonium cation.

groups orient to opposite faces of the benzyl ring and create a
point of symmetry in the crystal structure solution. It is
presumed that the added steric constraint stemming from the
third alkyl chain on each of the ammonium cations drives this
change in orientation observed in this solid state analysis, and
by extension, likely represents a preferred relative orientation of
the alkyl chains in the solution state as well.

The bioactivities of the prepared cationic amphiphilic
compounds were assessed via minimum inhibitory concentra-
tion (MIC) and red blood cell (RBC) hemolysis (lysis,,) assays,
wherein the latter was used as a proxy for cytotoxicity. A
representative commercial preparation of BAC (70% benzyldi-
methyldodecylammonium chloride and 30% benzyldimethylte-
tradecylammonium chloride) and DDAC were tested as control
compounds; the previously reported pX-12,12"" served as a
reference for this investigation. To determine MIC values, the
compounds were each screened against a panel of seven
bacterial strains, including four gram-positive strains (methicil-
lin-susceptible Staphylococcus aureus [MSSA; SH1000], commun-
ity-acquired methicillin-resistant S. aureus [CA-MRSA; USA 300-
0114], hospital-acquired methicillin-resistant S. aureus [HA-
MRSA; ATCC 33591], and Enterococcus faecalis [OG1RF]), as well
as three gram-negative strains (Escherichia coli [MC4100],
Acinetobacter baumannii [ATCC 17978], and Pseudomonas
aeruginosa [PAO1]). To evaluate the hemolysis activities, the
compound concentrations resulting in 20% RBC lysis (lysis,)
were determined. Poor water solubility, as well as initial
purification challenges, led to the exclusion of some com-
pounds (mX-4,4, mX-6,6, 0X-4,4, 0X-6,6, 0X-10A10A) from the
bioanalysis. The results of the MIC and hemolysis assays for 42
compounds plus three controls are presented in Table 1.

Several bioactivity trends are apparent from these results.
First, while our previously developed QAC structures have
generally indicated that monocationic species are less potent
and susceptible to bacterial resistance than bis- and triscationic
analogs, there are some significant exceptions in the com-
pounds reported herein, particularly for Bn-10A-Cl as well as
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Bn-8*-Br. Commercially available didecyl dimethyl ammonium
chloride (DDAC) is highly analogous to Bn-10A-Cl (benzyl
didecyl methyl ammonium chloride) except for the phenyl
substitution; interestingly, DDAC and Bn-10A-Cl displayed
precisely the same bioactivity against the entire panel of seven
tested bacteria. Differently put, switching one of the methyl
groups in DDAC to a benzyl group had no effect on the
bioactivity observed, and in both cases, bioactivity against the
panel of bacteria tested was strong.

In a similar structural comparison, Bn-12A-Cl (benzyl
didodecyl methyl ammonium chloride) can nominally be
described as the addition of a second dodecyl chain to BAC in
replacement of a methyl group, though BAC shows superior
bioactivity. The strongly decreased activity of Bn-12A-Br versus
Bn-12A-Cl suggests that bioactivity is likely connected to
differences in water solubility, perhaps due to the relative ability
to hydrate the anion. Relative water solubility may also explain
the decrease in bioactivity in both Bn-12 structures in
comparison to BAC. Otherwise, counterion identity was not
observed to influence activity; for example, Bn-6*-Br and Bn-6*-
Cl display identical (albeit weak) bioactivity.

It is of note, and perhaps not a surprise, that optimal
bioactivity observed in the 42 compounds tested was generally
dictated by chain length; however, that preferred length varied
by the number of cations. For monocationic species, octyl and
decyl chains led to optimal activity. For biscationic species, octyl
chains were optimal, and for the triscationic mesityl series, hexyl
chains had superior activity. This, again, likely reflects the
decreasing water solubility for compounds with up to nine long
alkyl chains.

The three most potent compounds tested, which unlike
DDAC demonstrate inhibition at 1-4 uM against all seven
bacterial strains including P. aeruginosa, were three structural
isomers: 0X-8A,8/, mX-8A,8/, and pX-8A,8A. This supports a
previous observation that the geometric isomers around the
xylene core have negligible variation in bioactivity;*' indeed,
these three structures display MIC values within 2x of each
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Table 1. Biological activity and lysis,, data of 42 of the synthesized compounds, as well as commercially available controls and a previously reported analog.
Darker colors indicate preferential performance.

MIC (uM)

Compound MSSA CA-MRSA HA-MRSA  E. faecalis E. coli A. baumannii P. aeruginosa Lysisy

‘0°L81L098T

dny wouy pap

pX-12,12
BAC
DDAC

Bn-47-Cl

Bn-6A-Cl

Bn-8A-Cl

Bn-104-Cl

Bn-122-Cl

Bn-12*-Br

Bn-4*-Br

Bn-6*-Br

Bn-6*-Cl

Bn-8*-Br 32
Bn-10*-Br 8
Bn-12*-Br 63
pX-4,4 >250 >250 >250 >250 >250 >250 >250
pX-6,6 >250 >250 >250 >250 >250 >250 >250

pX-4h 47 >250 >250 >250 >250 >250 >250 >250

pX-61 64

pX-8h 8

pX-101,107

pX-12A,121

pX-4* 4*

pX-6* 6*

pX-8* 8* >250

pX-10*,10* >250 >250 >250 >250 >250
pX-12*12* 250 125 >250 125 250
mX-8h 8

mX-4h 4h >250 >250 >250 >250 -
mX-6",6° 125 125 - >250

mX-10",107 >250 16
mx-124,124 >250 >250 >250 >250 >250
OX-41 47 >250 >250 >250 >250 >250 >250 >250 -
0X-121 124 125 125 250
Mes-4,4 .4 >250 >250 >250 >250 >250 >250 >250
Mes-6,6,6 >250 >250 >250 >250 >250 >250 >250
Mes-44 41 47 >250 >250 >250 >250 >250 >250 >250
Mes-6% 61,67

Mes-8" 8" 84 125 4
Mes-10%,10%,104 >250 250 >250 >250 >250 63
Mes-121,124 124 >250 >250 >250 >250 >250 ‘
Mes-4* 4* 4* >250

Mes-6*,6*,6*

Mes-8*,8*,8* >250

63

other in all tests. Further, these three “double-chained”
compounds all displayed a slight edge over the previously
prepared “single arm” pX-12,12 which showed some suscepti-
bility to resistance from HA-MRSA (MIC=16 uM). And in another
surprise, Mes-6%,6%,6* was the only other compound that
showed strictly single-digit micromolar inhibition against the
entire bacterial panel, being the most potent of all the “triple-
chained” compounds, in spite of the shorter six carbon chain
lengths that usually correlate to weak antimicrobial perform-
ance. The structural variety in these highly potent compounds
(0X-8/,8N, mX-8/,8/, pX-8A,87, Mes-6*,6%,6%), which differ in
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the disposition of the cationic residues in the solid state,
suggests that potent and broad bioactivity can be identified in
a variety of bushy-tailed architectures.

While our biscationic QACs have historically displayed little
to no resistance from bacteria, for a surprising number of
structures in this investigation, HA-MRSA showed distinctly
higher MIC values than its MSSA counterpart. Apart from a few
particularly potent compounds mentioned above, resistance
was observed as a significant limitation. For example, the
moderately active structure mX-10A,10A showed what we think
to be the strongest resistance characteristics observed in our
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laboratories, with an MIC of 2 uM versus MSSA but an MIC of
>250 uM versus HA-MRSA; its isomers also showed significant
resistance behavior. The appearance of bacterial resistance for
select compounds within this set of structures is a target for
further inquiry; further, the distinct association with the hospital
environment might signal acquired resistance via repeated
exposure in such settings.

From a wider perspective, this exploration of “bushy-tailed”
QACs was based on a hypothesis that an improvement in
therapeutic index would be observed for shorter-chained
compounds, ideally resulting from a diminished eukaryotic
toxicity (as determined by a RBC lysis proxy as measured by
lysis,, values). Unfortunately, this was not the case. All of the
highly potent compounds described herein (Bn-8*-Br, Bn-10/-
Cl, oX-8/7,8A, mX-8A,8A, pX-8/7,8/A, Mes-6%,6%,6% as well as
DDACQ) display significant propensity for RBC lysis, measured as
lysis,, at 8-32 uM. Disappointingly, this tracks with our previous
reports wherein strong antimicrobial activity aligned with
toxicity. While we have no solid explanation for this observa-
tion, we can perhaps take insights from select compounds with
startlingly poor therapeutic indices, such as Bn-10*-Br and Mes-
6/,6/7,67, whose RBC lysis capacity far outstripped their
antimicrobial activity.

In sum, we have determined that bushy-tailed QACs
represent a promising architectural class for the development
of novel disinfectants. Highly potent antimicrobial compounds
from a wide variety of structural classes were observed and, in
many cases, no resistance was observed. However, surprises in
optimal chain lengths as well as an unsuccessful venture into
improving therapeutic indices suggest that there is much more
to learn in this structural class.
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Bushy-tailed QAC disinfectants:
Will multiple short chains improve
therapeutic indices?

A series of nearly four dozen amphi-
philic disinfectants is presented by the
Minbiole/Wuest collaboration, in
hopes of developing “bushy tailed”
QAC architectures that will minimize
eukaryotic toxicity while displaying

strong antimicrobial activity against a
wide variety of bacterial strains. These
multiQACs feature ammonium groups
bearing single, double, and triple sub-
stitutions of mid-length alkyl chains.
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